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ABSTRACT
The effects of substituent and overall charge upon the binding of a halide anion by a bis-triazolium
receptor are studied by M06-2X DFT calculations, with the aug-cc-pVDZ basis set. Comparison is also
made between a receptor that engages in H-bonds, with a halogen-bonding species. Fluoride is clearly
most strongly bound, followed by CI, Br-, and I in that order. The dicationic receptor engages in
stronger complexes, but not by a very wide margin compared to its neutral counterpart. The binding is
enhanced as the substituent on the two triazolium rings becomes progressively more electron-
withdrawing. Halogen-substituted receptors, whether neutral or cationic, display a greater sensitivity to
substituent than do their H-bonding counterparts. Both Coulombic and charge transfer factors obey the
latter trends but do not correctly reproduce the stronger halogen vs hydrogen bonding. Both H-bonds
and halogen bonds are nearly linear within the complexes, due in part to bond rotations within the

receptor that bring the two triazole rings closer to coplanarity with the central benzene ring.
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INTRODUCTION

The selective and efficient binding of anions is an important component in a number of chemical,
biological, and environmental processes. There has consequently been a progression of works that are
aimed at understanding the fundamentals of this process, and thereby improving it, which would have a
number of applications in analytical chemistry, catalysis, and so forth. The majority of anion receptor
systems make use of noncovalent interactions between the receptor and the anion. Hydrogen bonds
(HBs) are the most common 1 of these binding forces, which are typically strengthened relative to most
other HBs by the presence °>7 of a full charge on the anion.

However, work in recent years has shown a number of other noncovalent interactions that can be
competitive with HBs. For example, highly asymmetric distribution of electron density around
electronegative atoms of the chalcogen and pnicogen families allows a means for them to interact
attractively with the negatively charged region of a partner 823, The halogen atoms are no exception to
this behavior and the rapidly developing exploration ° 24 of the eponymous halogen bonds (XBs) has
found application in numerous areas of chemistry, such as molecular recognition -3, organocatalysis 3+
37 and crystal engineering 343,

It is no surprise, then, that XBs have found recent application to the field of selective anion binding
4349 Many of the binding agents have been bipodal in nature, with two different halogen atoms
connecting to the anion via XBs. These interactions have typically been further strengthened by the
presence of positive charge on the receptor. The most common groups binding the anions to date have
been derivatives of pyridine 8°9-52 imidazole >3°%, and 1,2,3 triazole #*°1:°7%1  These binding groups
are typically connected to one another with a spacer group, such as a benzene or pyridine ring.

Recent work from this laboratory ®2 studied the binding of halides to a receptor composed of a pair
of 1,2,3-triazole species placed on either side of a separating pyridine ring. The replacement of the H
atoms of the two triazoles by halogen atoms altered the binding, and in particular I-substitution yielded a
strong enhancement of the binding of various halides by changing HBs to XBs. Adding positive charge
to the receptor furnished another increment to the binding, such that the equilibrium constant could be
increased by as much as several orders of magnitude.

However, what this study did not consider at all was how the binding of halides might be affected by
the presence of substituents on the receptor. And indeed, this issue of substituent effects represents a
gaping hole in our present understanding of differential halide binding, as it has not been examined to
date in any systematic manner by either theory or experiment. Based on the major effects that

substituents afford to a wide range of chemical properties, e.g. pKa and reaction rates to name just two, it
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is easy to imagine a scenario where the judicious choice of a proper substituent could make the
difference between an effective and ineffective receptor. In fact, a detailed understanding of substituent
effects and their origins might enable the design of a new receptor that has been carefully tuned for
optimal desired performance.

The present work addresses this issue in a systematic manner. How strong might these substituent
effects be - are they comparable to the rise in binding energy that results from positive charge on the
receptor? Do the substituents affect the halogen bonds to the same degree that they alter the H-bonds?
Can this effect be evaluated purely on the basis of the electron-withdrawing or donating capacity of the
substituent or are there other phenomena that must be considered? What are the principal contributing
factors to the binding, and can they be related simply to Coulombic and/or charge transfer? How might
the substituents alter the geometries of both the receptors themselves, and the receptor-halide complex?
Does the total charge on the receptor carry the same impact on the binding when there are substituents
present? Does the strong preference of the receptor for F~ over other halides that was found earlier carry
over when substituents are present?

