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Abstract

Substituent effects in CI™ see CgHg—,X,, complexes, models for anion/r interactions, have been
examined using density functional theory and robust ab initio methods paired with large basis sets.
Predicted interaction energies for 83 model CI™ eee CgHg_,X,, complexes span almost 40 kcal
mol~1 and show an excellent correlation (r = 0.99) with computed electrostatic potentials. In
contrast to prevailing models of anion/r interactions, which rely on substituent-induced changes in
the aryl -system, it is shown that substituent effects in these systems are due mostly to direct
interactions between the anion and the substituents. Specifically, interaction energies for CI™ eee
CsHg—nXn complexes are recovered using a model system in which the substituents are isolated
from the aromatic ring and z-resonance effects are impossible. Additionally, accurate potential
energy curves for CI™ interacting with prototypical anion-binding arenes can be qualitatively
reproduced by adding a classical charge—dipole interaction to the CI~ ese CgHg interaction
potential. In substituted benzenes, binding of anions arises primarily from interactions of the anion
with the local dipoles induced by the substituents, not changes in the interaction with the aromatic
ring itself. When designing anion-binding motifs, phenyl rings should be viewed as a scaffold
upon which appropriate substituents can be placed, because there are no attractive interactions
between anions and the aryl n-system of substituted benzenes.

[. Introduction

There has been a surge of interest in anion/z interactions in the last five years,17* leading
some authors to list these effects among the pantheon of noncovalent interactions with
aromatic rings (i.e., t-stacking, X—H/x, and cation/z interactions).®> These noncovalent
interactions play vital roles in disparate areas of modern chemistry ranging from materials
science and supramolecular chemistry to molecular biology. Substituent effects are often
used to tune these interactions, providing, among other things, a means of controlling the
intermolecular interactions that underlie supramolecular self-assembly phenomena.5

Attractive interactions between anions and arenes have a rich history spanning the last
century.246 The possibility of favorable noncovalent interactions between an anion and the
face of an aromatic ring was largely ignored for many years due to the expected electrostatic
repulsion between the anion and the arene =-system. However, recent theoretical studies and
mounting experimental evidence of attractive anion—-arene interactions have spurred
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renewed interest in these interactions in general and those in which the anion appears to
interact with the face of an electron-deficient arene in particular.1=#7=10 Enthusiasm for
these so-called anion/z interactions erupted with the experimental demonstration of
attractive interactions between CI™ and pyridine by Reedijk and co-workers11 and between
chloride ions and triazine by Meyer et al.,12 both in 2004. This precipitated countless
reports of anion/z interactions in crystal structures (see refs 174 for reviews) and the
publication of a bevy of theoretical studies of model anion/z complexes.9:10:13-20 The
recent report by Reedijk and co-workers?3 of anion/z interactions in biological systems has
engendered further enthusiasm for these interactions.

Analyses of anion—arene contacts in the Cambridge Structural Database (CSD) have led to
conflicting conclusions regarding the ubiquity of anion/x interactions in the solid state.
10,16:21:22 In 2003, Ahuja and Samuelson concluded?! that anion/z complexes involving
six-member aryl rings are rare based on an analysis of interactions of NO3™, ClO4~, BF4~,
and BFg~ with aromatic rings in the CSD. Reedijk and co-workers22 reached markedly
different conclusions based on their 2008 analysis of the CSD, finding that “anion-n
contacts in fact are quite common supramolecular bonding interactions.” Reedijk et al. even
reported?? that there were considerably more examples of anion/r interactions in the CSD
than cation/n interactions! Hay and Custelcean presented?® an exhaustive statistical analysis
of anion—arene contact in the CSD, finding no “convincing crystal structure evidence for
anion—x interactions involving charge neutral, six-member rings with CI~, Br~, I7, NO3 ™,
ClO,4~, BF4, and PFg anions.” The data revealed that in complexes of anions with neutral
six-member aromatic rings the anion was much more likely to engage in aryl C-H hydrogen
bonding interactions than anion/x interactions. Complexes in which the anion is located
above the centroid of a substituted benzene ring, the hallmark of an anion/x interaction, were
found to be exceptional .23

