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Intermolecular interactions involving aromaticπ-electron density are widely believed to be governed by the
aromatic molecular quadrupole moment,Θzz. Arene-cation binding is believed to occur primarily with negative
Θzz aromatics, and arene-anion binding is believed to occur largely with positiveΘzz aromatics. We have
performed quantum mechanical computations that show the cation binding of positiveΘzz aromatics and the
anion binding of negativeΘzz aromatics is quite common in the gas phase. Theπ-electron density of
hexafluorobenzene, the prototypical positiveΘzz aromatic (experimentalΘzz ) +9.5 ( 0.5 DÅ), has a Li+

binding enthalpy of-4.37 kcal/mol at the MP2(full)/6-311G** level of theory. The RHF/6-311G** calculated
Θzz value of 1,4-dicyanobenzene is+11.81 DÅ, yet it has an MP2(full)/6-311G** Li+ binding enthalpy of
-12.65 kcal/mol and a Na+ binding enthalpy of-3.72 kcal/mol. Theπ-electron density of benzene, the
prototypical negativeΘzz aromatic (experimentalΘzz ) -8.7( 0.5 DÅ), has a F- binding enthalpy of-5.51
kcal/mol. The RHF/6-311G** calculatedΘzz of C6H2I4 is -10.45 DÅ, yet it has an MP2(full)/6-311++G**
calculated F- binding enthalpy of-20.13 kcal/mol. Our results show that as the aromaticΘzz value increases
the cation binding enthalpy decreases; a plot of cation binding enthalpies versus aromaticΘzz gives a line of
best of fit withR2 ) 0.778. No such correlation exists between the aromaticΘzz value and the anion binding
enthalpy; the line of best fit hasR2 ) 0.297. These results are discussed in terms of electrostatic and
polarizability contributions to the overall binding enthalpies.

Introduction

Noncovalent interactions involving aromaticπ-electron den-
sity1 are important in organic reaction development2 and
enzyme-substrate recognition.3 The cation-π interaction of
aromatics is ubiquitous in chemistry, and recent work describes
the importance of the interaction in ion channels,4 protein
folding,5 acetylcholine esterase activity,6 galectin protein func-
tion,7 and small-molecule organic reaction mechanisms.8 The
anion-π interaction has not been investigated for as long as the
cation-π interaction; however, there is an impressive body of
computational works detailing anion-arene interactions with
electron-poor aromatics. These studies can generally be divided
into work where the aromatic is a substituted benzene9 and work
where electron-poor heteroaromatics such as triazines are
employed.9a-c,10Experimental studies have begun to show solid-
state examples of anion-π interactions involving electron-poor
aromatics,11 and very recently an NMR spectroscopic study
suggested the presence of an anion-π interaction in solution,12

again where theπ-system is an electron-poor aromatic.13

The cation binding of aromaticπ-electron density (cation-π
interaction) has primarily been studied using electron-rich
aromatics with a negative molecular quadrupole moment,Θzz,1

and anion binding (anion-π interaction) has largely been studied
with electron-poor, positiveΘzz aromatics.9 Cation-π interac-
tions involving positiveΘzz aromatics and anion-π interactions
with negativeΘzz aromatics have generally been assumed to
be repulsive. The rationale for neglecting the latter two
interactions, and leaving half of all possible aromatic cation-π
and anion-π interactions uninvestigated, is based on a first-

principles approach. The measurableΘzz for C6H6 is -8.7 (
0.5 DÅ,14 and the common explanation for the negative value
is the {- + -} electron density distribution one encounters
when going from oneπ-cloud, through the hydrocarbon
framework, onto the otherπ-cloud (thez-axis in Figure 1). The
cation-binding ability of benzene, or any negativeΘzz aromatic,
has been explained as an electrostatic attraction between the
cation and one of the negative ends of the aromatic quadrupole
moment (typeA interaction, Figure 1). TheΘzz value of C6F6

is +9.5( 0.5 DÅ,14 and this is commonly used to describe the
electron density distribution along thez-axis in C6F6 as{+ -
+}. The anion-binding ability of positiveΘzz aromatics is then
explained as an electrostatic attraction between the anion and
one of the positive ends of the aromaticΘzz (typeB interaction,
Figure 1).

