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ABSTRACT
Receptors for halide anions are constructed based on the imidazolium unit, and then replacing the H-
bonding C-H group first by halogen-bonding C-I and then by tetrel-bonding C-SnH3 and C-SiFs. Attaching
a phenyl ring to any of these species has little effect on its ability to bind a halide, but incorporation of a
second imidazolium to the benzene connector, forming a bidentate dicationic receptor, greatly enhances the
binding. Addition of electron-withdrawing F atoms to each imidazolium adds a further increment. F-
consistently binds more strongly to the various receptor models than does ClI". Whereas replacement of the
H atom on the imidazolium groups with the halogen-bonding I has an inconsistent perturbing effect, tetrel-
bonding SnH3 significantly enhances the binding with either halide, and SiF3 even more so. Placement of
the various complexes into aqueous solution reduces binding energies, but the trends that occur in the gas
phase are largely reproduced in water. The tetrel-bonding receptors are the most selective for F~ over CI,
with an equilibrium ratio on the order of 10'* for SnH3 and 10°® for SiF3 . When combined with their strong
halide binding, SiF3-ImF3-Bz-ImF3-SiF3 " bipodal receptors represent an optimal choice in terms of both
binding strength and selectivity.
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INTRODUCTION

The detection, extraction, and transport of anions is of paramount importance in a wide diversity of
applications, whether biological or chemical, medical or environmental . In the biological realm, various
organisms have evolved binders that are highly specific for one anion or another. One example is the
sulphate-binding protein of Salmonella typhimurium ? which binds this anion via a number of H-bonds.
Another protein is responsible for the binding and transport of phosphate * with very high specificity.
There is a protein in blue-green algae that is highly specific for the nitrate anion *, and another binds
specifically to bicarbonate °>. Whereas the evolutionary process has developed some very specific and
selective anion binding agents, modern technology lags behind. Many receptors make use of general
electrostatic interactions, and sometimes of H-bonds %®. The thiourea molecule, for example, is a widely
used °'? anion binder, taking advantage of its H-bonding capability.

One important advance in this field has arisen with the growing recognition of the phenomenon of
halogen bonds (XBs) '*!°, wherein an attractive force occurs between a halogen atom and an electron
donor, such as the lone pair of an amine. One of the more intriguing and potentially useful applications of
XBs is associated with the development of receptors that are highly selective for one anion over another 2%
32 Our own group **** has applied quantum chemical calculations to this issue, showing that the
replacement of H in a series of H-bonding bidentate receptors by halogen atoms can indeed enhance their
binding to halides. The work detailed a remarkable enhancement of both binding and selectivity, most
particularly when the H atom is replaced by L.

It seems clear, then, that halogen bonding has enormous potential to magnify the ability of receptors to
bind anions. But just as the switchover from H to halogen bonding introduced a new dimension to the
field, extending this same philosophy to other related sorts of bonding may also offer added benefits. More
specifically, just as the elements of the halogen family (Cl, Br, I, etc) can replace H as a bridging atom in
strongly bound complexes, the same is equally true for other families in the periodic table. There is rapidly
growing evidence, for example, that chalcogen atoms such as S and Se engage in bonding of a parallel sort
3642 And indeed that chalcogen bonds can act to bind various anions to receptors has already been well
documented -7,

These sorts of binding patterns are not limited to halogens and chalcogens, but are widely reported as
well for pnicogens (P, As, etc) ¢ Although not as well documented at this juncture, there is a growing
avalanche of data that demonstrate the same is true of tetrels (Si, Ge, etc) °>’*°. These notions should not be
entirely surprising, as all of these atoms, like halogens, display highly asymmetric charge distributions
when bound to another atom, and are even less electronegative than the halogens, so have a better native
ability to generate a positive electrostatic potential region directed toward an approaching nucleophile.

