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Abstract

Noncovalent interactions between halide anions and a series N-(4-vinyl-2-benzoic
acid benzyl ester)-phenyl-urea containing receptors (1~8) based on hydrogen bond
and (or) anion-m interaction were investigated via theoretical calculations based on
dispersion corrected density functional B3LYP-D3. Particularly, the fluorine
substitution effects were deeply explored. The results showed that the substituent
number and position of fluorine groups on the phenyl ring of the benzoic acid esters
group has a significant effect on the configuration and cooperative property of the
hydrogen bond and anion-rn interactions. Consequently, a more feasible and rational
geometric criterion for either strong or weak halide-anion-n contact was proposed via
three inequalities independent of any empirical parameters, which is different from
the criterion proposed very recently by Albrecht and Rissanen based on their
experience with solid state anion-m interactions (Chem. Sci, 2015, 6, 354-359).
Additionally, electronic properties and behaviors of the systems were discussed
according to the calculations on frontier molecular orbital, total electrostatic potential

and visualized weak interactions regions. It is expected that the theoretical
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explorations from a molecular level in this work may be useful for the future
experimental study and helpful for understanding the structure-activity relationship
between aromatic ring and anion-w interaction in the case of combination of distinct
noncovalent interactions.

Keywords: Anion receptors; Hydrogen bond; Anion-m interaction; Theoretical

calculation

1. Introduction

Due to the ubiquity and importance of anions in biochemical processes, medical

catalyses, sensors and the environmental detections, chemists have prompted

intensive research activities into the development of synthetic anion receptors ™.

Despite the great importance and significant progress of anion recognition and
sensing 2%, the molecular design and synthesis of anion receptors still remains a

challenging field of chemistry. Presently, the conventionally adopted supramolecular

synthons of anion receptor include electrostatic, hydrogen bonding (HB) !'7- 1% 2%

[26, 27]

halogen bonding (XB) *'?* Lewis acid-base ), and anion—n interactions.

Among these noncovalent interactions in anion recognition and reception, HB is the
headmost, the most popular and classical. In contrast, anion—r has been overlooked
for a long time primarily due to their counterintuitive nature, in which anions are
expected to exhibit repulsive interactions with aromatic m-systems owing to their
electron donating character.

Since the pioneering work describing gas-phase clustering reactions between

[28]

anions and hexafluorobenzene “*, much more attention has been attracted to the

anion—t noncovalent interactions including theoretical and experimental

26, 27, 29-34

methodologies | I Typically, anion-n interactions are termed as favorable

noncovalent contacts between an electron deficient (n-acidic) aromatic system and an

[26, 30

anion ] Elegant studies have revealed that the anion-r interaction is, in general,

dominated by electrostatic and anion-induced polarization contributions 2%,

Recently, the strategy of cooperative multiple different noncovalent interactions for
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anion recognition has shown some promising benefits for the design of anion

37391 Taylor® group successfully synthesized a series of urea-based anion

receptors
receptors composed of both -(CO)NH- and -C¢Hs-X (X=F, I) groups, suggesting the
possibility to employ hydrogen- and halogen-bond interactions cooperatively in
molecular recognition, and to modulate the anion selectivity with combinations of the

above two distinct noncovalent interactions*”.

Most recently, a hydroxyl
functionalized tetraoxacalix[2]arene[2]triazine host molecule was synthesized 1 and
its infinite self-assemblies were also produced under the directing of cooperative
anion—7, lone-pair electron—7 interactions and intermolecular hydrogen bond. In our
previous work [**], a novel electron-deficient-aromatic structural unit- and urea-based
anion receptor (N-p-nitrophenyl-N-(4-vinyl-2-five fluoro-benzoic acid benzyl
ester)-phenyl-urea, FUR) was designed to probe its potential for halide-anion
recognition through cooperation of hydrogen bond and anion-t weak interactions via
theoretical calculation. It is found that the N-H---F" hydrogen bond is much stronger
than N-H---X (X=CI’, Br" and I), but the F'-r interaction might be slightly weaker
than X-n(X=CI’, Br and I') interactions. More importantly, F~ anion would be prior
recognized and highly affined by the anion receptor FUR either in vacuum or in
solution phase when it is coexistence with other halide-anions or their mixture,
indicating that the designed FUR could be an ideal receptor for highly sensitive and
selective recognition of F~ anion through the cooperation of N-H:--F™ hydrogen bond

and anion-n weak interactions.