Gas-phase spectroscopic studies?42% and some ab initio computations?8:13 support the
findings of Hay and co-workers.22 For example, Weber and co-workers24 studied the
competition between aryl C—H e+ X~ and anion/x interactions in complexes of CI~, 17, and
SFg~ with fluorinated benzenes via infrared photodissociation spectroscopy. Only by
replacing all six aryl hydrogens with fluorines could anions be cajoled into complexing with
the ring face. As long as at least one aryl hydrogen was present, C—H es¢ X~ complexes were
favored over anion/zm complexes. The ab initio studies of Hay, Johnson, and co-workers?:13
and Mascal et al.8 similarly predict that C-H hydrogen bonding interactions are favored over
anion/r interactions in complexes of CI~ with 1,3,5-triazine. Chiavarino et al.2° reported
spectroscopic evidence of two binding motifs for complexes of trinitrobenzene and simple
anions. These corresponded to weak and strong c-complexes, not anion/r complexes.

Complexes of halide anions (usually F~ or CI™) and substituted benzenes, in which the
halide ion lies above the ring centroid (see Figure 1a), are among the model systems most
often invoked to study anion/r interactions computationally. Previously studied substituted
benzenes are depicted in Figure 1b.%:10:13-19,26 Among these, studies of CgFg predominate,
9,10,13=17 although nitrile, nitro, ethynyl, and halo substituted benzenes have also been
considered.18:19:26 Benzene itself has even been reported to bind halide anions.12:19:27 To
our knowledge, there has been no systematic study of the effects of more diverse
substituents on the binding of halide anions by substituted benzenes.

The approach of a negatively charged halide along the Cq symmetry axis of benzene is
expected to be energetically unfavorable due to repulsive electrostatic interactions, although
polarization/induction!® and dispersion effects can partially compensate this repulsion (vide
infra). However, upon attaching electron-withdrawing substituents (e.g., CN, NO», etc.), the
interaction of an anion above the arene can become attractive. Invariably, the concept of n-
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electron deficient aromatic rings is used to explain the resulting attractive anion/zx
interaction.1:3:4:9:11:24:26 The prevailing view is that attractive interactions between anions
and substituted benzenes arise from the polarization of the benzene n-system by the
substituents and subsequent attenuation of the electrostatic repulsion between the halide ion
and aromatic w-electron cloud. These explanations are purportedly supported by plots of
molecular electrostatic potentials (ESPs),28 which tend to exhibit positive values above the
aryl ring in the case of anion-binding arenes. This n-polarization-based model is reminiscent
of popular models of substituent effects in n-stacking interactions5:29 and is based on the
widespread (but false!)30 assumption that changes in the ESP above aromatic rings
necessarily reflect changes in the w-electron density.

It will be shown below that binding in CI™ ees CgHg_ X, complexes arises mostly from
interactions of chloride with the local dipoles induced by the substituents, not through
interactions between the halide ion and the phenyl ring itself. Interactions between the anion
and the n-cloud of the phenyl ring remain unfavorable, regardless of the substituents.

[l. Theoretical Methods

To enable a thorough examination of substituent effects in CI™ eee CgHg_, X, complexes (n =
0-4, 6), we consider a set of 24 diverse substituents ranging from strong electron-donating
groups (e.g., X = NHCHgs, NH>) to strong electron acceptors (e.g., X = CN, NOy, etc.). For
many of the substituents, steric factors limit the number of possible substitutions.
Consequently, for the 1,2,4,5-tetrasubstituted and hexasubstituted phenyl rings, only X =
CCH, CHgs, CN, F, and NH, were considered. The full set of substituents was utilized in the
monosubstituted, 1,4-disubstituted, and 1,3,5-trisubstituted systems. Due to steric
interactions in the tetra- and hexasubstituted systems, the relative orientation of the
substituents is not always the same as in the less-substituted species. This leads to
nonsystematic behavior in predicted interaction energies for some substituents (e.g., X =
NH>). In all cases, the lowest-energy conformation was utilized and the anion located above
the face of the aryl ring that yields the lowest energy. In total, 83 CI™ ees CgHg_nXp,
complexes were considered.

