CHEMISTRY—

A EUROPEAN JOURNAL

DOI: 10.1002/chem.200600523

The Nature of Halogen---Halogen Synthons: Crystallographic and Theoretical
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Abstract: A study of the halogen--hal-
ogen contacts in organic compounds
using ab initio calculations and the re-
sults of previously reported crystallo-
graphic studies show that these interac-
tions are controlled by electrostatics.
These contacts can be represented by
the geometric parameters of the C—
X;X,—C moieties (where 6,=C—
XX, and 0,=X;X,—C; ri=X;X,
distance). The distributions of the con-

sults are in good agreement with our
ab initio calculations. The theoretical
results show that the position of the
maximum depends on three factors:
1) The type of halogen atom, 2) the hy-
bridization of the ipso carbon atom,
and 3) the nature of the other atoms
that are bonded to the ipso carbon
atom apart from the halogen atom.
Calculations show that the strength of
these contacts decreases in the follow-

ing order: I+=I>BreBr> Cl-Cl. Their
relative strengths decrease as a func-
tion of the hybridization of the ipso
carbon atom in the following order:
sp>>sp>sp’. Attaching an electroneg-
ative atom to the carbon atom
strengthens the halogen--halogen con-
tacts. An electrostatic model is pro-
posed based on two assumptions: 1)
The presence of a positive electrostatic
end cap on the halogen atom (except

tacts within the sum of van der Waals
radii (rygw) versus 0; (6,=06,) show a
maximum at 6~150° for X=Cl, Br,
and I. This maximum is not seen in the
distribution of F-F contacts. These re-

Introduction

Intermolecular interactions are of particular significance in
chemistry, mainly because these interactions are responsible
for stabilizing many important molecules, for example,
DNA and proteins.'¥ They are also responsible for the ar-
rangement of molecular species in crystalline lattices.
Hence, they are one of the main foci of crystal engineer-
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for fluorine) and 2) the electronic
charge is anisotropically distributed
around the halogen atom.

ing."l As well as their structural role, intermolecular interac-
tions affect the physical properties of crystalline materials,
for example, nonlinear optical properties, electrical, and
magnetic properties.”” Intermolecular interactions are also
involved in arranging reactants for pericyclic solid-state
chemical reactions, cycloaddition reactions, and solid-state
polymerization reactions."“?*%l The classical hydrogen bond,
an example of a strong intermolecular force, has been
widely studied over many years and is utilized in crystal en-
gineering as a structural member.""*) More recently, other
weaker interactions, for example, halogen bonds,™ nonclass-
ical hydrogen bonds,” halogen--halogen interactions,’® and
n—x stacking, have been examined with a view to utilization
in crystal engineering.”!

Halogen--halogen (R—X;+-X,—R) contacts are character-
ized by an interhalogen distance (r;) that is less than the sum
of the van der Waals radii (r,qw). Studies have shown that
there are two preferred geometries for halogen--halogen
contacts (Scheme 1). The first arrangement occurs when
0,=0,, (where 0, and 0, are the R—X;-X, and X;X,—R
angles, respectively). The second geometry arises when 6,
~180° and 6,~90°; the perpendicular arrangement
(Scheme 1).l This knowledge has been used to develop new
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Scheme 1. The two preferred geometries for halogen--halogen contacts:
a) 0,=0, and b) 6, =180°, 6,=90°. (R =organic group, X=Cl, Br, and I.)

materials and to explain the structural behavior of other im-
portant materials.”! One example is the use of chlorines-ch-
lorine interactions to prepare
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tacts, crystallographic population analysis and theoretical
studies were carried out. These studies show that the inter-
molecular contacts are mainly controlled by electrostatics.

Methods

Crystallographic study: The Cambridge Structural Database (CSD), ver-
sion 5.25 November 2003, was searched for halogen--halogen (F, Cl, Br,
and I) intermolecular contacts within the sum of the van der Waals radii
in room-temperature structures'” (eight filters were applied to the
search: only organic compounds,”® a crystallographic R factor <0.075,
no errors in the crystal structures, no ions, not disordered, not polymeric,
three-dimensional coordinates determined, no powder structures). Struc-
tures with the lowest R value were selected for analysis from multiple
repeat structures. Details of each search are listed in Table 1.

