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The interactions of alkali metal cations (Li*, Na*, and K*) with the cup-shaped molecules, tris(bicyclo[2.2.1]-
hepteno)benzene and tris(7-azabicyclo[2.2.1]hepteno)benzene have been investigated using MP2(FULL)/6-
311+G(d,p)//MP2/6-31G(d) level of theory. The geometries and interaction energies obtained for the metal
ion complexation with the cup-shaped systems trindene and benzotripyrrole are compared with the results for
benzene—metal ion complexes to examine the effect of ring addition to the benzene on structural and binding
affinities. The cup-shaped molecules exhibit two faces or cavities (top and bottom). Except for one of the
conformers of tris(7-azabicyclo[2.2.1]hepteno)benzene), the metal ions prefer to bind with the top face over
bottom face of the cup-shaped molecules. The selectivity of the top face is due to strong interaction of the
cation with the st cloud not only from the central six-membered ring but also from the 7 electrons of rim
C=C bonds. In contrast, the metal ions under study exhibit preference to bind with the bottom face rather
than top face of tris(7-azabicyclo[2.2.1]hepteno)benzene) when the lone pair of electrons of three nitrogen
atoms participates in binding with metal ions. This bottom face selectivity could be ascribed to the combined
effect of the cation—sm and strong cation—lone pair interactions. As evidenced from the values of
pyramidalization angles, the host molecule becomes deeper bowl when the lone pair of electrons of nitrogen
atoms participates in binding with cation. Molecular electrostatic potential surfaces nicely explain the cavity
selectivity in the cup-shaped systems and the variation of interaction energies for different ligands. Vibrational
frequency analysis is useful in characterizing different metal ion complexes and to distinguish top and bottom

face complexes of metal ions with the cup-shaped molecules.

Introduction

Structures and biochemical functions of biological systems
are controlled by noncovalent interactions such as hydrogen
bonds, salt bridges, and hydrophobic, cation—u, charge-dipole,
and s-stacking interactions.!> Noncovalent intermolecular
interactions involving st-systems have been receiving a great
deal of attention because of their importance in molecular
recognition, designing molecular materials with desirable phys-
icochemical properties, elucidation of enzymatic reaction mech-
anisms, design of nanomaterials, ion-selective ionophores, and
receptors.> The cation—s interaction, which occurs between
cations and sr-systems, is generally stronger than that of other
nonbonding interactions involving m-systems.>* The cations
involved in such interactions may comprise metal cations as
well as complex organic cations, while the s-system can vary
from a simple sr-system (e.g., ethylene) to complex single and
multiple aromatic ring systems. The cation— interactions have
been a fascinating topic in many areas of chemistry, biology,
biophysics, molecular biology, and material science.>® The
nature of cation—u interactions and their role in biological
systems were widely appreciated after the pioneering work of
Dougherty and co-workers."? Although cation— interactions
have been known for three decades,!? they have been recognized
very well as an important noncovalent interaction only in recent
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years.!I=1 The interactions of cations with the aromatic rings
of the amino acids are of the current theoretical interests.!8:1

Kim and co-workers demonstrated that [n]collarenes can be
used as efficient ionophores, which form complexes with cations
via cation—u interactions, because of their structural rigidity
and well-defined cavity size.?® Cage-type molecules possess
structurally well-defined cavities. They are given special interest
due to their paramount importance in supramolecular chemistry,
particularly cation—s interactions. Binding of ammonium and
alkali metal cations (Lit, Na™ and K*) with the cage-type
molecules possessing sr-cavity through cation—s interactions
has been studied experimentally, in the gas phase.”! A recent
experimental study of Bartsch and co-workers has shown that
calix[4]arene derivatives using crown ethers are useful for
solvent extraction of alkaline earth metal cations from water
into chloroform.?? The synthesis of cup-shaped molecules of
benzotri(benzonorbornadienes) that possess high electron density
within the cavity has been reported. Furthermore, these mol-
ecules accommodate fullerene Cg in the cavity.?? Very similar
cup-shaped molecules are considered in this paper to examine
their binding affinity with alkali metal cations. The cup-shaped
molecules exhibit a rigid geometry with sr-cavities, which can
be useful for alkali and alkaline earth metal cation extractions
through cation—s interactions. Thus, they could be used as
effective ionophores and molecular receptors and could have
practical applications in environmental chemistry and biology.

Numerous experimental studies have been reported for
cation— interactions of several model systems in the gas
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phase.!121.22.24-27 Theoretical calculations have complemented
the experimental results for various model systems. 0112428 The
influence of electron-donating and electron-withdrawing sub-
stituents attached to the aromatic ring, particularly benzene, on
cation—u interactions has been studied by both experimentalists
and theoreticians.>>611:1224-28 Some of the computational studies
have focused their investigations toward understanding the origin
of the cation—s interaction energies by partitioning them into
different energy components such as electrostatic, induction,
exchange repulsion, dispersion, etc.'*?® Recently, interactions
of various cations with arenes and heteroarenes of five- and
six-membered cyclic systems have been explored to obtain the
knowledge on the cation—s interactions in the heteroaromatic
systems.!413

The effect of increasing the size of the st network of cyclic
and acyclic systems on the cation—u interaction energies has
been demonstrated.?*-3? Investigations involving interactions of
cations with the planar and curved polycyclic systems have been
reported.3*34 Calixarene-based ligands for complexation with
metal ions have received widespread interest due to their high
extraction efficiencies and selectivities for metal ions.?>33
Although synthesis and structures of the cup-shaped tris-
annulated benzenes have been reported,?>37-38 the studies
concerning the metal ion binding with their ;r-cavity are scarce.
We have recently reported that the ring annulation to benzene
has significant influence on Li* binding affinity, vibrational
frequencies, and NMR chemical shifts.?*

