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Relative Binding Affinities of Alkali Metal Cations to [1g]Starand
in Methanol: Computational and Experimental Studies
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The binding affinity and selectivity of a new ionophore, [1g]starand (1), toward alkali metal cations
in methanol were examined through NMR titration experiments and free energy perturbation (FEP)
and molecular dynamics simulations. The preference was determined to be K > Rb™ > Cs™ > Na*
> Li" in both FEP simulations and NMR experiments. The FEP simulation results were able to
predict the relative binding free energies with errors less than 0.13 kcal/mol, except for the case
between Li* and Na*. The cation selectivity was rationalized by analyzing the radial distribution
functions of the M—0O and M—C distances of free metal cations in methanol and those of metal—

ionophore complexes in methanol.

Introduction

[1,]Starands, a new class of macrocyclic molecules,
were recently synthesized by Lee and co-workers.!™
These highly preorganized molecules are expected to form
stable complexes selectively with specific metal cations.*3
In this work, we investigated the binding affinities and
selectivities of [1g]starand (1) toward alkali metal cations
in methanol. For this purpose, free energy perturbation
(FEP) and molecular dynamics (MD) simulations were
carried out on the complexes of 1 with Li*, Nat, K*, Rb™,
and Cs*, and the simulation results were checked against
NMR titration results.

Binding affinities of alkali metal cations to ionophores
are usually measured from water—chloroform extraction
experiments.® However, Bayly and Kollman® used pure
water as a solvent in their FEP simulation to interpret
the salt-extraction experiments, and Agqvist and co-
workers” performed their FEP simulation of alkali—metal
complexation of an ionophore® in methanol to elucidate
the salt-extraction experiments from water to chloroform.
The use of polar solvents in the simulations is mainly
due to the difficulties in carrying out the simulations in
water-saturated chloroform with counteranions.® First,
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the amounts of water and counteranions extracted into
chloroform are not exactly known yet. Moreover, the
water and counteranions are not expected to be distrib-
uted homogeneously in the entire chloroform but to be
substantially enriched around the cation—ionophore
complexes, so we cannot estimate exactly the amounts
around the complexes. Second, a much longer simulation
time is required for proper sampling of all the relevant
configurations of the cations, counteranions, and water
molecules in chloroform. Thus, simulations in water-
saturated chloroform with counteranions seem to be
impractical at present. Instead, we avoided these prob-
lems by performing the investigation, both theoretically
and experimentally, in a polar solvent, because the
cation—counteranion—water aggregate dissociates in a
polar solvent. A theoretical study on the alkali metal
cation binding of [lg]starand was recently reported,®
in which aqueous solutions were used. However,
[1n]starands are insoluble in water, so the results are not
verifiable by experiment. We chose methanol as the
solvent, rather than pure water, because both the alkali
metal cation and the ionophore 1 are dissolved in
methanol, and thus the simulations in methanol can be
checked against experimental results in methanol. In
contrast to the water—chloroform extraction, our simula-
tions were able to predict quantitatively the results from
the single-phase experiments performed in methanol.
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Figure 1. *H NMR titrations of 0.89 mM host 1 with 50 mM
alkali metal cation (W Li*; ® Na™; O K*; O Rb*;  Cs*) at 298
K. Symbols are experimental data points; lines are the best
fit curves calculated from nonlinear squares-fitting analysis
in CD30D. ArHorino Was monitored after each addition of alkali
metal. The counteranion is trifluoromethanesulfonate.

Experimental Section

Materials and General Procedure. All solvents were of
analytical grade and used without further purification. Sta-
rand 1 was prepared as described in the literature,® and alkali
metal trifluoromethanesulfonate salts were prepared from
trifluoromethanesulfonic acid (CF;SOsH) and alkali metal
hydroxides (MOH; M = alkali metal). Alkali metal perchlorate
salts were obtained from Aldrich. 'H NMR spectra were
recorded with Bruker DPX 300 (*H, 300 MHz) and Bruker
AMX 500 (*H, 500 MHz) spectrometers with Me,Si as an
internal standard. Mass spectra were obtained with a Kratos
Kompact MALDI 11, Voyager Biospectrometry Workstation.