It was just this idea that motivated our group to perform a set of calculations to examine how the latter
sorts of bonds might compare with one another in this context. The transition from chalcogen to pnicogen
to tetrel yielded ® not only progressively stronger binding to anions, but also greater selectivity. In a
quantitative sense, the binding energy of halides to a tetrel-bonding bidentate receptor was as high as 63
kcal/mol, and preferentially bound F~ over other halides with a selectivity of 27 orders of magnitude. These
quantities are especially impressive, given the fact that the receptor was electrically neutral, forgoing the
positive charge on many other such candidates. These findings were reinforced ¢’ by additional
calculations that showed an enhancement when progressing further down each column of the periodic table.



In an interesting distinction, whereas the strongest fluoride binding agents utilize the tetrel bonds of the Sn
atom, it is [-halogen bonds that are preferred for Cl" and Br".

The aforementioned calculations, and many of the experimental measurements, have centered on
bipodal receptors in which a pair of imidazoliums act as the direct binding units. These two rings are
attached to one another through the intermediacy of a relatively inert connecting unit, in many cases a
benzene ring. The past findings lead to several important questions related to the design and synthesis of
effective anion binding agents. In a general sense, do the various parts of the receptors work in concert
with one another; i.e. is the whole greater than the sum of its parts? More specifically, are two binding
agents on the same molecule truly better than one? Does the binding suffer, and if so by how much, if the
bipodal receptor is replaced by the much simpler single imidazolium? What is the influence of the
connecting benzene ring; does the binding of an imidazolium improve if attached to such a ring? Since it is
well known that the proximity of electron-withdrawing agents add to the electron-accepting ability of a
Lewis acid, can the full receptor be improved by adding such agents onto the imidazolium rings? Past
work has suggested that tetrel bonding compares favorably with both halogen and hydrogen bonding, so a
comparison of these three binding modes is in order. It should be stressed that an effective binding agent is
not defined simply by the strength of its interaction with a halide, but also by its degree of selectivity for
one anion over another. So the data below focus on both of these two issues.

SYSTEMS AND METHODS

The dimethyl-imidazolium ion ImH" was taken as a starting point for complexation with halides F~ and
CI'. These two anions are used in order to measure selectivity for one anion over the other, as past work 3*-
35,66-67 has indicated a great deal of differential binding between the two of them. As illustrated in Figs 1a
and 1b, these halides interact directly with the CH group that lies between the two methyl groups. In order
to assess any enhancement in binding that arises by changing the bonding from a H-bond (HB) to halogen
or tetrel bond, this central H was changed respectively to I and SnH3, as displayed in Fig 1. These atoms
were chosen from the fourth row of the periodic table as past results %7 suggest they form especially
strong halogen and tetrel bonds, respectively. On the other hand, it is widely understood that the addition
of electron-withdrawing agents enhances the ability of the atom in question to accept electrons. So even
though Si lies two rows higher than Sn in the periodic table, and thus forms weaker tetrel bonds, its Lewis
acid strength ought to be enhanced by adding F atoms. Consequently, it is of interest to compare the
binding of SnH3 with SiF3, also pictured in Fig 1.

The first step in formation of the bidentate receptors that contain a pair of imidazoliums is the addition
of a benzene ring connector, so the methyl group on one N atom was replaced by a phenyl group, as
pictured in Fig 1c. The full bidentate receptor is achieved when a second ImH" is added to the phenyl ring,
with structures of the dications illustrated in Fig 2. As in the monodentate cases, the CH group of each
ImH" was replaced alternately by I, SnH3, and SiF3. In keeping with the observation that the presence of
electron-withdrawing agents near the electrophile enhance the binding, a single F atom was added to each
of the two Im rings, ortho to the electrophilic group, as indicated in Fig 3. This effect was magnified by
adding two more F atoms, for a total of three, on each ring, shown diagrammatically in Fig 4. Each of
these receptors was paired with both F~ and CI, for a total of 36 different receptor-halide pairs. The
imidazoliums and benzene spacer groups were chosen first because of their resemblance to receptors

1, 8,21, 28,47, 68-71

studied earlier , and also because prior calculations ** had indicated they represent an optimal

choice for this purpose.