Binding energies (Table 1) were computed at the M06-2X/ 6-31+G(d) level of theory by
scanning the distance between CI™ and the ring centroid (defined here as the center of mass
of the benzene carbons) at 0.05 A increments with the geometry of the substituted benzene
frozen at the M05-2X/6-31+G(d) optimized geometry. These M05-2X optimized arene
geometries are very similar to M06-2X optimized structures, and their use will have no
impact on the predicted interaction energies. The reported interaction energy is the minimum
energy obtained along these rigid-monomer scans. Surprisingly, all of the computed
interaction potentials exhibited an energy minimum along these scans, although for some
substituents this minimum is energetically unstable with respect to the dissociation limit.
These complexes are employed as model systems to understand the role of substituent
effects; few of the computed structures are energy minima on the unconstrained potential
energy surface (PES). To determine which of these complexes are minima on the frozen-
monomer PES, single point M06-2X energies were computed with CI~ displaced from the
equilibrium position by £0.1 A along the x and y axes.

To assess the accuracy of the M06-2X interaction energies, estimated CCSD(T)/AVTZ
energies were computed at the optimized M06-2X geometries for the monosubsituted
complexes, where in general AVXZ denotes the aug-cc-pVXZ basis set.31 CCSD(T)/AVTZ
energies were estimated by appending a basis set correction at the MP2 level to the

CCSD(T)/AVDZ energy,ESCSPM » gCESDM pMP2_ pMP2 por selected systems, full

AVTZ AVTZ AVDZ"

CCSD(T)/AVTZ or estimated CCSD(T)/AVTZ one-dimensional potential energy scans
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were executed, with the geometry of the substituted benzene fixed at the MP2/AVTZ
optimized structure. All ab initio energies employed the frozencore approximation and were
partially corrected for basis-set superposition error (BSSE) via the counterpoise correction.
32 The M06-2X energies were not BSSE-corrected.

Nonresonance substituent effects (i.e., inductive/field effects) were evaluated using a simple
additive model, depicted in Figure 1c. Similar models have been employed to study
substituent effects in the benzene dimer33:34 and model cation/x interactions.3® In this case,
the model was constructed by taking the optimized CI™ see CgHgX complex and replacing
the aryl ring with a hydrogen atom. The H atom was placed along the C—X bond and the H-
X distance optimized while holding the remaining atoms fixed in space. The resulting CI™
ese H-X interaction energy was added to the CI™ ess CgHg interaction energy evaluated at the
corresponding ClI eee centroid distance. The effect of the “extra” two hydrogen atoms was
approximately accounted for by subtracting the interaction energy of CI~ with Hy at the
appropriate distance. In the case of the polysubstituted benzenes, this procedure was carried
out for each of the substituents independently, i.e.

EXNIYe(CL™ e00 CoHe_yXn)=Ein(Cl™ 000 CoHg)+nE iy (Cl 000 HX)—nEy(Cl™ oo HH) (1)

The resulting additive interaction energy should provide an estimate of the inductive/field
effects of the substituent on the CI™ binding energy. Most importantly, in this model the
substituent can have no effect on the aryl n-system, because the substituent is separated from
the aryl ring.

All M06-2X computations and MP2 optimizations were carried out using NWChem,36 while
the MP2 and CCSD(T) energies were evaluated with Molpro 2006.37 A fine DFT quadrature
grid, with 70 radial and 590 angular points, was used for the M06-2X computations, because
this functional has been shown to be sensitive to integration grid density.38

[1l. Results and Discussion
A. F~ eee CgHg and Cl~ ee» CgHg Complexes

In 2006, Clements and Lewis published the provocative prediction? that benzene can bind
halide anions along the Cg symmetry axis, despite the expected electrostatic repulsion
between the anion and the benzene quadrupole moment. Although energetically unstable
with respect to separated F~ and CgHg, at the BSSE-corrected MP2/6-311++G** level of
theory there is a bound minimum with F~ located 3.2 A above the ring centroid. Once
thermal effects were included, Clements and Lewis predicted a 298 K binding enthalpy of
—0.2 keal mol™L. Deya and co-workers® more recently presented RI-MP2/6-31++G**
computations indicating the presence of minimum energy complexes of benzene with F~,
CI~, and Br™ lying 2.8, 2.4, and 1.9 kcal mol~1 above the dissociation limit, respectively.
More recent BSSE-corrected SCS-RI-MP2/AVTZ'’ computations from that research group®
predict binding energies of 1.5 and 1.1 kcal mol™1 for F~ and CI~ with benzene,
respectively.