Determination of Association Constants (K,). To assess
the relative binding properties of 1, we performed *H NMR
titration experiments with alkali metal salts. First, 0.050 M
solutions of each alkali metal trifluoromethanesulfonate in
CDs0OD were prepared in separate volumetric flasks. Aliquots
of each alkali metal cation solution were added to a 0.89 x
1073 M solution of [1g]starand in CD3zOD. The chemical shifts
of the aromatic protons of [1g]starand were recorded after each
addition of the guest solution. The association constants (Ka)
were then determined by nonlinear least-squares fitting
analyses of the titration curve for simple 1:1 binding, monitor-
ing the chemical shift changes of ArH signals for 1.9 The
chemical shift changes under fast exchange condition can be
written as follows:1°

6=0,~ (‘512[;1]‘?)(5 —/B —4Ml) @

where ¢ is the observed chemical shift, d; is the chemical shift
for free host 1, dc is the chemical shift for the complex, [1]o is
the initial concentration of 1, [M]o is the initial concentration
of the metal ion, and

B = [1o+ Ml + i @

Figure 1 is a typical plot of the observed and calculated
titration curves obtained by this method for all alkali metal
salts.

(10) Macomber, R. S. J. Chem. Educ. 1992, 69, 375—378.
(11) Tjivikua, T.; Deslongchamps, G.; Rebek, J., Jr. J. Am. Chem.
Soc. 1990, 112, 8408—8414.
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Figure 2. The Job plot for [1lg]starand 1 (1.0 mM) and K*
trifluoromethanesulfonate (1.0 mM) in CD3;OD. The concentra-
tion of the complex was determined by the procedure described
in the ref 12.

Scheme 1. Thermodynamic Cycle for lons M; and
M, Complexing to the Same lonophore 12

1 + M A) 1-M,

AA;3 AA,

1+ M, M, 1-M,

2 AA; and AA; are the free energy changes involved in the
binding processes of M; and M, to 1. AA; and AA; are those
involved in the perturbation of M; into M in unbound and bound
forms, respectively.

Job Plot. Complexation stoichiometry was determined by
a Job plot using *H NMR spectroscopy.? Stock solutions of 1
(1.0 x 102 M) and potassium trifluoromethanesulfonate (1.0
x 1073 M) in CD3OD were prepared. Eight NMR spectra were
obtained in the following volume ratios (host:guest): 40:360,
80:320, 120:280, 160:240, 200:200, 240:160, 280:120, and 320:
80 (uL:uL). The chemical shifts of the aromatic protons of 1
were recorded for each sample, the corresponding concentra-
tion of complex was determined for each, and the Job plot was
obtained by plotting complex concentration as a function of
the mole fraction of alkali metal ions. Figure 2 is the Job plot
for 1—potassium trifluoromethanesulfonate complex.

Calculation Method and Details. The FEP simulation®~%5
gives the relative binding free energy of two different ions My
and M; bound to the same ionophore 1 according to the
thermodynamic cycle in Scheme 1. Because the free energy A
is a state function, the relative binding free energy (AAA) is
expressed as AAA = AA; — AA; = AA; — AA,. It is obtained
by slowly perturbing M; into M; in both free and bound forms
(AA; and AA,), rather than by attempting the more difficult
task of modeling the binding processes (AA; and AA).13716 A
perturbation from M; to M, was done by using a coupling
parameter 4 (0 < A =< 1) to smoothly convert the energy
function E(1) of M; (A = 0) into that of M, (1 = 1). The free

(12) Conners, K. A. Binding Constants: The Measurement of Mo-
lecular Complex Stability; John Wiley and Sons: New York, 1987.

(13) Kollman, P. Chem. Rev. 1993, 93, 2395—2417.

(14) van Gunsteren, W. F.; Mark, A. E. Eur. J. Biochem. 1992, 204,
947-961.

(15) van Gunsteren, W. F. Protein Eng. 1988, 2, 5—13.