All the calculations were carried out with the M06-2X DFT functional ’? in conjunction with the aug-
cc-pVDZ basis set, within the framework of the Gaussian-09 7* set of codes. For the heavy atoms I and Sn,
the aug-cc-pVDZ-PP pseudopotential was taken directly from the EMSL library "#7° so as to incorporate
relativistic effects. This level of theory is appropriate for this task, as evident by previous work by others
7685 and very recently by ourselves in dealing with very similar sorts of systems **3°. The geometries of
the receptors and complexes were fully optimized without any restriction, taking into account only true
minima with all positive vibrational frequencies. The binding energy, Ep, of each halide with its receptor
was calculated as the difference between the energy of the complex and the sum of the energies of
separately optimized monomers. Each binding energy was corrected for basis set superposition error using
the counterpoise 3¢ procedure. To account for solvent effects, the polarizable conductor calculation
model (CPCM) was applied ¥7, with water as the solvent. Molecular electrostatic potential maps were
visualized and quantified with the Chemcraft and WFA-SAS programs %% and charge transfer assessed
via the Natural Bond Orbital (NBO) technique *°.

RESULTS

The optimized geometries of ImH" and its I, SnH3, and SiFs-substituted derivatives with F~and CI" are
illustrated in Fig 1a and 1b, respectively. The ImI" complexes are linear around the I atom, while some
deviations from linearity are observed in the H, SnH3, and SiF5 structures. The largest deviation occurs
when ImH" is paired with CI', as a secondary CHe+C1 HB, of length 2.591 A is formed with one of the two
methyl groups. However, this HB is obviously quite a bit weaker, longer and more bent, than the primary
interaction with the central CH of imidazolium. It is also notable that this same CH proton effectively
transfers to F-, lying much closer to F than to C. The I, SnH3, and SiF3 groups also lie closer to F than to
the imidazolium C. Such a transfer does not occur in the CI” analogues. Whether F~ or CI', the halide lies
somewhat closer to Sn than it does to I, by 0.08-0.10 A, with the Si-*X distance shorter still.

The binding energies of the F~ and CI" anions to the receptors are recorded in the first two rows of Table
1. It is immediately clear that the former binds much more strongly than the latter, by a factor of 4 to 5.
This strengthening is due first to the higher charge concentration of F. A second factor is the near transfer
of the R group from the imidazole ring to F, as r(R-F) is consistently shorter than is r(R-C). The Sn atom
serves as a stronger anchor to the halide, followed by H and then by I, although the latter two are reversed
when F is changed to the larger CI'. It is the perfluorinated SiF; group, however, that engages in the
strongest binding of all.

In construction of the bipodal receptors, a phenyl ring is attached directly to one of the N atoms of the
imidazolium. Such a ring therefore was substituted for one of the two methyl groups, and the optimized
geometries of these modified imidazoliums with F~ are illustrated in Fig lc. It is immediately apparent that
the methyl-to-phenyl mutation affects the analogous geometries of Fig 1a in only minor ways. In either
case, the R group transfers across to F. And the mutation effect on the binding energies is vanishingly
small, below 3%.

The next step in construction of the bipodal receptors is the placement of a second imidazolium ring on
the connecting phenyl. Figs 2a and 2b display the optimized geometries of the H, I, Sn, and Si receptors,
when bound respectively to F- and CI". The geometries are symmetric, or very nearly so, with the halide
equally distant from the two R groups. Unlike the single Im rings in Fig 1, there is no transfer of either the
H or I atoms to F, although the SnH3 groups are roughly halfway transferred, with r(Sn-F) slightly shorter
than r(Sn-C); similarly for SiF3. In comparison to the monodentate complexes in Fig 1, r(C-R) is shorter
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and r(R-X) is longer. Any strain involved in forming a pair of bonds to the halide is largely muted, with
0(C-R-X) angles between 156° and 171° in the bidentate species of Fig 2. With respect to the orientation
of the central phenyl ring it lies nearly in the plane of the two imidazole rings for R=H, but more nearly
perpendicular for R=I and SnH3.