In the present paper, we have investigated the interactions
of the alkali metal cations (Li*, Na™, and K*) with the cup-
shaped molecules of tris(bicyclo[2.2.1]hepteno)benzene and
tris(7-azabicyclo[2.2.1]hepteno)benzene. We have also carried
out the calculations for the interactions of the above-mentioned
metal ions with benzene, trindene, and benzotripyrrole. This
comprehensive study provides knowledge on the effect of fusing
mono- and bicyclic rings to benzene on the strength of cation—m
interactions. The host molecules for alkali metal ion binding
considered in this study are shown in Scheme 1. The synthesis
of cup-shaped molecules has stimulated our interest to carry
out the systematic theoretical study of cation— interactions.?>37-38
We intend to address the following questions: (a) Which face
of the cup-shaped molecule is preferred (either top or bottom
face) for the metal ion complexation? (b) Is the face selectivity
same for all the three metal ions considered? (c) How does the
geometry of the cup-shaped molecule change upon the com-
plexation with the metal cation? (d) How does the binding
affinity of the metal ions vary by fusing mono- and bicyclic
rings to the benzene?
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Computational Details

The structures of all the ligands and the alkali metal ion-
bound complexes were initially optimized at the hybrid density
functional, B3BLYP* in conjunction with 6-31G(d) basis set.
The geometries of all the structures were also optimized at the
second-order Mgller—Plesset perturbation (MP2)*! method using
the 6-31G(d) basis set. The geometry optimizations for all of
the structures were done within the symmetry constrains. Single-
point calculations were performed at the MP2(FULL)/6-
311+G(d,p) level using MP2/6-31G(d) optimized geometries.
The interaction energy was determined from the difference
between the total energy of the complexes and the sum of the
total energies of the corresponding isolated cation and ligand.
The correction for basis set superposition error (BSSE) for all
of the complexes was carried out using the counterpoise (CP)
method of Boys and Bernardi.*> The extent of electron charge
transfer from the ligand to alkali metal ion (gcr), which is the
difference between the actual charge of the metal ion (+1 for
the alkali metal ions) and its residual charge in the complex,
was calculated using charges from the natural population
analysis (NPA) at all three levels considered in this study. The
BSSE corrected interaction energies and the extent of electron
charge transfer from the ligand to alkali metal ion (gcr) obtained
at the MP2(FULL)/6-311+G(d,p) level are presented in the
paper, and the results obtained using B3LYP/6-31G(d) and MP2/
6-31G(d) levels are provided in the Supporting Information.

Vibrational frequency calculations at the MP2/6-31G(d) level
for the complexes involving cup-shaped molecules are not viable
within our current computational resources. Therefore, we have
performed frequency calculations at the B3LYP/6-31G(d) level
for all of the ligands and complexes to ascertain that the
structures are minima on their respective potential energy
surfaces. We have also reported the important frequencies of
the ligands and their metal ion complexes. Molecular electro-
static potential (MEP) surfaces for all of the ligands under study
were generated using the electron density at the MP2/6-31G(d)
level. The pictures of MEP surfaces for the ligands were
obtained using Gaussview 3.09.43 All of the calculations were
performed using Gaussian 03 suit of programs.** The pyrami-
dalization angle (6p) at the carbon atom of the central six-
membered ring of the annulated systems and their metal ion-
bound complexes was estimated using Haddon’s sz-orbital axis
vector (POAV) angles.*>*® Haddon developed sr-orbital axis
vector (POAV) analysis to describe the distortions of double
bonds. The s-orbital axis vector is defined as that vector which
makes equal angles (0,) to the three o-bonds at a conjugated
carbon atom, and the pyramidalization angle is obtained as 6p
= (05z — 90)°.* The pyramidalization angle is an useful
quantity to gauge the deviation from the planarity of the carbon
atoms in the nonplanar conjugated organic molecules for, e.g.,
bridged annulenes and fullerenes.

Results and Discussion

Structures of Ligands and Complexes. Scheme 1 depicts
the ligands of benzene (1), triphenylene (2CHs), benzotripyrrole
(2NH), tris(bicyclo[2.2.1]hepteno)benzene (3CH;) and tris(7-
azabicyclo[2.2.1]hepteno)benzene (syrn- and anti-3NH) for
complexation with alkali metal ions. The compounds 2CH, and
2NH are planar. They contain three monocyclic rings fused to
alternate sides of benzene, whereas the bicyclic rings are fused
to benzene in ligands 3CH_, syn-3NH and anti-3NH that are
called cup-shaped molecules. The nomenclature of syn-3NH
and anti-3NH is given based on the orientation of the N—H
bonds. The prefixes syn and anti are used to represent all three
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TABLE 1: MP2/6-31G(d) Level Bond Distances (in A) of endo (r;) and exo (r;) Bonds and the Bond Length Alternation (Ar)
for the Ring Fused Benzene Ligands and Their Metal Ion-Bound Complexes®

ligand ligand—Li" ligand—Na™ ligand—K™*
ligand name r;  n Ar ri r Ar r r Ar r r Ar
1 1.397 1.406 1.404 1.402
2CH; 1.481 1.457 0.024 1.490 1.464 0.026 1.488 1.463 0.025 1.486 1.461 0.025
2NH 1.435 1.447 —0.012 1.446 1.454 —0.008 1.443 1.454 —0.011 1.440 1.451 —-0.011
3CH; 1.421 1.379  0.042 1.435(1.432) 1.390 (1.385) 0.045 (0.047) 1.431 (1.428) 1.388 (1.384) 0.043 (0.044) 1.427 (1.425) 1.385 (1.383) 0.042 (0.042)

syn-3NH

1.426 1.374 0.052 1.440 (1.438) 1.386 (1.379) 0.054 (0.059) 1.437 (1.434) 1.384 (1.378) 0.053 (0.056) 1.432 (1.431) 1.382 (1.377) 0.050 (0.054)

anti-3NH 1421 1373 0.048 1.431 (1.435) 1.376 (1.377) 0.055 (0.058) 1.429 (1.431) 1.374 (1.375) 0.055 (0.056) 1.427 (1.428) 1.373 (1.375) 0.054 (0.053)

@ The C—C bond distance of benzene and its complexes are also given for comparison. The values given in parentheses correspond to the

complexes wherein the metal ion is bound with the top face.