More recently, the importance of aromaticπ-electron density
polarizability has been demonstrated for typeA15 and B9c,e

interactions. In both cases the energy due to the polarizability
of the aromaticπ-electron density and the energy due to
electrostatics were the major contributors to the total binding
energy. The effect of aromaticπ-electron density polarizability
in aromatic binding is depicted pictorially in Figure 2, eqs1
and 2, and this offers a modification of the first principles
approach illustrated in Figure 1. Inspection of eqs1 and2 leads
to the hypothesis that ifπ-electron density polarizability is an
important factor in typeA andB interactions, then there is every
reason to expect positiveΘzz aromatics will bind cations (type
C interactions, Figure 2) and negativeΘzz aromatics will bind
anions (typeD interactions, Figure 2) as depicted by eqs3 and
4 (Figure 2). Even though the importance ofπ-electron density
polarizability in interactions involving aromatics is well estab-* Corresponding author e-mail: LewisM5@slu.edu.
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lished, typeC andD interactions are still treated as exceptions
to the rule. Three aromatics with small positiveΘzz values
(1,3,5-trifluorobenzene: 0.57 DÅ;s-triazine: 0.90 DÅ; 2,5-
dichloropyrazine: 1.47 DÅ) were recently shown to bind Na+

(type C interactions), but the researchers attributed this to the
negligibleΘzz values.16 Another recent study demonstrated that
the aromatic 1,4,5,8,9,12-hexaazatriphenylene, withΘzz )
-8.53 DÅ, binds Br- (typeD interaction); however, the authors
explicitly note the binding occurs despite the aromatic having
a negative quadrupole moment.9b

Here we report the results of a quantum mechanical study
that expands on the previously developed theories and shows
that, in the gas-phase, theπ-electron density of a large number
of positiveΘzz aromatics will bind cations, even in cases where
the aromatics have large positiveΘzz values. We will also show
that theπ-electron density of a large number of negativeΘzz

aromatics binds anions, even in cases where the aromatics have
large negativeΘzz values. The relationships between aromatic-
cation binding enthalpies and the aromatic molecular quadrupole
moment and between aromatic-anion binding enthalpies and the
aromatic polarizability are also discussed.

Computational Methods

For the purpose of determining the aromatic quadrupole
moments,Θzz, all aromatics were optimized and characterized
via frequency calculations at the RHF/6-311G** level of theory.
This method has been shown to give excellent agreement with
experiment,17 and this is borne out in our calculations; the
experimental quadrupole moments for benzene and hexafluo-
robenzene are-8.7 ( 0.5 DÅ and +9.5 ( 0.5 DÅ,14

respectively, and the RHF/6-311G** calculated values are-8.76
DÅ and+10.06 DÅ. For the purpose of determining aromatic-
cation binding enthalpies, the aromatics were reoptimized at
the MP2(full)/6-311G** level of theory along with the Li+ and
Na+ cations and the aromatic-cation complexes. This level of
theory agrees very well with experiment; the calculated C6H6-
Na+ binding enthalpy at this level of theory is∆H298 ) -24.51
kcal/mol, and this is just outside the standard deviation for the

experimentally determined value (∆H298 ) -22.13( 1.39 kcal/
mol).18 For the purpose of determining aromatic-anion binding
enthalpies, the aromatics were reoptimized at the MP2(full)/
6-311++G** level of theory along with the F- anion and the
aromatic-arene complexes. All of the MP2(full)/6-311G** and
MP2(full)/6-311++G** calculated structures were characterized
via frequency calculations and the arene-cation and arene-
anion binding energies were corrected for basis set superposition
error (BSSE) using the counter-poise method.19 The basis sets
noted above are not parametrized for iodine, and thus for
calculations involving iodo-substituted aromatics the MIDI!
basis set was employed for the iodine atoms. To comment on
the energy due to electrostatics and the energy due to polariz-
ability, Morokuma-Kitaura decomposition calculations20 were
performed on selected cation- and anion-complexes. These
calculations were performed at the RHF/6-311G level of
theory.21 All calculations were performed using Gaussian0322