In order to answer these questions, the bis-triazole receptor (BTB) shown in Scheme 1 was taken as
the starting point. As in many of the systems considered experimentally, | contains a pair of 1,2,3-
triazole rings, connected to a central benzene unit. The two H atoms in the Z position of each triazole
are replaced by each of 10 different substituents, chosen to span a wide range of electron-withdrawal or
release. The dicationic analogues Il were constructed by adding a methyl group on each triazole, as
illustrated in the bottom of Scheme I. The binding of each of these receptors to F-, CI', Br, and I was

considered so as to span a wide range of different halides.

COMPUTATIONAL METHODS

Computations were carried out with Gaussian 09, Revision D.01 software ®3. Geometry
optimizations along with frequency calculations were performed using the DFT M06-2X density
functional % in conjunction with the aug-cc-pVDZ basis set. With heavier elements Br and |, aug-cc-
pVDZ-PP pseudopotentials from the EMSL basis sets library %°-% were used. Only geometries with all
positive vibrational frequencies were taken into consideration to ensure the obtained structures are in
fact true minima. To account for solvent effects, the polarizable conductor calculation model (CPCM)
was applied &, with water as the solvent. The binding energy of each optimized complex was computed
as the difference in energy between the optimized complex and the sum of the energies of separately
optimized monomers. The binding energies were corrected for basis sets superposition error (BSSE)
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using the counterpoise procedure 8. Charge transfer was assessed using the NBO 6.0 program .
Molecular electrostatic potentials were calculated via the WFA- SAS program °.
RESULTS

The geometries of a sample subset of complexes are displayed in Fig 1, which illustrate the binding
of the F" anion to both neutral and dicationic receptors, with substituent Z=NO,. The H-bonding species
(X=H) are placed on the left and the halogen-bonding receptors (X=1) on the right. These geometries
are representative of the trends observed throughout. Comparison of Fig 1a with 1c illustrates the
contraction of the H-bond lengths that occurs when a charge of +2 is placed on the receptor. The
distances of F to the X=I atoms on the right side of Fig 1 are longer, chiefly due to the larger radius of |
as compared to H. Again, the dication has shorter halogen bonded distances than does the neutral. Note
also that the larger size of I vs H prevents the third H--F~ HB that is present in Figs 1a and 1c from
occurring in the halogen-bonded species. In fact, this third HB is only possible for Y=F", which is at
least partly responsible for the much stronger bonding of F~ as compared to the other halides. Fig 2
provides a broader picture of how the geometries are affected by the nature of the halide, as well as the
charge state of the receptor and the identity of the binding atom. The substituent chosen for illustration
in Fig 2 is NHa, which is on the opposite end of the electron-donation spectrum from NOz in Fig 1. The
fully optimized geometries of all species discussed below are illustrated in the Supplementary
Information, and display very similar trends.

The effects of the various substituents on the binding energy are evident in Fig 3 which represents
the neutral receptors. (Numerical data are displayed in Table S1.) As one moves from left to right there
is a general trend toward larger binding energy. The broken lines refer to the H-bonding molecules, and
the halogen bonding species with X=I are indicated by the solid lines. The identity of the halide anion is
color coded.

There are several overall trends that are apparent in Fig 3. In most cases, the electron-releasing
amino group Yields the weakest binding and NO3 the strongest. The solid lines lie above their broken
counterparts, which represents the stronger halogen vs H-bonding. This preference for | over H varies
from 1.6 to 5.8 kcal/mol, and is generally larger for the more strongly bound species on the right side of
Fig 3. Another clear trend is the diminishing binding strength of the halides in the order F->> CI- > Br-
> |7, whether by a H or halogen-bonding agent.

Within the overall trends are several other interesting patterns. For example, the data for the OCHs
substituent suggest a real difference between H and X bonding. Methoxy seems to provide anomalously
strong binding for the broken curves representing H-bonding, in comparison to their halogen-bonding
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counterparts, indicated by the solid curves. This distinction is perhaps most readily apparent in the
comparison with the similar OH substituent to its immediate right in Fig. 3. Examination of the
optimized geometries provides a ready explanation for this apparent paradox. When X=H, the methyl
groups are oriented toward that halide, engaging in weak H-bonding with it. These secondary HBs have
(H-Y") lengths on the order of 3.5 A, which are rather long but there are four such bonds in each case,
which have a cumulative effect. In addition, there is a Y—o*(CH) charge transfer observed in the NBO
analysis which reinforces this stabilizing effect. However, when X=H is replaced by the much bulkier I,
the methyl group is forced into the opposite orientation, where any such interaction is impossible. So
one can perhaps attribute the “bumps” in the H-bonding broken curves of Fig 2 to this supplementary
CH-Y" H-bonding.

