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[1e]Starand appears to be a promising ionophore because of its rigid structure with the spherical cavity into
which Li* can fit perfectly. Using ab initio calculations, we investigated if the starand model has strong
affinity as well as high selectivity for L, compared to 12-crown-4 of almost the same cavity sizet Li
favors the external binding (binding outside of the cavity) for thgsthrand model. The iendipolar moiety
interactions are found to be the main factors affecting the preference of external binding in the starand model.
When a cation is located at the center of the starand model, the out-of-plane bending angle of a cation from
the plane of the ketal moiety is more than®9fesulting in unfavorable energetics. By the same reasoning,
the somewhat flexible 12-crown-4 structure, upon complexation withanid N&, drastically orients itself

into a volcano structure with four oxygen atoms on the top so as to have favorabtdipmiar moiety
orientations with the cation located above the volcano. Therefore, in addition to theduest size
complementarity, the ion-dipolar moiety orientations should be very important in designing novel ionophores.

I. Introduction mentarity and structural rigidity has not been exploited signifi-
o o cantly in designing ionophores. In this regard, the interaction
The study of catiofrionophore binding is one of the funda-  qtentials used in molecular mechanics have been useful. For
mental subjects for understanding molecular recognitidn.  example, carbony! orientations toward a cation have been noted
the last few decades, numerous hosts have been synthesizedy, various studies such as membrane channels. Recently, Hay
and their complexation with various cations has been investi- gt 5112absiydied aliphatic ether complexes of alkali and alkaline
gated? Itis well-established that hosguest size complemen-  a5rth cations (M) using MM3 force field and Hartreock
tarity is very importan®. In an evolutionary course of metal (HF) calculations using the STO-3G basis sets. They found
cation—ionophore chemistry, diverse hosts were extensively inai Hartree-Fock calculations on MO(Me), and M—O(Me)-
investigated starting frc_)m crown ethers to cryptands to sp_herands,(Et) revealed a preference for trigonal planar geometry when
and the structural rigidity of the hosts has been considerably gjiphatic ether oxygens are coordinated to alkali and alkaline
increased. As for these ionophores, more rigid ionophores havega i cations. The study implied that a ligand structure
stronger affinities as well as higher selectivities in gen.éral. satisfying its preference for trigonal planar geometry has a
Recently, Lee et al. synthesized unexpected polyketals with 2 g eater effect on complex stability than a structure satisfying
crownn moieties, which are named as starands, though their j;¢ preference for the optimized M0 distances. More, Ray,
target molecules were polyketones, so-called ketonanise and Armentrouce reached similar conclusions in studies of
starands should not _be cgtegorized as crown ethers, because thge gissociation energies of N@omplexes of dimethyl ethers,
two systems are quite different chemicdllyStarands can be 1,2-dimethoxyethane, and 12-crown-4. In the past, electrostatic
considered as one of the most rigid ionophores with the most yieractions of cations with negatively charged atoms (O or N)
spherical cavity. L fits perfectly into the cavity of [dlstarand. in ionophores have been harnessed extensively as the main
Therefore, one may anticipate that this molecule would Show ¢yiteria for designing novel ionophores, while the energetically
high affinity and high selectivity for L. favored orientations of the dipoles toward the cation have not
In general, strong affinity and high selectivity are very been seriously exploited. In the case of rigid ionophores such
desirable characteristics for various applications of ionophores. as starands, the reorientations of their ketal moieties toward a
One of the most important factors for high selectivity would cation are not feasible, so the cation has to orient itself into an
be high structural rigidity of a host molecule. For better energetically favorable binding site. Particularly the electrostatic
complexation, the binding sites and steric barriers in potential interaction energy between the ketal moieties in th{sfarand
host-guest partners must be complementary to one another inwas surprisingly negative (i.e., attractive force) due to the head-
electronic character and geometric arrangerferitowever, to-tail dipole orientation§. In this regard, we investigated the
besides the hostguest size complementarity, factors affecting affinity and selectivity of [%]starand model for alkali metals
affinity are not well-studied due to complicated environmental (Lj+ and Na) in comparison with those of 12-crown-4, because
effects which are associated with most experimental condifions. poth [lg]starand and 12-crown-4 have nearly the same cavity
There have been a number of theoretical studies aboutsize. To understand the interaction between cation and iono-
ionophores such as ab initio calculations, molecular mechanics,phore independent of environmental effects (i.e., solvent effect,
molecular dynamics, and Monte Carlo simulatiéns. As yet, counterion effect, etc.) with modest reliability, we employed
a simple but clear concept beyond the hasliest size comple-  quantum mechanical methods as a tool to investigate the intrinsic
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TABLE 1: Interaction Energies and Geometries of the lonophores and Complexés

