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A new class of halogen bonds of the type X = Hal- - -Y has been investigated by using the density functional
theory calculations. The strength of this new class of halogen bonds is in the range of 90-120 kcal/mol,
which is greatly larger than that of the conventional halogen bond of the type X-Hal- - -Y. The geometry of
this new class of halogen bonds is not determined by the halogen’s positive c-hole. Natural bond orbital

analysis shows it is the n — 7* interaction that determines the geometry of this new class of halogen
bonds. Experimental results are in good agreement with the theoretical predictions.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Halogen bond is the Hal- - -Y interaction wherein Hal is an elec-
trophilic halogen and Y is an electron density donor. The study of
the halogen bond can be dated back to 1863 when Frederick Guth-
rie gave the first report on the halogen-bonded complex formed
between iodine and ammonia [1]. However, the important role of
the halogen bond in crystal engineering, molecular recognition,
functional materials, biomolecular systems, and biomedical appli-
cations has been uncovered only in recent years [2-13]. As a group,
the halogens are among the most electronegative elements and
they are always assigned a formal oxidation number of —1. So
the attractive interaction between a covalently-bound halogen
and an electron density donor is a little unexpected. This issue
can be explained by the misshaped electron cloud of the cova-
lently-bound halogen which often gives rise to a significant posi-
tive electrostatic potential at the extreme end of the halogen
along the bond axis, through which it can interact attractively with
negative site of the electron density donor [14-18]. Politzer and
coworkers subsequently termed this electropositive crown ‘c-
hole’ and called the halogen bonding ‘c-hole bonding’ [19,20].

In fact, the concept of o-hole bonding indicates that the halo-
gen bond is an electrostatically-driven highly directional nonco-
valent interaction [7]. Now, we know that, either for the
hydrogen bond or for the halogen bond, the consideration of only
the electrostatic interaction may not be sufficient in describing
their ground-state structure and stabilization, and the charge-
transfer, polarization, and dispersion contributions also play an
important role [21]. Note that the halogen-bonded complexes
were originally classified as the charge-transfer complexes in
which the charge-transfer is thought to be the dominant factor
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to determine the supramolecular structure [22]. In a recent study,
Hobza and Riley investigated the nature of halogen bonding
employing symmetry adapted perturbation theory (SAPT) analy-
ses and found that the largest SAPT interaction energy component
for unfluorinated systems containing chlorine and bromine is dis-
persion [23]. Hobza and Riley also pointed out that, even in cases
where the electrostatic effects are not the dominant ones, the hal-
ogen'’s positive c-hole still tends to line up with the negative site
of the electron density donor and determines the geometries of
halogen-bonded complexes [23].

Are there any halogen bonds in which their geometries are not
determined by the c-hole? To answer this question, we must go
back to the interaction energy components other than electrostat-
ics. In the halogen bond of the type X-Hal---Y (X is any atom), the
direction of charge transfer is from the lone pair(s) on Y to the ¢*
antibonding orbital of X-Hal single bond in most cases, which coin-
cides with the direction of o-hole bonding; so it is difficult to dis-
tinguish whether the geometry of a halogen bond is determined by
the charge transfer or by the c-hole. In order to avoid the ambigu-
ity, we can consider the halogen bond of the type X =Hal---Y be-
cause the direction of charge transfer from the lone pair(s) on Y
to the 7* antibonding orbital of an X = Hal double bond is different
from the direction of o-hole bonding. An X = Hal double bond will
be formed if the X-Hal single bond becomes shorter and shorter.
There are two ways to make the X-Hal single bond shorter and
shorter. First, a strong electron-withdrawing group can make the
X-Hal single bond shorter. For example, the exceptionally short
C-Cl bond (1.694(1) A) has been reported in the crystal structure
of chlorotrinitromethane [24]. The second way to shorten the X-
Hal single bond is to use the blue-shifting halogen bond [25-27].
In the present study, we selected the halogen-bonded complexes
CH30CZCI™---Y (Z=H,For Cl; Y=F, Cl” or Br~) as models to study
theoretically the role of n — n* interactions in determining the
geometry of the halogen bond.
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Figure 1. Geometries and binding energies of the complexes CH;OCHCI"---F~, CH;OCHCI".--Cl",

CH;0CHCI* - -Br-, CH;0*CECl.--F~, CH;OCECI*-..Cl~, CH;0CECI*.- -Br,

CH50CCICI*- - -F~, CH30CCICI*- - -CI~, and CH50CCICI*- - -Br—. Geometries of the monomers CH;0*CHCI, CH;0"CFCl, and CH30*CCICl are also shown for comparisons. Bond length
is in A, bond angle is in degree, and binding energy is in kcal/mol. The bonding type (single bond or double bond) is determined by the NBO analysis.
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Figure 2. Selected molecular orbitals of CH30CHCI*. CH3OCHCI* taken from
CH;0CHCI* - -F~.