N—H bonds projecting inward (toward the central benzene ring)
and projecting outward (away from the central benzene ring),
respectively. One can anticipate the involvement of lone pair
of electrons of nitrogen atoms on binding with alkali metal ions
together with cation—us interactions in the case of anti-3NH.
Therefore, both syrn-3NH and anti-3NH are considered in this
study. It is pertinent to note that syrn-3NH is slightly more stable
(~0.5 kcal/mol) than anti-3NH. In the cup-shaped molecules,
there are two different faces (or cavities) for the metal ion
binding. The side with three CH; or NH bridges is named as
the bottom face, whereas the other side that consists of three
rim C=C bonds is considered as top face. The selectivity of
the face for the alkali metal ion binding with the cup-shaped
molecules is the primary focus of this study. The reasons for
the selectivity of the top or bottom face of the cup-shaped
molecules will be discussed.

In the ligand 3CHj,, as shown in Scheme 1, the C—H bond
of bridge CH, projecting toward central six-membered ring
(inward) is named as the endo C—H bond, whereas the other
C—H bond projecting away from the central six-membered ring
(outward) is named as the exo C—H bond. It is expected that
the endo C—H bond may be affected when the metal ions bind
through the bottom face. In the case of syrn-3NH, the N—H
bond may play a role in the metal ion complexation via the
bottom face. The metal ion complexation with the top face of
cup-shaped ligands may influence the C—H bond length and
the stretching frequency of rim H—C=C—H. Therefore, the
bond lengths and the stretching frequencies associated with them
are provided and examined in the latter section of vibrational
frequency analysis.

Addition of mono- and bicyclic rings to the benzene leads to
bond alternation or localization, which is associated with the
Mills—Nixon effect.#’ Nearly 80 years ago, Mills and Nixon
postulated that the fusion of a small ring to the benzene molecule
induces st-bond localization in the benzene ring. This phenom-
enon is so-called the Mills—Nixon effect.*’ As reported in earlier
studies, the C—C bond, which is shared by the benzene and
fused ring, is the endo C—C bond (bond length, ), whereas
the unshared C—C bond of the benzene is named as exo C—C
bond (bond length, r,) (Scheme 1). In this study, we have
analyzed the changes in the bond lengths of both the endo and
exo C—C bonds upon metal ion binding. All of these ring fused
benzenes and their alkali metal ion complexes possess trigonal
symmetry. Except for the benzene systems, all of the complexes
are characterized by the C3, point group.

The bond lengths of endo (r;) and exo (r;) bonds and the
bond length alternation (Ar = r; — r) obtained at the MP2/
6-31G(d) level for the ring fused benzene ligands and their metal
ion-bound complexes are listed in Table 1. The C—C bond
distance of 1 and its complexes obtained at the MP2/6-31G(d)
level exhibits negligible deviation (~0.002 A) compared to the

MP2/6-311+G(d) level geometries reported by Nicholas et al.*
The C—C bond distances of 1.421 A (endo, r{) and 1.379 A
(exo, r;) obtained for 3CH; at the MP2/6-31G(d) level are in
excellent agreement with the X-ray crystallographic bond lengths
of 1.422 and 1.379 A for a very similar compound of
tris-norbornabenzene.*® This agreement supports the adequacy
of the MP2/6-31G(d) level for the geometries of ring fused
benzene systems. Similar to the prototype benzene system, the
C—C bonds of the central hexagon in ring fused benzenes
undergo elongation upon complexation with the alkali metal
ions. A straightforward interpretation for the elongation of the
C—C bonds would be the donation of electron charge from the
ligand to the metal ion. Binding of Li™ with the ligands
lengthens the C—C bonds of the central six-membered ring to
the maximum extent, whereas the interaction of K+ with the
same ligand yields the least elongation of the C—C bond lengths.
Thus, the lengthening of the C—C bond is less pronounced as
the size of the cation increases.

As shown in Table 1, the bond lengths of both endo and exo
C—C bonds of 2CHj,, 2NH, and their metal ion complexes are
significantly longer compared to the cup-shaped ligands and their
complexes. However, the degree of bond alternation is much
higher in the cup-shaped systems and their metal ion complexes.
This can be interpreted as a consequence of geometric distortion
induced by fusing bicyclic rings to the benzene. In the case of
2NH and its complexes, the endo bond distance is notably
shorter than the exo bond length. Hence, we obtained negative
values for bond length alternation. The ligand 2CHj, and its
complexes, wherein the fused rings are nonaromatic, show
significant bond length alternation, whereas the least bond
alternation is observed for 2NH and its metal ion complexes
because of the participation of lone pair of electrons of nitrogen
in delocalization. Thus, the electronic factor influences the bond
alternation. It is imperative to point out that the bond length
alternation is enhanced by the binding of alkali metal ions. This
can be ascribed to the donation of electron density from the
central ring to the metal ion and the geometric distortion induced
by the metal ion binding. In general, the bond length alternation
decreases with an increase in the metal ion size in the complexes.
For the cup-shaped ligands 3CH; and syn-3NH, the alkali metal
ion binding to the bottom face yields marginally higher
elongation of both the endo and exo C—C bonds of the central
six-membered ring compared to the metal ion interaction with
the top face. However, the complexes formed via the bottom
face exhibit slightly smaller bond length alternation than those
formed through the top face. The situation for anti-3NH is in
sharp contrast to 3CH; and syn-3NH.