except for the Morokuma-Kitaura decomposition calculations,
which used GAMESS.23

Results and Discussion

The Li+ and Na+ complexes of the positiveΘzz aromatics in
Table 1 were calculated inC6V, C4V, and C2V symmetry,
depending on the symmetry of the aromatic, and the absence
of imaginary frequencies confirmed the structures were minima.
The data unequivocally illustrates that positiveΘzz aromatics
bind cations (Table 1). TheΘzz value of 1,3,5-tricyanobenzene
is +21.12 DÅ, yet it has a Li+ binding enthalpy of-4.12 kcal/
mol. The Na+ binding enthalpy of 1,4-dicyanobenzene is-3.72
kcal/mol even though the aromatic has aΘzz value of+11.81
DÅ. It is not until theΘzz value of the aromatic approaches 30
DÅ that the arene-Li+ complex becomes repulsive, whereas
the arene-Na+ complex becomes repulsive at about 20 DÅ. It
is worth noting that hexafluorobenzene, the prototypical positive
Θzz aromatic, has a Li+ binding enthalpy of-4.37 kcal/mol.

An additional, but not unexpected, result of our study is the
relationship between the aromaticΘzz value of positiveΘzz

aromatics and the cation binding enthalpies (Figures 3 and 4).

Figure 1. Cation binding of a negativeΘzz aromatic (benzene), typeA interaction, and anion binding of a positiveΘzz aromatic (hexafluorobenzene),
type B interaction.

Figure 2. Aromatic π-electron density polarizability in typesA, B, C, andD interactions.
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A plot of the Li+ ∆H298 binding enthalpies versusΘzz gives a
good linear correlation (R2 ) 0.778, Figure 3a), and this is
significantly improved when the aromatics that contain CN
groups are separated from the aromatics with no CN substituents
(R2 ) 0.997 andR2 ) 0.888, respectively, Figure 3b). Figure 4
shows almost identical trends for Na+ complexes of the positive
Θzz aromatics. These results are in agreement with work reported
by Dougherty and co-workers on the cation binding of negative
Θzz aromatics where they showed the total cation binding energy
(Etot) of the aromatic is directly related to the electrostatic
contribution (Eele) to the overall binding.24 The relationship
between our results and Dougherty’s results is not surprising
since Θzz describes the electrostatic potential; however, it is
worth noting that we are observing this correlation for positive
Θzz aromatics, whereas Dougherty’s work demonstrated the
correlation for negativeΘzz aromatics.

We also calculated the F- complexes of the negativeΘzz

aromatics in Table 2 inC6V, C4V, andC2V symmetry, depending
on the symmetry of the aromatic. Unlike the case of the arene-
cation complexes, the frequency calculations revealed 2 or 3
imaginary frequencies for each arene-anion complex. Deya and
co-workers found that theC6V symmetric C6F6-F- complex also
had two imaginary frequencies.9g Upon relaxing the symmetry
constraints they determined a local minimum structure that
corresponded to the F- attacking an aromatic C-atom in SNAr
fashion. We relaxed the symmetry constraint on the C6H4F2-
F- complex and obtained the same result; the structure of the
local minimum corresponded to SNAr attack of the F- on one
of the C-F carbon atoms. Even though the fluoride complexes
in Table 2 are not minima, the fact that negativeΘzz aromatics
bind anions is still significant, dispelling the idea that the
π-electron density of negativeΘzz aromatics only binds cations.
For instance, theΘzz of C6H2Br4 is -4.32 DÅ, yet it has a F-

binding enthalpy of-11.18 kcal/mol.
In contrast to the cation binding of positiveΘzz aromatics,

there is no correlation between the F- ∆H298 binding enthalpy
of negativeΘzz aromatics and the aromaticΘzz value. When
the F- ∆H298 binding enthalpy is plotted against theΘzz of
negativeΘzz aromatics, the line of best fit gives anR2 ) 0.297
(Figure 5). Thus,Θzz does not serve as a predictor for the anion
binding of negativeΘzz aromatics.