The energetics of these bipodal complexes are contained in the R-Im-Bz-Im-R*? rows of Table 1. Not
surprisingly, these quantities are considerably larger than the corresponding monodentate energies. This
magnification is equal to a factor of 1.5 for X=F, but larger for X=Cl, between 2.0 and 3.9. In a sense,
then, the binding to CI" is cooperative in that the formation of two Re*Cl bonds is more than twice as strong
as the single bond for the monodentate receptors. In contrast, the binding to F~ is anticooperative as the
bipodal receptors bind less than twice as strongly as do their monopodal analogues. In the context of the
bidentate species, the smaller F~ is bound roughly twice as strongly as is CI°, not quite as extreme a
difference as monodentate.

It is well known that adding electron-withdrawing agents in the vicinity of the electron-accepting R unit
will typically enhance the ability of this species to engage with an electron donor such as a halide anion. A
F atom was thus added to each of the two imidazolium rings, as depicted in Fig 3. The effects of this
substitution can be recognized by comparison to the unsubstituted complexes in Fig 2. In the case of R=H,
the substitution moves the F~ to an asymmetric position, along with a transfer of one of the CH protons to it,
with r(FH)=1.004 A. There is also a loosening up of the CHe+O HB to the phenyl ring, with r(Hs*F)
elongating from 2.033 to 2.240 A. The effects on the Cl" binding geometry are more minor, although the
HB to the central phenyl group is broken. For R=I, SnH3, and SiF3, the H-to-F mutation simply shortens
the Re+X distances, with accompanying smaller elongations of the covalent C-R bonds. The addition of
two more F atoms on each Im ring introduces only minor further perturbations of the geometry.
Comparison of these hexa-substituted F receptors in Fig 4 shows further reductions in the Re+X distances,
and smaller elongations of the C-R covalent bonds.

The last four rows in Table 1 report the energetics of the F-substituted receptors. One sees that these
substitutions lead to progressive enhancements in the binding energy. The first pair of F mutations raise
this quantity by 11-16 kcal/mol for F~ and 7-18 for CI'; the increments for the next four F substitutions are a
bit smaller, roughly 65% of those arising from the first pair of F replacements. Considering the full results
in Table 1 in total, one sees first of all that the tetrel bonding for R=SnHj3 is consistently stronger than for H
or I, and that for the fluorinated tetrel SiF3 stronger still. Indeed, the latter binding represents an increment
of some 25 kcal/mol (12%) over SnH3 for F~, and as much as 16 kcal/mol for CI". F~ binds much more
strongly than does CI. The largest binding energy of all, 251 kcal/mol, is associated with F~ and the
hexafluorinated receptor with R=SiFs.

Aqueous Environment

A great deal of interest lies in the use of anion receptors within an aqueous environment. Accordingly,
the binding energies of the various complexes were computed when the system was immersed in water,
within the context of the CPCM protocol which views solvent as a polarizable medium. Since the
individual participants are both electrically charged, the receptor is a mono/dication and the halide a
monoanion, this medium very strongly stabilizes the separated monomers, much more so than the complex
with an overall charge of 0 or +1. Consequently, the binding energies are greatly reduced, as may be seen

in Table 2 in which these quantities are compiled. Despite these reductions, the trends remain quite similar
to those in the gas phase, as is evident by a comparison of Fig 5b with 5a. Regardless of medium, the
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fluoride (solid lines) is bound more strongly than chloride (broken lines). As one moves from left to right
in Fig 5, the single Im ring is replaced by a pair of rings, then first 1 and then 3 F atoms are added to each
ring. Regardless of medium, each of these changes produces an enhancement in the binding. With respect
to the F~ solid lines, R=SnH3 which is denoted by red lines, binds more strongly than do R=H (black) or I
(purple). This latter distinction is most obvious for aqueous solution, where R=I binds more strongly than
does R=H. The green lines associated with the SiF; perfluorinated tetrel substituents are considerably
higher than all others. This large increment is particularly notable for fluoride binding in water. Chloride
binding is less dependent upon R, although R=H is noticeably more weakly bound for the fluorinated Im
rings in water. It is stressed finally that despite the ability of aqueous solution to weaken the interaction,
the binding energies remain rather large, particularly for fluoride, where E, ranges up to as high as 64
kcal/mol.