Counterpoise-corrected CCSD(T)/AVTZ potential energy curves for F~ e CgHg and CI™
ese CgHg complexes with the halide ion lying on the Cg symmetry axis are shown in Figure
2. Estimated CCSD(T)/AVTZ potential energy curves are also included (dashed curves),
demonstrating the accuracy of the MP2 basis set correction across the potential energy
surface. There are local minima on these PES curves, corresponding to separations of 3.2
and 3.9 A for F~ and CI~, respectively. These minima are 1.0 and 0.9 kcal mol~ above the
dissociation limit and are separated from the dissociated limit by barriers of 0.6 and 0.3 kcal
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mol ™1, respectively. However, at the CCSD(T)/AVTZ level of theory these configurations
are energy maxima with respect to displacement of the halide ion away from the Cg
symmetry axis. The minima in Figure 2 are second-order saddle points on the full PESs and
are not predicted to be stable in the gas phase.

Beyond 6 A, the two computed interaction potentials decay in concert, indicating that
charge—quadrupole interactions, which will be the same for F~ and CI~, dominate at long
range, as expected.1:10:15-17,26,27 However, the presence of minima on these potential
energy curves underscores the fact that anion—arene interactions cannot be even qualitatively
described by charge—quadrupole interactions alone. Deya and co-workers!®:19 attributed
these energy minima to anion-induced polarization effects overwhelming the repulsive
electrostatic interactions. Hartree—Fock potential energy curves are displayed in Figure 2
(dashed/dotted lines). For both F~ and CI™ above the face of benzene, HF predicts purely
repulsive potentials that lie well above the corresponding CCSD(T) potential energy curves,
despite the fact that HF will recover the effects of anion-induced polarization.3° Instead, the
minima on these potential energy curves must arise from dispersion interactions, which can
only be described at correlated levels of theory.

B. Substituent Effects in Cl~ ese CgHg_ n X, Complexes

MO06-2X/6-31+G(d) interaction energies have been evaluated for 83 CI™ eee CgHg—_n X,
complexes with the CI™ directly above the ring centroid. Interaction energies and the
corresponding equilibrium separations (Rg) are listed in Table 1. The first observation is that
M06-2X/6-31+G(d) predicts that all of the substituted benzenes yield a bound potential for
CI~ approaching along the Cq symmetry axis, with R, values ranging from 2.95 to 3.95 A.
As in the CI™ eee CgHg complex, some of these minima arise from stabilizing dispersion
interactions that overcome repulsive electrostatic effects. Many of these minima lie above
the dissociation limit, and only 17 are predicted to be energy minima on the full PESs. Very
few substituted benzenes are predicted to bind CI~ above the ring centroid in the gas phase.

Estimated CCSD(T)/AVTZ interaction energies for CI~ above benzene and the
monosubstituted benzenes are also included in Table 1. Overall, M06-2X provides an
excellent description of these interactions compared to CCSD(T). There is an excellent
correlation between the M06-2X/6-31+G(d) and CCSD(T)/AVTZ results (correlation
coefficient r = 0.998, see Figure S1 in Supporting Information), and M06-2X provides a
very reliable but computationally inexpensive means of predicting interaction energies of
CI™ with the face of substituted benzenes.