highly stereoregular organic

polymers.[z"] Table 1. Number of halogen--halogen contacts within the sum of the van der Waals radii in the CSD.
Chlorine-~chlorine  interac- Interaction No. of No. of contacts No. of contacts No. of contacts®! Hybridization

tions have been a matter of in-  type contacts 6,=6, 0,=06,, 0>90° 61=6,, 6>90°

terest and debate in recent 170° < ¢ <190

years. Some research groups FF i‘; % gé Zg SP;

. . . L Sp
cons@er chlorine--chlorine in 219 e 59 50 aromatic
teractions to be a result of at- (y.q 303 135 132 121 sp°
tractive interactions.**!% Ini- 560 216 209 198 sp®
tially, the interaction was con- 378 148 142 138 argmatic
sidered an example of a donor—  BrBr 161 65 63 58 P,

. . CIN h 219 85 82 73 sp
acceptor interaction. not- er 158 61 60 55 aromatic
study showed that electrophiles 1.1 23 1 1 1 sp®
tend to approach the halogen 68 17 15 13 sp’

40 14 13 9 aromatic

atom of the C—X bond (X=Cl,

Br, or I) at an angle of around
100°, while nucleophiles ap-
proach the halogen atom at an
angle of around 165°. These results were explained in
terms of charge transfer from the HOMO of the donor to
the LUMO of the acceptor.'” More recently, Desiraju and
co-workers, based on a statistical analysis of the crystal
structure of halogenated hydrocarbons, found that the
number of contacts between the halogen atoms (Cl, Br, and
I only) is greater than the number of contacts expected from
the exposed area of the halogen atom alone, which is evi-
dence for the presence of attractive forces between the two
atoms involved in the halogen--halogen contact.’”! Studies
by Price et al. and Nyberg and Wong-Ng using theoretical
ab initio quantum mechanical calculations and crystal struc-
ture analysis of chlorinated organic compounds indicated
that Cl---Cl contacts are just a result of the packing of aniso-
tropic atoms inside the crystals and the directionality, if any,
is due only to the reduction of the exchange repulsion forces
rather than to attractive forces.""

Crystallographic studies that have tackled this issue have
not distinguished between the hybridization of the carbon
atom bonded to the halogen atom and the nature of the
other atoms that are attached to the carbon atom. These dif-
ferences are expected to have a major effect on the halo-
gen--halogen interaction. In this research, to resolve the di-
lemma of the exact physical nature of halogen---halogen con-
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The contacts were sorted into two categories: 1) 6,=60, and 2) 6,#0,.
We concentrated on the former interaction because other factors, such as
steric hindrance and interactions with the rest of the molecule, can play a
dominant role in the latter category. For X=Cl and Br, approximately
40% of the contacts fall into the 6,=60, category, with somewhat less
doing so for X=F and I. To make this statistical analysis correlate with
our calculations, those contacts with torsion angles @(C—X;+X,—C)
(Scheme 2) between 170 and 190° were the only ones used in the statisti-
cal analysis. These represent approximately 90% of the above contacts.
Contacts with 6;<90° were ignored since at these values, other types of
interaction are expected to play a dominant role.

Theoretical study: Gaussian 98 and Gaussian 03['Y were used for geome-
try optimization and MOLPRO!" was used for the electronic energy cal-
culations. The structures of the molecular units of each model were opti-
mized by using Mgller-Plesset second-order perturbation theory (MP2)
with a triple-zeta basis set. The total electronic energies were computed

e
Scheme 2. Parameters used for the modeling of the halogen--halogen
contacts.
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by using the cc-pVnZ basis set on carbon and hydrogen atoms, aug-cc-
pVnZ on bromine, chlorine, and fluorine atoms, and aug-cc-pVnZ-PP on
the iodine atom with MP2 theory (n=D, T, and Q for double, triple, and
quadruple zeta, respectively; aug denotes the presence of a diffuse func-
tion on the halogen atoms)."! This approach initially involves the use of
Hartree—Fock self-consistent field calculations to determine the molecu-
lar orbitals and then subsequent MP2 calculations to determine the elec-
tron correlation energy. The calculated energies of interaction were cor-
rected for basis set superposition errors (BSSE) in models 1 and 3
(Scheme 3) using the counterpoise method.!'”’ With a complete basis set,

X—CHs, ©/X H C=C X
7
1a: X=F 2a:X=F 3a: X=F
1b:X=Cl 2b:X=Cl 3b:X=Cl
1c: X =Br 2c: X=Br 3c: X=Br
1d: X =1 2d:X= 3d: X=1

Scheme 3. Structures of the modeled compounds 1-3.

the corrected and uncorrected energy values are expected to converge.
The minimum energies of interaction determined using a complete basis
set E(cbs) were estimated using Equation (1), where n=2, 3, or 4 and is
the cardinal number of the correlation consistent basis set, and A and B
are are adjustable parameters.'®!