Another substituent which behaves in a perhaps surprising pattern is -COOH. As displayed in Fig
S8, when X=H, the COOH group is oriented with its -OH turned toward the halide, and cis to the
carbonyl O. However, when the H is replaced by I, -COOH rotates around by 180° such that it is its
C=0 which is turned toward the binding halide. On the other hand, this reorientation has little effect
upon the energetics, since the -COOH does not engage in any bonding with the halide in either of these
two conformations, and there is little energetic difference between these two orientations.

The addition of a double positive charge on the receptor leads to stronger binding with the halides, as
one would expect. The degree of strengthening is illustrated by comparison of Fig 4 with Fig 3.
Whereas the neutral binding agents with X=H span a range between 3.9 and 16.6 kcal/mol, the
minimum and maximum for the dications are 6.9 and 24.0 kcal/mol, respectively. Similarly, for X=lI,
the range for the neutrals is 8.5-21.1 kcal/mol, and that of the dications is 12.8-29.6 kcal/mol. It is
perhaps interesting that the enlargement of the binding energies induced by a double positive charge is
no larger than this.

It is worth noting as well that the patterns for the dications and neutrals are quite similar, with
binding energies rising from left to right, as the substituent alters its character from electron-releasing to
withdrawing. Also consistent with the neutrals in Fig 3, the interactions with X=I are stronger than with
X=H for the dications as well. The preference for | over H is larger for the dications, but only slightly
so. For example, the largest I/H difference for the neutrals is 8.1 kcal/mol, which occurs for the -
COCHGg substituent. The same substituent is responsible for a 9.7 kcal/mol preference of | over H for the
dications.

The gap between the solid and broken curves in Fig 3 is related to the improved ability of the I-
substituted receptor to bind each halide, relative to the unsubstituted species. This gap is largest for F,
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roughly 7-8 kcal/mol for the neutral receptors and 8-10 kcal/mol for the dications. In terms of an
equilibrium constant, 7 kcal/mol would translate at 25° C to a 10° enhancement of the binding of
fluoride by I-substitution, and this quantity would be as large as 107 for the dicationic receptor. The
interactions of the other halides are also strengthened by the I-substitution, but not by quite as much,
more in the range of 3-6 kcal/mol.

The magnitude of substituent effect is another important parameter. Turning first to the neutral H-
bonding receptors, the broken curves in Fig 3, the change of substituent from NH> to NO., raises the
binding energy by 2-5 kcal/mol, largest for F~ and smallest for I". This same increment is larger for the
halogen-bonding receptors in Fig 3, in the range between 3 and 7 kcal/mol. Adding double positive
charge to the receptor results in a small increase of roughly 0.5 kcal/mol in the aforementioned NO; -
NH: difference for the H-bonding receptors, about 0.7 kcal/mol for the halogen bonding agents. In
summary, the I-substituted receptors, whether neutral or cationic, display a greater sensitivity to
substituent than do their H-bonding counterparts.

Just as in the case of the neutrals in Fig 3, the dications also present an anomalously large binding
energy for the OMe substituents when X=H, as indicated by the broken curves in Fig 4. Again, this
effect is the result of secondary H-bonding to the methyl groups. A similar inflation appears in Fig 4 for
the COCH3 group which has a similar origin: CH:-Y™ H-bonding. This interaction is absent in the
neutrals because the COCHz3 group adopts the opposite configuration there, with CHs trans to the Y~
anion. One may note that the binding energies of the OH substituent in Fig 4 are also somewhat higher
than in Fig 3, relative to the other substituents. Again, secondary H-bonding is the culprit, in this case
OHY".

