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ABSTRACT
Cation-π interactions occur between cations and electron-rich
species such as double bonds, triple bonds, and arenes. The
π-electron system may be neutral or anionic, but the latter are less
relevant to biology, at least so far as is currently known. Among
the 20 essential amino acids, there are four aromatic residues.
These are benzene, phenol, indole, and imidazole, on the side
chains of phenylalanine, tyrosine, tryptophan, and histidine,
respectively. Of these, imidazole is expected to be a σ-donor, and
benzene, phenol, and indole are antipicated to serve as π-donors.
Sodium and potassium are the most abundant cations in living
systems. This Account describes an experimental system that has
been developed to probe, especially by X-ray crystallography, the
interactions that occur between Na+ or K+ and the neutral arenes
of particular biological significance.

Introduction
Molecular recognition studies of the alkali metal cations
lithium, sodium, potassium, rubidium, and cesium present
an interesting challenge. Each of these cations is a
featureless sphere, differentiated only by size. The outer
orbital of group 1 cations is of the σ-type, so the cation’s
bonding exhibits none of the directionality present in

transition elements. Each alkali metal cation possesses a
single positive charge, so there is at least a difference in
charge densitysthe smaller cations are more Lewis acidic
than the larger ones. Indeed, the lithium cation is quite
acidic, and numerous arene-lithium interactions have
been documented. Here we focus primarily on sodium
and potassium, as these are the most biologically abun-
dant alkali metal cations.

The question of ion selectivity is critical to the study
of ion channel transport. We have been involved for a
decade in the development of membrane-spanning syn-
thetic molecules that transport cations1-5 through phos-
pholipid bilayers. We have called this family of ion
transporters “hydraphiles”, and much of the work has
recently been summarized.6 These and related studies
have interested us in weak, stabilizing forces of all types
but particularly those that involve alkali metal cations.

Stabilizing Chemical Interactions
Several types of chemical interactions are widely acknowl-
edged to have a significant influence on chemical struc-
ture. Clearly, the most important of these is the covalent
bond, which constitutes the molecular framework of most
compounds. Although covalent links define primary struc-
ture in all chemical systems, weaker or feeble forces play
a profound “secondary” role. Hydrogen bonds, salt bridges,
and van der Waals contacts are all weak interactions, but
they have a profound cumulative effect on three-dimen-
sional chemical structures.

The focus of this Account is none of these well-
established interactions but rather the alkali metal cat-
ion-π interaction.7 Alkali metal stabilization by π-systems
has been studied in the gas phase and in a number of
crystal structures. For the most part, solid-state structural
evidence has involved charged (anionic) π-systems, and
the bulk of these involve organometallic complexes or
networks. A well-defined experimental vehicle has been
needed so that cation-π interactions between alkali metal
cations and biologically important neutral arenes could
be systematically assessed.
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Unsaturated Donor Groups
Three types of cation-π interactions are shown in Figure
1. Above each cation is shown a CPK rendering of the
chemical formula drawn below it. The potential donors
are double and triple bonds (left and center) and, at the
right, a benzene ring.

The association of either Na+ or K+ with benzene is
essentially an acid-base reaction. The cation-benzene
interaction should be readily detectable by mass spec-
trometry; competing interactions are minimal in the gas
phase at low pressure. Indeed, Kebarle and co-workers8

conducted pioneering mass spectrometric experiments
and demonstrated that the reaction K+ + C6H6 f (C6H6‚K)+

had an enthalpy -∆H ) 18.3 kcal‚mol-1. Analogous
experiments revealed that the enthalpy of the correspond-
ing reaction, K+ + H2O f (H2O‚K)+, was essentially the
same, i.e., 17.9 kcal‚mol-1. Subsequent calculations and
experimental studies by Castleman and co-workers showed
a similar relationship for the reactions of Na+ with C6H6,
with H2O, or with CH3OH.9 The data are summarized in
Table 1. Recent studies, some of which are summarized
in Table 1, suggest that these values are too high.10