MO06-2X predicted interaction energies for the full set of CI™ eee CgHg—_,X,, complexes span
almost 40 kcal mol~1 and are plotted in Figure 3 versus the electrostatic potential (ESP)
evaluated at a distance R, above the ring centroid. Estimated CCSD(T)/AVTZ energies are
also included and exhibit the same overall trend. As in cation/r interactions,3>:40 there is a
very strong correlation (r = 0.99) between the ESP above the ring and computed interaction
energies. From the best-fit line, which has a slope very close to unity, a relatively constant
stabilizing contribution of —7.1 kcal mol™1 can be attributed to nonelectrostatic effects (i.e.,
dispersion and polarization/induction). In other words, substituted benzenes are expected to
exhibit energetically favorable CI™ binding above the ring centroid as long as the
electrostatic potential at that point is below 7.1 kcal mol™L. There are deviations from the
best fit line for some of these systems. However, overall, substituent effects in CI™ eee
CsHg—nXn complexes arise from electrostatic interactions, and computed ESPs should
provide a faithful predictor of anion binding energies across a broad range of substituted
arenes.
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Deya and co-workers showed?6 a correlation between computed interaction energies of CI~
with several arenes and the Q,, component of the arene quadrupole moment, which are
central to many discussions of anion/x interactions in the literature.1:10:15-17+27 M06-2X
and estimated CCSD(T)/AVTZ interaction energies are plotted against M06-2X predicted
Q,; values in Figure 3b.4% There is a correlation (r = 0.90), but there is also significantly
more scatter in the data than in the plot of Ejn; versus ESP values. Deviations from the linear
fit are particularly pronounced for the ethynylbenzenes. For example, the Q,; values for
triethynylbenzene, tetraethynylbenzene, and hexaethynylbenzene are —17.0, —21.4, and
—30.6 B, while the interaction energies with CI™ change only slightly across this series
(—3.0, —3.4, —4.3 kcal mol™1, respectively). The computed ESPs above these
ethynylbenzenes (—5.6, —5.8, —6.3 kcal mol ™1, respectively) are much more consistent with
the predicted interaction energies.

The relatively poor correlation between Q,; and Ej; arises in part because the expansion of
intermolecular electrostatic interactions in terms of electric multipoles is only valid for well-
separated, nonoverlapping charge distributions.#2 The equilibrium halide—arene distances in
CI™ eee CgHg_nX,, complexes (2.95-3.95 A) are too small for multipole expansions to be
valid or highly accurate, particularly if only the leading contribution (i.e., charge-quadrupole
interaction) is considered. ESP values computed at a point above the ring centroid provide a
much more accurate and theoretically sound descriptor of the electrostatic component of
anion/r interactions.

C. Origin of Substituent Effects in ClI~ eee CgHg_X, Complexes

The prevailing view of substituent effects in CI™ see CgHg_ X, complexes assumes that the
interaction is modulated through the polarization of the benzene n-system by the
substituents.1:3:4:9:11:24:26 To test this, model systems are considered through which the
nonresonance component (i.e., field/inductive effects) can be quantified. M06-2X and
CCSD(T) interaction energies for the CI~ ese CgHg_n X, complexes are plotted against
interaction energies from a simple additive model (eq 1) in Figure 4. There is a good
correlation (r = 0.92) between the interaction energies in the intact CI~ eee CgHg—_n X,
complexes and this additive model, despite the fact that no polarization of the aryl n-system
is possible in this model. On average, this simple additive model overestimates the
interaction energies of CI™ eee CgHg_,X,, complexes but captures the overall trend.
Substituent effects in CI™ see CgHg—_,X,, complexes are not due to w-polarization effects but
are instead most readily explained by direct interactions between the substituents and the
halide anions. This is in accord with recent models of substituent effects in the
sandwich33:43 and edge-to-face3* configurations of the benzene dimer, as well as cation/n
interactions.3®