The MP2/6-31G(d) level optimized structures of the com-
plexes that are formed by the binding of alkali metal ions with
the ligands 1, 2CH,, and 2NH are depicted in Figure 1. The
selected geometric parameters of the complexes formed by the
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Figure 1. MP2/6-31G(d) optimized structures of the cation—m
complexes of alkali metal ions (Li*, Na*, and K*) with zz-systems of
benzene (1), trindene (2CHs), and benzotripyrrole (2NH). The distance
(in A) between the metal ion and the center of hexagon of the ligands
obtained at the B3LYP/6-31G(d) (plain) and MP2/6-31G(d) (italics)
levels, and also given the pyramidalization angle (6p, in degrees) at
the carbon atom of the hexagon of the complexes optimized at the
B3LYP/6-31G(d) and MP2/6-31G(d) (in parenthesis) levels.

binding of metal ions with the cup-shaped ligands are shown
in Figure 2. In the nomenclature, the letters (b) and (t) are used
to represent the metal ion binding with the bottom and top faces
of the cup-shaped molecule, respectively. In the case of metal
ion binding with the top face, the distance between the metal
ion and the center of rim C=C is also provided in Figure 2.
We have evaluated the pyramidalization angle, which gauges
the deviation of planarity of the sp? hybridized carbon in the
curved polycyclic systems, at the carbon atom of the central
six-membered ring of the complexes involving ring-fused
benzene ligands and the values are given in Figures 1 and 2.
As expected, the distance between the metal ion and the centroid
of the hexagon of ligand increases as the atomic radius of the
metal increases. In comparison with the prototype benzene—alkali
metal ion complexes, the M*—centroid distance considerably
decreases for the ligands involving 2CH, and 2NH. Indeed,
the complexes involving the latter ligand exhibit notably shorter
distance compared to the former ligand. In general, the B3LYP/
6-31G(d) level predicts a shorter intermolecular distance of the
MT—centroid compared to the MP2/6-31G(d) level for the
complexes involving Li* and Na' ions, while the situation is
exactly opposite for the complexes involving K ion. The MP2
geometries are taken for discussion in the rest of the section
unless otherwise specified. Very small (less than 1°) pyrami-
dalization angle obtained for the complexes 2CH,-Li*, 2CH,-
Na™, and 2NH-Na" indicates that the carbon atoms of the
central six-membered ring deviate from the planarity to a slight
pyramidal shape. The host molecules are essentially planar in
the complexes of 2CH,-K*, 2NH-Li*, and 2NH-K*.

In general, the M*—centroid distance is shorter in both the
bottom and top face complexes than in the corresponding
benzene complexes, indicating that fusing of bicyclic rings to
the benzene decreases the distance between the metal ion and
the ring centroid. Figure 2 shows that the bottom face complexes
exhibit a shorter M —centroid distance compared to the top
face complexes involving 3CH; and syn-3NH only if the metal
ion is Li* or Na™. The situation is opposite in the complexes
involving anti-3NH because of the interaction of the lone pair
electrons of nitrogen atoms with the metal ion in the bottom
face complexes. For the same reason, the fused rings move
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Figure 2. Principal geometric parameters obtained at the B3LYP/6-
31G(d) (plain) and MP2/6-31G(d) (italics) levels for the complexes
formed by Li*, Na', and K* with the cup-shaped molecules. The
pyramidalization angle (6p, in degrees) at the carbon atom of the
hexagon of the complexes optimized at the B3LYP/6-31G(d) and MP2/
6-31G(d) (in parenthesis) levels.

upward toward the cation in the bottom face complexes of anti-
3NH, which is apparent from the optimized geometries and the
substantially high pyramidalization angles (Figure 2). The
structures shown in Figure 2 indicate that alkali metal ion
binding with the bottom face of 3CH; and syn-3NH causes the
fused bicyclic rings to move downward (away from the cation).
The carbon atoms of the central six-membered ring skeleton of
the cup-shaped ligands are planar as evidenced from a value of
zero for the pyramidalization angles. They deviate from planar
to pyramidal carbon upon complexation with the alkali metal
ions. The optimized structures of the complexes and the values
of the pyramidalization angles indicate that the fused bicyclic
rings undergo up or down flexible movement when the metal
ion binds with the bottom or top face of the ligand. For all of
the three cup-shaped ligands, the binding of Li* with the top
face leads to higher pyramidalization of the carbon of the central
hexagon compared to Nat and K complexes.