Calculations by Hay and co-workers using different
programs and basis sets gave Na+-C6H6 interaction ener-
gies in the 25-28 kcal‚mol-1 range.13 Interactions of Na+

and K+ have been assessed with amino acids as well.14,15

In the bulk aqueous phase, for example, a benzene ring
would not compete effectively with 6-8 water molecules.16

Within the low-polarity insulator regime of a phospholipid
bilayer or the interior of a globular protein, however,
interactions of M+ with the side chains of phenylalanine
(benzene), tyrosine (phenol), or tryptophan (indole) could
be substantial indeed.

In 1985, Meot-Ner and Deakyne demonstrated (gas-
phase, mass spectrometric studies) that the ammonium
cation could interact favorably with π-systems such as
substituted benzenes.17 At about the same time, Burley

and Petsko surveyed the Protein Data Bank (PDB) for
ammonium cation-π interactions.18 Their conclusion was
that protonated lysine or cationic arginine was stabilized
by proximity to the electron-rich side chains of phenyl-
alanine, tryptophan, or tyrosine.

Some solid-state information was also available in the
same time frame. Figure 2 shows two crystal structures
relevant to the present discussion. The structure of
potassium tetraphenylborate (top view, CPK representa-
tion) is shown in the upper panel.19 It is interesting to note
that a structure of the RbBPh4 complex was reported as
early as 1962.20 The potassium cation in the KBPh4

complex19 is clearly nestled in a “V”-shaped space created
by adjacent benzene rings. In one sense, the potassium
cation is located exactly where it should be for an optimal
cation-π interaction. On the other hand, considering
steric issues and site occupancies, one might ask, where
else would the cation reside?

The lower panel of Figure 2 shows the solid-state
structure of a K+ complex of dibenzo-18-crown-6 reported
by Atwood and co-workers.21 Benzene occupies the apical
position, and no anion is present in its coordination
sphere. Typically, dibenzo-18-crown-6‚potassium com-
plexes are planar. In this case, potassium is pulled 0.3 Å
out of the donor group plane by the axial arene. This is
an important structure because the benzene ring involved
in complexation is neutral, i.e., it is not part of a delocal-
ized anion that increases its donicity. The report21 was
focused on bonding modes for the dioxygen ligand, and
the significance of this structure in the present context
has largely been overlooked.

In addition to the examples cited, we noted above that
a number of solid-state structures have been reported in
which there is clear evidence of cation-π contacts. Most

FIGURE 1. Space-filling molecular models of tetramethylethylene,
2-butyne, and benzene coordinating to an alkali metal cation.

Table 1. Gas-Phase Interaction Energies for
Na+ and K+

interaction -∆H (kcal‚mol-1) method ref

Na+ + C6H6 28.0 ( 0.1 MS 9
Na+ + H2O 24.0 MS 9
Na+ + HOCH3 26.6 MS 9
K+ + C6H6 18.3 MS/computation 8
K+ + H2O 17.9 MS/computation 8
Na+ + C6H6 21.5 MS/computation 11
Na+ + C6H6 21.8 MS/computation 12
Na+ + C6H6 24.7-28.1 computation 13

FIGURE 2. Solid-state structures of KB(C6H5)4 (top) and a benzene-
coordinated dibenzo-18-crown-6‚potassium complex (bottom).
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of these occur with Li+, an ion, and/or with anionic
π-systems. Lithium cation is less abundant in vivo than
is Na+. Still, examples of arene-π interactions with ions
such as Na+ are known. For example, a gallium mesitylide
complex shows multiple π-contacts with Na+.22 The
sodium ion is not centrosymmetric in this case, and the
arene carbon-to-Na+ contacts are generally in the range
3.1-3.4 Å. A Mn/Na mixed metal complex involving a
sodium-arene contact has also been reported.23

Four other solid-state structures show short Na+-arene
interactions in which the cation clearly forms a π-complex.
In the first case, three of the aromatic rings of 9,9′-bis-
(anthracene) are in contact with sodium ions.24 Each
cation is further stabilized by complexation with tetra-
methylethylenediamine (TMEDA). The three Na+-arene
interactions, two of which occur on opposite sides of the
same arene, show Na‚‚‚C distances of <2.8 Å. A second
example involves a tetraphenyltetracene in which four Na+

ions interact with the arenes and are further stabilized by
contact with two THF molecules each.25 In this case,
sodium is close to the arene and positioned over the
center of the aromatic ring. The THF molecules are
disordered.