E(n) = E(cbs)—Ae "V —Be~""1

Halomethane (1), halobenzene (2), and haloaceteylene (3) molecules
were used to model contacts of the types 1) Csp*—X-X—Csp?, 2) Csp—
X-X—Csp?, and 3) Csp—X--X—Csp, respectively (Scheme 3). The interac-
tions were modeled by calculating the energy of interaction of two mono-
mers as a function of the separation distance r; and the angle 6; (6,=6,=
6,, Scheme 2), with 6; increased from 80 to 180° in increments of 10° with
a torsion angle (@) of 180° (Scheme 2). The energies of interaction for
the molecules 2 were modeled for two different geometries: 1) All the
atoms of the dimers of 2 located in the mirror plane and 2) the mirror
plane contains the two halogen atoms and is perpendicular to the planes
of the phenyl rings (Scheme 4).

Opo_ S,
o C
) "o
4a 4b

Scheme 4. A schematic representation of the two different geometries
used for the models of the halogen--halogen contacts in an aromatic
dimer.

Results

Crystallographic study: Investigation of the CSD shows that
the maximum number of reported contacts occurs for Cl---Cl
interactions with the amount of interactions decreasing in
the order F>Br>1. The histogram distribution for the
number of contacts within the sum of the van der Waals
radii versus the interaction angle 6; (6;,=6,=0,, 6,>90°, ®=
170-190°) shows that the maximum number of contacts
occurs between 140 and 160° (Figure 1) for all interactions
except F--F. From the data there are no statistically signifi-
cant trends in F-F contacts. Henceforth, F-F contacts will
be omitted from our discussion in this section. The interac-
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Figure 1. Histogram distribution for the number of contacts within the
sum of 14y versus the interaction angle for all halogen contacts with 6,=
6,=0,, 0;>90, ©=170-190°.

tion angle maxima vary according to the halogen (Cl--Cl,
150-160°; Br-Br, 140-150°; I--I, 145-155°). Closer examina-
tion of the data shows definite trends in hybridization ef-
fects.

Hybridization effects: The data were sorted according to the
ipso-carbon hybridization (Table 1). Individual histograms
are shown in Figure2 for a) Csp’—X--X—Csp’, b) Csp*—
X--X—Csp?, and c¢) Carom—X-~X—Carom (X =Cl, Br, and I)
interactions. The subset (c) was treated as a special case sep-
arate from (b). Experimentally, they display distinct and dif-
ferent trends. The interaction angle maximum depends on
both the hybridization and the type of halogen atom. The
dependence of the maxima on hybridization decreases in
the order Csp’—Xe-X—Csp’> Csp?>~X+X—Csp”>Carom—
Xe«X—Carom. From Figure 2¢ it is clear that the aromatic
cases have the maximum shifted to between 140 and 150°,
which compares with the maximum for all the sp>hybridized
cases (both aromatic and aliphatic) of around 150-160°. The
data for the number of Cl--Cl contacts in the maximum
ranges of 150-160° (Csp~Cl, Csp*~Cl) and 140-150°
(Carom—Cl) as a function of separation distance in 0.05 A
increments display discrete maxima (Figure 3). These
maxima indicate that the most frequent separation distances
for the Csp>~Cl, Csp>—Cl, and Carom—Cl dimer species are
0.08, 0.18, and 0.03 A shorter than the sum of the van der
Waals radii, respectively. The number of contacts for the
other halogen--halogen contacts is not large enough to per-
form such a statistical analysis.

Theoretical study: Three basis sets of increasing size were
used to model the halogen--halogen contacts in the model
compounds 1a to 3d (see Scheme 3). The energies of inter-
action were also estimated at the complete basis set (CBS)
level. In addition, the energies of interaction for the dimers
of 1 and 3 were corrected for basis set superposition error
(BSSE). For dimers of 2, this correction was not possible
with the computer resources available. However, at the CBS
level, this correction was estimated to be less than

Chem. Eur. J. 2006, 12, 8952 —8960
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Figure 2. Histogram of the number of contacts within the sum of 74y for
molecules of the type a) Csp™—X-X—Csp®, b) Csp~X--X—Csp? and
¢) Carom—X-X—Carom.