By suitable incorporation of vibrational and entropic effects, one can compute the free energies of
binding. These quantities are generally a bit less exothermic than are AE, generally by some 5-11 kcal/mol.
More importantly, these changes are fairly uniform from one system to the next, and so the trends in Fig 5
are basically unaltered. For example, the free energy of the most strongly bound complex between SiFs-
ImF3-Bz-ImF3- SiF3™ and F~ is 238 kcal/mol in the gas phase, less exothermic than AE by some 13
kcal/mol. As another example, the binding energy of Cl- with H-Im-Bz-Im-H*? is 98 kcal/mol, reduced to
90 kcal/mol when AG is evaluated.

As mentioned earlier, F~ is bound more strongly than is CI’, so these receptors are capable of a certain
degree of selectivity for the former over the latter. The free energy advantage of binding of fluoride over
chloride is contained in Table 3 where it may be seen to vary from a minimum of 8.7 kcal/mol for Im-H" to
as high as 40 kcal/mol for SiF3-ImF-Bz-ImF-SiF5*2. Indeed, the R= SiF; receptors in the last column of
Table 3 show the largest AG selectivity of 37-40 kcal/mol, roughly twice that of even the SnH3 analogues.
The equilibrium ratio of fluoride to chloride bound receptors can be expressed as K=exp(AG{F}-AG{CIl
})/RT which are displayed in the indicated rows of Table 3. Clearly, the R=SiF3 receptors are uniformly the
most selective, with K~10%%. They are followed by their SnHj sisters with quantities of roughly 10'%. The
R=I receptors are much less selective, with K in the range between 107 and 108. There is a good deal of
variability for R=H. If the Im rings are not fluorinated K is roughly 10° - 107, but this quantity rises as F
atoms are added to the Im rings, reaching 4x10!! for a single F atom, and as much as 5x10'* for
trisubstituted rings.

An optimal receptor will not only be selective for F-, but will also bind it strongly. So while H-ImF3-
Bz-ImF3-H" shows a selectivity comparable to its SnHs-substituted analog, Table 2 shows the binding
energy of the former is 29 kcal/mol, compared to 41 kcal/mol for SnH3-ImF3-Bz-ImF3-SnH3™2. This 12
kcal/mol difference corresponds to nearly a 10° advantage when expressed as a Boltzmann ratio. But the
SiF; tetrel binding receptors are superior in both respects. Not only is their equilibrium F7/CI ratio much
larger than any of the others, but their binding energy is also the greatest, and by a wide margin. In
summary, the R= SiF; receptors show the highest selectivity for F- over CI. When coupled with a pair of
trifluorinated Im rings, the combination of strong binding and high selectivity make these receptors the
optimal choice.

Electronic Structure Analysis

There are a number of measures of noncovalent bond strength that derive from analysis of the wave

function. One of these measures is associated with the natural bond orbital (NBO) approach which
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evaluates energetic contributions of charge transfers from one localized orbital to another. In the systems
being considered here, the most prominent such charge transfer is that from the occupied lone pairs of the
halide to the *(C-X) antibonding orbital of the substituted imidazolium. These quantities are displayed in
the first four columns of Table 4. In a number of cases, particularly those involving the SnH3 substituent,
the Sn atoms are nearly equally distant between the halide and the imidazole, i.e. there is at least partial Sn
transfer, which complicates the NBO analysis which depends upon a clear separation. One can nonetheless
see certain enlightening trends in the NBO data. For example, the monodentate complexes in the first two
rows show evidence of a stronger X<*R interaction than the bidentate systems which involve two, albeit
weaker, such noncovalent bonds. The inclusion of first two and then six F atoms on the imidazolium pair
adds to the charge transfer, parallel to the bonding trends in Tables 1 and 2. On the other hand, even
though F~ is consistently bound more strongly than is CI°, there is only a small margin between the two with
respect to E(2), although this comparison is clouded somewhat by the tendency of the H of the
unsubstituted imidazolium to transfer to the former halide. The R=SiF3 values do reflect the stronger
binding of F~ over CI', but not in the monocation cases.