The two clearest examples of cation-π contact between
Na+ and an arene involve benzene rings conjugated to
deprotonated olefins. The sodium salt of 1,1,3,3-tetra-
phenylpropenide forms a complex in which two of the
benzene rings sandwich Na+ at a distance of ∼3 Å and
an angle of ∼65° (upper panel of Figure 3).26 In this case,
a molecule of diethyl ether is also in sodium’s coordina-
tion sphere. An excellent example may be found in a solid-

state structure involving 1-phenylcyclohexene (lower panel
of Figure 3).27 The sodium cation of the allyl anion is
positioned directly over the aromatic centroid, and all
Na‚‚‚C(arene) contacts are <2.8 Å. Sodium ion is further
complexed by the tridentate ligand Me2NCH2CH2N-
(CH3)CH2CH2NMe2.

Lariat Ethers as a Vehicle for Studying
Cation-π Interactions
Although the efforts cited above are important and reveal-
ing, most are complicated by the question of charge. Even
in the KBPh4 case,19 each arene possesses partial negative
charge because it is part of the tetraphenylborate anion.
This is so for the organometallic networks noted above
and for the anion of cyclohexenylbenzene shown in Figure
3.

Our intent was to design a system in which the
molecules would have a “choice” about the types of
interactions they could exhibit. In the late 1970s, we
developed a class of compounds that we dubbed lariat
ethers.28 These compounds are crown ethers having flex-
ible sidearms that can augment complexation of a ring-
bound cation. As with other crown ethers, the primary
interaction with the cation occurs between it and the
macrocycle.29 If the sidearm is appropriately positioned,
it can reinforce the binding. The result is a three-
dimensional array of complexing donor groups in a
flexible receptor system.30 In developing the chemistry of
the lariat ethers, we obtained both solution and solid-state
evidence for sidearm participation in a variety of com-
plexes.31

We felt that a cation-π contact would be convincing
if the donor groups on these flexible sidearms interacted
with a ring-bound cation. Our plan was thus to bind a
cation within the macroring and give alkene-, alkyne-, or
arene-terminated sidearms the opportunity to provide the
ion with axial solvation. A schematic of the expected
alkene-donor structure, based on the known ether-
sidearmed complex, is illustrated in Figure 4.

Diaza-18-crown-6 (1) was substituted at both nitrogen
atoms by propyl (2), allyl (3), or propargyl (4) sidearms.
Solution binding of both Na+ and K+ and solid-state
studies were conducted on macrocycles 2-4. The three
compounds functioned as complexing agents, but no
enhancement in efficacy could be documented as sidearm
π-donicity increased. In addition, X-ray crystal structures
were obtained for complexes of 3 and 4, but no evidence
of sidearm participation was found.32 Solid-state structures
of N,N′-dibenzyl-4,13-diaza-18-crown-6 (5), the synthetic
precursor to 1, likewise showed no sidearm participation.31

A particularly disappointing result was obtained with
the alkyne-sidearmed derivative of 1. The complex of

FIGURE 3. Structures involving benzene coordination in which the
arene is part of an extended anionic system.