Finally, it is worth pointing out that the halogen bonds studied
here are very similar to the cation-anion hydrogen bonds reported
by D’Oria and Novoa et al. in a very recent paper [28], which
confirms once again that the properties of the halogen bond are
pretty similar to the properties of the hydrogen bond [2].

2. Computational details

Geometries were all fully optimized with tight convergence cri-
teria and characterized by frequency computations and wave func-
tion stability checks at the M05-2X/6-311++G(d,p) theory level
[29,30]. In our previous paper [31], we have examined the reliabil-
ity of the M05-2X/6-311++G(d,p) calculation for the study of the
halogen-bonded complexes. It was found that M05-2X provides
more accurate results on average for a series of halogen-bonded
complexes when compared to B3LYP, M05, M06, M06-L, M0O6-HF
or M06-2X [31]. All the structures reported in this Letter were con-
firmed as true minima on the potential energy surface by the pres-
ence of only real frequencies after the corresponding harmonic
vibrational analysis. The binding energies of the complexes were
calculated using the supermolecule method. All binding energies
are corrected for basis set superposition error using the counter-
poise method of Boys and Bernardi [32]. It is well-known that
the accuracy of density functional theory (DFT) calculations also
depends on the number of points used in the numerical integra-
tion. In the present study, an ‘ultrafine’ integration grid (99 radial,

590 angular points) was used for all the DFT calculations to avoid
the possible integration grid errors.

All the calculations were performed using the Gaussian 09 suite
of electronic structure programs [33]. Natural bond orbital (NBO)
analyses [34] were carried out at the M05-2X/6-311++G(d,p) level
of theory on each optimized structure with the built-in subroutines
of the Gaussian 09 program. The NBO method transforms a calcu-
lated wavefunction into a localized form, which corresponds to a
lone pair or a localized bond of the Lewis structure. The interaction
between filled orbitals in one subsystem and unfilled orbitals of
the other represents a deviation of the complex from its Lewis
structure and can be used as a measure of the intermolecular delo-
calization. The stabilization from the donor — acceptor interaction
can be estimated by using second-order perturbation theory. The
bonding type (single bond or double bond) is also determined by
the NBO analysis.

3. Results and discussion

Geometries and binding energies of the complexes CH3;0CH-
CI*--.F~, CH3OCHCI*--.ClI-, CHs3OCHCI"---Br-, CHsO'CFCl---F~
CH3OCFCI*- - -Cl~, CH30CFCI*- - -Br~, CH30CCICI*- - -F~, CH30CCICI*- - -
Cl~, and CH3OCCICI*- - -Br~ are shown in Figure 1. Geometries of the
monomers CH30"CHCI, CH30"CFCl, and CH30"CCICI are also shown
in Figure 1 for comparisons. The bonding type (single bond or dou-
ble bond) is determined by the NBO analysis. The existence of the
C=Cl double bond is further confirmed by the diagram of the
fourth highest occupied molecular orbital (HOMO-3) of CH30CH-
CI* (Figure 2). The HOMO-3, which is lower in energy than the
HOMO, features a large contribution from the C-Cl m bond. As
shown in Figure 1, the lengths of C-Cl or C=Cl bonds are all less
than 1.70 A. Let us add here that the normal bond length of C-Cl
single bond is about 1.767(2) A [35]. The shortest C=Cl bond of
1.6048 A is found in CH3;OCHCI"---F~, which is much less than
the mean C=S bond length of about 1.71(1) A [35]. A comparison
of the C=Cl bond length in CH30CHCI"---F~ and the C-Cl bond
length in CH30"CHCI shows that the formation of the C=Cl.--F~
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halogen bond makes the C-Cl bond much more shorter. In Figure 1,
the C=Cl- - -Y angles are all less than 180°. Obviously, the C=CI- - -Y
angles in CH3OCHCI"--.Y are much smaller than those in other
complexes. The binding energy of this new class of halogen bonds
is in the range of 90-120 kcal/mol, which attains the strength of
covalent bonds and is greatly beyond the so-called covalent limit
(50 kcal/mol). To the best of our knowledge, such strong halogen
bonds have not been reported before.