As we already noted, Dougherty showed that the electrostatic
component (Eele) of the total binding energy is all that varies in
the Na+-binding of a series of negativeΘzz aromatics.24 In a
broader sense, Dougherty has shown conclusively and elegantly
that the electrostatic component of the arene-cation binding
energy is all that needs to be considered when predicting the
trend in cation-binding for negativeΘzz aromatics.1c An

important part of Dougherty’s work was demonstrating that as
the aromaticΘzz value approached zero,Eele becomes negligible
and other factors, such asπ-electron density polarizability,
account for the cation-binding capability of certain aromatics.24

As part of these studies Dougherty showed that the binding
energy not due to electrostatics was constant, about 12 kcal/
mol.24 Since the molecular quadrupole moment describes the
electron density distribution of the aromatic, and because we
show here a direct correlation between the cation binding of
positive Θzz aromatics and the aromaticΘzz value, it is
reasonable to suggest that the variation in binding energy of
the Li+- and Na+-complexes of positiveΘzz aromatics is also
primarily due toEele. Taken with Dougherty’s results, this would
mean the cation-binding of all aromatics, those with positive
and negativeΘzz values, is governed by electrostatics. We
performed Morokuma-Kitaura (MK) decomposition calcula-
tions for three of the cation-arene complexes in Table 1, and
for benzene, to address this issue, and the results are shown in
Table 3. The results show a pattern similar to the results reported
by Dougherty for negativeΘzz aromatics. The binding energy
due to polarizability,Epol, is constant, and the variation in total
binding energy is due to the variation inEele. The absolute values
for the total binding energies (Etot,MK), theEele values, and the
Epol values calculated using the MK method should be consid-
ered with skepticism, since it is not possible to employ electron
correlation when performing MK calculations; however, the
trends do allow for insights. It is noteworthy that the average
Epol for the four arene-Na+ in Table 3 is-10.5 kcal/mol. This
is close to the-12 kcal/mol energy constant that Dougherty
ascribed to all nonelectrostatic terms,24 and this suggests the
binding energy not due to electrostatics for cation-arene
complexes of positive and negativeΘzz aromatics can primarily
be attributed to the binding energy due to polarizability. It is
worth noting the electrostatic component of the binding energy
for positive Θzz aromatics is repulsive, yet theEele term still
accounts for the variation in the total binding energy, just as
Dougherty illustrated for negativeΘzz aromatics.24

Drawing from what Dougherty elucidated about cation
binding of negativeΘzz aromatics and what we presented above
about the cation binding of positiveΘzz aromatics, the lack of
correlation between the anion binding of negativeΘzz aromatics
and the aromaticΘzz value leads to the prediction thatEele does
not vary for the anion binding of negativeΘzz aromatics.
Furthermore, since the anion binding energy of negativeΘzz

aromatics does vary for differently substituted aromatics, we
expect another term in the total anion binding energy to vary.
The MK decomposition calculations on the F- complexes of
the negativeΘzz aromatics in Table 4 show this pair of
predictions is half right. TheEele term does in fact vary for
differently substituted aromatics, contradicting the first predic-
tion; however, theEpol term also varies, validating the second
prediction. The fact thatEele varies, yet there is no correlation
between the anion binding enthalpy of negativeΘzz aromatics
and the aromaticΘzz value, can be reconciled sinceEpol

contributes more to the overall binding thanEele. The MK
calculations show that theEpol value is completely due to the
polarizability of the aromatic, and thus it appears the aromatic
ring polarizability may be responsible for the variation in the
anion binding capability of negativeΘzz aromatics.