(16) Cummins, P. L.; Ramnarayan, K.; Singh, U. C.; Gready, J. E.
J. Am. Chem. Soc. 1991, 113, 8247—8256.
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Table 1. CVFF Parameters for Nonbonding Interactions
of Alkali Metal Cations, Converted from the AMBER
Parameters of Kollman® According to the Formula A =
€(2R*)12 and B = 2¢(2R*)®

AMBER CVFF
€ (kcal/mol) R*(A) A B
Lit 1.83 x 1072 1.137 349.8941 5.06085
Nat 2.77 x 1073 1.868 20481.5198 15.06437
K* 3.28 x 104 2.658 167068.0913 14.80518
Rb* 1.71 x 10~ 2.956 309928.8651 14.51729
Cs™ 8.06 x 10> 3.395 774055.9141 15.79733

energy change (AA) was calculated using the following finite
difference thermodynamic integration algorithm:17.18

AA=A(L=1)—A(l=0)=—RT IHQXP(—g)D:

—RTE; |anp( E(A £ 04) — E(A))D -

RT 7
where R is the gas constant and T is the absolute temperature.
The bracket denotes an average over a canonical ensemble
generated by MD simulations with an energy function E(1) at
each Gaussian-quadrature point 4. The MD simulations were
performed with the CVFF force field implemented in the
Discover package.'® Parameters for alkali metal cations were
imported from the AMBER force field of Kollman®?° (see Table
1).2021 These parameters were originally derived for alkali
cations in water’” and were shown also to be adequate for alkali
cations in methanol.”*° The simulations were carried out at
300 K. Periodic boundary conditions were employed with a
minimum image model,’8 and a cutoff of 11 A was used for
nonbonding interactions. Solvent molecules were treated
explicitly using a 36.00 x 35.00 x 29.89 A rectangular box
containing 560 methanol molecules. An all-atom representa-
tion was used for the methanol molecules. The arrangement
of the solvent molecules was randomized and equilibrated by
a 30-ps simulation. A bare cation solvated in methanol was
prepared by soaking the cation into the solvent box with an
overlapping solvent molecule removed. For a cation bound to
1 in methanol, the cation was located at the center of mass of
1, the structure of which had been energy-minimized from the
X-ray crystal structure,*® and this complex was minimized and
then soaked into the solvent box with about 30 overlapping
solvent molecules removed. These initial structures were
minimized for 100 steps to remove any hot spots, i.e., any
partial overlap between solvent and solute, and then preequili-
brated during 50 ps with a constraint that causes the solute
to be located at the center of the solvent box. Then, FEP
simulations were carried out to perturb Li* into Nat, Na*t into
K*, K* into Rb*, and Rb* into Cs*. Twenty Gaussian quadra-
ture points were used to go from the initial (1 = 0) to the final
(A = 1) state in each FEP simulation. At each point, an MD
simulation was carried out with a time step of 1 fs for 0.5 ps
of equilibration followed by 1 ps of data collection, and the
results were compared to those obtained with a time step of 1
fs for 1 ps of equilibration and 2 ps of data collection. Each
FEP simulation was run in both forward (4 from 0 to 1) and
backward (4 from 1 to 0) directions, and its hysteresis error
was taken as an estimate of the quality of the simulation.41522

(17) Mezei, M. J. Chem. Phys. 1987, 86, 7084—7088.
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3604.
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Table 2. 'H NMR Data for [1g]Starand (1) and Its Metal
Trifluoromethanesulfonate Complex in CD3zOD at 25 °C
after Addition of 10 Equiv of the Guest

compound ArHb (ppm) ArHe¢ (ppm)
[1g]starand (1) 7.54 7.33
1-Li* 7.55 7.34
1-Na* 7.66 7.47
1-K* 7.63 7.44
1-Rb* 7.62 7.43
1-Cs*t 7.62 7.43

a[1]o = 0.89 MM. ® Hyeta (dd, J = 3.4, 5.6 HZ). ¢ Hortno (dd, J =
3.4 5.6 Hz).