HFA 6-31+G*} MP2/6-31+G*//HF
AE BSSEC AE BSSEC (C+0) M++-0 M-+-O ©°) ¢ ¢

1 Dag 0.0 (1.883) (96.0)
1-Li+ Dag ~79.9 ~76.6 1.883 925
1-Li+ Ca -92.6 -90.4 1.904 2.986 412 125.8
1-Na* Dag 10.3 13.8 1.986 95.7
1-Na*' Ca -66.3 —64.2 2.278 3.484 30.7 130.5
2 S 0.0 (1.986) (97.8)
2:Li* Dag —90.1 -86.7 -98.9 -82.4 1.855 60.0
2L+ Cs -91.3 -88.8 -97.8 ~86.8 2.001 4738
2:Na* Dag -29.3 —-26.3 -36.8 -21.6 2.080 79.2
2-Na* Cs —65.4 -63.4 ~70.7 —61.4 2.341 42.9

aEnergies are in kcal/mol, distances in angstroms, angles in degdedenoted.i™ or Na*. Ct denotes the center of the ionophoké:--O/
Ct---O is the distance between the metal ion/center and oxyfyef is the supplementary angle betweenthe-O/Ct---O vector and th€—0—C
plane;¢' is the supplementary angle only for the lower three O atoms in the stavii?®icalculations were done at ti#F-optimized geometries.
See the text for the basis séM---O distances for the upper thré atoms. TheM---O distances for the lower thre@ atoms are 2.986 A for
1-Li*" and 3.484 A forl-Na™.

factors affecting the cation affinity as well as selectivity using
a Gaussian 94 suifg.

Il. Calculation Method
Figure 1. Selected structures of starand, 12-crown-4 and their cation

All the structures were fully optimized by HF calculations. complexes (top views in 1st row and side views in second row). All H
The 6-3H1-G* basis set was employed for all the atoms except atoms are removed to improve visualization. Black solid circles denote

for the double-bonded carbon atoms situated on the rim of the O atoms; shaded circles, C atoms; unfilled circles, cations.

model starand for which a 6-31G* baSif set was used. ThiS 1 the pinding site of the 12-crown-4 with cation, we also studied
mixed basis set will be denoted §-31+G*}. Inthe cases of 10 cage of the external binding undgs symmetry because
crown ethers and their complexes, Mo—Plesset second-order ¢yt structures of many cation complexes of 12-crown-4 show
perturbation _(M_P2) calculatlo_ns were glso performed on the HF/ C, symmetry. Ra¥?eet al. also reported an ab initio structure
6-31+G*-optimized geometries. Basis set superposition error ¢yna | i+ complex of 12-crown-4 undeZ, symmetry. Indeed
correction (BSSEC) was also considetéd. _ we find that the 12-crown-4 &, symmetry and Li-complexed
The predicted blndln_g energies and geometrical parameters;5_..own-4 ofC4 symmetry are the most stable conformers.
of the metat-oxygen distances (M-O) and the out-of-plane ¢ yeometrical parameters of 12-crown-4 and its complex with
bending angles¢(/¢) of the Ct--O/M---O vectors from the i+ a6 very close to those of Ray's results. This metal-
C—0O—C planes of the_ dipolar moieties are listed in Table 1, complexed structure o, symmetry will be denoted &M,
where Ct denotes the ionophore center. The MP2 energies arghich have a volcano shape with four oxygen atoms on the top

found to be consistent with the HF energlésin the following and the cation located above the volcano (Figure 1).
discussion, for.comparanve pureose, blndlng energiesK) For 1 and2, the distances from the center to the oxygen atoms
are reported with the HEB-31+G*} values with BSSEC. (Ct---O) are 1.883 and 1.986 A, respectively, and the out-of-

plane bending angleg® of the center from the plane of the
ether moiety are $6and 98, respectively.