An important question arises with regard to the role of
aromatic ring polarizability in the anion binding of negative
Θzz aromatics: what part of the aromatic ring is polarized. The
assumption might be that the aromaticπ-electron density is
polarized; however, closer inspection of the anion binding

TABLE 1: MP2(full)/6-311G** Calculated Li + and Na+

Binding Enthalpies of PositiveΘzz Aromaticsa

Li + binding
(kcal/mol)

Na+ binding
(kcal/mol)

aromatic Θzz(DÅ) ∆E0,BSSE ∆H298,BSSE ∆E0,BSSE ∆H298,BSSE

C6F4I2 +0.51 -16.47 -15.45 -6.61 -5.82
C6H3F3 +0.69 -19.89 -18.55 -10.30 -9.27
C6F2Cl4 +2.96 -12.71 -11.55 -3.97 -3.08
C6H2F4 +4.08 -14.97 -13.73 -5.68 -4.71
C6F4Br2 +4.35 -11.28 -10.20 -3.01 -2.17
C6F4Cl2 +6.49 -9.35 -8.21 -1.41 -0.54
C6F6 +10.06 -5.56 -4.37 +1.41 +2.31
C6H4(CN)2 +11.81 -13.88 -12.65 -4.61 -3.72
C6H3(CN)3 +21.12 -5.02 -4.12 +2.13 +2.78
C6H2(CN)4 +27.84 +2.54 +3.36 +7.59 +8.13

a The Θzz values were calculated at the RHF/6-311G** level of
theory.
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enthalpies in Table 2 suggests otherwise. It appears anion-
binding increases with greater halogen substitution and with
substitution of more polarizable halogen atoms. For instance,
the F--binding of C6H4Br2 and C6H2Br4 are-5.90 and-11.18
kcal/mol and the F- binding of C6H4F2, C6H4Cl2, and C6H4Br2

are -4.95, -5.79, and-5.90 kcal/mol, respectively. The F-

binding of C6H4I2 does not fit into this trend; however, a
different basis set was used for iodine than for the rest of the
elements (MIDI! instead of 6-311++G**), and this may be the
reason for the discrepancy. To determine the importance of
halogen substitution in the anion binding of negativeΘzz

aromatics, and possible lack of importance ofπ-electron
polarizability, we calculated single point energies for the F-

binding of H2, F2, Cl2, Br2, and I2 using the F--X bond distance
(d) and the F--X-X bond angle (R) from the optimized
F--arene complexes. (X) hydrogen atoms or halogen atoms)

Figure 3. Plot (a): Li+ ∆H298 binding enthalpy of positiveΘzz aromatics versus aromaticΘzz. Plot (b): aromatics separated based on the presence
of cyano groups.

Figure 4. Plot (a): Na+ ∆H298 binding enthalpy of positiveΘzz aromatics versus aromaticΘzz. Plot (b): aromatics separated based on the presence
of cyano groups.

TABLE 2: MP2(full)/6-311 ++G** Calculated F- Binding
Enthalpies of NegativeΘzz Aromaticsa

F- binding (kcal/mol)

aromatic Θzz (DÅ) ∆E0,BSSE ∆H298,BSSE

C6H3Cl3 -1.76 -7.91 -7.05
C6H4F2 -2.17 -4.29 -4.95
C6H4Cl2 -3.47 -5.31 -5.79
C6H2Br4 -4.32 -10.91 -11.18
C6H4Br2 -4.78 -5.50 -5.90
C6H4I2 -7.73 -3.26 -4.09
C6H3I3 -8.39 -5.92 -5.30
C6H6 -8.76 2.56 -0.14

a The Θzz values were calculated at the RHF/6-311G** level of
theory.

Figure 5. F- ∆H298 binding enthalpy of negativeΘzz aromatics versus
aromaticΘzz.

TABLE 3: Morokuma -Kitaura Decomposition Calculations
for Aromatics Complexed with Na+ a

aromatic Θzz (DÅ) Eele Epol Etot,MK

C6H3F3 0.69 2.66 -10.61 -3.18
C6H2F4 4.08 8.49 -10.17 2.10
C6F6 10.06 19.88 -9.23 12.40
C6H6 -8.76 -18.06 -12.18 -21.68

a The Θzz values were calculated at the RHF/6-311G** level of
theory. The binding energy due to electrostatics (Eele), the binding
energy due to polarizability (Epol), and the total binding energyEtot,MK

were calculated at the RHF/6-311G level of theory using the Moro-
kuma-Kitaura decomposition method. All energies are in kcal/mol.