The electrostatic potential map of CHsOCHCI" is shown in Fig-
ure 3. The existence of a ¢-hole on Cl is very clear. The interaction
between the positive c-hole and the negative site on Y should be
highly directional, along the extension of the C=Cl double bond.
That is to say, the C=CI.--Y angle should tend to linearity as the
C=Cl- - -Y halogen bond is formed. However, as shown in Figure 1,
the C=Cl- - Y angles are all less than 180° in the halogen-bonded
complexes CH;0CZCl*.-.Y. The largest deviation angle of 57° is
found in CH30CHCI*- - -Cl™. Evidently, the geometry of the C=Cl- - -Y
halogen bond is not determined by the CI's positive c-hole. The
diagrams of the lowest unoccupied molecular orbital (LUMO) and
the second lowest unoccupied molecular orbital (LUMO+1) of
CH5OCHCI" are also shown in Figure 2. The LUMO+1, which is high-
er in energy than the LUMO, features a large contribution from the
¢* antibonding orbital of C=Cl double bond; the LUMO itself fea-
tures the n* antibonding orbital of C=CI double bond. From a
molecular orbital point of view, the charge transfer from the lone
pair(s) on Y to the n* antibonding orbital of C=Cl double bond
should be favorable. When combining with the preferred spatial
orientations of the ¢* antibonding orbital and the n* antibonding
orbital, it is reasonable to assume that the n — 7n* interactions
determine the geometry of the halogen bond.

To quantitatively evaluate the n — ¢* and n — ©* interactions
involved in the formation of the halogen bond, NBO analysis has
been carried out at the M05-2X/6-311++G(d,p) level of theory.
Some significant donor-acceptor orbital interactions and their sec-
ond-order perturbation stabilization energies are collected in Table
1. Since Y has four nonbonded lone electron pairs and each of these
electron pairs has different direction, it is not difficult to under-
stand that both n — ¢* and n — 7" interactions can coexist in the
halogen-bonded complexes considered in this Letter. As clearly
shown in Table 1, the only exception is for CH3;0"CFCl---F~ in
which there is no n — 7* interaction upon the complex formation.
Correspondingly, Figure 1 shows that the C-Cl- - -F~ angle is 180° in
CH50'CFCl- - -F~. Here, it is the o-hole that determines the geome-
try of the C-Cl. - -F~ halogen bond in CH3;0"CFCl- - -F~. For the com-
plexes CH3OCHCI*---Cl-, CH3OCHCI"---Br-, CH3OCFCI*--.Cl-,
CH3OCFCI*- - -Br™, CHsOCCICI*.-.CI°,  and

CH30CCICI*- - -F,

113.0

Figure 3. Electrostatic potentials of CH;OCHCI* with a scale of 62.8 (red) to 113.0
(blue) kcal/mol. CH30CHCI" is taken from CH3OCHCI*- - -F~. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Table 1
Some significant donor-acceptor orbital interactions and their second-order pertur-
bation stabilization energies (AE?, kcal/mol) of the nine halogen-bonded complexes.?.

Complex Donor Acceptor Interaction AE?
CH3OCHCI*- - -F~ LP(4) F~ BD*(1) C=Cl n-m 5.17
LP(4) F~ BD*(2) C=Cl n-—g* 38.64
CH30CHCI*---Cl~ LP(4) ClI~ BD*(1) C=Cl n-m* 16.77
LP(4) CI~ BD*(2) C=Cl n-og* 10.75
CH3OCHCI*- - -Br~ LP(4) Br~ BD*(1) C=Cl n—n* 18.95
LP(4) Br~ BD*(2) C=Cl n-o* 9.79
CH50*CFCl- - -F~ LP(4) F~ BD*(1) C-Cl n-g* 53.99
CH30CFCI*- - -Cl LP(4) Cl BD*(1) C=Cl n-m* 7.17
LP(4) CI~ BD*(2) C=Cl n-—g* 25.95
CH30CFCI*- - -Br™ LP(4) Br~ BD*(1) C=Cl n-a* 10.45
LP(4) Br~ BD*(2) C=Cl n-og* 23.33
CH30CCICI*- - -F~ LP(3) F~ BD*(1) C=Cl n—* 5.36
LP(4) F~ BD*(2) C=Cl n-g* 49.14
CH;0CCICI* - -Cl™ LP(4) CI™ BD*(1) C=Cl n-m* 12.22
LP(4) Cl BD*(2) C=Cl n-ag* 18.09
CH30CCICI*- - -Br~ LP(4) Br~ BD*(1) C=Cl n-m* 15.47
LP(4) Br~ BD*(2) C=Cl n-og* 15.42