Electrostatics and Charge Transfer

The interaction of each receptor with a halide will clearly have a strong electrostatic component.
The anion will be attracted toward the positive region of the pertinent atom, whether H or I. The
molecular electrostatic potential (MEP) surrounding each receptor was evaluated on a surface
corresponding to an isodensity contour of 0.001 au. The maximum value of this potential on the binding
atom, either H or I, and pointing directly toward the incoming halide, is illustrated in Fig 5 for all
binding agents, with numerical values displayed in Table S2. The potential is clearly most positive for
the dications, shown in red, compared to the neutrals in green. Secondly, the potentials are uniformly
higher for X=H (broken curves) than for X=1 (solid). This trend is opposite to the binding energies in
Figs 3 and 4 where X=1I engages in stronger binding with the halides. Another point of difference is
related to the magnitudes. As indicated above, the dications bind more strongly to the halides than do
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the neutrals, but not by a wide margin. The dication/neutral ratio of binding energies is between 1.2 and
2.0. In contrast, however, there is a much larger ratio of electrostatic potentials between the charged and
neutral species in Fig 5, some three to fourfold. Also, the curves in Fig 5 flatten out toward their right
extrema, while the binding energies rise up more quickly, suggesting that the MEP does not adequately
represent the effects of the strongly electron-withdrawing substituents. Clearly, then, Coulombic forces
cannot be considered the only factor, or perhaps even the dominant one, in the binding of halides.

On the positive side, the rise in the potentials from left to right in Fig 5 does conform at least in a
general sense to the trends in the binding energies in Figs 3 and 4. It is interesting to note that the
broken green curve in Fig 5, corresponding to the neutral agents with X=H, shows the same bump at
OMe as appears in the four broken curves of Fig 3. This similarity, absent in the solid curves of both
figures, indicates that the position of the methyl group has an influence on the MEP commensurate with
its effect on the binding energy.

The interaction between an anion and receptor can be expected to lead to a substantial polarization
component. That is, the presence of the halide ought to induce a shift in electron density within the
binding agent, as well as the obvious transfer of density from halide to receptor. The energetic
consequence of such charge shifts can be assessed via the NBO procedure. In the case of a CH-Y™ HB
for example, the shift of charge from the lone pairs of the halide into the 6*(CH) antibonding orbital
accounts for a second order perturbation energy E(2); a similar quantity is calculated for a halogen bond
where the charge is transferred into the o*(IC) antibonding orbital. (It should be noted that in a few
cases, there is a secondary HB, as for example the -OCHj3 substituents mentioned above. In these cases,
the E(2) of these secondary interactions with the halide are included in the data below so as to furnish a
more complete treatment of charge transfer.)

These values of E(2) are displayed in Figs 6 and 7 for the neutral and dicationic complexes,
respectively, where several familiar trends are again present. (All numerical values are reported in
Table S3.) These quantities are larger for the dications than for the neutrals, and become larger from left
to right in the figures. They are more reflective of the binding energies than are the MEP maxima in Fig
5 in that the difference between dication and neutral is not overly dramatic. Also, their shapes are rather
similar. They both rise at a good clip, even at the right extrema. Both sorts of curves contain the bump
at the OMe substituent for the neutrals, for X=H, but not for X=I. Regarding the dications, both Figs 4
and 5 contain what appears to be a dip for X=H (which is in reality a supplement to the surrounding
substituents from secondary interactions). On the other hand, the NBO values are like MEP quantities in
that they are both larger for X=H than for X=I, in contrast to the binding energies. However, the larger
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values of E(2) for HBs as compared to XBs is not surprising as it is a general feature of NBO E(2), in a
wide range of different systems "3,

One may ask whether MEP maxima or NBO quantities represent a better means of predicting or
measuring binding strength. Figs 8 and 9 display the correlation coefficients in a linear fit of E, to each
quantity, respectively. The fits are clearly superior for E(2) in Fig 9. For example, the correlation
coefficients are especially good for the halogenated binding agents, whether neutral or dicationic, with
R?>0.97. One might conclude that the energetic representation of interorbital charge transfer, as
encapsulated by NBO, provides a more rigorous reproduction of the full binding energy than does the
electrostatic approximation, although neither can be said to be perfect.