H H
N_ N
\g’ 1: Ry=H, Ry=H, R3=H, R¢=H, Rg=H;
Qe 2:Ry=H, Ry=F, Ry=H, R4=H, Rg=H;
I 3: Re=H, Ry=H, Ry=H, Rg=H, Rs=F;
0 0 4: Ry=H, R=F, Ry=F, Rg=H, Rg=H;
5: Ry=H, Ry=F, Ry=H, Rg=H, R¢=F;
Ry Rs 6: Ry=F, R;=F, Ry=F, Rg=H, Rg=H;
i R1=F, R2=F, R3=F, R4=F, R5=H,
Rz R4 8: R1=F, R?'—_F. R3=F. R4:F| R5=F'
3

Scheme 1 The chemical structures of anion receptors 1~8 investigated in this work.
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In the course of our ongoing research on the halide anion recognition capabilities of
the N-p-nitrophenyl-N-(4-vinyl-2-five fluoro-benzoic acid benzyl ester)-phenyl-urea
and its derivatives, it was found that the fluorine substitution effects should be
re-clarified and deeply investigated since the substituent number and position of
fluorines on the phenyl ring of the benzoic acid ester have significant effect on the
configuration and cooperative property of the hydrogen bond and anion-rt interactions,
while anion binding energies are not obviously effected. Herein, the eight anion
receptors 1~8 used in this investigation of the fluorine substitution effects are shown
in Scheme 1. We hope that this theoretical study is useful for judging an anion-n
interaction, understanding the impact of fluorine substitution, and further design and
synthesis of the fluorine-containing N-p-nitrophenyl-N-(benzoic acid benzyl

ester)-phenyl-urea derivatives.

2. Computational methods

In the current work, the density functional theory of Grimme’s DFT-D3 ™! was
mainly employed for the study of anion-receptor@X" systems (X=F, Cl, Br and I).
DFT-D3 method provides an empirical dispersion correction for DFT ™ *. The
ability of this new density functional to predict and explain the supramolecular
chemistry at van der Waals distances is very encouraging since density functional
theory can be used conveniently for supramolecular systems ** . All the geometric
configurations were optimized at the B3LYP-D3/6-31+G(D, P) levels, while for I
atom, the basis set of MIDIX 47 was used, which is considered as a well-balanced and
economical double-( basis set that gives reasonably good geometries and partial
atomic charges. No symmetry constraints were applied during optimizations.
Harmonic frequency analyses were performed at the same level to confirm that these
structures were local minima or transition state on the potential energy surfaces. The
intermolecular interaction energies (AEy, ") with basis set superposition errors (BSSE)
corrected were calculated by the counterpoise method “*. Energy decomposition

analyses were carried out with the LMO-EDA method [49] implemented in
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GAMESS-US 2014P%.  Additionally, a visual study of intermolecular noncovalent
interaction between host and guest was performed via calculating the reduced density
gradient (RDG) P!, coming from the electron density (p(r)) and its first derivative
(RDG(r)=1/2(31*)"*)|Vp(r)|/p(r)*?), and the second largest eigenvalue of Hessian
matrix of electron density (A,) functions by using Multiwfn program™* **!. All the

other calculations were performed with the Gaussian 09 program B4,

3. Results and discussion

Geometric configurations

Figure 1 shows the optimized geometric configurations of the 1~8@F" systems at
B3LYP-D3/6-31+G(D,P). The configurations of 1 ~ 8@halide-anion systems
involving CI', Br™ and I" are given by their Cartesian coordinates in Table S1~Table
S24 in the supporting information. Independent on the four halides, there are two
kinds of receptor@halide-anion configurations. In the first one, the halide anions bind
with receptors only by using N-H---X"---H-N (X=F, Cl, Br and I) double-dentate
hydrogen bond, including 1@X’, 2@X’, 4@X and 6@X"; In the other one, the
complexes are formed via both double-dentate hydrogen bond and anion-xn interaction,
ie. 3@X, 5@X, 7T@X and 8@X . For a simple and clear expression, the key
geometric parameters (defined as Figure 2 showing) of the 1 ~8@F" complexes were
listed in Table 1. It can be seen that the substituent number and position of the fluorine
substitutions on the benzoic acid benzyl ester group of the anion receptors affect very
little on the structures of the double-dentate hydrogen bonds, but it should be pointed
out that the elongations of one donor (N1-H1) of the double-dentate hydrogen bond in
3@X or 5@X are a little larger than that of another (N2-H2), and the corresponding
parameter of ¢, are shorter than another (d), indicating that the two branches of
double-dentate hydrogen bond are not symmetrical. In order to further confirm these
geometric characteristics of the N-H:---X"---H-N double-dentate hydrogen bonds,

55]

another density functional method M06-2X"*! which can also provide accurate

description for the noncovalent interactions, was used at the same basis set for the
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optimizations of the free 8 and 8@ X" (X=F, Cl, Br and I) complexes. The results (See
Table S25) show the same features as the previous one obtained by B3LYP-D3

method.