Energetics and Charge Transfer. The BSSE corrected
interaction energies obtained at the MP2(FULL)/6-311+G(d,p)
level along with the extent of electron charge transfer from the
ligand to the metal ion for all of the complexes are listed in
Table 2. For the benzene system, the computed interaction
energies are in good agreement with the experimental values.?
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TABLE 2: BSSE Corrected Interaction Energies (AE, in
kcal/mol) and the Extent of Electron Charge Transfer from
Ligand to Metal Ion (gcr, €7) using NPA Charges Calculated
at the MP2(FULL)/6-311+G(d,p) Level

MP2(FULL)/6-311+G(d,p)”

system/complexes® Lit Na* K*
1 AE —354 —214 —16.9
expt® —385+£32 —221+14 —175+1.0
gcr  0.050 0.024 0.011
2CH, AE —38.7 —27.5 —24.2
gcr  0.035 0.015 0.004
2NH AE =579 —41.8 —36.2
gcr  0.045 0.019 0.011
3CH; (b) AE  —50.7 —-314 —254
gcr  0.062 0.029 0.019
3CH: (t) AE —553 —39.0 —33.9
gcr  0.093 0.062 0.034
syn-3NH (b) AE —39.2 —20.3 —14.7
gcr  0.061 0.028 0.016
syn-3NH (t) AE —47.0 —31.5 —27.1
gcr  0.101 0.066 0.037
anti-3NH (b) AE —61.1 —494 —45.0
gcr  0.117 0.070 0.041
anti-3NH (t) AE  —49.7 -33.0 -283
gcr  0.089 0.058 0.034

@ The nomenclature (b) and (t) represent the metal ion complexation
with the bottom and top face of the ligand respectively. » Single-point
calculations were performed on the MP2/6-31G(d) optimized
geometries. ¢ Experimental AH values taken from ref 25.

A Li'-ligand
O Na'-ligand
_ 107 o K'-ligand
S -154 O
£ 2] 3 o
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£51 8 3. g &
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Figure 3. Variation of interaction energies obtained at the MP2(FULL)/
6-3114+G(d,p)//MP2/6-31G(d) level for the metal ion binding with a
range of ligands. In the nomenclature, (b) and (t) represent the metal
ion binding with the bottom and top face of the cup-shaped ligands.

Figure 3 illustrates the variation of interaction energies when
different metal ions interact with a series of ligands considered
in this study. For all of the ligands, Li" binds stronger than
Na™ and K* ions due to a strong electrostatic interaction. Similar
to benzene, the binding affinity of the metal ion with each of
the ring fused benzenes follows the order Li* > Na™ > K*. A
charge—dipole interaction is responsible for the binding of
cations with the cup-shaped molecules, whereas a charge—
polarization effect plays an important role in binding of metal
ions with the planar ligands. In comparison with benzene (1),
the binding affinity of alkali metal ions with 2CH; and 2NH is
significantly enhanced. We observe that the binding affinity of
metal ions with 2NH is substantially stronger than with 2CHb,.
It is imperative to mention that electron delocalization occurs
in the former ligand, whereas there is no electron delocalization
in 2CH; wherein the antiaromatic five-membered rings are fused
to benzene. Thus, the electron delocalization over the whole

Dinadayalane et al.

molecule has a significant effect on the strength of interaction.
In line with the binding strength, the M*—centroid distance is
shorter in the complexes involving 2NH than in 2CH, (Figure
1). As shown in Table 2, the extent of electron charge transfer
from ligand to metal ion is lower in the complexes involving
2CH; and 2NH compared to benzene—metal ion complexes.
However, the extent of electron charge transfer from 2NH to
metal ion is larger compared to those from 2CH; to respective
metal ion, in agreement with the interaction energies.

Figure 3 clearly shows that the metal ions prefer to bind with
the top face rather than bottom face of 3CH, and syn-3NH.
The metal ion binding strength is decreased when we move from
3CH; to syn-3NH in both bottom and top face. The binding of
metal ions with the top face of syrn-3NH is more favorable by
8 (Li™), 11 (Na™), and 12 (K™) kcal/mol compared to the bottom
face. The top face preference of metal ion binding with 3CH,
and syn-3NH can be attributed to multiple cation— interac-
tions. In contrast to 3CH, and syn-3NH, the bottom face is
more favorable over the top face for the metal ion binding with
the anti-3NH. For the latter ligand, both bottom and top faces
have an opportunity for multiple binding with the metal ions.
The ligand anti-3NH allows an effective interaction of lone pair
of electrons of three nitrogen atoms with the metal ion in
addition to the cation—s interaction when the metal ion binds
via the bottom face. The present study reveals that the
interactions of cations with the lone pair electrons of three
nitrogen atoms prevail over cation—s interactions with three
rim C=C bonds. Hence the bottom face is preferred over the top
face for the anti-3NH. As pointed out earlier, the metal ion
binding with the bottom face of anti-3NH induces the bicyclic
rings to move upward toward metal ion in order to effectively
interact with the lone pair of electrons of three nitrogen atoms
(Figure 2). The interaction energies for the metal ion binding
with the bottom face of anti-3NH are the highest among
different ligands considered in this study. The computed
interaction energies are —61.1 (Li*), —49.4 (Na'), and —45.0
(K™), which are 1.73, 2.31, and 2.66 times that of the
corresponding benzene—metal ion complexes.

The bond lengths of rim C=C bonds are 1.347, 1.344, and
1.347 A for 3CHa, syn-3NH, and anti-3NH, respectively. These
bond lengths are virtually unaltered when the metal ions interact
with the bottom face of the ligands. Nevertheless, the above-
mentioned bond lengths elongated to 1.352, 1.349, and 1.351
A irrespective of the metal ions interacting with the top face of
the cup-shaped ligands. Such an elongation (at least 0.004 A)
of the rim C=C bond length supports the existence of weak
cation—u interactions with the rim C=C bonds in the top face
complexes. Thus, the interactions of metal ions with the top
face of the cup-shaped molecules involve not only the cation—
interaction with the z-cloud of the central six-membered ring
but also the weak cation—u interactions with three rim C=C
bonds. The present study highlights the important contributions
of multiple weak cation—u interactions to the overall binding
strength when the metal ions interact via the top face of the
cup-shaped molecules.

