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In recent years, the catienr interaction has come to be
appreciated as an important noncovalent binding fdr&udies
in the gas phasgin aqueous media using synthetic recepfors,
and in a biological context with a number of protein systehis
have established the broad scope and significance of this
interaction. A complete, quantitative description of the cat-
ion—z interaction would involve a number of intermolecular
forces, such as chargguadrupole, chargedipole, charge
induced dipole, charge transfer, dispersion forces, and, in som
cases, a hydrophobic component. However, we have akétfed
that, to first order, the major aspect of the cationinteraction
is electrostatic in nature, involving the interaction of the cation
with the large, permanent quadrupole moment of the arorfatic.
In the present work we describe an evaluation of the extent to
which the electrostatic model can rationalizeiationsin cation
binding abilities among various aromatic systems. We find that,
indeed, the electrostatic model provides a quantitative under-
standing of the trend seen across a series of prototypical aromati
systems.

We have performed a seriesalf initio computational studies
on the binding of the sodium cation (Nato the = face of
structuresl—11 (Chart 1). We consider such complexes to
provide a good model for the quantitative trends expected in
the cation-xr interaction. For example, we have previously
showr?® that using NH* in place of N& does not alter any

trends in such data, and so these simpler model calculations
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the potential 2.47 & above the center of the ring (ERp)-

The latter approach interrogates the aromatic absent any
distortions due to the Na as is perhaps appropriate for an
electrostatic model. Either approach leads to the same conclu-
sions, and we will emphasize the ERlata here.

Consider first the binding energies (BE) of the prototype
monosubstituted aromatids-5 (Table 1). Superficially, the
trend makes senseniline @) is better than benzene at binding
Na*, while fluorobenzene?) is worse. However, pheno8),
which is generally considered to be an “electron-riat8ystem,

dsno better than benzene at binding™NaAlso, one might have

expected the fullz acceptor5 to be much more deactivated
than2, but this is not the case.

While the trend forl—5 does not fit any kind of resonance-
based arguments, it is in rough agreement with a Hammett
analysis based on the substituent constapter o, ™11 This
means that inductive effects are much more relevant than
resonance effects in the binding of the sodium cation. A more
satisfying rationalization of the binding data was obtained by

are relevant to real experimental systems. Binding energies were (7) The initial structures for the complexes were generated by placing

evaluated at the 6-31G**//6-31G** levélusing the Gaussian
928 package. This level of theory is quite adequate for such a
study? To estimate the electrostatic contribution to binding,
we replaced the Naof the optimized complex with a dummy
probe atom and evaluated the electrostatic potentiad (E&t

that point. We also performed the same calculation using the
geometry of the uncomplexed aromatic molecule and evaluating
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the sodium atom above the ring centroid. In all the complexes, the sodium
position and the geometry of the aromatic molecule were then optimized,
except for the case of pyridin®); for which the sodium cation was fixed
over the ring and the complex optimized with this constraint. We note that
compound®2—10 also exhibit a secondary binding site for sodium on the
heteroatom, and in some cases these heteroatom complexes are more stable
than the catiorrst complex. Details on these heteroatom complexes will
be described elsewhere.
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NMesH). For all five, the current level of theory (or lower) provides good
agreement with experimeht.For example AHCexpi for 1-Na' is 27.1 keal/
mol, in excellent agreement with our calculations. Unfortunately, no relevant
experiemental data exist f@&-11. Second, substantially higher levels of
theory produce the same trends. In particular, MP2/6-31G**//6-31G**
binding energies for Nato 1, 2, and4 are 29.7, 25.2, and 35.1 kcal/mol,
respectively-the exact same trend as seen at the HartFeek level. Also,
estimates of the basis set superposition error (BSSE) were obtained by
performing counterpoise calculations on the complexds-dfl with sodium
cation. The absolute BSSEs were found to be small1.8 kcal/mol),
and theABSSEs within the series were insignificant. In fact, including
corrections for zero-point energy and BSSE almost completely compensated
for the increase in binding energy seen from the MP2 correction. Given
this, and since the HF value f@sNa" was closer to experiment than the
MP2, we have emphasized the Hartré®ck results.