Figure 1 The geometric configurations of 1@F ~8@F" systems.
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Moreover, the average mutual penetration distances, dpenciration, Detween F~ and H
atom in 3@X and S5@X systems are larger than those in the other complexes,
indicating that fluorine substitution on the fifth positon of the benzoic structure unit
may enhance the double dentate hydrogen bond. This is probably owing to the field
effect which might occur as the fluorine substitutions on the fifth positon of the
benzoic are relatively close to the anion. We also noted that the average mutual
penetration distances of double-dentate hydrogen bonds in 1@X" and 8@X" are almost
identical, indicating that either fluorine-free or five-fluorine substituents on the
benzoic acid benzyl ester give the same strengths of the N-H---X'---H-N
double-dentate hydrogen bond. For the double-dentate hydrogen bond in 2@X" and
6@X’, the dpenciration are smaller than those in the other systems. In contrast, fluorine
substituents in receptor 2 and 6 are relatively far away from the anion and hydrogen
bond donors, thereby, the corresponding field effect has little contribution on the

stabilization for the double-dentate hydrogen bond.

Table 1 The key geometry parameters (defined as Figure 2 showing) of the
receptor@F (receptor = 1~8) at B3LYP-D3/6-31+G(D,P)

/A L/A dy/A dy/A 0./° 0/°  dpenetratio/A "
1@F 1.058  1.046 1.576 1.636 158.08  158.06 1.301
2@F 1.056  1.045 1.583 1.640 156.18  157.98 1.296
3@F 1.065  1.048 1.535 1.625 15855  156.92 1.327
4@F 1.054  1.044 1.593 1.644 15787  158.36 1.289
5@F 1.063  1.048 1.543 1.629 15850  157.07 1.321
6@F 1.054  1.043 1.596 1.650 158.03  158.50 1.284
T@F 1.057  1.047 1.580 1.623 157.70  158.52 1.306
S@F 1.056  1.047 1.583 1.627 157.74  158.58 1.302

* dpenetrations Mutual penetration distance between F~ and H atom, is defined as sum of

the van der Waals radii of H atom and halide-anion substrate the average of d; and d>,
namely dpenctration=p ,VdW-radii—1/2(d,+d>).
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Figure 2 Definitions of the related geometric parameters the N-H:-- X" double-dentate

hydrogen bond (a) and anion-7 (b) in receptor@halide-anion systems!**!.

Compared to the effect on the structures and strength of the double-dentate
hydrogen bonds in 1~8@F" systems, the fluorine substitution has significant impact
on the anion-m interactions. The substituent number and position of the fluorine
substitution determine the efficiency and even existence of the anion-n interaction in
current systems. As can be seen from the configurations of 1@F", 2@F", 4@F", 6@F"
presented in Figure 1, all of the F~ are far away from the center of benzoic acid group
and nearly lie on the same plane of benzoic acid group. Table 2 lists some key
geometric parameters (defined as Figure 2(b) showing) related to anion-m structure in
1~8@F" systems at B3LYP-D3/6-31+G(D, P) level. The configuration parameters of
a in these four configurations are high as 76.33, 77.57, 79.00 and 72.36°, respectively.
Therefore, from the view of geometric consideration, the anion-m interactions are not
possible if 1, 2, 4, and 6 were used as halide receptors. However, in the configurations
of 3@F’, 5@F", T@F", 8@F configurations, F~ anions are all located on above of the
benzoic group with smaller a values in the rage of 12~36°, revealing the rational
geometric possibilities of the formations of the anion-m interactions. It has been
evidenced that, in many of the X-ray structures exhibiting anion-n contact, the anion
is not located exactly over the center of the ring *). Instead, it is displaced with
respect to the center of the ring. Since most aromatic rings are asymmetrically
substituted, the more favorable location of ainon is probably not above the center of

the ring. Obviously, if a is too large, the anion-7 interaction would not form. In fact, it
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should be mentioned that it is difficult to clearly define and establish a criterion which
allows to classify the given anion-aromatic geometric parameters as an anion-m

interaction.