It is interesting to observe that the binding strengths of Na™
and K™ with the bottom face of syn-3NH are substantially lower
compared to benzene (1). However, syn-3NH binds Li™ to its
bottom face stronger (~4 kcal/mol) than benzene (1). As shown
in Figure 2, the smaller Li* ion fits inside the bottom cavity of
syn-3NH where it experiences less repulsion with the N—H
bonds, whereas the larger Nat and K™ ions do not fit inside the
bottom cavity thus undergo repulsive interactions with the
electropositive hydrogen atoms of bridge N—H. It is pertinent
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Figure 4. Molecular electrostatic potential maps generated using
density at the MP2/6-31G(d) level for benzene and symmetrical
triannelated benzene frameworks considered in this study. Electrostatic
potentials are mapped on the surface of the electron density of the 0.002
unit. The red surface corresponds to a negative region of the electrostatic
potential (—0.029 au), whereas the blue color corresponds to region
where the potential is positive (+0.029 au).
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Figure 5. Frequencies of intermolecular stretching mode (Ving centroid-M+)
for the complexes of Li*, Nat, and K™ with 1, 2CH,, and 2NH.

TABLE 3: Selected C—H and N—H Bond Lengths (in 1&)
That Are Affected by Metal Ion Interaction, Obtained at the
B3LYP/6-31G(d) Level for the Cup-Shaped Molecules

Lit complex Na' complex K complex

ligand bottom top bottom top bottom top

3CH, endo C—H 1.096 1.100 1.095 1.101 1.095 1.102 1.095
exo C—H 1.095 1.092 1.093 1.092 1.093 1.093 1.093
C—Hatrim 1.085 1.084 1.085 1.084 1.086 1.084 1.086

syn-3NH N—H 1.025 1.025 1.024 1.025 1.024 1.026 1.024
C—Hatrim 1.083 1.083 1.084 1.083 1.084 1.083 1.085
anti-3NH N—H 1.025 1.025 1.023 1.025 1.023 1.025 1.023

C—Hatrim 1.084 1.083 1.085 1.083 1.086 1.083 1.086

to remark that the binding strength of alkali metal ions with
the bottom face of syn-3NH is almost 11 kcal/mol lower
compared to those of 3CH,. This could be ascribed to the strong
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repulsive interactions between the metal ion and the hydrogen
atoms of N—H bonds since the hydrogen atom of N—H bears
more positive charge than the endo H-atom of bridge CH,.

The interaction energies for the metal ion binding with the
top face of anti-3NH are —49.7 (Li*), —33.0 (Na™), and —28.3
(K™). The binding strength is decreased by 2.7, 1.5, and 1.2
kcal/mol correspondingly for the interaction of Li*, Na*, and
K™ with the top face of syr-3NH. Very similar geometrical data
for the top face complexes of syn- and anti-3NH shown in
Figure 2 substantiate these marginal changes in the interaction
energies. As expected, the structure of anti-3NH enables the
lone pair of electrons of all three nitrogen atoms to interact with
the metal ion via the bottom face, but such an option is prevented
in syn-3NH. Thus, the N—H orientation, which differs in ligands
syn- and anti-3NH, influences the face selectivity for the metal
ion binding, but it does not significantly affect the binding
strength of metal ions with the top face. The binding affinity of
the metal ion with the top face of 3CH, is much higher
compared to those of syn- and anti-3NH. Thus, the present study
reveals that the electronic factor significantly influences the
strength of metal ion binding.

Previous studies have pointed out that the binding of cations
with various s7-systems can be explained by charge transfer from
s-system to metal ion.!#2%30 It can be seen from Table 2 that
the charge transfer values are much higher for complexes of
cup-shaped systems compared to complexes involving 1, 2CHj,
and 2NH. The electron charge transfer from ligand to metal
ion results in a slight weakening of all of the C—C bonds of
the aromatic rings as evidenced from the data given in Table 1.
The extent of electron charge transfer is considerably larger
for the complexes involving Li* compared to Na* or K*. This
explains larger elongation of C—C bonds of the central six-
membered ring of Li™ complexes compared to Na™ and K*
complexes. For all of the ligands, the value of electron charge
transfer from ligand to metal ion decreases as the atomic radius
of the metal ion increases. This correlates well with the
interaction energies. In agreement with the interaction energies,
the electron charge transfer from ligand to metal ion for top
face complexes is higher than the bottom face in the cases of
3CH; and syn-3NH, whereas the bottom face complex shows
higher charge transfer than top face complex in the case of anti-
3NH, irrespective of the metal ion binding with the ligand.

Molecular Electrostatic Potential Surface

Molecular electrostatic potential (MEP) surfaces for all of
the ligands are depicted in Figure 4. Two views, bottom and
top side view, are shown for the cup-shaped molecules to
understand and explain the face selectivity for metal ion binding
in such systems. Supramolecular properties of tweezers that
possess two different cavities (very similar to cup-shaped
molecules) have been studied using electrostatic potential
surfaces (EPSs) with semiempirical calculations.’! The electron
density for the MEP surfaces in our study was obtained at the
MP2/6-31G(d) level. An electron density isosurface was con-
structed for each of the ligands, and then the MEP was mapped
onto the calculated electron density isosurface of 0.002 eA~3.
The MEP surfaces were generated using the Gaussview pro-
gram.*? For the surfaces, the color code from red to blue was
established representing a range of values from —0.029 to
+0.029 au, respectively. The dark red and blue colors cor-
respond to the regions of maximum negative and positive
potentials.