Table 3. Association Constants (log K) and the
Corresponding Free Energies (—AG) of 1 and Alkali
Metal Cations at 25 °C

Lit Na* K* Rb* Cs*
12-C-4 (log K)2¢  2.73  3.64 3.09 3.03 294
—AG (kcal/mol) 3.72 496 4.21 413 401
18-C-6 (log K)a¢ 442 >55(6.39) 535 437

—AG (kcal/mol) 603 >75(8.9% 7.30 5.96
1 (log K)P 120 344 416 391 359
—AG (kcallmol)  1.64  4.69 5.67 533  4.90

a Conductometric measurements in methanol. ® 1H NMR titra-
tions in CD3sOD. Temp, 298 K; AG (= —RT In K) is 2.303 log K at
298 K. ¢ Reference 24. 9 Reference 42.

Results and Discussion

Complexation Studies with Alkali Metal lons. The
IH NMR spectrum of 1 revealed only aromatic proton
resonances at 6 7.42—7.21 in CDCls;, and the 3C NMR
spectrum displayed four resonances at 6 141.80, 129.69,
122.64, and 114.77 in CDCIs.2 The simplicity of the
spectra discloses a high degree of symmetry of the cyclic
polyketal host 1. In view of the published X-ray analysis
of [1¢]starand,? host 1 is expected to have a structure with
cyclic polyketal and phenyl rings of up—down—up con-
formation that can bind cationic guests. In the qualitative
examinations, solutions of 1 in methanol demonstrated
remarkable solubility toward alkali metal salts, revealing
the complexing property of the ligand systems. The 'H
NMR spectra of the complexes showed considerable
chemical shift changes, indicating observable binding
affinity compared to those of the free host 1, as shown in
Table 2. We observed only the population-averaged
aromatic signals for the complexes, which indicates that
the exchange of the metal ion between the bulk solution
and the complex is faster than the NMR time scale.

Association Constants (K,). The association con-
stants of | with alkali metal cations were obtained by
nonlinear least-squares fitting of the *H NMR titration
in CD30D at 25 °C. As shown in Figure 1 and Table 2,
the addition of alkali metal ions to a solution of 1 gave a
downfield shift of aromatic protons in all cases for host
1 upon complexation, which indicates the presence of
cation—s interactions in the solution. The shift of the
aromatic protons decreased in the order Na® > K* > Rb*
> Cs* > Li*. The largest downfield shift was observed
for Na* (Ao = +0.14 ppm for ArHrmo With 10 equiv of
the guest). The amount of the downfield shift for ArHotno
followed the charge density order (Na*, 0.14 ppm; K™,
0.11 ppm; Rb*, 0.10 ppm; and Cs*, 0.10 ppm). The
binding affinities of 1 for alkali metal cations as shown
in Figure 1 and Table 3 were as follows: Kt > Rb* >
Cst > Na' > Li*. The association constants did not
depend on the magnitude of the chemical shift change
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Figure 3. MALDI mass spectrum of a mixture of 1 and alkali
metal salts (LiClO4, NaClO4, KCIO4, RbCIO4, and CsCIOy) in
dihydroxybenzoic acid as matrix in methanol. The peak
denoted by a was obtained by a Voyager Biospectrometry
Workstation using dithranol (1,8,9-anthracenetriol) as matrix
in methanol. The peak denoted by b did not appear in the mass
spectrum of the mixture of alkali metal salts.

induced by metal ions. These observations suggest that
the cations interact not only with the four aromatic nuclei
of one of the two equivalent binding sites but also with
the cyclic ketal oxygens and that the primary interactions
between 1 and metal cations would be the cyclic ketal
oxygen—metal cation interaction. Host 1 showed higher
selectivity for potassium ion than any other alkali metal
ion. Stoichiometry between 1 and alkali metal ion can
give 1:1, 1:2, or 2:1 binding, because the structure of 1
has two equivalent binding sites. However, the Job plot
showed that maximal complexation occurred at 0.5 mole
fraction of 1 and the potassium ion, indicating 1:1 binding
(Figure 2). This suggests the existence of ionic repulsion
between cations when two cations were introduced into
the binding cavity of 1 in the case of 1:2 ligand—metal
binding and the steric repulsion of 1 in the case of 2:1
ligand—metal binding. Figure 3 shows the mass spectrum
from matrix-assisted laser desorption/ionization (MAL-
D1)® of a mixture of 1 and alkali ion salts (LiClOy,
NaClO,4, KCIO,, RbCIO,4, CsClO, in methanol) in dihy-
droxybenzoic acid as a matrix. Five peaks corresponding
to the alkali metal complexes indicate clean formation
of 1:1 binding for 1—M" adducts and no fragmentation
in the gas phase.