Table 2 Some key geometric parameters (defined as Figure 2(b) showing) the
receptor@F (receptor = 1~8) at B3LYP-D3/6-31+G(D, P)

Receptor@F  deentroia/ A dpian/A dosise/A a/° * dyenetratio’A
1@F 4.400 1.040 4.275 76.33 -0.988
2@F 4.358 0.938 4.256 77.57 -0.948
3@F 3.584 2913 2.088 35.63 -0.471
4@F 4317 0.824 4.238 79.00 -0.907
S5@F 3.499 2.877 1.991 34.69 -0.089
6@F 4251 1.288 4.051 72.36 -0.841
T@F" 3.158 2.879 1.298 24.26 0.352
S@F 2.989 2917 0.652 12.60 0.493

“ Here, the dpenetration, mutual penetration distance between halide-anion and aromatic ©
system, is defined as sum of the van der Waals radii of C atom and halide-anion
SUbStrate dcentroid, namely dpenetration:ZVdW'radii_dcentroid-

The geometric structure of the anion—mt noncovalent interaction can be
characterized by the parameters of dcentroid, @plane and dogt.ser, Which are defined as
shown in Figure 2 (b). Table 2 lists the related geometric parameters of the
receptor@F" (receptor = 1~8) at B3LYP-D3/6-31+G(D,P). According to Frontera’s
recommendation >, when the anion is located at any place over the ring since the
n-system covers the entire ring at distances <) vdW radii + r, where r=0.7/cosa (0.7 is
an empirical constant), an anion-n contact could be considered. However, as has been
pointed out ], this is not a very easy understandable criterion since the definition of
the distance between the anion and the involving aromatic ring is ambiguous and
empirical. Moreover, it is also a relatively loose criterion, that might overestimate the
maximum allowable anion-m contact distance. In our previous work ), we suggested
using mutual penetration distance dpenctration > 0 (defined as the footnote of Table 2) as

criterion to judge an anion-m contact. However, this is a very restrictive criterion, and
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it may be used only for strong anion-m interaction. For a relatively weak anion-n
interaction, dpenetration 15 Not recommended. For example, the dpenctraion In S@F ™ and
3@F" are both negative values (listed in Table 2), but the weak anion-n contacts
cannot be excluded. Therefore, it is very necessary to establish much more reasonable
and reliable geometric criterion, which is suitable for either strong or weak anion-n
contact.

Significantly, based on the experience with solid state anion-m interactions,
Albrecht and Rissanen et al ** recently proposed an evaluation criteria by using of the
hapticity concept and recommended a definition for anion-n contact as following
three points:

(1) The anion has to be located above the m-system. Therefore, any centroid-ring
atom—anion angle should not be higher than 90° (+10% of tolerance).

(2) The distance between the anion and the plane of the n-system has to be shorter
than YvdW + 0.4 A,

(3) The hapticity of the anion—r interactions is given by the number of contacts to ring
atoms which are < YvdW + 0.4 A.

However, the criterion proposed by Albrecht and Rissanen et al®® is also restrictive
and maybe reasonable for anion-m interaction involving pentafluorophenyl group as
aromatic ring for anion in solid state. For a more common cases on this issue, we
propose our opinion and idea in the following discussion.

As has been experimentally evidenced and mentioned above, the anion in the
anion-m contact especially for asymmetrically substituted aromatic ring, is not exactly
located over the center of the aromatic ring, but displaced with respect to the center of
the ring. Therefore, we need two geometric parameters at least to determine an
anion-nt contact. One is the distance between the anion and the plane of the aromatic
ring (dplane), and the other one is a (as defined in Figure 2). If dpane 1s very large, the
interaction between anion and aromatic ring may not exist. On the other hand, if dpjanc
is small, but the value of a is quite large, the anion-m interaction is also nonexistent.
So, how to determine the critical values of dpine and a in an anion-n contact is the key

step of establishing the geometric criterion.
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For a noncovalent interaction, the distance of the involved atom pair is smaller than
the sum of the van der Waals radii but larger than that of the covalent radii. Base on
this principle, it can be approximately considered that the distance between anion and
the plane of aromatic ring, dpjane, should be smaller than the sum of van der Waals
radii of anion and the length from the aromatic center to the van der Waals surface of
the aromatic ring along the direction perpendicular to the aromatic plane in an anion-n
interaction, and larger than the sum of covalent radii of C (0.77 A) atom and radii of
X" anion, which is only a necessary condition. Simultaneously, o should not be larger
than a certain value (the maximum allowable value, which can be defined as critical
value of o). This means dofrset Should not be larger than its critical value, and the
critical value of dyset should be the maximum distance from the aromatic center to
van der Waals surface of the aromatic ring along the direction parallel to the ring. In
fact, this distance is a constant which can be determined via calculating van der Waals
surface of the aromatic ring involving anion-m interaction. Figure 3(a) shows the
benzene ring’s van der Waals surface, which is defined as the & electron density
iso-surface with the value of 0.001 a.u.. This definition reflects specific electron
structure features of a molecule, such as lone pairs, m electrons etc. The total
probability (Q, as described in eq (1)) of m electron within the region, where electron
density is larger than 0.001 a.u., is up to 97%.