TABLE 4: Morokuma -Kitaura Decomposition Calculations
for Negative Θzz Aromatics Complexed with F- a

aromatic Θzz (DÅ) Eele Epol Etot,MK

C6H3Cl3 -1.76 -4.88 -9.22 -15.19
C6H4F2 -2.17 -0.49 -6.54 -9.52
C6H4Cl2 -3.47 0.28 -7.96 -9.61
C6H6 -8.76 9.28 -3.95 3.35

a The Θzz values were calculated at the RHF/6-311G** level of
theory. The binding energy due to electrostatics (Eele), the binding
energy due to polarizability (Epol), and the total binding energyEtot,MK

were calculated at the RHF/6-311G level of theory using the Moro-
kuma-Kitaura decomposition method. All energies are in kcal/mol.
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as shown in Figure 6. The X-X bond distances for H2, F2, Cl2,
Br2, and I2 were calculated at the MP2(full)/6-311++G** level
of theory (the MIDI! basis set was used for I2). For each
F--arene complex we determined the F--X2 binding energy
with the appropriated and R values. Using these binding
energies we calculated a predicted binding energy,∆Epred, based
on the total number of F--X2 interactions.

Equation 1 shows how∆Epredwas calculated for C6H3Cl3. Table
5 summarizes the F--X2 binding energy calculations for all of
the arene-anion complexes in Table 2. The most striking result
from Table 5 is that∆Epred is greater than∆H298 in every case
but C6H4F2. On average,∆Epred is 164% of ∆H298. This
comparison omits C6H6 since the F- binding enthalpy of
benzene is close to zero rendering any discussion based on
percentages moot. If we also omit the iodo-substituted aromatics,
since calculations of these complexes employed the inferior
MIDI! basis set for iodine,∆Epred is 123% of ∆H298. These

calculations certainly suggest the anion-binding enthalpies of
the F--arene complexes are a result of the anion-halogen
interactions and not the interaction between the anion and
aromaticπ-electron density polarizability. To test the veracity
of this approach, we repeated the above calculations for the
Li+-arene complexes. The Li+-X2 binding energies, along with
∆Epred and ∆H298, for the Li+-arene complexes in Table 1,
omitting the cyano-substituted aromatics, are collected in Table
6. Employing eq 1 to calculate∆Epred does not overestimate
the ∆H298 Li+-arene binding enthalpies as was the case for
the analogous F- calculations. Instead,∆Epred is smaller than
∆H298 in every case but C6F6, and on average∆Epred is only
46% of∆H298. At the least, the F--X2 and Li+-X2 calculated
binding energies suggest that the anion-binding enthalpy of halo-
substituted aromatics is due to the anion-halogen interaction;
however, the cation-binding enthalpy of halo-substituted aro-
matics is not due to the cation-halogen interaction. Furthermore,
the F--X2 binding energy must be the result of polarizability
since the interaction is between an anion and an electronegative
atom. If we couple these results with the Morokuma-Kitaura
calculations it appears that the anion-binding enthalpy of halo-
substituted aromatics is due to the polarizability of the halogen
atoms.

Conclusions

The research presented here shows that positive and negative
Θzz aromatics will bind both cations and anions. We have also
discussed the relationship between the aromaticΘzz value and

TABLE 5: MP2(full)/6-311 ++G** Single Point Binding Energies for F--X2, Where X ) H2, F2, Cl2, Br2, and I2
a