FIGURE 4. Proposed cation complexation by diallyldiaza-18-crown-6
based on known lariat ether complexes.
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propargyl-sidearmed 4 and KBF4 was isolated, and its
structure was determined. Tetrafluoroborate (BF4

-) was
chosen as counterion because its poor donicity was
expected to favor sidearm interaction with the ring-bound
cation. Complex 4‚KBF4 is shown in Figure 5. Clearly, the
sidearms are turned away from the macrocycle-complexed
cation, and two of the four fluorines are in contact with
the cation. The complex may be described as a bifurcated
hexagonal pyramid. Because of these disappointing re-
sults, our effort in this area lay fallow for some years.

The Cation-π Interaction and Cation
Channels
In the early 1990s, speculation about the mechanism by
which potassium channels select the larger cation rather
than the smaller sodium ion renewed our interest in the
cation-π problem. Kumpf and Dougherty offered the
clever proposal that cation-π interactions within the
channel were responsible for K+ selectivity.33 An experi-
mental study reported by MacKinnon and co-workers
disproved this hypothesis,34 but our interest was piqued.
By this time, we were actively developing our synthetic
hydraphile channels,6,35 and further exploration of the
cation-π issue as a fundamental phenomenon of biologi-
cal relevance36,37 appeared to merit effort.

Design Features for the Receptor System
Because of our interest in organic chemical models of
biological phenomena, the renewal of our cation-π work
focused on amino acid side chains. None of the 20

common amino acids possess either an olefin or alkyne
subunit. Four amino acids have aromatic side chains. The
side chain of histidine (His, H) is imidazole. This is an
aromatic residue, but it is relatively electron poor. More-
over, its interactions with cations are typically of the
σ-donor type. We therefore focused attention on phenyl-
alanine (Phe, F), tyrosine (Tyr, Y), and tryptophan (Trp,
W). Their side chains are respectively benzene, phenol,
and indole. All three of these residues are π-rich.
Calculations10,38-40 show that the π-donicities are in the
order indole > phenol > benzene.

Our design for compounds 6-8 was modified only
slightly compared to the receptors prepared a decade
earlier. The macrocycle was expected to bind Na+ or K+

as a hexacoordinate ring. The π-donors were positioned
two carbons from the flexible, invertable nitrogen atoms
so that they could adopt the energetically most favorable
structural positions. It was hoped that ring complexation
of the cation would be augmented by axial, π-type
“sandwich” complexation with the arenes. The flexibility
of the receptor systems was confirmed by an examination
of CPK models and by Monte Carlo simulations on the
sidearms.41 The receptor molecules were typically pre-
pared by alkylation of diaza-18-crown-6 by the appropri-
ate halide (X) of the form XCH2CH2arene. The resulting
compounds were fully characterized in the chemical
sense.41

Receptors Having Indole-Terminated Sidearms
as Tryptophan Side Chain Mimics
The structures of indolylethyl-substituted 1, i.e., 8, and
its KI complex, i.e., 8‚KI, are shown at the top and bottom
of Figure 6, respectively.42 Uncomplexed macrocycle 8
exhibits a typical “parallelogram” conformation, clearly
apparent in the upper panel. In this structure, the -CH2-
CH2- units are generally in the gauche conformation. Two
methylene groups on opposite sides of the ring are in the
anti conformation and are turned inward to fill the
macrocycle’s central void. Notably, the sidearms and their
attached arenes are turned away from the macroring.

In the KI complex, the conformation of 8 changes

FIGURE 5. Solid-state structure of bis(propargyl)diaza-18-crown-6
complexing KBF4. The sidearms are not involved in the cation
complexation.
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significantly.42 The macrocycle itself adopts an approxi-
mately D3d conformation so that all of the ring donors can
interact directly with K+. The nitrogen-attached sidearms
rearrange from the extended conformation to afford a
sandwich-type structure in which the pyrrolo (five-
membered ring) is closest to K+. The iodide anion, an
excellent donor, is excluded from the solvation sphere and
is H-bonded to one of the indole NH groups. It should be
noted that the indole units are tilted and do not form what
might be called a “flat sandwich” of the type known for
ferrocene.