0.5kIJmol™!. The potential-

energy diagrams calculated at 2 g0
the double-zeta (dz) basis set 90 -
level (see the Methods section) 100 -
indicate an energy minimum at 110+
~150° (6,=6,, ®=180°) for o 1207
all of the model compounds 2 130-
except those containing fluo- = 140
rine (Figure 4). The energies of 150 -
interaction at this value of 0, 160 -
as a function of r;, were calcu- 170+
lated by using triple- (tz) and 180 -

quadruple-zeta (qz) basis sets.
At the double-zeta level, all
energy minima occur at distan-
ces larger than the sum of the
van der Waals radii. Increasing
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Figure 3. Histogram of the number of contacts as function of the chlori-
ne--chlorine separation distances.

the basis set level decreases the separation distance to
within the sum of the van der Waals radii (for the =150° ge-
ometry). The energies of interaction calculated at the ~150°
minimum decrease in the order I-I>BreBr>Cl--Cl
(Table 2). The stabilization energies were calculated as a
function of the hybridization of the ipso carbon. The stabili-
zation energies decrease in the order sp*>sp>sp’. The ef-
fects of hybridization of the ipso carbon atom in the halo-
gen--halogen contacts are outlined in the following sections.

Csp®>—X--X—Csp® contacts: The potential-energy diagrams
for two interacting monomers of molecule 1 were calculated
at the double-zeta basis set level for 6, =6, geometries and
both angles were varied from 80 to 180°. The contour plot
for type 1a dimers shows only one minimum at 6 <80° (Fig-
ure 4a). Plots for 1b, 1¢, and 1d show two minima; the first
one at around 150° (Figure 4b), the second again at angles
less than 80°. At both minima, the calculated separation dis-
tances are larger than the sum of the van der Waals radii.
Significantly, the use of larger basis sets, up to and including
an estimation of the results for the complete basis set,

80 i
=iy

140/
150

160 1 H \ v

b)

Angle

170
180 '
T T T T T T T T T T T
3.03234363840424446485.0
Distance

Figure 4. Potential-energy diagrams at the MP2/dz level of theory for two interacting molecules 1 as a function
of the angle 6; and distance r; for a) 1a and b) 1b with 6,=60,. Molecules 1¢ and 1d exhibit similar plots to
that of 1b. The separation distances, energies, and angles are listed in Table 2.
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Table 2. Calculated energies of interaction, separation distances, and
angles of interaction for the energy minima at ~150° (Figure 4b) for the
model compounds computed at the double-zeta and complete basis set
levels.!

Double-zeta basis set Complete basis set

angle distance energy angle distance energy
[°] [A] [kJmol™!] ] [A] [kImol ]
dimers of molecules 1
1b 156 371 -1.027 156 3.43 —2.770
1c 153 3.82 —2.484 153 3.60 —4.826
1c® 153 3.68 —4.373 153 3.58 —5.207
1d 147 4.15 —4.260 147 3.86 —7.585
dimers of molecules 2!
2b 152 3.46 -5.502 152 3.38 -5.216
2¢ 150 3.72 —6.180 150 3.65 —8.766
2d 148 3.96 —8.430 148 3.81 -9.029
dimers of molecules 3
3b 142 3.66 -2.731 142 3.46 —4.129
3¢ 140 3.85 —3.552 140 3.65 —5.425
3d 144 4.11 —3.745 144 4.04 —6.073

[a] See Table 2S in the Supporting Information for results of the triple-
and quadruple-zeta basis set calculations. [b] Values not corrected for
BSSE errors are included for comparison purposes. [c] The energies for
the dimers of molecules 2 are not corrected for BSSE errors.

moves the calculated energy minimum to within the sum of
the van der Waals radii (see Table 2).

Csp?>—X--X—Csp”® contacts: Energy minima at around 150°
are seen when 6,=60, and @®=180° for all of the halogen----
halogen contacts (except F-F). These minima are shifted to
lower angles in comparison with the Csp’~X«+X—Csp® con-
tacts. With all of the atoms lying in the mirror plane, the
other minimum is located at around 90°. Conversely, when
the mirror plane bisects the aromatic system, the minimum
occurs at 0<80°. At these smaller angles, the positions of
this minimum are affected by other interactions, that is, C—
H---X hydrogen bonds, interaction with the aromatic system,
and steric repulsion.