The issue of partial transfer is less problematic in the AIM analysis of the wave function. The total
density at the pertinent bond critical point between X and the R atom is reported in the last four columns of
Table 4. One can see first of all that these densities are larger for the Fe*R noncovalent bonds as compared
to CleeR. As in the case of E(2), the single X+*R bond in the monodentate complexes are stronger than
each of the individual such bonds in their bidentate sisters. Like the interaction energies themselves, ppcp
does not show much variation with respect to the choice of binding atom R, although SiF3 is consistently
largest. There is again the clear tendency that progressive F-substitution on the imidazolium rings
enhances the noncovalent bond strength.

Due to the fact that a full charge is carried by both partners in each complex, it seems obvious that a
good deal of the interaction will arise from simple Coulombic attraction. One can assess the readiness of
each receptor to an incoming anion by inspection of the molecular electrostatic potential (MEP) that
surrounds it. Indeed, prior work ** has shown that the MEP can correlate quite nicely with experimental
anion binding in related systems. In particular, the area between the two R groups where the halide is
destined to reside is of greatest interest. This potential is illustrated for the various receptors in Fig 6. Due
to the positive overall charge on the receptor, the potential is positive over the entire surface; the red and
blue regions respectively indicate the least and most positive areas. The single positively charged receptors
in the top row quite naturally have a lower potential overall than do the dications, so a different set of
extrema is used to show the full range. Also, the R=H receptors tend to have a more positive surrounding
potential than the other R groups.

It appears that the R=I, SnH3, and SiF3 groups are not the most positive regions, but that there is a more
prevalent blue color around the remainder of the Im ring. For R=H, on the other hand, the most positive
area surrounds the C-H proton(s). It is therefore not unreasonable to suspect that an anion might prefer a
location other than that targeted in this work. To test this notion, both F~ and CI” anions were allowed to
approach several of the imidazolium species from a number of different directions. Taking the ImI*
imidazolium as a test case, a fluoride was placed initially in a position where it might approach one of the
methyl groups head-on which could facilitate the formation of a trifurcated CHe*F H-bond. The fluoride
was also placed directly above the Im ring, above the two C atoms that are bonded to H rather than methyl
groups. In either case, the F moved so as to displace the I atom from the C-I group, taking advantage of
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the energetic preference for a covalent C-F over a C-1 bond, as well as the instability of the very compact F-
anion as compared to the much more diffuse I". Such structures do not represent receptor/halide
configurations. When placed initially in the plane of the ImI", approaching its two CH bonds, the F-
extracted one of these two protons, forming a neutral FH molecule; this arrangement was less stable than
the halogen-bonded species by some 9.8 kcal/mol.

Unlike F, CI" is unable to replace the I atom on ImI*. It will engage in a H-bonded complex with one
of the two methyl groups, but this structure is 20.7 kcal/mol higher in energy than the halogen-bonded
complex. CI" will also form CHe+Cl H-bonds with the two CH groups of ImI", but again less stable than the
CIe+Cl structure, this time by 17.4 kcal/mol. Chloride also can find itself above the ImI" plane, specifically
2.81 A above the C atom bonded to I; this local minimum is 4.5 kcal/mol less stable than the halogen bond
of interest. With respect to the diimidazolium I-Im-Bz-Im-I*2, a fluoride can position itself on the other
side of the receptor from the I atom, engaging in CHe*F HBs, but this minimum lies 13.9 kcal/mol higher in
energy than the halogen-bonded global minimum. When placed initially over the plane of one of the two
Iml rings, the F~ anion will again displace one of the two I atoms. In summary, then, the halogen-bonded
species discussed above do indeed represent the global minima for noncovalent binding of the halides.

Another view of the electrostatic potential focuses on its value at a particular point in space. The point
chosen is traditionally that which corresponds to the maximum of the potential on a surface surrounding the
molecule that represents a constant electron density of 0.001 au. The value of this quantity, commonly
referred to as Vsmax for each receptor is displayed in Table 5. The maximum chosen in each case is that
which most closely represents the position to be adopted by the incoming halide, roughly along the
extension of the C-R axis. Like the full maps of the potentials in Fig 6, the values of Vs max are more
positive for the dications than for the monocations in the first row of Table 5. A second trend is the much
higher values for R=H and SiH3, followed by SnH3 and then I, as in the sequence H ~ SiF3 >> SnH3; > 1.
Note also that each substitution of additional F atoms on the Im rings also adds to the magnitude of Vs max,
as one progresses down each column of Table 5.