To gauge the applicability of this simple model at configurations removed from the
equilibrium geometry, potential energy curves for Cl™ interacting with prototypical anion
binding arenes are examined using robust ab initio methods. A simpler model, in which the
effect of substituents is described by a classical charge—dipole interaction, is also
considered, to provide additional physical insight into the origin of these substituent effects.
Estimated CCSD(T)/AVTZ potential energy curves for ClI~ above 1,2,4,5-
tetracyanobenzene, 1,3,5-trinitrobenzene, and hexafluorobenzene are plotted in Figure 5
versus the distance between CI™ and the ring centroid (black curves). Also included in each
plot is the interaction of CI~ with n(HX) (X = CN, NO,, or F, respectively), n(HH), and
CgHeg, as well as the curve resulting from combining these three curves as done above (i.e.,
Cl™ eee CgHg + N(CI™ eee HX) — n(CI™ *=» HH), red dashed curves). For tetracyanobenzene
and trinitrobenzene, these additive potential energy curves slightly overestimate the
explicitly computed CI™ eee CgHg— X, interaction energies. For CgFg the overbinding is
more severe. This is because in CgFg the fluorines donate nt-electron density to the aryl ring,
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partially compensating the effects of o-electron withdrawal. This is consistent with the
traditional characterization of fluorine as a strong o-electron acceptor but w-electron donor
(e.g., the field and resonance parameters for F are 0.45 and —0.39, respectively).4 In the CI~
eee CgFg complex, the o-withdrawing effect of the fluorines increase the binding energy
significantly, but this effect is tempered by the n-donation of the fluorines. This n-donation
effect is not possible in the additive model. The w-accepting effects of CN and NO, will also
be neglected in the additive model, yet the additive interaction curves for CgH,(CN)4 and
CgH3(NOy)3 are in qualitative agreement with the explicitly computed potentials,
demonstrating that in these cases m-accepting effects are not the root of the substituent
effects on anion binding.

The solid blue curves in Figure 5 depict the interaction of a point charge (at a distance R
above the ring centroid) with idealized point dipoles located at the centers of mass of the
substituents. The sizes of these dipoles are equal to the MP2/AVTZ predicted dipole
moments of the corresponding H-X species (HCN, 3.02 D; HF, 1.81 D; HNO,, 2.56 D).
These charge—dipole interactions were added to the CI™ see CgHg potential curve to yield the
blue dashed curves. This model captures the substituent effect on CI™ binding due solely to
the interaction of the anion with the local dipole induced by the substituent. In each case, the
blue dashed curve lies above the curve from the additive model (red dashed curve), because
in the additive model there will be polarization/induction and dispersion interactions
between the anion and substituents, in addition to charge—dipole interactions. For
tetracyanobenzene and trinitrobenzene, the charge—dipole model slightly underestimates the
explicitly computed interaction potential due to this lack of dispersion and polarization/
induction effects. For CgFg, this charge—dipole model predicts a more deeply bound
potential energy curve than that computed for the intact system, again due to the n-donation
effects of fluorine in the intact system. In these systems, the dominant factor leading to CI™
binding is the interaction of the anion with the local dipoles created by the substituents. In
each case, the interaction of CI™ with the aryl ring itself remains unfavorable, regardless of
the nature of the substituents.

IV. Summary and Conclusions

The effect of substituents on the ability of benzene to bind CI™ above the ring centroid has
been examined. Surprisingly, all CI™ eee CgHg—, X, complexes are predicted to yield bound
potentials for the anion above the ring centroid. However, some of these stationary points lie
above the dissociation limit and only 17 of 83 complexes studied are predicted to be stable
minima on the frozen monomer M06-2X/6-31+G(d) PES. In all of these systems,
substituent effects are primarily electrostatic, and predicted interaction energies correlate
very well with computed ESPs above the ring centroid.

Conventional explanations?3:4:9,11,24,26 of the attractive interactions between anions and
substituted benzenes, which hinge on the substituent-induced polarization of the aryl =
system, are flawed. Instead, it was shown that anion binding arises primarily from the direct
interaction of the anion with the local dipoles induced by the substituents, as depicted in
Figure 6. The interaction of the anion with the aromatic ring itself remains energetically
unfavorable, despite the substituents. Specifically, interaction energies for a set of 83 CI™ eee
CgHg—nXn complexes (n = 0-4, 6) can be qualitatively reproduced using a simple additive
model in which the substituents are not connected to the aromatic ring and n-polarization
effects are impossible. Additionally, for tetracyanobenzene and trinitrobenzene, CCSD(T)
potential energy curves are well described by adding a classical charge—dipole interaction to
the CI™ eee CgHg potential curve. In all of these systems, the binding arises because the
repulsive interaction between the anion and the arene is overcome by favorable charge—
dipole and other direct interactions between the anion and the substituents. Substituted
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benzenes do not bind anions because of favorable interactions with the aryl n-systems, but
despite the w-systems. These results offer an explanation of the finding of Hay and
Custelcean?3 that anions are unlikely to bind above the center of substituted aryl rings. It
should be noted, however, that the present results apply only to substituted benzenes, and the
origin of anion binding by heterocyclic aromatics remains an open question.