The results of complexation studies for the complexes
of 1 and alkali metal cations in CD3;0D at 25 °C are
summarized along with those for two other crown ethers
in Table 3. Comparison with a cyclic ligand (12-crown-4)
having the same number of oxygens for participating in
the binding of cations shows that 1 forms stronger
complexes with alkali metal cations other than Li* and
Na'. These results show that a new cyclic ketal 1 having
a preorganized structure can act as a better receptor for
cation binding than a conformationally mobile and flex-
ible ligand such as 12-crown-4. Host 1 has a pattern of
alkali metal cation selectivity similar to that of 18-crown-
6.2 The binding affinities of 1 toward alkali metal cations
are smaller than those of 18-crown-6, probably as a result

(23) Lee, S.; Wyttenbach, T.; von Helden, G.; Bowers, M. T. J. Am.
Chem. Soc. 1995, 117, 10159—10160.
(24) Buschmann, H. J. J. Solution Chem. 1987, 16, 181—190.
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Table 4. Results of FEP Simulations for Alkali Metal
Cation Complexes of 1 in Methanol (kcal/mol)2

AAZP AAL AAAY AAGexp®

Lit—Na* 19.55+0.18 17.86 +0.41 -169+045 -3.05
Nat—K* 11.51+0.10 10.41+0.16 -1.10+0.19 -0.99
K*— Rb* 3.87+0.04 4.19+0.04 0.32+0.06 0.34
Rb*—Cs* 5.04+0.05 5.34+0.06 0.30+0.08 0.43

a A simulation time of 1 ps for equilibration and 2 ps for data
sampling were used at each Gaussian quadrature point. ? Relative
solvation free energies of free cations in methanol. ¢ Relative
solvation of free energies of cations complexed with 1 in methanol.
d Relative cation binding affinities of 1 in methanol (AAA = AA,
— AAg). ¢ Calculated from the experimental values determined by
NMR studies, Table 3.

of the number of oxygen atoms involved in the cation
binding, i.e., four for 1 and six for 18-crown-6.

FEP Simulation in Methanol. The results of the
FEP simulations are presented in Table 4. The values
obtained with 0.5 ps of equilibration and 1 ps of data
collection at each Gaussian quadrature point show almost
the same trends as those obtained with 1 ps of equilibra-
tion and 2 ps of data collection. Therefore, only the latter
results are reported. AA; and AA, denote the FEP
simulations of the relative free energies of solvation of
bare alkali metal cations and alkali metal complexes of
1 in methanol, respectively. These are the average of
forward and backward simulations. The hysteresis errors
were at most 0.4 kcal/mol in all simulations, and these
small errors, along with the convergence of the relative
binding affinities upon doubling of the simulation time,
indicate that the length of the simulation was adequate
to give a meaningful result.141522.25 Al of the values for
AA; were calculated to be positive, and this indicates that
the stability of bare cations in methanol is in the order
Cst < Rb™ < K* < Na' < Li", in agreement with
experimental results?6-28 and other calculated results.?®
All of the AA, values were also calculated to be positive,
and the stability of the cation complex of 1 in methanol
is also in the order of 1-Cs™ < 1-Rb* < 1-K* < 1—-Na"
< 1-Li*. The relative binding affinities of 1 for cations
in methanol (AAA) increases in the order Lit < Na* <
Cst < Rb* < K% (Figure 4), which is in excellent
agreement with our experimental results. Note that the
FEP simulations gave the relative Helmholtz free energy
(AAA) since NVT (canonical) ensembles were used in this
work. However, the calculated results can be compared
with the relative Gibbs free energies (AAG) from the
experiments because the difference between AAA and
AAG is negligible in the condensed phase.