Geometries

The charge transferred into the 6*(CH)/(CI) antibonding orbitals is well known to lengthen these
covalent bonds upon formation of the relevant complexes 4’8, The elongation that occurs in these
bonds is reported in Table S4 for the various complexes. In summary, the stretches obey many of the
same patterns as do the binding energies. They are uniformly larger for the halogen than for the H-
bonded complexes, and the dicationic systems manifest longer elongations than do the neutrals. Also in
parallel with the binding energies, the stretches follow the rule F >> CI"> Br > I". In moving from left
to right, i.e. from electron-releasing to electron-withdrawing substituents, there is a clear pattern of
increase in the elongation. Regarding the range, the smallest stretch amounts to 0.003 A for the neutral
species H-bonded to I, and the largest elongation of 0.049 A occurs for the cationic halogen-bonded
receptor interacting with F.

Both HBs and XBs have a strong preference for linearity. There is some question as to how the
internal restraints within the receptors might accommodate this preference, given their nonplanarity, the
difference in length between CH and CI bonds, as well as the variable size of the four halides. All of the
complexes are able to maintain near linearity, with the largest deviation being only 14°. There is little
distinction between H-bonding vs halogen-bonding receptors, nor does the presence of charge or the
degree of electron-withdrawing character of the substituent have an appreciable effect. In fact, the only
substantive trend is that the small size of the fluoride anion leads to about 5° larger deviations from
linearity than do the other halides.

The unbound receptors are not planar species. The two triazole rings are rotated around the CN
bond connecting them to the central benzene by varying amounts. The ¢(CNCC) dihedral angle (where
the latter two C atoms lie in the phenyl group) is taken as the measure of this nonplanarity. As displayed

in Table S5, this nonplanarity lies in the 28-35° range for the neutral H-bonding receptor, and becomes
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about 8° larger for the analogous dication. The much larger size of the | atom leads to greater
nonplanarity in the halogen-bonding receptors, averaging 61° and 69° in the neutral and dications,
respectively.

However, the strong HB forces pull the two triazole rings into much closer coplanarity when the
anions are bound (Table S6). The two rings are held within 1° of coplanarity for the F~ anion. Although
the larger sizes of the other halides prevent attaining this level of planarity, one can still observe a much
diminished @(CNCC). The measure of nonplanarity decreases on average by 16° upon binding of CI-, 8°
for Br, and 6° for I', consonant with the enlarging sizes of these halides. The corresponding reductions
for the dicationic H-bonding receptors are 13, 12, and 7°, respectively. The XBs exert a similar pull
trying to bring the two triazole rings closer to coplanarity, but the much larger size of the I atoms
opposes this trend, keeping ¢(CNCC) up around 50-60°. The reduction in this angle arising from
binding of the anions is thus only 3-6° for the neutrals and 6-9° for the dications.

CONCLUSIONS AND DISCUSSION

The receptors considered here engage in strongly bound complexes with the various halides, in the
order F>> CI > Br > I". The binding energies vary from 4 to 21 kcal/mol for the neutral receptors,
rising to the 7-30 kcal/mol range for dications. In all cases, the replacement of the H atom of the
receptor by I strengthens the interaction. This differential amounts to between 3 and 10 kcal/mol, which
equals 20-100% on a percentage basis. The binding grows steadily stronger as the substituent Z
becomes more electron-withdrawing. The largest increment, that between the NH2 and NO>
substituents, amounts to a 30-50% rise. Sensitivity to substituent is larger for I-substituted receptors
than for their H-bonding counterparts, and dicationic receptors of both sorts show a heightened
sensitivity. There are minor deviations from the strict ordering of binding energy with electron-
withdrawing capacity of the substituent, most of which can be attributed to direct but weak secondary
interactions between the halide and the substituent itself.

The total binding energies can be correlated with their chief contributing forces, viz. Coulombic
attraction and charge transfer. The former is measured by the magnitude of the MEP on the X=H or |
atom to which the halide is attached, and charge transfer is assessed via the NBO second-order
perturbation energy. Both of these quantities grow along with the electronegativity of the substituent,
but also show certain deviations from the binding energy than do their H-bonding counterparts. Most
notably, while the halogen bonding agents (X=I) engage in tighter complexes with the halides, both
MEP and E(2) would suggest the opposite pattern. Nonetheless the NBO charge transfer correlates
better with the binding energy than does the MEP.