Csp—X:-X—Csp contacts: Relative to the interactions in
compounds 1 and 2, compounds 3 have an energy minimum
that is shifted to lower angles, with an increase in the sepa-
ration distance (Table 2).

Discussion

Both the crystallographic and the theoretical data will be
discussed in the following order: 1) Proposal of the model,
2) the effect of hybridization of the ipso carbon atom and its
influence on the separation distance between the two halo-
gen atoms and the most suitable geometry, 3) comparison of
this model with simple crystal structures, and 4) the effect of
attaching an electronegative atom to the ipso carbon atom.

Model: An electrostatic model can be used to explain the
theoretical and crystallographic data. Such a model is based

8956 —— www.chemeurj.org
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on two main ideas. 1) The calculated electrostatic potentials
show the presence of a positive potential end cap and a neg-
ative electrostatic potential ring in the m region of the halo-
gen atoms (except for the fluorine atom), as illustrated in
Figure 5 for molecules 1. 2) The electron density is aniso-

) ®

00 20 40 6.0
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0.0 0.02 0.04 0.06 0.08

Figure 5. a) Calculated electrostatic potential surface for 1a, 1b, 1¢, and
1d, respectively. b) Electron density of 1a, 1b, 1¢, and 1d. The anisotro-
py in the electronic charge distribution is represented by the umbra
around the spherical halogen; the umbra radius along the C—X bond is
smaller than the radius perpendicular to it. ¢) The calculated electrostatic
potential of 1¢, 2¢, and 3¢. The energy is expressed in hartrees and the
charge in electronic charge units (the scale is multiplied by 100). The
electron density contour isovalue is set to 0.005. The potential and elec-
tron density were calculated using MP2 and a tz basis set.

tropically distributed around the halogen atom (Figure 5b).
In Figure 5b, the electron density has been multiplied by a
factor for all atoms to enhance the anisotropy. Thus, a quan-
titative comparison between molecules cannot be
made.*! The data in these figures illustrate that the halo-
gen atoms have two different radii; a shorter one along the
C—X bond and a longer one perpendicular to it. According
to the electrostatic model, the presence of an energy mini-
mum dictates that the negative electrostatic ring should face
the positive electrostatic end cap. In view of this, two energy
minima are expected between the two halogen atoms. These
minima occur for the following geometries: 1) 6, =6,~150°
and a torsion angle (C—X.-X—C) of @=180° (Figure 6a)
and 2) 6,=180 and 0,=90° (Figure 6b). In this discussion,
the type (2) interactions will not be analyzed in detail owing
to the fact that other effects (intermolecular interactions,
steric, electronic, etc.) will influence these interactions. Nev-
ertheless, the stability of this geometry is expected based on
the electrostatic model. For the type (1) interactions, the

Chem. Eur. J. 2006, 12, 8952 —8960
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-0.02  -001 0.0 0.01 0.02

Figure 6. Geometries of the two energy minima of 1b: a) 6,=0,~150°,
torsion angle (C—X--X—C), ®=180°; b) 6,=180 and 6, =90°. The color
variation indicates the value of the calculated electrostatic potential.

number of contacts within the sum of the van der Waals
radii observed in the crystallographic database analysis
agrees with an electrostatic model and our ab initio calcula-
tions. The three heavier halogen atoms (Cl, Br, and I) dis-
play interaction maxima in the range of 140-160°. No mini-
mum is observed in the area for F-F interactions, in accord
with experimental observations. The calculations also indi-
cate that as the size of the halogen atom increases the rela-
tive strengths of the halogen--halogen contacts increase.
This supports the argument for the deformation of the elec-
tronic charge around the halogen atom, since the heavier
halogen atoms are more polarizable.