The FEP simulations on the alkali metal ion complexes
of 1 show a “plateau” selectivity pattern, in which the
binding affinity of 1 reaches a maximum at K* and
thereafter remains approximately constant as the cation
size increases. This behavior is expected for ionophores,
which are prevented from interacting effectively with
smaller cations by steric or other constraints.?® To explain
this selectivity pattern in detail, we investigated the

(25) Thomas, B. E., IV; Kollman, P. A. 3. Am. Chem. Soc. 1994, 116,
3449-3452.

(26) Grootenhuis, P. D. J.; Kollman, P. A. J. Am. Chem. Soc. 1989,
111, 2152—2158.

(27) Markus, Y. lon Solvation; Wiley & Sons: New York, 1985.

(28) Burgess, M. A. Metal lons in Solution; Ellis Horwood, Ltd.:
England, 1978.

(29) Cox, B. G.; Schneider, H. Coordination and Transport Properties
of Macrocyclic Compounds in Solution; Elsevier Science Publishers B.
V.: Amsterdam, 1992; Vol. 76.
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Lit+ Na+ K+ Rb+ Cs*

Figure 4. Results of the FEP calculation on the relative
affinities of 1 toward the alkali metal cations in methanol. This
is a graphical representation of the data given in Table 2. The
free energy change (AAG; in kcal/mol) during the complexation
of 1 with each cation is shown relative to that of 1 with K*.
The solid line represents the calculated results, and the dashed
line represents the experimental results.

structures of the alkali complexes of 1 in methanol
obtained from the trajectories of molecular dynamics
simulations. Especially, we focused on elucidating why
the small cations Li* and Nat' are not stabilized in
complex with 1 as much as in the free state in methanol.

In general, two principles govern the complexation
process: preorganization and complementarity.®° Pre-
organization3-3? is defined as the absence of structural
reorganization upon complexation; the more rigidly or-
ganized for binding an ionophore is, the more stable will
be its complex with ions. In Figure 5, we show the
minimum energy structure of each alkali complex of 1
in methanol, along with that of 1 prior to complexation.
Here, 1 has a conformation in which eight oxygen atoms
adopt an up—down—up arrangement resulting in a
spherical cavity.® The root mean square (rms) deviations
between the average structures of 1 before and after
complexation were calculated to be only 0.2—0.3 A for
all of the complexes. This shows that 1 has a very rigid
and preorganized structure for the alkali cation complex-
ation. Complementarity involves the steric and electro-
static fit between a host and a guest, reflected by a cavity-
shape cation-size relationship in the case of ionophores.
The radius of the cavity of 1 was estimated to be 1.08 A
by subtracting the van der Waals radius of O (1.40 A)
from the average distance (2.48 A) from the center of the
cavity to the oxygen atoms constituting this cavity. The
ionic radii of Li™, Na*, K", Rb*, and Cs™ are 0.60, 0.95,
1.33, 1.48, and 1.69 A, respectively, according to Paul-
ing,23% and 0.76, 1.02, 1.38, 1.52, and 1.67 A, respec-
tively, according to Shannon.®¢ Li" is too small to fully

(30) Miyamoto, S.; Kollman, P. A. J. Am. Chem. Soc. 1992, 114,
3668—3674.

(31) Cram, D. J. Science 1988, 240, 760—767.

(32) Dietrich, B.; Viout, P.; Lehn, J.-M. Macrocyclic Chemistry:
Aspects of Organic and Inorganic Supramolecular Chemistry; VCH:
Weinheim, 1993.

(33) Eisenman, G.; Alvarez, O.; Agvist, J. J. Inclusion Phenom. Mol.
Recognit. Chem. 1992, 12, 23—-53.

(34) ) Aqvist, J. J. Phys. Chem. 1990, 94, 8021—8024.

(35) Pauling, L. The Nature of the Chemical Bond and the Structure
of Molecules and Crystals: An Introduction to Modern Structural
Chemistry, 3rd ed.; Cornell University Press: Ithaca, NY, 1960.