A quick look at Figure 4 indicates that the electron density
at the central benzene ring is much higher in 2NH than in 2CHa.
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TABLE 4: Important Vibrational Frequencies (cm~') and Intensities (km/mol) Obtained at the B3LYP/6-31G(d) Level for the
Cup-Shaped Ligands (3CH,, syn-3NH, and anti-3NH) and Their Alkali Metal Ion (Li*, Nat, and K*) Complexes®

ligand

ligand—Li™ ligand—Na* ligand—K*

frequency intensity frequency intensity frequency intensity frequency intensity

system /ligand description of the frequency
3CH; M*-central benzene ring intermolecular stretching
C—H stretching of bridge CH, 3068
3069
3123
3124
C—H stretching of rim H—C=C—H 3213
3238
3238
syn-3NH Mt-central benzene ring intermolecular stretching
N—H stretching of bridge NH 3417
3417
C—H stretching of rim H—C=C—H 3232
3256
3256
anti-3NH M*-central benzene ring intermolecular stretching
N—H stretching of bridge NH 3413
3413
C—H stretching of rim H—C=C—H 3219
3244
3244

413(394)  61(50) 215(199) 33 (21) 150(150) 26 (18)
21 3031(3089) 2(4) 3011(3089) 2(7) 3001(3087) 2(7)
88 3032(3089) 166 (47) 3013 (3090) 241 (45) 3003 (3088) 317 (51)
57 3148 (3153) 16(14) 3142(3150) 18(18) 3137 (3147) 20(22)
21 3148 (3154)  4(7) 3142(3151)  5(10) 3137(3148)  6(10)
10 3237(3221)  0(1) 3235(3211) 1(2) 3234(3206) 1(3)
14 3258(3243) 2(2) 3257(3233) 3(3) 3256(3230) 3(5)
42 3259(3243)  4(6) 3257(3234)  6(11) 3256(3230) 8(17)
410(397)  35(33) 216(197)  16(19) 142(146) 20 (14)
33400 (3444)  5(2) 3394(3443) 10(1) 3385(3439) 4(2)
15 3409 (3445) 36(0) 3395 (3443) 64(0) 3386 (3439) 115(0)
5 3252(3237)  0(0) 3251(3228) 0(0) 3250(3224) 0(1)
10 3273(3259)  1(1) 3272(3250) 1(1) 3271 (3247) 1(2)
23 3273(3259)  0(1) 3272(3250) 1 (3) 3272(3247) 2(6)
350 (405)  83(68) 195(200)  30(21) 154 (150)  24(19)
12 3436(3461)  4(0) 3427(3457) 1(0) 3428 (3450) 0(1)
2 3436(3461)  1(4) 3427(3457) 1(2) 3428(3450)  0(0)
8 3244(3225)  0(0) 3243(3215) 0(1) 3240(3211) 0(2)
11 3265(3248)  2(1) 3264(3238) 3(2) 3262(3235) 3(3)
33 3266(3248)  1(3) 3264(3239) 1(7) 3262(3235) 2(12)

@ The values for the metal ion complexes with bottom and top faces are given in plain and parentheses respectively.

3CH,K* (t)

' SYn-3NH-K (t)
SoHeD) syn-3NH-K* (b)
3CH,-Na* (t) syn-3NH-Na* (t)
3CH,-Na* (b) | syn-3NH-Na® (b)
THALW) syn-3NH-Li* (t)
3CH,Li* (b) syn-3NH-Li* (b)
:«:H, syn-3NH

anti-3NH-K* (t)

anti-3NH-K* (b)

anti-3NH-Na* (t)
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Figure 6. Peaks of vibrational frequencies (cm™') corresponding to C—H and N—H stretching modes lie in the range of 2800—3500 cm™! for the
cup-shaped molecules and their complexes with alkali metal cations of Li*, Nat, and K*.

This explains stronger binding affinity of metal ions with the
former than with the latter species. The molecular electrostatic
potential surface of anti-3NH (view from bottom) shows a
strongly negative potential due to the contributions of electron
density from the central benzene ring and the three lone pair
electrons of nitrogen. Therefore, the bottom side of anti-3NH
exhibits the strongest binding affinity among different ligands
considered in this study. We can observe the least electron
density at the central benzene ring of syn-3NH (view from
bottom) and also three highly positive regions due to the
electropositive hydrogen atoms of N—H bridges, which undergo
strong repulsive interactions with cations. The least electron
density in the bottom cavity of syrn-3NH indicates substantially
low binding affinity (even lower than for benzene) for the metal
ion binding to this bottom face. In the case of 3CH; and syn-
3NH, the top face exhibits higher negative potential than the
bottom face because of the contribution from three rim C=C
bonds. Hence, the metal ions prefer top face over bottom face
of these two ligands. The face preference is opposite in anti-

3NH due to the participation of lone pair of electrons of nitrogen
atoms. The present study reveals that the molecular electrostatic
potential surfaces represent useful qualitative guide in predicting
the cavity selectivity for metal ion binding with the cup-shaped
molecules.

Vibrational Frequency Analysis

Frequency calculations performed at the B3LYP/6-31G(d)
level confirm that all of the ligands and complexes are minima
on their respective potential energy surfaces. Vibrational spectra
can be useful to probe cation— interactions. Hence, we have
analyzed selected vibrational frequencies of the host molecules
and complexes. As shown in Figure 5, the intermolecular
stretching frequency (Vring centroid-M+) in the complexes involving
1, 2CH,, and 2NH decreases as the metal ion size increases,
and this is in accord with the binding strength of metal ion that
follows Li™ > Nat > K. It should be noted that tWo Viing centroid-
M+ stretching frequencies were observed in the complexes
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involving 2CHj;. Considering the higher frequency values for
the complexes of 2CHj,, there is a good correlation between
the binding strength and intermolecular stretching frequency for
systems 1, 2CH;, and 2NH.