The role of anisotropy in the van der Waals radii and the
presence of the positive electrostatic potential end caps on
the halogen atoms can be tested by investigating the dis-
tance at which the energy minimum is located as a function
of the angle 6 in type (1) interactions. Figure 7 shows that
the energy minimum occurs when 150° <0 <160°. When 6=
180°, the radii of the halogen atoms are the smallest. How-
ever, electrostatic repulsion forces between the positive end
caps cause the energy minima to shift to higher separation
distances. However, the interaction is still attractive owing
to the presence of other forces, for example, dispersion. As
the angle 6 approaches 150°, the separation distances at the

¢1b
Hic
A2b
X 2¢
X 3b
4 3c

Distance / A

130 135 140 145 150 155 160 165 170 175 180
Angle / °

Figure 7. Plot of the angle, 6, at which the calculated energy minimum is
located versus the corresponding separation distance, r;. The drawn
curves are guides for the eye only.
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energy minima decrease, even though the radii are increas-
ing. This decrease in separation distance is due to the attrac-
tive forces between the positive electrostatic end cap of one
halogen atom and the negative electrostatic ring of the
other (Figure 6). For 6<150° the separation distance in-
creases again due to both the increments in the radii and to
the decrease in electrostatic attractions as the negative elec-
trostatic rings start to interact with each other. Overall, the
data indicate these interactions are controlled by electrostat-
ics.

Effect of hybridization: The strength of the halogen—halo-
gen interactions is determined primarily by the positive elec-
trostatic potential end cap and the negative electrostatic po-
tential ring. The strength of the interactions increases as
both the positive electrostatic potential end cap and the neg-
ative electrostatic ring increase. Figure 5c shows that the
positive electrostatic potential end cap tends to increase as
the s character increases and the negative electrostatic po-
tential ring tends to decrease as the s character decreases.
As a result, the strength of the interaction as a function of
the hybridization of the ipso carbon atom decreases in the
order sp>>sp >sp’.

This behavior parallels the electronegativity of the ipso
carbon atom, since there is more s character in sp-hybri-
dized atoms. The dimers of compounds 1 have hydrogen
atoms bonded to the ipso carbon atoms, while the dimers of
compounds 2 and 3 have additional carbon atoms bonded to
the ipso carbon. This will change the electronegativity of the
ipso carbon atom and, hence, the energy of interaction and
the distance at which this minimum occurs. The crystallo-
graphic analysis supports this idea, as indicated by the sepa-
ration distance and the angle of interaction; for example,
the mean Cl--Cl separation distance is 0.08 and 0.18 A less
than the sum of the van der Waals radii for Csp>—X«X—
Csp® and Csp*~X--X—Csp?, respectively (see Figure 3).

Crystal structures of the model compounds: The structures
of several of the model compounds have been reported and
allow comparison between the theoretical and experimental
results. The structures of the monohalomethanes, CH;X
(except for X =F, which is unknown), are based on competi-
tion between hydrogen bonding and halogen--halogen con-
tacts.™ Hydrogen bonding is dominant in the structure of
1b and hence there are no Cl-+Cl contacts in this exam-
ple.”® The distance between the two closest chlorine atoms
is 4.141 A, which is well outside the sum of the van der
Waals radii. In contrast, the structures of 1¢ and 1d show
both halogen--halogen contacts and hydrogen bonding.[*
The structures of 1c¢ and 1d are isomorphous and form
chain structures based on the halogen--halogen contacts.
This agrees with calculations (see above, Table 2) that show
that the Bre-Br and I-I interactions are stronger than
Cl---Cl interactions.

Halogen---halogen contacts play a more crucial role in the
structures of compounds 2 than in the structures of com-
pounds 1. The shortest F--F distance in the structure of fluo-
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robenzene is 4.727 A2 In the structure of 2b, chlorine
atoms are directed towards each other, even though the dis-
tance between them is slightly larger than the sum of the
van der Waals radii (3.599 A).”"® The contact angles are
0,=0,=147°, which agree well with the calculated angle of
6,=0,=152°. This indicates that Cl--Cl contacts are stron-
ger when the chlorine atom is attached to an sp*hybridized
atom than an sp>-hybridized carbon atom.

Effect of attaching an electronegative atom to the ipso
carbon atom: The addition of a more electronegative atom
to an ipso carbon atom will strengthen the halogen--halogen
interaction. Calculations show that the addition of fluorine
to 1b and 1c significantly increases the energy of interac-
tion. In contrast, the addition of more atoms with the same
electronegativity has only a slight effect (Table 3). This indi-
cates that the addition of extra electronegative atoms onto
the carbon atom increases the deformation of the electronic
charge and hence the positive electrostatic potential end
cap.

Table 3. The calculated energies, angles, and separation distances in fluo-
rohalomethane dimers.""!