(36) Shannon, R. D. Acta Crystallogr. 1976, A32, 751.
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occupythe cavity, Na* is slightly smaller than the cavity,
and the other cations are larger than the cavity. Because
the highly preorganized cavity of 1 does not rearrange
to wrap around the cations, Lit and Na* cannot fit into
the cavity, but K* and other larger cations can fit into
the opening of the cavity and can be located at their
optimal distances from oxygen atoms. The slight decrease
of the binding affinity from K* to Cs™ can be attributed
to the increase of the ion size. As the ion size increases,
the distance between the metal ion and the oxygen atoms
of 1 increases, and thus the electrostatic interaction
between metal ion and 1 decreases. There are many
reports on the alkali cation selectivity of various iono-
phores with a variety of cavity sizes. For example, 15-
crown-5 with a cavity radius of 0.85 A has a selectivity
Nat > K* > Rb* > Cs*, and dibenzo-18-crown-6 and 18-
crown-6 with cavity radii of 1.2 and 1.3 A, respectively,
have a selectivity KT > Rb* > Cs* > Na* in common for
the picrate extraction experiments.®” Host 1 has been
determined to have a cavity size comparable to dibenzo-
18-crown-6,' and its calculated selectivity K > Rb* >
Cs* > Na'* > Lit is in accord with other hosts with a
similar cavity size.

Because the major interaction is the electrostatic
interaction between the cation and the negatively charged
oxygen atoms, the M—O distance is very important in
the estimation of complementarity. We present in Figure
6 the radial distribution function (RDF) g(r) of the oxygen
atoms around the alkali cation in the bare state and in
each complex in methanol, along with the coordination
number n(r) of the oxygen atoms around the cation as a
function of the M—O distance.?38 The position of the first
peak of g(r) represents the average distance between the
cation and the oxygen atoms constituting the first
coordination shell. Because the solvent molecules can
reorganize their position rather freely around each cation
in the free state, we can take the M—O distance of a bare
cation in methanol as the optimum one.*® Comparison of
this with that of each cation complex of 1 in methanol
allowed us to estimate the capability of 1 to stabilize the
cation and extract it from methanol.*%*° The M—O RDFs
of 1-K*, 1-Rb", and 1-Cs* complexes have their first
peaks at almost the same positions as those of bare K,
Rb*, and Cs* in methanol. This is because K*, Rb*, and
Cs™ can be positioned at the opening of the cavity of 1 at
the optimal distance from the surrounding four oxygen
atoms. On the other hand, the first peak of the M—O RDF
of 1—Li* in methanol is positioned at 2.2 A with a large
shoulder at 2.5 A. These are shifted outward from that
of bare Li* in methanol positioned at 2.0 A. The coordi-
nation number is about two up to the end point of the
first peak and about four up to the end point of the
shoulder peak. This suggests that Li* in 1—Lit is
coordinated at an off-center position to two oxygen atoms
at a short distance of 2.2 A and to the other two oxygen
atoms at a longer distance of 2.5 A. In the 1—Li* complex,
the oxygen cavity of 1 cannot be freely rearranged to
wrap around the smallest Li* with an optimal Lit—0O
distance of 2.0 A. Instead, as shown in Figure 5, the
cavity is distorted to a form in which Li* can be
coordinated to the two oxygen atoms at an off-center
position near the periphery of the cavity with an Li*~O

(37) Ouchi, M.; Hakushi, T. Coord. Chem. Rev. 1996, 148, 171—181.

(38) Harris, D.; Loew, G. J. Comput. Chem. 1996, 17, 273—288.

(39) Glendening, E. D.; Feller, D. 3. Am. Chem. Soc. 1996, 118,
6052—6059.
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1 1-Li*

1-Na™

Figure 5. The minimum energy structures of the alkali complexes of 1 in methanol obtained from the molecular mechanics
calculations, along with those of 1 in methanol prior to complexation, which were also obtained from the molecular mechanics
calculations. Side view (upper) and top view (lower). The metal ions are represented as ball models with Shannon radii.