There are certain trends in Vsmax that mimic those observed for the binding energies. For example, the
stronger binding of SiF3 over SnH3 and then over I is correctly predicted by Vsmax. The stronger binding
caused by progressive fluorosubstitution is also observed in both quantities. On the other hand, while R=H
has the highest Vs max, its binding energy is typically less than that observed for R=SiF; and SnH3, and even
R=I in certain cases. One might conclude that while the electrostatic potential certainly offers important
clues as to the ability of a given receptor to bind to a halide, it cannot be taken as an absolute predictor of
relative binding strength.

SUMMARY AND DISCUSSION

F~ consistently binds more strongly to the various receptor models than does CI". The addition of a
phenyl ring to a single imidazolium perturbs the binding very little. On the other hand, placement of a
second imidazolium on the benzene connector group markedly enhances binding energies. Although less
than a full doubling for F~ binding, there is a strong cooperative effect for CI" which more than doubles Ep.
Whereas replacement of the H atom on the imidazolium groups with the halogen-bonding I has an
inconsistent perturbing effect, tetrel-bonding SnHj; significantly enhances the binding with either halide,
and this effect is even stronger for SiFs;. The addition of electron-withdrawing F substituents on the Im
rings adds a substantial increment to the binding energies.



Placement of the various complexes into aqueous solution reduces binding energies, due to the
preferential stabilization by the medium of the oppositely charged separated species, as compared to the
complexes. Nevertheless, the trends in binding energy that occur in the gas phase are reproduced in water,
barring several minor perturbations. These same trends are true also when binding energetics are converted
to free energies by inclusion of vibrational and entropic effects. The tetrel-bonding receptors are the most
selective for fluoride over chloride, with an equilibrium ratio on the order of 10'* for SnHs and 10°® for
SiF3. When combined with their strong halide binding, SiF3-ImF3-Bz-ImF3-SiF3*? bipodal receptors
represent an optimal choice in terms of both binding strength and selectivity.

There are certain facets of the conclusions arising from the calculations that are consistent with prior
experimental measurements. For example, the magnification of binding energy noted here when a single
receptor group such as imidazolium or its substituted analogs is combined with a second such group in a
bipodal arrangement is consistent with a recent experimental report 4 of a ten-fold magnification of
binding constant with halides. Moreover, there is every reason to think that the computed values of AG in
solution might closely reproduce experimental quantities, based in part on the good agreement noted earlier
“ for the chalcogen bonds formed by Te with halides. There has also been a good correlation noted *!
between binding sensitivity and AH.
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Table 1. Binding energies (kcal/mol) in the gas phase

R=H R=I R=SnHj3; R=SiF3
Im-R" F 130.09 126.01 142.06 175.13
Cr 25.08 28.38 38.08 52.13
R-Im-Bz-Im-R*? F 196.57 191.17 206.14 231.65
Cr 97.89 93.45 99.08 106.62
R-InF-Bz-ImF-R** | F 212.86 202.44 216.83 242.79
Cr 104.90 104.19 109.33 124.88
R-ImF3-Bz-ImF3-R™ | F- 221.16 209.58 223.88 251.50
Cr 110.77 111.17 116.07 127.57

Table 2. Binding energies (kcal/mol) in aqueous solution

R=H R=I R=SnH3 R=SiF;
Im-R" F 7.03 14.14 24.34 53.80
Cr 0.99 3.03 4.82 15.22
R-Im-Bz-Im-R" F 17.37 22.77 29.84 51.92
Cr 8.59 12.55 10.18 11.00
R-ImF-Bz-ImF-R"? F 24.16 27.74 35.73 59.04
Cr 9.70 16.09 14.83 18.38
R-ImF3-Bz-ImF3-R"? | F- 29.46 31.98 40.78 63.87
Cr 10.67 19.37 19.07 23.34

Table 3. Advantage in binding free energy (kcal/mol) at 298 K of F~ over CI, and equilibrium ratio K for

preference of F~ over CI” in aqueous solution.