The C—H and N—H bond lengths, which are closely
associated with the metal ion interactions, obtained at the
B3LYP/6-31G(d) level are provided in Table 3. Important
vibrational frequencies obtained at the B3LYP/6-31G(d) level
for the cup-shaped ligands and their metal ion bound complexes
are given in Table 4. These frequencies will be useful for
experimentalists to characterize bottom and top face complexes.
All frequencies along with their intensities and symmetry for
all of the ligands and complexes are provided in the Supporting
Information. The data provided in Table 4 show that the
stretching frequency between the metal ion and ring centroid
of the cup-shaped molecules decreases as the atomic radius of
metal ion increases. This is in correlation with the binding
affinity of metal ions as Li™ > Na™ > K™. In the case of binding
of Lit and Nat with 3CH,, the bottom face complex exhibits
notably higher Vying cenuoid-M+ Stretching frequency than the top
face complex, whereas it is difficult to distinguish bottom and
top face complexes based on this frequency mode alone for the
binding of K*. For the binding of Li* with anti-3NH, the vyin
centroid-M+ stretching frequency for the bottom face complex is
about 55 cm™! smaller compared to the top face complex. This
can be attributed to the strong interactions of Li™ with the three
lone pair electrons of nitrogen atoms. The peaks obtained in
the region of 2800—3500 cm™! for the cup-shaped molecules
and their complexes are depicted in Figure 6.

The metal ion complexation to the bottom face of 3CH; leads
to weakening of endo C—H bond. This weakening is ac-
companied by bond elongation (Table 3) and a concomitant
decrease of the vibrational frequency of endo C—H compared
to the bare ligand (the frequency at around 3070 cm™!, Figure
6 and Table 4). Figure 6 displays that the frequency of endo
C—H of 3CH; at 3068 cm™! is red-shifted by ~37 (Li%), 56
(Na*), and 66 (K*) cm™! in the complexes. Furthermore, the
intensity corresponding to this peak is very high in the complex
and the intensity increases with increasing metal ion size. This
is very important infrared (IR) spectral signature in identifying
the metal ion complexation with the bottom face of 3CH,. The
metal ion binding with the bottom face of 3CH, affects the
noninteracting exo C—H and rim C—H bonds to a slight
contraction (Table 3), and their stretching frequencies are blue-
shifted compared to the corresponding frequencies of the bare
ligand. It is interesting to note that the rim C—H stretch bands
at 3213 and 3238 cm™! for 3CH; are somewhat blue-shifted
when Li* interacts with the top face, while they are red-shifted
for Nat and Kt complexes. A very similar situation is observed
in the case of metal ion binding with the top face of syn- and
anti-3NH. For the metal ion binding with the top face of 3CH,,
the band of rim C—H stretch vibration of bare ligand is
diminishing for Li* complex since smaller Li* ion fits inside
the top cavity and appears to have insignificant interaction with
the rim C—H bond, but it resembles that of bare ligand for Na™
and K™ complexes.

The N—H stretching frequency is observed around 3400 cm™!
for syn- and anti-3NH. Metal ion complexation with the bottom
face of syn-3NH has significant influence on the N—H stretching
frequency of the ligand. The N—H stretching frequency of syn-
3NH at 3417 cm™! is red-shifted by ~10, 20, and 30 cm™! with
increasing intensity in Li*, Na®, and K™ complexes, respec-
tively. This red shift is due to the repulsive interaction between
the metal ion and the N—H bonds. It should be noted that the
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N—H bond lengths are almost same or slightly elongated in
the complexes compared to those in the ligand syn-3NH. For
the metal ion complexation with the top face of syn- and anti-
3NH, the N—H stretching frequency is almost vanished despite
it is blue-shifted with respect to bare ligand. The rim C—H
stretching frequencies of syn-3NH observed at 3232 and 3256
cm™! seem to disappear in Li* bound top face complex, while
they gradually appear at lower frequency for the corresponding
Na®™ and K™ complexes. The present study indicates that
vibrational spectra will be helpful to characterize different alkali
metal ion complexation with the ring fused benzenes. Further,
they will assist to distinguish top and bottom face complexes.

Conclusions

The present paper reports a comprehensive theoretical study
of the interactions of alkali metal ions (Li*, Na™, and KT) with
the planar and cup-shaped ring fused benzenes. Similar to
benzene, the C—C bonds of the central hexagon in the ring fused
benzenes undergo elongation upon complexation with the alkali
metal ions. The degree of bond alternation is much higher in
the cup-shaped molecules and their metal ion complexes
compared to 2CH,, 2NH and their metal ion complexes. The
binding affinity of metal ion with the ligands under the study
follows the order: Lit > Nat > K*. Metal ions prefer to bind
with the top face rather than bottom face of ligands 3CH, and
syn-3NH. In contrast, the bottom face is more favorable over
top face for the metal ion binding with anti-3NH because of
the strong interactions of lone pair electrons of three nitrogen
atoms with the metal ion, in addition to the cation—us interaction.
Multiple weak, nonoptimal cation—st (by rim C=C bonds)
interactions contribute significantly to the overall binding
strength of the metal ion interacting with the top face of the
cup-shaped molecules. The extent of electron charge transfer
from ligand to metal ion is larger for the cup-shaped molecules
than the planar compounds. The present study reveals that the
molecular electrostatic potential surfaces are a useful qualitative
guide in predicting the cavity selectivity for metal ion binding
with the cup-shaped molecules. Vibrational spectra obtained in
the region 2800—3500 cm™! for the cup-shaped molecules and
their complexes exhibit some characteristic spectral signatures
that could assist in distinguishing top and bottom face complexes
involving different metal ions. This type of computational
understanding allows chemists to control the geometry of the
complexes and to design precisely complementary hosts for a
given guest.
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