0.4 12
@  ginL-o)] ol
031
L 8-
0.2 6
L al
0.1
L 2t
o) S LA 0 ol
1.0 2.0 3.0 . 4.0 50 1.0 2.0 3.0 . 4.0 5.0
(Li-O) (A} r(Li-O) (A)
0.3 12
(b) | dinNa-0)] 1oL CN(Na-O) .-
021
01r
[ BRI oA b b e e
1.0 2.0 3.0 . 4.0 5.0
f(Na-0) (A)
0.2 12
©) giHK-0)] 1oL CN(K-0) — .
L sl -
o1 6
4_
. 2r
ol ok e s gl
1.0 2.0 3.0 4.0 50 1.0 2.0 3.0 4.0 5.0

fK-0) (A) fK-0) (A)

Figure 6. The radial distribution functions (left) and the
coordination number (right) of the oxygen atoms around the
cation M* in free M* and 1-M* complex in methanol. (a) Li",
(b) Na*, and (c) K*. The solid line represents the free M* in
methanol, and the dashed line represents 1-M* complex in
methanol.

distance of 2.2 A. As a result, Lit is not stabilized as much
as in its bare state in methanol.

We can also see from Figure 5 that the smallest Li™ is
sunk below the opening of the upper cavity of 1, whereas
other cations are displaced out of the cavity. The number
of solvent molecules coordinating with Li* through their
oxygen atoms is only one, and the attractive Coulombic
interaction exerted by the solvent oxygen atoms is not
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Figure 7. The radial distribution functions between the alkali
cation M* and the benzyl carbon atoms of 1 in 1-M* complexes
in methanol. The solid, dashed, and dotted lines represent the
Li*, Na*, and K* complexes, respectively.

as much as in other 1—M™ complexes. Li" is located in
almost the same plane as the carbon atoms, which are
directly connected to the oxygen atoms of the cavity. The
average distance between Li* and these carbon atoms is
rather short (around 2.85 A) compared to that of other
alkali complexes (3.35 A for 1—Na* and 3.65 A for 1-K™)
as shown in Figure 7. These carbon atoms carry the
positive atomic charge of +0.3e, and they are expected
to exert rather large Coulombic repulsions on the Li*.%°
Moreover, the distortion of 1 from the average conforma-
tion of 4-fold symmetry in free state in methanol to that
of 2-fold symmetry in 1—-Li" induces a strain in the
1-Lit.

In the case of Na*, the shift of the Na*™—O RDF peak
was smaller than that of the Lit—O peak, so we could
not judge the relative stability from the M—O RDF

(40) Cho, S. J.; Hwang, H. S.; Park, J. M.; Oh, K. S.; Kim, K. S. J.
Am. Chem. Soc. 1996, 118, 485—486.
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analysis alone. However, the Nat*—C RDF peak was
located at the middle of peaks for Li*—C and K*—C, and
this reflected the relative instability of the Na*™ complex.

In summary, we have discussed the alkali metal cation
selectivity of 1 by analyzing the RDFs of M—O and M—C
distances for the metal ions in methanol and those
complexed with the host 1. The relative instability of
complexed small cations (Li* and Nat) compared to the
same cations in methanol is rationalized by the shift of
the M—0O RDF peaks corresponding to the first hydration
shell and the relative position of the M—C RDF peaks.
This explanation is consistent with the widely accepted
balance between solvation energies and intrinsic complex
stabilities.’®4

Concluding Remarks

The alkali metal cation selectivity of a new ionophore
1 in methanol was examined both theoretically and

(41) Chu, I.-H.; Zhang, H.; Dearden, D. V. J. Am. Chem. Soc. 1993,
115, 5736—5744.

Hwang et al.

experimentally. The host 1 forms stronger complexes
with alkali metal cations other than Li* and Na* when
compared with 12-crown-4 having the same number of
oxygen atoms involved in the metal binding. The FEP
simulation gave excellent agreement with the experi-
mental data. The cation selectivity of 1 was in the order
of K > Rb* > Cs* > Nat > Li", and this was rational-
ized by analyzing the radial distribution function of M—O
and M—C distances in methanol and in the complex with
the ionophore.
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