In the present study, we investigated the starand mddel ( The binding energies fot-Li* and1-Na* are 77 and-14
since we have already reported that this model can well represenkcal/mol, respectively. The negative binding energy for
[1e]starand® Upon complexation with cations, the starand Nat is partly attributed to the exchange repulsions betweeh Na
model is found to have two binding sites: one at the center and O atoms (i.e., the cavity size bfs small to accommodate
(internal binding) and the other out of the cavity on @axis Na*, which can be noted from the GtO distance (1.986 A)
(external binding). These two complexes will be denoted as enlarged by 0.103 A). When tiis bound at the center of
1-M and1-M’ (Figure 1), respectively, where M denotes'Li  cavity, the Ct--O distance is reduced by 0.0003 A. Therefore,
or Na". Seidl and Schaef&studied various configurations of  Li™ perfectly fits into the cavity. The binding energy of'Li
12-crown-4, reporting tha%, conformation 2) is the global with 2 (i.e., 2-Li *) is 89 kcal/mol. The binding energy for the
minimum energy structure at the Bd self-consistent-field internal binding ofl:-Li* (77 kcal/mol) is small compared to
level. Thus, we optimized the structures of the neutral 12- crown ethers against our expectation. Therefore, we tried to
crown-4 and its cation complexes und&isymmetry using the locate other binding sites, as addressed earlier. At the distance
6-31+G* basis set. Upon complexation with cations, the of 0.89 A from the upper plane of the three oxygens along the
structures changed @,y symmetry, which will be denoted as  Cj; axis, Lit is bound externally td. The binding energy of
2-M. To study the influence of the dipole moiety orientations this external binding of-Li ™ is 90 kcal/mol. Then, the binding

Ill. Results and Discussion
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Figure 2. Out-of-plane bending anglesbetween cations and dipole
moieties of the model compounds.

affinity of 1 for Li* has a value comparable to those2adind
18-crown-6. Similarly, the binding energy dfNat' is 64 kcal/
mol. Although the binding energies of Land Na bound to

the center ofl are small and even negative, those to the external
bindings are reasonably large. This is a surprising result, not
only because Li fits the starand model cavity size perfectly,
but also because tiis coordinated by six negatively charged
O atoms at the center of cavity, but only by three ones at the
outside of the cavity. Even though the size of the host cavity

encompasses the size of the guest perfectly, the central binding 21

with more coordination number is much less favorable than the
external binding with less coordination number. Therefore, the
complexation ofl with Li* cannot be explained satisfactorily
by the principle of hostguest size complementarity. Then, it
is natural to investigate the contribution of the electronic effects

on the model starand system. In this regard, the energetics based< 12

on various existing molecular mechanics potential paraméters
as well as Hay's HF/STO-3G energy profiles for the-a(Me),
and M—OMekEt are very helpful.

To elucidate the effect of the dipole orientations, we
investigated the complexation energies of land Na with
1,3,5-trioxane (HsO3) whose C-O—C moiety was taken into
account as a building unit of the starand, and withb®leH,0,
and CH(OH), using the 6-31G* basis set for comparative
purpose. The out-of-plane bending angle of a cation from the
C—0O—C plane (for trioxane and dimethyl ether) oH®—H
plane (for water) is defined as the angleand the corresponding
definition of angle¢ for gem-diol is shown in Figure 2. For
trioxane, we fully optimized the neutral structure first, then
optimized only the M--O distance to estimate the metal
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Figure 3. HF/6-31+G*-predicted relative energy vs the out-of-plane
bending anglep in the complexes of the model compounds with Li

trioxane interaction energies at the corresponding fixed angle (a) and Na (b).