Q= l{ J.p(r)a’r} x 100%(17 = 6) eq (1)

p>0.001

The maximum distance from the center of the aromatic ring to van der Waals surface
of the benzene ring is 2.67(5.34/2) A, suggesting that the critical value of dofr.ser is
2.67 A. Furthermore, the length from the center of benzene ring to the van der Waals
surface of benzene ring along the direction perpendicular to the benzene plane is
1.77(3.54/2) A. Based on this result and the intrinsic parameters of anion, such as
ionic radii, van der Walls radii, geometry definition of anion-r contact can be plotted
as shown in Figure 3 (b), in which green pillar region presents the location of anion in
an anion-7 interaction. This means that if an anion is not in this region, an anion-n

contact could basically be exclude. Thereby, we can give the geometric criterion of an
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anion-m contact as following three inequalities (ieq (1)~(3)):

dplane < vdW-radii(X)+1.77 A ieq (1)
dotrser < 2.67 A ieq (2)
o<op ieq (3)

vdW-radii(X")-radi(X")+1.00A

vdW-radii(X ) +1.77A

o
=
5
(=]
*
o
g
o
=

Figure 3 van der Waals surface of benzene ring (w electron density iso-surface with
the value of 0.001 a.u.) (a), and geometric definition of anion-n contact (b), green area

presents the location of anion in an anion-rx interaction.

For the present halide-anion systems, we can easily list out the related intrinsic and
critical parameters (see Table 3) as defined in Figure 3(b). Compared with the
calculated results listed in Table 2 together with the above criterion (ieq(1)~(3)), the
existence of anion-m interaction in each configuration could be approximately
evaluated. As seen from Table 2, dpane in the eight complexes are all shorter than 3.48
A, but the dogser and a in 1@F, 2@F, 4@F and 6@F", are larger than 51.81° and
2.67 A, respectively. Apparently, this does not meet the condition of the geometric
criterion proposed above, indicating that anion-w interaction does not exist between F
and the aromatic group. The dyfrset and a in 3@F, S@F°, 7@F and 8@F", are all well
agreed with the geometric criterion as ieq(1)~(3) given, suggesting the existence of
anion-m contacts between F~ and aromatic rings in these complexes. Simultaneously, it
is noted that the dyg.se¢ and o in 7@F™ and 8 @F™ are much smaller than those in 3@F”

and 5@F", respectively (Figure 4), indicating that the anion-m interactions in 7@F
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and 8@F are much stronger than those in 3@F and 5@F°, and much more fluorine
substitutions benefit the strength of the anion-m interaction. Additionally, though
dpenetration 18 not recommended for extrapolating the existence or non-existence of
anion-7 interactions, it may be useful to qualitatively estimate the strength of them. As
shown in Figure 5, for no anion-n contact in 1@F, 2@F, 4@F and 6@F’, the
dpenctration are much negative values since ther is no anion-m interaction in them, while
the dpenctration 10 strong anion-m interactions (7@F" and 8@F") are distinctly larger than

those in weak anion-n contact (3@F" and S@F").

25

35} {5
L ?@F_ 1504
0325 ~ \g&
11 ,;5

15 N
s@F 19°
5 . : : ' 0

0 1 2 3 4 5
Number of F-substitution

Figure 4 Trends of o and dos.sct as a function of the number of F substitution.

=]
I~
T

dpenctration
S
P

-0.8 /

6 7 8

ho-

1. = 8 4
i@F (i=1~8)

Figure 5 Distribution of dyenctration in I@F™ (i=1~~8) complexes.

Table 3 shows that the critical value of dpjane increases from 3.48 to 4.30 A, and that

of o decreases from 51.81 to 41.96°, with the increasing of the ionic radii of halide
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anion. The anion-n contacts in the receptor@X (receptor = 1~8, X=Cl, Br, and I)
complexes are not discussed here in detail, but the interactions between X (X=Cl, Br,
and I) and the related aromatic ring can be classified according to the criterion
(ieq(1)~(3)) together with the critical values listed in Table 3. The corresponding
configuration features (see Table S1~S24) are similar to those of receptor@F
(receptor = 1~8) systems. It is worth to note that the model shown in Figure 3 is
based on single-atom-anion system, but this kind of treatment and method is effective
and portable for explorations on multi-atom complex-anion-m interaction systems as

well.