2 BD* denotes the formally empty antibonding orbital and LP denotes the occu-
pied lone pair.

CH3OCCICI*- - -Br~, Figure 4 shows the correlation of their second-
order perturbation stabilization energies for n — ©* interactions
with the deviation angles of ZC=Cl---Y. Plot of AE? versus the
deviation angle gives a straight line and the coefficient of determi-
nation of the linear fit (R?) is 0.90123, which shows that the corre-
lation between AE? and the deviation angle is good in these
halogen-bonded complexes. These results indicate it is the n —» 7*
interaction not the c-hole that determines the geometry of the
C=Cl---Y halogen bond. It must be pointed out that the case for
CH5OCHCI"- - -F~ is very special: the small AE? value (5.17 kcal/
mol) for n — 7* interaction is accompanied by a large deviation an-
gle of 43°. The distance between F~ and its adjacent H is only
3.9383 A. The strong electrostatic attraction between F~ and H
makes ZC=Cl- - -F~ much smaller and the deviation angle much lar-
ger. Such case does not exist in the other complexes.

The Cambridge Structure Database (CSD version 5.22+30 up-
dates) [36,37] search gives some information for the existence of
this new class of halogen bonds. Although there are no crystal
structures of the complexes considered in this study, the crystal
structure of the complex CH3OCHCI*SbFs~ was found in CSD [38].
The geometry of the C=Cl.--F halogen bond contained in this
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Figure 4. Correlation of AE? for n — 7* interaction with the deviation angle of
ZC=Cl-- Y.
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Figure 5. C=Cl. - -F halogen bond from the crystal structure of CH;OCHCI*SbFg .

crystal structure is shown in Figure 5. Here, the negative charge is
not only on one F atom, but over six F atoms and one Sb atom. So
the C=Cl. - -F halogen bond is not as strong as those studied above,
which is indicated by the larger distance (2.917 A) between Cl and
F. More important is that the C=Cl. - -F angle is only 153° and not
180° as those in the conventional halogen bond with the type of
X-Hal---Y always are. The experimental observation agrees very
well with our theoretical prediction.

4. Conclusions

A series of strong halogen-bonded complexes CHsOCZCI"--.Y
have been investigated by the density functional theory calcula-
tions at the M05-2X/6-311++G(d,p) level of theory. In these com-
plexes, the strong electron-withdrawing group CH;O*= results in
the C-Cl bond contraction and the formation of the C=Cl double
bond and further the formation of a new class of halogen bonds
with the type of C=Cl. - -Y. The existence of the C=Cl double bond
is confirmed by both the molecular orbital analysis and the NBO
analysis. The strength of this new class of halogen bonds is in the
range of 90-120 kcal/mol, which is greatly beyond the so-called
covalent limit. It is found that, unlike the conventional halogen
bond with the type of X-Hal---Y, the geometry of this new class
of halogen bonds is not determined by the halogen’s positive G-
hole. NBO analyses show that there is a competition between
the n — ¢* interaction and the n — =" interaction and the correla-
tion of the second-order perturbation stabilization energy for
n — 7" interaction with the deviation angle of ZC=Cl.-.Y is pretty
good. These results indicate it is the n — * interaction that deter-
mines the geometry of this new class of halogen bonds. Crystal
structure analyses provide further support for our theoretical
prediction.

International Union of Pure and Applied Chemistry (IUPAC) re-
cently initiated one project to examine the definition of the halogen
bond (IUPAC project 2009-032-1-200, see www.halogenbond-
ing.eu). The new definition of the halogen bond is still in discussion
[8,39].We hope the results presented in this study will be helpful
for the definition and development of the halogen bond.
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