¢, and for others, the structures were fully optimized in the
constraint ofCs symmetry at the corresponding fixed angle

a few important components. Many studies have been done to

Figure 3 shows the variation of the energy against the angle derive the atomratom pair interaction potentials for various

(¢) relative to the energy of the planar structuge= 0°). For
CHa(OH),, the relative energies are taken as half the real value
in order to obtain the interaction energy due to only one oxygen,
because there are two oxygen atoms in(@HH),. At ¢ = 0°,
the interaction energies of Liand Na with 1,3,5-trioxane are
—31.4 and—20.5 kcal/mol, respectively; those of GIDH),
due to one oxygen atom are27.9 and—21.0 kcal/mol; those
of Me,O are—39.6 and—26.8 kcal/mol; those of pD are—36.6
and —26.2 kcal/mol, respectively. Although the interaction
energies of model compounds with*Liand Na are quite
different, their interaction energy changes against the apgle
are somewhat similar. Since for all model compounds in the
current study the interaction energiespat 0° are at least 13
kcal/mol more stable than those @at= 90° and there are six
dipolar moieties in [§]starand model and four dipolar moieties
in 12-crown-4, the dipolar moiety orientations should play a
very important role in the binding.

To elucidate the role of dipolar moiety orientations, it is
necessary to decompose the total interaction en&xgy) into

systems. For example, Smith et al. successfully reproduced the
ab initio complex energies for the iersingle-ligand complexes
using a simple atomistic force field with two body potential
functions!® In our study, the total interaction energy is
approximately estimated from the decomposed components:
AEnr = AEsum= AEdipole + AEexch + AEdeform  Here,AEgipole

is the interaction energy between the dipolar moieties and cation,
AEegxch IS the exchange repulsion energy, af\Bqetorm is the
energy difference between the original fully optimized host and
the deformed host upon complexation with a cation. The short-
range exchange repulsion energy is approximately expressed
as inversely proportional to the 12th power of distanceBy
combining these results with additional ab initio calculations,
the exchange energy @fEq.n between the metal cation and
the oxygen atom was estimat&d.The electrostatic energy is
governed dominantly by the interactions between the dipolar
moiety and the cation, due to negligible monopetation
interactions in neutral ionophores. But, it is difficult to estimate
the pureAEgipole from the cation complex of model starart (
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TABLE 2: Energy Components for the Interaction Energiest

AEHF ¢ A Ealign A Ebend (Edipole) AEexch A Edeform (A Esun‘)
1-Li* —~79.9 92.5 —188 122 ¢-66) 7 8 51)
1-Li+ -92.6 41.2 —94 17 c77) 3 4 70)
1-Na* 10.3 95.7 —123 102 ¢21) 34 22 -35)
1-Na™ —66.3 30.7 -62 10 52) 3 2 -47)
2-Li* —-90.1 60.0 —158 28 130) 5 13 112)
2-Lit -91.3 47.8 —158 16 142) 2 16 t124)
2-Na* —29.3 79.2 —107 41 ¢66) 13 12 41)
2'-Na* —65.4 429 —107 12 £95) 3 11 £81)

aEnergies are in kcal/moAExe is the HF{6-31+G*} -predictedAE. See the text for notations.

or 12-crown-4; thus, we estimated thé&ioe Of model starand Nat' (—AE = 63 kcal/mol) is 26 kcal/mol. Therefore, the
complexes from the interaction energy of the metal cation with affinity and selectivity of [§]starand model for Li is not so
trioxane and theAEgipole Of 12-crown-4 complexes from the  high as we expected because the alkali metals cannot bind at
interaction energy of the cation with ether (M (i.e., trioxane the center. Nevertheless, the affinties and selectivities of the
was taken as the building unit of model starand, and®Aeas starands model toward cations are yet still similar to those of
taken as the building unit of 12-crown-4). Consequently, as a 12-crown-4, as long as we are concerned with the intrinsic
simple approachAEgiple can be obtained from the product of interaction energy. Then, in comparing the affinities and
interaction energy of each cation per building unit with the selectivities of starands with crown ethers in solvents, the solvent
number of the &0O—C moietites directly bound to the cation; effect would be important in comparing with starand and crown
AEgipole is estimated fromAEajign and AEpens Which are ether systems, because the starand is a peculiar ionophore with
respectively the interaction energy of the cation with the aligned almost spherical rigid structure having head-to-tail dipolar
dipolar moiety ¢ = 0°) and the energy required to bend the moiety orientations. This interesting study is in progress in this

dipolar moiety orientation by (AEgipole = AEaign + AEpend. laboratory.
The AEpeng is estimated directly from the energy profile in
Figure 3. The estimated values are shown in Table 2. IV. Concluding Remarks