Table 3 Intrinsic and critical parameters (A, °, defined as Figure 3(b) showing) of

halide-anion (X') for benzene based anion-m interaction

X radii(X)®"  vdW-radii(X) ®*!  radii(X)+0.77 vdW-radii(X)+1.77 o, a0

F 1.33 1.71 2.10 3.48 37.50 5181
Cr 1.81 2.17 2.58 3.94 34.12 4598
Br 1.96 2.35 2.83 4.12 32.94 4333
I 2.20 2.53 297 4.30 31.84 41.96

Energy and its decomposition

Binding energy and related data are valid references for evaluating the stability of
receptor@X" complexes. Table 4 lists the intermolecular interaction energy (AEiy ",
kcal mol™) in the optimized geometries of the receptor@X (receptor = 1~8; X = F,
Cl, Br, and I) at B3LYP-D3/6-31+G(D, P) theoretical level, which is the energy
difference between the complex and the sum of the individual energies of monomers
with the correction of BSSE. It can be seen that the relative orders of the eight
receptors binding to F', CI', Br', and I" are completely same. For the receptor@F", the
AEimCP are in the range of 84~92 kcal-mol'l, which are quite larger than those in
receptor@Cl, receptor@Br and receptor@I” by about 28, 32 and 37 kcal'mol”,

respectively. The relative stability of the four kinds complexes increases in the order
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receptor@I'< receptor@Br< receptor@Cl" << receptor@F’, revealing that these
receptors exhibit selective binding to F. However, for a given halide anion, the
AE <" between any one of the receptors (1~8) and anion are not significantly large,
indicating all of the four halide anions not showing the feature of selective binding
towards to the eight receptors. The energy (AEi,") differences of the eight receptors
binding to the same halide anion are not large enough, suggesting that the fluorine
substituents do not have obvious substitution effect on the binding energy. This is
probably, on one hand, because the energy loss caused by the deform energy of the
receptor counteracts the stabilization of the anion-7t interaction. On the other hand, the
anion-7m interaction is much weaker than the double-dentate N-H:--X" hydrogen bond

which plays a leading role in the recognition of anions.

Table 4 BSSE corrected intermolecular interaction energy (AEimCP , kcal mol'l) in
the optimized geometries of the receptor@X" (receptor =1~8; X = F, CL, Br, and
I) at B3LYP-D3/6-31+G(D, P)

AE;,
Species
=F X=Cl X=Br X=
1@X -87.91 -60.26 -55.48 -50.17
2@X -90.32 -62.47 -57.66 -51.95
3@X -84.30 -57.74 -53.16 -48.99
4@X -92.57 -64.33 -59.44 -53.13
S5@X -86.55 -59.93 -55.31 -50.87
6@X -93.32 -65.36 -60.45 -56.08
T@X -89.95 -63.30 -58.63 -53.77
8@X -92.14 -65.29 -60.42 -55.25

Although anion-m interaction does not significantly effect on the total binding
energy and the structures of double-dentate N-H---X" (X=F, Cl, Br and I) hydrogen
bonds, F-substitution on the aromatic ring is very important to the configuration and

the formation of effective anion-m interaction between receptor and halide. Different
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F-substitution position and substituent number lead to the selectivity of the receptors
in the anion-m interaction. In the present systems, anion-t contact may not take place
without F-substitution on the aromatic ring. Although the strength of the anion-n
interaction is weak as F-substituent occupies the fifth position of the benzene ring, the
F-group on this positon is crucial to meet the geometric criterion of anion-m contact.
Independently on other substitution positions, anion-t would form if the fifth positon
on the benzene ring is substituted by F group. In addition, it is noted that when the
number of F-substituents is not smaller than 4, anion-w contact will exist no matter if
there is F-substituent on the fifth position. Nevertheless, when the number of
F-substituents is smaller than 4, F-substitution on the fifth position is prerequisite for
the existence of anion-m contact. Unexpectedly, independently on halide anion, the
total binding energies of receptor 4 and 6 to the four anions are relatively larger than
those of others, which probably is attributed to electron effect of F groups on the

strength of double-dentate N-H--- X" hydrogen bond in part.