Results such as those shown in Figure 6 always make
us question whether the interactions are “real” or are due
exclusively to crystal packing forces. Compound 8 was
studied by NMR spectroscopy in CD3COCD3 solution, a
moderately polar solvent. Nuclear Overhauser effects were
observed in the absence of cation, suggesting that the
sidearms were positioned in the extended conformation
observed for unbound 8 in the solid state. When an
equivalent of sodium was added, however, the observed
NOEs suggested that 8 was complexed and had adopted
the sandwich conformation. A titration experiment (in-
cremental addition of salt to 8) showed that the most
affected proton in the spectrum was attached to the
pyrrolo C-2 carbon atom. In the solid state, it is that
carbon atom that is nearest to the bound cation. It is
interesting to note that a nearly identical complex struc-
ture was observed for 8 when either Na+ or K+ was the
cation and when I-, SCN-, or PF6

- was the anion.41

It may seem surprising that iodide anion does not
directly contact the cation in complexes of 8. This would
certainly be reasonable because the anion’s full negative
charge is expected to strongly favor proximity to the

cation. The significance of the cation-π interaction as a
stabilizing force is emphasized by the exclusion of anions
from the cation’s solvation sphere.41

Phenol-Terminated Sidearms as Tyrosine Side
Chain Mimics
The side chain of the amino acid tyrosine is p-phenol.
Receptors 7 and 8 are identical except that the terminal
arenes are phenol and indole, respectively.43 In both cases,
the arene is attached at the position found in the amino
acid. Solid-state structures were obtained for both un-
bound receptor 7 and its potassium iodide complex, 7‚KI.
The structures are shown in Figure 7.

The conformation observed for unbound 7 is, like that
of free 8, the typical “parallelogram” arrangement for two-
armed (bibracchial) lariat ethers. As above, two of the
methylene groups are turned inward, and the sidearms
are in extended conformations in which the two arenes
are as remote from each other as possible. The structures
in both panels of Figure 8 are shown in the tube metaphor,
except for KI, which is shown in a space-filling represen-
tation.43

Reaction of 7 with KI affords 7‚KI, a complex in which
the six ring donors are turned inward to form the
equatorial belt of the potassium ion’s solvation sphere.
The apical positions are occupied by the two benzene
rings, which form a sandwich with the spherical potas-
sium. The organization of these two arenes is obvious
from the bottom panel of Figure 7. The aromatic centroids
are positioned directly over and under K+, although the
parallel arenes are offset ∼9° from the approximate plane
of the macrocycle. The iodide counterion is in a position

FIGURE 6. Solid-state structures of indolylethyl-sidearmed 8 and
its KI complex. The latter is shown larger. FIGURE 7. Solid-state structures of 7 (top) and 7‚KI (bottom). The

latter is shown larger.
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similar to that observed for 8‚KI. Iodide is hydrogen
bonded by one of the phenol hydroxyl groups just as the
anion interacted with the indolyl NH of 8. Again, K+ is
eight-coordinate if the arene’s π-system is counted as a
single donor. Iodide is excluded from the solvation sphere
and is at a distance of ∼7 Å. The comparable distance in
8‚KI is ∼6 Å. In the NaI complex of 8 (i.e., 8‚NaI, not
shown), the NaTI distance is also ∼6 Å.41

Benzene-Terminated Sidearms as
Phenylalanine Side Chain Mimics
The receptor terminated by benzene rings, compound 6,
was isolated as an oil. As a result, it was impossible to
obtain an ambient temperature X-ray structure of this
molecule. When 6 was treated with KI, the solid complex
6‚KI formed, and we obtained its crystal structure.44 The
complex is shown in Figure 8 in the tube metaphor, except
for K+ and I-, which are shown as van der Waals spheres.
As in the tyrosine-sidearmed complex, K+ is sandwiched
essentially in the center of two benzene rings. A line drawn
through the center of K+ intersects both benzene rings in
their centers. Moreover, the iodide anion, which is ex-
cluded from the solvation sphere, is in approximately the
same position as it lies in the KI complex of 7. The KTI
distance is 7.27 Å, slightly longer but similar to that in
7‚KI.