arene interaction ∆Ebind,BSSE d (Å) R (°) ∆Epred,BSSE ∆H298,BSSE

C6H3Cl3 F--H2 -0.67 3.45 132.19 -9.65 -7.05
F--Cl2 -2.55 3.97 138.62

C6H4F2 F--H2 -0.51 3.71 131.35 -3.38 -4.95
F--F2 -0.67 3.90 133.97

C6H4Cl2 F--H2 -0.55 3.66 131.90 -6.58 -5.79
F--Cl2 -2.20 4.13 138.44

C6H2Br4 F--H2 -0.64 3.55 133.38 -16.07 -11.18
F--Br2 -3.70 4.15 141.45

C6H4Br2 F--H2 -0.56 3.64 132.10 -8.90 -5.90
F--Br2 -3.33 4.23 139.98

C6H4I2 F--H2 -0.55 3.64 131.69 -10.35 -4.09
F--I2 -4.08 4.33 141.27

C6H3I3 F--H2 -0.60 3.59 132.60 -14.75 -5.30
F--I2 -4.32 4.28 142.02

C6H6 F--H2 -0.29 4.15 127.66 -1.74 -0.14

a The F-X bond distances (d) and the F--X-X bond angles (R) are from the optimized F--arene complexes. The MIDI! basis set is used for
iodine; all other atoms are described by the 6-311++G** basis set. The nature of thed andR values are described in Figure 6.∆Epred is described
by eq 1. The∆H298,BSSEvalues are from Table 2. The∆E and∆H values are in kcal/mol.

TABLE 6: MP2(full)/6-311G** Single Point Binding Energies for Li +-X2, Where X ) H2, F2, Cl2, Br2, and I2
a

arene interaction ∆Ebind,BSSE d (Å) R (°) ∆Epred,BSSE ∆H298,BSSE

C6F4I2 Li +-F2 -0.74 3.33 144.71 -7.06 -13.48
Li +-I2 -2.05 3.97 151.22

C6H3F3 Li +-F2 -0.72 3.35 144.72 -3.51 -18.55
Li +-H2 -0.45 3.16 142.58

C6F2Cl4 Li +-F2 -0.73 3.35 144.49 -3.55 -11.55
Li +-Cl2 -0.52 3.68 148.24

C6H2F4 Li +-F2 -0.70 3.36 144.88 -3.67 -13.73
Li +-H2 -0.44 3.17 142.44

C6F4Br2 Li +-F2 -0.71 3.36 144.47 -4.49 -10.20
Li +-Br2 -0.83 3.83 149.42

C6F4Cl2 Li +-F2 -0.71 3.36 144.47 -3.86 -8.21
Li +-Cl2 -0.51 3.70 148.15

C6F6 Li +-F2 -0.78 3.38 141.30 -4.68 -4.37

a The Li+-X bond distances (d) and the Li+-X-X bond angles (R) are from the optimized Li+-arene complexes. The MIDI! basis set is used
for iodine; all other atoms are described by the 6-311G** basis set. The nature of thed andR values are described in Figure 6.∆Epred is described
by eq 1. The∆H298,BSSEvalues are from Table 1. The∆E and∆H values are in kcal/mol.

Figure 6. F--X2 (X ) hydrogen atom or halogen atoms) single point
energies were calculated taking the F- -X bond distance (d) and the
F- -X-X bond angle (R) from the optimized F--arene complexes.

∆Epred) 3*(∆Ebind for F--H2) + 3*(∆Ebind for F--Cl2)
(1)
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the aromatic-cation binding enthalpy, and our results are in line
with the work of Dougherty and researchers on negativeΘzz

aromatics. No correlation was found between anion-binding
enthalpies and the aromaticΘzz value for negativeΘzz aromat-
ics. Morokuma-Kitaura decomposition calculations show the
major contributor to the overall anion-binding energy is the
energy due to the polarizability of the aromatic and this value
varies between aromatics. Based on this we believe there may
be a correlation between the aromatic-anion binding enthalpy
and the aromatic polarizability, a topic that has been briefly
looked into by Deya and co-workers,16b and we are currently
exploring this issue. Interestingly, it may not be the polarizability
of the aromaticπ-electron density that is responsible for the
aromatic-anion binding but rather it may be the polarizability
of the aromatic substituents. The results showing anion binding
by electron-rich, negativeΘzz aromatics are particularly note-
worthy with respect to experimental efforts. All of the experi-
mental work on these interactions employ electron-poor, positive
Θzz aromatics;11,12 however, anion-π interactions involving
electron-rich, negativeΘzz aromatics should be considered
experimentally tenable.
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