Regarding the rational design of anion receptors, the present results indicate that phenyl
rings should be viewed simply as scaffolds upon which appropriate substituents can be
positioned to yield favorable charge—dipole interactions. This can be demonstrated by
comparing the interaction of CI~ with benzene, cyclohexane, and their nitrile-substituted
analogues (see Figure 7). M06-2X/6-31+G(d) predicted interaction energies are plotted in
Figure 7 as a function of the distance of the anion above the ring centroid for these four
systems. In both benzene and cyclohexane, the introduction of CN induces a dramatic
increase in the interaction energy, despite the lack of a polarizable & system in cyclohexane,
because in both systems the increased binding arises from simple charge—dipole interactions.

Supplementary Material
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Figure 1.

(a) Prototype anion/x interaction of an halide anions (Y = F, Cl, Br, or I) with a substituted
benzene. (b) Previously studied anion-binding substituted benzenes. (c) Additive model used
to gauge through-space substituent effects in Cl~ eee CgHg—_n X, cOmplexes.

J Phys Chem A. Author manuscript; available in PMC 2011 March 7.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Wheeler and Houk Page 12

4 \ \

/O
/‘
3

R | \ \ :
— 35 A \ :
O \.\ \‘ . R
S ., \, :
E 3 \0\. \.\ :
~. . Z
~ 25 "~
3 '\:§’.§.
© ~,
c e
W, 5 U~
c
9 =
g 1 \\~_”,,a
s === FCH
@D o5 o
i =.=.z CI"-C.H,
0
3 4 5 6
Y~---Centroid Distance (R, in Angstroms)

Figure 2.

CCSD(T)/AVTZ (solid lines), estimated CCSD(T)/AVTZ (dashed lines), and HF/AVTZ
(dashed/dotted lines) potential energy curves (kcal mol™1) for F~ ese CgHg and CI™ ese CgHg
as a function of the anion e« centroid distance. The minima are second-order saddle points
on the full CCSD(T)/AVTZ PES.
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Figure 3.

MO06-2X/6-31+G(d) and estimated CCSD(T)/AVTZ interaction energies (kcal mol™1) for
CI™ eee CgHg_n Xy complexes versus (a) the M06-2X electrostatic potential (kcal mol™?)
evaluated at the position of CI™ above the ring and (b) the M06-2X predicted Q,; component
of the quadrupole moment tensor, in buckinghams. The linear fits are applied to the M06-2X
data only.
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Figure 4.

MO06-2X/6-31+G(d) and estimated CCSD(T)/AVTZ interaction energies (kcal mol™1) for
Cl™ eee CgHg—_n X, complexes versus the additive interaction energies at the corresponding
level of theory (eq 1). The linear fit is applied to the M06-2X data only.
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Figure 5.

Potential energy scans for ClI™ above the center of (a) tetracyanobenzene, (b)
trinitrobenzene, and (c) hexafluorobenzene computed at the estimated CCSD(T)/AVTZ
level of theory (black curves) and via two simple additive models (dashed curves). The red
dashed curves estimate the substituent effect due to direct interactions of CI~ with the
substituents while in the blue dashed curve the effect of the substituent is captured by a

charge—dipole interaction (77 ¢ 77 /7). In each plot, the estimated CCSD(T)/AVTZ CI~ eee
CgHg potential energy curve is in gray.
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Figure 6.

Electrostatic model of substituent effects in CI™ ee¢ CgHg_n X, cOmplexes. Interaction
energies of CI™ with substituted benzenes can be captured by adding an electrostatic charge—
dipole interaction to the CI™ *** CgHg interaction. The substituents do not effect any
significant net change in the interaction of the anion with the aromatic ring itself.
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Figure 7.

M06-2X/6-31+G(d) interaction energies for CI™ approaching the centroid of (a) benzene
(blue curve) and cyanobenzene (red curve) and (b) twist-boat cyclohexane (blue curve) and
cyclohexanecarbonitrile (red curve).
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