Table 5 Components to the binding energy (AE}, kcal mol™) in the optimized
geometries of the receptor@F (receptor = 1~8) with LMO-EDA method and the
deformation energy of the receptors

Species AEgs AEgx AEpoL AEpisp AERgp AE,
1@F -100.69 -44.11 -57.55 -11.84 128.99 -85.20
2@F -103.43 -44.10 -57.23 -11.12 128.60 -87.58
3@F -97.77 -44.58 -59.49 -11.49 131.99 -81.35
4@F -106.13 -44.83 -57.02 -12.38 130.56 -89.81
5@F -100.19 -44.68 -58.85 -11.71 131.90 -83.54
6@F -106.24 -44.04 -56.16 -12.36 128.25 -90.55
T@F -104.88 -45.61 -57.86 -12.07 133.72 -86.70
8@F -106.95 -45.28 -56.99 -12.21 132.66 -88.78

For further understanding the nature of the interactions between the receptors and

halide anions, energy decomposition analysis based on LMO-EDA was performed,
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and the results are listed in Table 5. The binding energy AE, is defined as the sum of
deformation energy AEq of the receptors and intermolecular interaction energy AEi, ",
and can be further decomposed into electrostatic (Egs), exchange (Egx), polarization
(EpoL), repulsion (Ergp) and dispersion (Episp) components as shown in eq (2) based
on LMO-EDA method:

AEy, = AEgs + AEgx + AEpor + AEpisp + AERrgp eq (2)

Among them, the contributors Egs, Egx, Episp and Epop are attractive while the Egrgp is
repulsive. It is quite obvious that the total interaction energy AE, has a trend which
closely resembles that of the electrostatic energy AEgs. This leads to the inference that,
in the current interactions, the term Egg is the dominating contributor rather than Epop
or Egx in stabilizing the complex. The Episp contribution is the smallest among the
four attractive components.

Frontier molecular orbital (FMQ) and visualized weak interactions regions

1@F HOMO

s@F HOMO 5@F  LUMO

8@F HOMO 8@F LUMO

Figure 6 Frontier orbital of some selected complexes (1@F, S@F", and 8@F).
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Figure 6 shows the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of the 1@F", S@F", and 8@F" complexes, and
the frontier orbital of 2@F", 3@F", 4@F", 6@F , and 7T@F complexes are presented in
Figure S1 of the supporting information. It is known that molecular orbitals are not
able to be observed physically, however, the properties of the frontier orbitals are
often closely related to the electron behaviors. Generally speaking, if the frontier
orbitals are extended across the two fragments of the complex, charge transfer is
suggested. As shown in Figure 6 and Figure S1, free from the influence of
F-substitutions on the aromatic rings, all the HOMOs of different configurations have
similar shapes and distributions, and all the LUMOs are similar as well. Moreover, the
HOMOs of the complexes are localized both on the receptor molecules and halide
anion, indicating the charge transfers between receptors and halide anions due to the
strong hydrogen bond interaction **. For more completeness, the energy level and
gaps of the frontier molecular orbital of receptor@F" (receptor = 1~8) are listed in
Table 6. Although F-substitutions on the phenyl ring have significant effect on the
gaps, the FMO gaps of the two complexes (7@F and 8@F’) with the strongest
anion-m interaction among the eight complexes, are the largest, indicating that 7@F"

and 8@F are the two most kinetically stable complexes among the receptor@F

systems.
Table 6 Energy level and gaps of the frontier molecular orbital
Species Enomo/eV AELumo/eV Egap/kd mol™

1@F -3.26 -0.31 284.64
2@F -3.33 -0.36 286.46
3@F" -3.20 -0.26 283.80
4@F" -3.38 -0.39 288.65
5@F -3.26 -0.30 285.98
6@F -3.42 -0.41 289.82
T@F -3.35 -0.32 291.90
S@F -3.39 -0.35 293.13

The electrostatic potential (ESP) distributed on molecular van der Waals surface
(iso-surface of electron density=0.001a.u.) is very meaningful for the understanding

the characteristic of noncovalent interactions. Figure 7 shows the contour maps (upper)
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of ESP together with van der Waals interfaces (bold blue) and 3D maps of ESP
surfaces (lower) of 1@F™ and 8@F". In additional, the contour maps of ESP together
with van der Waals interfaces (bold blue) and 3D maps of ESP surfaces of free
receptor 1 and S@F" complex are presented in Figure S2 in the supporting information.
ESP distributions of free 1 and 1@F" are nearly identical to each other, and their van
der Waals surfaces are also similar. ESP near anion F* in S@F" is slightly different
compared to those in 1 and 1@F", but that in 8 @F" is obviously deformed owing to
the induced-polarization, manifesting some nature of the anion-m interaction ****. As
has been seen from 3D maps of ESP surface, more fluorine groups on the aromatic

ring benefit enhancing the anion-r interaction.