Compound Energy [kJmol™] Angle [°] Distance [A]
1b —1.027 156 3.7
FCH,CI1 —2.163 152 3.67
F,CHCI —-2.271 149 3.69
F;CCl —2.334 143 3.7
1c —2.484 153 3.83
FCH,Br —3.130 150 3.86
F,CHBr —3.088 146 3.89
F;CBr —3.095 141 391

[a] Calculations were carried out at the dz basis set level.

Experimentally, the situation is a bit more complicated.
Examination of the structures of fluorotrichloromethane
and fluorotribromomethane show that the highly electro-
negative fluorine atoms form hetero halogen---halogen inter-
actions (FeCl, F--Br) rather than assisting in a stronger
homo halogen--halogen interaction. However, in dichloro-
benzene, the interaction distance is shorter than in 2b (see
Table 1S of the Supporting Information) when 6,=6,. The
addition of an extra chlorine atom to the ring reinforces the
Cl--Cl contact.”'™* This follows from the calculations on
the fluorohalomethane molecules (see above).

Other related intermolecular interactions have been
shown to be electrostatic in nature.?! Lommerse et al.,
based on theoretical and crystallographic studies, showed
that the C—XE interaction (X=F, Cl, Br, or I; E=N, O, or
S) was mainly due to electrostatic factors.**! More recently,
the electron density map of the molecular aggregation be-
tween 4,4-bipyridyl N,N'-dioxide and 1,4-diiodotetrafluoro-
benzene, as well as for the complex of (E)-1,2-di(4-pyridyl)-
ethylene and 1,4-diiodotetrafluorobenzene, revealed that
I.-O and LN interactions are electrostatic in nature.”*<
The intermolecular perturbation calculations performed by
Price et al. showed there is a reduction in the electrostatic
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repulsion at around 150°.!"'? In several crystallographic stud-
ies it was found that halogen--halide interactions (C—
X.X") prefer a linear arrangement; the negatively charged
halide anion confronts the positive electrostatic potential
cap on the halogen.”™ Moreover, the C—X--X—M (halo-
gen--~metal halide) synthon is again characterized by a linear
C—X.X arrangement and a separation distance less than
the sum of the van der Waals radii.” Zordan et al. have
shown that the C—X.-X—M contacts involve an attractive
electrostatic contribution.?®! All of these observations agree
with and support our electrostatic model.

Conclusion

Both the ab initio calculations and the histogram distribu-
tions of halogen--halogen contacts indicate that they are di-
rective and a result of attractive forces for all halogens
(except fluorine). These results can be understood on the
basis of an electrostatic model. The model is based on two
ideas: 1) The presence of a positive electrostatic potential
end cap on the halogen atom (as shown by the calculated
electrostatic potential) and 2) an anisotropic distribution of
the electron density around the halogen atom. The interac-
tion strength decreases in the order I.I> BreBr> Cl---Cl.
For X=F, the F-F interactions are weak enough that other
intermolecular interactions dominate. This trend in halo-
gen--halogen interaction strength parallels the polarizability
of the electronic charge around the halogen atom.

The hybridization of the ipso carbon atom and the addi-
tion of an electronegative atom to this atom also affect the
strength of halogen--halogen interactions, their geometry,
and also the separation distance. Halogen--halogen interac-
tions are strongest when the halogen atom is attached to an
sp>-hybridized atom and weakest when attached to an sp’-
hybridized atom. Adding extra electronegative atoms to the
ipso carbon atom can reinforce these contacts. It has also
been observed that a change in interaction angle and in the
anisotropy in the charge distribution will affect the interac-
tion distance. Therefore, in order to be able to regard the
separation distance as an accurate parameter of the strength
of the halogen--halogen contact, the contact angles should
be very similar. While our crystallographic and theoretical
studies show that these synthons are controlled by electro-
static factors, other forces (for example, dispersion and
charge transfer) also participate in these interactions.

Finally, our calculations have shown that the dz basis set
is insufficient to model the halogen--halogen contacts accu-
rately. At this level, the model indicates that this minimum
will occur at a distance longer than the sum of the van der
Waals radii. However, the interaction distances derived
using the complete basis set (Table2) are in very good
agreement with the experimental data.

Understanding the nature of these interactions and how
to control them systematically can help in the design and
synthesis of specific supramolecular synthons for crystal en-
gineering purposes. The addition of another simple predicta-
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ble supramolecular synthon element into the arsenal of crys-
tal engineering techniques, for example, hydrogen bonding,
-7 interactions, and the halogen bond, is a fundamental
and important result.
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