The similarity in the structures of 6‚KI and 7‚KI was at
once gratifying and troubling. The clear sandwich struc-
tures observed for complexes of 6, 7, and 8 made exclusion
of the iodide counterion seem reasonable. Moreover, the
iodide ion was never closer to the cation than 6 Å, too far
for any significant interaction to occur. In complexes of 7
and 8, however, the “excluded” iodide was stabilized by
interaction with a sidearm H-bond donor. Such a pos-
sibility was lacking in 6‚KI, but the KTI distance was
similar in 6‚KI and 7‚KI, as was the approximate anion
position. We were concerned that crystal packing or other
extrinsic forces rather than the electronic interaction we
sought to probe were controlling the sidearm position.

Reversing the Electronic Effect:
Pentafluorophenyl-Substituted Sidearms
Our concern about possible packing forces could be
resolved experimentally. Benzene is an electron-rich
π-donor system. Hexafluorobenzene is similar in size and
shape to benzene but is electron poor. Figure 9 shows
benzene and hexafluorobenzene in the CPK representa-

tion. Electrostatic surfaces have been calculated for each
by using the commercially available software package
Spartan. The CPK representation shows that the hydro-
gens (radius 1.1 Å) and fluorines (1.35 Å) differ little in
spatial requirements. It seemed reasonable to assume that
the arenes would adopt similar conformations if the solid-
state structures were dominated by packing, rather than
electronic, forces.

The electrostatic surfaces of the two arenes show red
(benzene) and blue (hexafluorobenzene, right of figure)
centers. The computational program renders areas of high
electron density as red and low electron density as blue.
A sandwich-type solid-state structure similar to that
obtained for 8‚KI would strongly suggest that the results
obtained for 6 and 7 were artifacts of the experimental
method. It seemed more likely to us, however, that a
nonsandwiched crown ether complex would form. We
expected K+ to be bound in the center of the macroring
and to be coordinated by the ring donors and iodide
anion. The sidearms, which offer no stabilization in this
case, should be turned away from the cation.

An additional advantage of preparing pentafluoro-
phenyl-sidearmed receptor 9 was that it solidified. We
obtained the crystal structure that is shown at the top of
Figure 10.44 It is essentially identical to the structures

FIGURE 8. The KI complex of phenylethyl-sidearmed 6.

FIGURE 9. Electrostatic potential surfaces for benzene and
hexafluorobenzene calculated using the commercial software Spar-
tan.

FIGURE 10. Solid-state structures of pentafluorophenylethyl-side-
armed 9 and its KI complex.
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observed for unbound 7 and 8 and to the structure
expected for 6. This gave us additional confidence that
the presence of the pentafluoro residues would not
introduce a new and unexpected variable into this equa-
tion.

The solid-state structure of 9‚KI is shown in the lower
panel of Figure 10. Potassium cation, the lighter sphere,
is located at the center of the macroring, forming a
classical crown complex. Iodide anion is in direct contact
with it. The structure shown suggests a hexagonal pyramid
as the coordination geometry. In fact, an examination of
the extended structure shows that the complexes are
stacked one above the next. This arrangement comprises
an infinite chain of ∼K‚‚‚I‚‚‚K‚‚‚I∼ contacts such that each
K+ is in a hexagonal bipyramidal arrangement.

The striking difference in molecular organization is
apparent in the structures shown in Figure 11. These are
top views of receptors 6 and 9, each complexing KI. The
receptors are nearly isosteres, but only benzene serves as
a π-donor. The top panel clearly shows the total encap-
sulation of the cation and the complete exclusion of the
anion. In contrast, the bottom panel shows the intimate

contact between anion and cation, while the sidearms and
arenes of 9 remain extraneous to binding.