Figure 7 Contour maps (upper) of electrostatic potential and van der Waals interface

(bold blue) and 3D maps (lower) of ESP surface of 1@F and 8@F".

Intermolecular weak interactions can be detected and visualized in real space based

BU iz the reduced density gradient

on the electron density p and its derivatives
(RDG), coming from the electron density (p(r)) and its first derivative
(RDG(r)=1/(2(37t2)1/3 )|Vp(r)|/p(r)4/ 3), and the second largest eigenvalue (A;) of Hessian

matrix of electron density functions. Figure 8 shows the visualized weak interaction
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regions (left) and the scatter graph (right) of reduced density gradient versus the
electron density multiplied by the sign of the second Hessian eigenvalue of 3@F,
5@F, 7@F and 8@F . Those of 1@F’, 2@F’, 4@F and 6@F are also plotted in

Figure S2 in the supporting information.

RDG function value (an.)

0000 1 1 ! ol 1 1 1
-0.005 -0.002 0.000  0.002 0.005
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=
[=3
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. 0000 0002 0.005
sign(A;)p function value (a.u.)
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RDG function value (a.u.)
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-0.005 -0.002 0000 0.002 0.005
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RDG function value (a.u.)

0.000 L.
-0.005 -0.002

iy .
X 0.000  0.002 0.005
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Figure 8 Reduced density gradient iso-surface map (Left) and reduced density
gradient versus the electron density multiplied by the sign of the second Hessian

eigenvalue (Right) of 3@F’, 5@F", 7@F and 8@F".
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It is clearly shown that the heavy blue disc-shapes between N-H and F~ exist in all
receptor@F  complexes, suggesting a very strong hydrogen bond interaction.
However, they are very different in the anion-m interaction regions. In 3@F’, S@F,
T@F and 8@F, the dish-shapes regions marked in green accompanied with
light-brown between F~ and aromatic ring mirror the anion-t noncovalent interaction.
However, the corresponding weak interaction regions in 1@F", 2@F’, 4@F and 6 @F
do not exist anymore (Figure S3). Additionally, the anion-m interaction regions in
8@F and 7@F" are obviously larger than those in 3@F" and S@F", implying that the
anion-m interactions in former two are relatively stronger, which is well consistent
with the geometric feature and criterion discussion. Generally, the RDG spike
appearing at higher electron density (more negative function value of sign(A,)p)
region corresponds to a stronger hydrogen bond, and the RDG spike appearing at
lower electron density near to zero (near zero of function value of sign(A;)p) region
corresponds to other weak intermolecular interactions. There is no substantial
difference between scatter graphs of 3@F", 5@F, 7@F and 8@F" in the whole range
of sign(A,)p function, so does for those of 1@F", 2@F", 4@F and 6@F . Whereas, by
a close comparison, the RDG spikes in the former four complexes appearing at lower
electron density are more closer to zero than those in the later four complexes, which
probably derived from the contributions of the anion-m interaction in 3@F", S@F,

7T@F and 8@F complexes.

4. Conclusions

The design and structure-activity relationship of anion receptors represents important
advances in the field of supramolecular chemistry. In this paper, the interactions
between halide anions and a series N-(4-vinyl-2-benzoic acid benzyl
ester)-phenyl-urea containing receptors (1~8) based on hydrogen bond and (or)
anion-t contact were investigated via theoretical calculations based on DFT
B3LYP-D3/6-31+G(D, P)/MIDIX levels. Especially, the fluorine substitution effects

were re-clarified and deeply explored owing to the number and position of fluorine
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groups on the phenyl ring of the benzoic acid ester, which is significantly effect on the
configuration and cooperative property of the hydrogen bond and anion-xt interactions,
w anion binding energies are not effected obviously. Based on Frontera’s research 1**!
on the geometry of the anion-m interaction, we proposed a new geometric criterion of
halide-anion-n contact independently of any empirical parameters, as following three

inequalities (ieq (1)~(3)):

dplane < vdW-radii(X")+1.77 A ieq (1)
dottset < 2.67 A ieq (2)
a<op ieq (3)

Although the above criterion was established based on single-atom-anion involving
system, this kind of treatment and method is effective and portable for explorations on
multi-atom complex-anion-m interaction systems as well. Moreover, it is expected that
the theoretical exploration from a molecular level in this work should be useful for
understanding of aromatic system-based anion-m interactions and benefit the future

experimental study.
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