The binding produces certain geometrical changes in the receptors. Chief among these is the
elongation of the CH/CI covalent bonds. These stretches are larger for the halogen than for the H-
bonded species, and obey trends very much akin to those observed for the energetics. The receptors are
able to mold their shape so as to engage in nearly linear HBs/XBs with the bound halide, even
accommodating the very large iodide. This linearity is associated with modification of the internal
geometry of the receptor, such that the two triazole rings come closer to coplanarity with the central
benzene ring than in their unbound state.

Comparison with earlier work 2 enables conclusions to be drawn concerning the effect of the central
group to which the two triazole rings are bound. The earlier calculations used a pyridine rather than a
benzene ring as a connector, and the two triazole rings were bound to this connector by one of their C
atoms, rather than N as here. These changes produced very little effect upon any of the binding
energies, with one exception: the H-bonds to fluoride were weakened by some 20-40%.

As one might anticipate in cases involving charged species, there are locations other than the
multidentate H-bonding or halogen-bonding sites of interest here that can attract the halide anion. In
most cases, the other local minima were of considerably higher energy and thus largely irrelevant to the
arguments presented above. The exceptions involved those substituents like -COOH that contain a
highly acidic proton that can engage in a OH--X" HB with the halide. When F" interacts with the
carboxyl-substituted receptors, the formation of such a -COOH--F~ HB is energetically preferred over the
usual binding site. The same is true for the -OH substituents which can again engage in a OH--F"HB.
The ability of such strong proton donors as substituents must therefore be a consideration in the design
of halide receptors.

There are other more minor perturbations from the global minimum that occur as secondary minima
in a few cases. These other structures involved a rotation of the substituent. Taking OH as an example,
the H atom could be oriented toward or away from the incoming halide. In the case of the neutral
receptors, the OH favored rotation away from the halide, as depicted in Fig S4. The other conformation
was higher in energy by roughly 1 kcal/mol. The dicationic receptors favored the OH rotated in toward
the halide, by something on the order of 5 kcal/mol, also illustrated in Fig S4. Very similar observations
apply to several other substituents, specifically OMe, COMe, CHO, and COOH. In any case, it is the
global minima that are reported and analyzed here.

Although only recently engendering detailed study, the use of halogen bonding receptors to complex
with anions has yielded some related principles. While limited to simpler monodentate receptors and

not considering halides directly, Sarwar et al ”° noted a linear free energy relationship between the
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binding constant and substituent constant or calculated MEP of the substituted iodoperfluoroarene
XCeF4l receptors. Like our own findings above these authors noted limitations to a purely electrostatic
representation of halogen bonding and differences between halogen bonding and hydrogen bonding.
The following year saw the examination of a bipodal halogen-bonding receptor 8 in concert with
halides, but did not explicitly consider substituent effects, also true of slightly later work 6. A very
recent report confirmed our finding that the binding energy increases with diminished size of the halide
%9 as well as the superiority of halogen bonding through I as compared to H-bonding, but again little in
the way of substituent effects could be gleaned from this work. The amplification of binding energy
resulting from replacement of H by | had been noted earlier 88, albeit without direct evaluation of
substituent effects, and this same effect can be utilized for catalysis °. The same principles appear to

apply to tripodal receptors *° as well.

ACKNOWLEDGMENTS
Computer, storage and other resources from the Division of Research Computing in the Office of

Research and Graduate Studies at Utah State University are gratefully acknowledged.

SUPPORTING INFORMATION
Numerical values of all binding energies, Vs.max, NBO values of E(2), geometrical aspects, and
diagrams of all optimized geometries. This material is available free of charge via the Internet at
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Fig 2. Optimized geometries of complexes of halides with neutral and dicationic BTB receptors with X=NH..
Distances in A. C, N, I, and H atoms are grey, blue, purple, and orange, respectively.
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Fig 3. Binding energy of halides (") to neutral receptors BTB with different substituent groups Z. 2H indicates
H-bonding complexes (X=H) and 2I refers to halogen-bonding complexes with X=I.
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Fig 4. Binding energy of halides (Y") to dicationic receptors BTB*2 with different substituent groups Z. 2H
indicates H-bonding complexes (X=H) and 21 refers to halogen-bonding complexes with X=I.
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2H indicates H-bonding receptors and 21 refers to halogen-bonding receptors.
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