Biological Significance
The arene/sidearm combinations studied were chosen
because they correspond to the side chains of the three
essential amino acids that can serve as π-donors.45,46 A
statistical distribution of the 20 essential amino acids
would mean that each occurs about 5% of the time. By
that criterion, phenylalanine, tryptophan, and tyrosine are
relatively rare. Their occurrence in all known protein
sequences is phenylalanine 3.9%, tyrosine 3.2%, and
tryptophan 1.3%. A protein having 250 amino acids (about
30 kDa) could possess as many as 21 cation-π interac-
tions. The present work shows that cation-π interactions
between alkali metals and benzene, phenol, and indole
are possible. Indeed, they are most probable in a low-
polarity environment such as the interior of a membrane
or globular protein, where hydration forces are minimized.

Figure 12 shows space-filling representations of 8‚KI,
7‚KI, and 6‚KI side by side.41 Clearly, the arenes in the KI
complexes of 6 and 7 are nearly parallel. The arenes of
8‚KI, shown at the left, are distinctly tilted. We were
concerned about the tilt but also by the fact that indole
is calculated to be most electron rich near the center of
the benzo, rather than the pyrrolo, subcyclic unit. Mo-
lecular models suggest that the indole ring is too large to
penetrate the macrocycle’s hole. The pyrrolo subunit is
smaller and can approach the cation more closely. Thus,
although electronically weaker, the pyrrolo subunit is
sterically preferable.

The importance of these observations is that the flexible
sidearms adapt to achieve the most effective stabilization
arrangement. It is well known that the strengths of
hydrogen bonds are greatest when the interactions are
short and linear. The solid-state structures of enzyme
active sites typically show an array of interactions includ-
ing salt bridges, hydrophobic contacts, and hydrogen
bonds. The H-bonds are often bifurcated or even trifur-
cated, but they still contribute to the overall stabilization
of the structural arrangement. The experimental result
observed for indolyl-sidearmed 8‚KI shows that structural
adjustments may also be possible in natural systems when
alkali metal cation-π interactions are observed.

FIGURE 11. Top views of the solid-state structures of 6 (upper
panel) and 9.

FIGURE 12. Side views of the solid-state structures of (left to right) 8‚KI, 7‚KI, and 6‚KI.
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The focus of this Account is the interaction between
neutral π-donors of biological relevance and alkali metal
cations. Such studies are nominally limited to benzene,
phenol, and indole, the side chains of phenylalanine,
tyrosine, and tryptophan. It is worth noting, however, that
the lariat ether receptors can be extended to include
double and triple bond donors. Thus, we have recently
shown that diaza-18-crown-6 macrocycles bearing CH2-
CH2CHdCH2 and CH2CH2CtCH sidearms can complex
alkali metals using double47 and triple bonds48 as donors.

Summary and Conclusions
Numerous feeble forces are now recognized as important
that were not thought to be at all significant even 10 years
ago. Notable among these is the C-H hydrogen bond49,50

that has achieved respectability during the past decade.51

Cation-π interactions have been observed a number of
times, particularly in solid-state structures of organome-
tallic complexes. Although computational and mass spec-
trometric evidence for this phenomenon has been ob-
tained, definitive solid-state evidence has been lacking.
The lariat ether model systems are especially appropriate
to this problem because the flexible sidearms can compete
with the counteranion or not, as appropriate to the
system.

Future studies in molecular recognition and supramo-
lecular chemistry must include cation-π interactions in
the panoply of feeble forces. The consequences of this
interaction are potentially profound for biology. Currently,
“extra” electron density corresponding to 10 electrons is
routinely assigned to water molecules in the absence of
other models. As the quality of protein structures contin-
ues to increase, it may be possible to distinguish these
10-electron signals as water or sodium cation. At present,
this electron density can be considered in electronic terms
as possibly revealing cation-π interactions. Sodium is
ubiquitous, and the possibilities for complexation by the
sidearms of phenylalanine, tryptophan, and/or tyrosine
are abundant.

We gratefully acknowledge support of this work by the NIH
(GM-36262) and the NSF (CHE-9805840).
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