(10) The Nd-to-ring centroid distance for the optimized complexes
ranged from 2.43 to 2.60 for the series of structures we examined. The
intermediate value of 2.47 A was chosen for calculation of.5R
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Table 1. Calculated Binding Energies (BE) and Electrostatic 35
Contribution$ (EP,y and ERnop) to the Binding Energies for S
Complexes of Compounds-11 with Na* g ] o
~ 30 slope = 1.01
complex BE EB,C EPunopf § | intercept=116
1-Na’ =27.1 —15.6 —15.0 o) ]
2-Na* —-22.0 —-10.5 -9.8 g 25
3-Na" —26.9 —15.8 -13.9 B
4-Nat —31.8 —20.7 —-19.3 g 1
5-Na* —24.4 -121 -11.0 & 20]
6-Na —20.C¢ —8.9 —-8.4 o]
7-Na* —21.5 —9.8 —9.3 T 5]
8-Na" -15.7 -3.7 -3.3 2 7
9-Na* —16.8 —52 —4.6 1
10-Na+ -12.4 -1.2 0.3 T
11-Na* —28.7 —14.9 —14.2 0 5 10 15 20

Electrostatic Potential (-EP__, kcal/mol)
a6-31G**//6-31G**. * In kcal/mol.© Electrostatic potential is cal- °F
culated using the optimized geometry of the complef&dectrostatic Figure 1. Correlation between binding energy and electrostatic
potential is calculated using the optimized geometry of the uncomplexed potential for molecule4—11 in their complexes with sodium cation.
aromatic molecules and setting the sodium cation at the distance of For this plot, the correlation coefficient is 0.991.

2.47 A from the center of the ring.Not a true minimum at this level

of theory. See ref 7. electrostatic terms account for ca. 60% of total BE for ethylene
. ) ) ) ) Li*,13 similar to our finding for benzene. A number of recent
simple inspection of the electrostatic potential ngpgor 1-5. studieg9i have described various schemes for partitioning the

As such, we quantitatively evaluated the electrostatic potential binding energy in complexes between aromatic molecules and
at the sodium position as a measure of the electrostatic gmmonium cation¥ We believe that the simple, direct
contribution to the binding energy (Table 1). A plot of EP vs  eyaluation of electrostatic energy employed here has advantages
BE for these simple system$+5) was quite provocative. The  gver component analyses of the full wave function, which are
slope was roughly 1 and the intercept large. 12 kcal/mol.  ajways subject to complex interpretation. It is clear that in most
That is, a structure with no electrostatic component was gromatic systems, electrostatic interactions between an ion and
predicted to have a BE of 12 kcal/mol. For this reason, we the quadrupole moment of an aromatic make major contributions
evaluated 1,3,5-trlf|u0r0benzen§30), a structure well-known to the cation-7 interaction. Perhaps more importanﬂy for

to have a quadrupole moment very near Z&rAs shown in designing or evaluating new systems, trends across a series of
Table 1, the BE ofl0 was roughly as expected, and the EP rejated structures can be completely rationalized by considering
was close to zero. only electrostatic terms.

The full results for structures—11 are given in Table 1 and
Figure 1. Consideration of just the raw data of Table 1 would  Acknowledgment. We thank the Office of Naval Research and
suggest that the electrostatic component of the cation Zeneca Pharmaceuticals for support of this work. We also thank Dr.
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systems, but near zero in some. However, Figure 1 provides aPerrin (UCSD) for suggesting the correlation with".

ic:ﬁefer Itnﬁlghrt.lzpll(Ottll?r?]él.:;?B_I\_ﬁi Brli gl\;]estr? ?IOpre of ::'hand ﬁn Supporting Information Available: HF 6-31G** energies of
ercept nea ca : S means that across the series compoundsl—11 and complexesl-Na"—11-Nat; plot of binding

1-11, ess_.entially 100% of_theariation in binding energy is energies of compounds—4, 7, 8vs o (2 pages). This material is
reflected in the electrostatic termAll other factors (induced  contained in many libraries on microfiche, immediately follows this
dipole interaction, charge transfer, etc.) are absorbed into aarticle in the microfilm version of the journal, can be ordered from the
constantterm, worth ca. 12 kcal/mol in these structures. ACS, and can be downloaded from the Internet; see any current

It is surprising how well such a simple model treats such masthead page for ordering information and Internet access instructions.
a considerable variation in BE. Of course, there are sub-

S JA9539608
tle deviations from the scheme. For example, naphthalene
lies clearly above the correlation line. The major factors other 12(3}2) _Ahplot of Elpur)opt vs BfE gives faosg%%e of 1.04 and an intercept of
i i i ilitv/ .3, with a correlation coefficient of 0. .

than the electrostatic termmainly the pol_ar|zab|I|ty related (13) Caldwell, J. W.. Kollman. P. Al. Am. Chem. Sot995 117,4177-
terms—should be larger for a molecule with a larger surface 417g

area, and so more significant for naphthalene. Siill, this  (14) () Note that in studies ofsHs—NMe," interactiong9" polarization
variation must be fairly small of the NMe™ group will also contribute to the binding, increasing the
The current results are con.sistent with other analvses of theapparent importance of polarizability in the binding. Here, we have evaluated
y only the role of the aromatic in catierr interactions by choosing a

cation—s interaction. In particular, Kollmann suggested that nonpolarizable cation.