As shown in Table 2, the estimated interaction enerdys ()
between the cation and host molecule shows overall consis’rencyh
with the HF-predicted interaction energ\Eyr). Table 2
clearly shows that, althougi\Egetorm and AEexch become
significant when the size complementarity is importa&gipoie
plays the dominating role in describingEye. Therefore, the
preference of the external binding is clearly noted from the
values ofAEgip0le For example, in the case when the lion
fits well in the ionophore cavity, the difference &Eyg or that
in AEgum betweenl-Li™ and1-Li ' arises mostly from that in
AEgipole. In the case when the Naon is slightly larger than
the cavity size, the difference iREyr or that inAEgymbetween
1-Na* and1-Na'' arises from those itAEgipoie aNd AEexch In
both Lit and N& cases, the interal complexation has very large
AEpengdue to largep, while the external complexation has very
small AEpeng due to smalkp.

The 12-crown-4 also shows a similar trend as shown in the
model starand. Since theLion fits well for the 12-crown-4
cavity and the ether moieties are somewhat flexible, the internal
complex has slightly largefAEyeng (due to slightly larger out-
of-plane bending anglg) than the external complex (i.e., 50
vs 48 for ¢). In the case when the Naon is slightly larger
than the cavity size, the structural change required for 12-
crown-4 is beyond the limits of its flexibility, so that the internal
complex has energetically unfavorable distortion agg{é9°).
Thus, the external complex is favored. In particular, in this
case, since the 12-crown-4 is somewhat flexible, it changes the
S symmetry structure to theC, symmetry structure by
transforming its conformation into a volcano-like shape so as
to make favorable dipolar moiety orientatios=€ 43°). These
results vividly demonstrate the crucial role of the dipolar moiety
orientations in the conformational energetics of ionophores upon
complexation with cations. Thus, to design ionophores with
large affinities for cations, favorable orientations of dipolar
moieties toward the cation binding site are highly desirable. (1) vogtle, F., Ed.;Host-Guest Complex Chemistrpringer-Ver-

P ; S — lag: New York, 1981 (Part I), 1982 (Part (ll).
The binding energy difference betwegrLi ™ (~AE = 90 (2) For example, see: (a) Plenio, H.; Diodone, RAth. Chem. Soc.

kcal/mol) and1-Na*’ (_A!E = 64 kcal/mol) is only 26 kcal/ 1996 118 356. (b) Zhang, X. X.; Bordunov, A. V.; Bradshaw, J. S.; Dalley,
mol, and that betweef-Li ' (—AE = 89 kcal/mol) and?'-- N. K.; Kou, X.; Izatt, R. M.J. Am. Chem. Socl995 117, 11507. (c)

Despite the promising features of the starands model which
ave most spherical compact cavities and rigid structures, their
internal complexes with cations do not show large affinities for
cations due to unfavorable dipolar moiety orientations. Thus,
the external complexes are more stable. For external complex-
ations, the starand model behaves as a reasonably good
ionophore which is equivalent to the crown ethers. In 12-crown-
4, to have better favorable dipolar moiety orientations, the
structure transforms itself from ti& symmetry toC, symmetry
structure. This concretely validates the trend of-idlipole
orientations toward a coplanar structure in molecular mechanics.
In conclusion, the iondipolar moiety orientations can play a
dominant role in conformational energetics of ionophores upon
complexation with ions, and somewhat flexible ionophores can
change even its own structure to have better dipolar moiety
orientations when the out-of-plane bending angie very large.
Therefore, in addition to the hosguest size complementarity,
the utilization of the ior-dipolar moiety orientations should
be very important in designing novel ionophores. Indeed, this
concept has been applied to design novel amphi-ionophores
having large affinities for both cations and aniéfs.
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