R=H R=I R=SnHj; R=SiF;
Im-R* AG 8.70 10.10 19.02 36.90
K 2.4E+06 2.5E+07 8.5E+13 1.1E+27
R-Im-Bz-Im-R*? AG 10.08 9.42 18.36 40.15
K 2.4E+07 7.9E+06 2.8E+13 2.6E+29
R-ImF-Bz-ImF-R* AG 15.86 11.05 20.10 39.37
K 4.1E+11 1.2E+08 5.3E+14 6.8E+28
R-ImF3-Bz-ImF3-R™? | AG 20.09 11.81 20.11 38.93
K 5.1E+14 4.4E+08 5.3E+14 3.2E+28
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Table 4. NBO Xj,—c*(R-C) charge transfer energy E(2) (kcal/mol) and electron density at AIM Xe¢R bond
critical point (au)

NBO E(2) PBCP
R=H | R=I | R=SnH; | R=SiF; | R=H R=I R=SnH; | R=SiF3
Im-R* F b | 101.8 78.81 5.13 | 0.2718| 0.0895| 0.0910 | 0.1102
CI' | 59.92 | 91.49 b 8.85 | 0.0588 | 0.0588 0.0590 | 0.0826
R-Im-Bz-Im-R*? F- | 5351 37.31 b P| 0.0617 | 0.0524 | 0.0542 | 0.0699
ClI'| 3141 36.99 44.12 4.60 | 0.0307 | 0.0372 0.0364 | 0.0547
R-ImF-Bz-ImF-R™ | F | 12.21% | 41.50 b 37.92 | 0.0228% | 0.0553 0.0572 | 0.0707
Cl' | 43.52 | 44.12 b 459 | 0.0379 | 0.0408 0.0385 | 0.0573
R-ImF3-Bz-ImF3-R*? | F- | 12.56% | 44.84 b 42.11 | 0.0235* | 0.0565 0.0582 | 0.0707
CI' | 50.22 | 47.59 b 4.65| 0.0420 | 0.0426 0.0397 | 0.0580
R at least partially transferred to X
®NBO unable to make proper separation of subunits
Table 5. Vs,max (kcal/mol)
R=H R=I R=SnHj3; R=SiF;
Im-R* 124.31 110.91 117.88 123.54
R-Im-Bz-Im-R*? 174.56 152.38 159.64 170.75
R-ImF-Bz-ImF-R "2 186.34 161.96 168.46 181.27
R-ImF3-Bz-ImF3-R " 213.672 167.32 174.30 187.34

fused geometry of complex with CI°
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Fig 1. Optimized geometries of complexes of a) F- and b) CI" with ImH" and its I, SnH3, and SiF3-
substituted derivatives. c) Complexes of F~ with phenyl-substituted receptors. Distances in A and
angles in degs.
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Fig 2. Optimized geometries of complexes of a) F~ and b) Cl" with R-Im-Bz-Im-R*2, R=H, I, SnH3, and
SiFs. Distances in A.
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Fig 3. Optimized geometries of complexes of a) F~ and b) CI" with R-ImF-Bz-ImF-R*?, R=H, I, SnH3, and
SiFs. Distances in A,
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Fig 4. Optimized geometries of complexes of a) F~ and b) Cl" with R-ImF3-Bz-ImF3-R*?, R=H, I, SnH3,
and SiF;. Distances in A.
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Fig 5. Binding energies of F~ (solid lines) and CI” (broken lines) with indicated receptors. Black lines refer
to R=H, purple to R=I, red to R= SnH3, and green to R=SiF3. Gas phase values shown in a and
aqueous solution in b.
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Fig 6. Molecular electrostatic potentials (MEPs) of receptors, illustrated on a surface corresponding to 1.5
times the vdW radius of each atom. a) ImR", b) R-Im-Bz-Im-R*?, ¢) R-ImF-Bz-ImF-R*?, d) R-
ImF3-Bz-ImF3-R*2. Ranges shown are in au.
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