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Four models of halogen bonds were used to quantify this bond using the DFT B97D/6-311+G(d)
computational level: para-substituted iodobenzenes, para- and meta-substituted bromobenzenes
complexed with three simple Lewis bases (NHs, NCH and CNH), 1-bromo-4-substituted-bicyclo[2.2.2]oc-
tanes with NHs and 3- and 4-substituted pyridines complexed with BrCl and BrF. In addition, the
combination of the para-substituted bromobenzenes with the 4-substituted pyridines has been studied. A
total of 459 complexes have been optimized and are discussed in the present article. The energetic and
geometric results have been analyzed based on the properties of the substituents and the isolated
molecules involved in the interaction. The Hammett-Taft parameters provide reasonable correlations with
the interaction energies. However, excellent correlations are obtained in all the cases when the
www.rsc.org/crystengcomm electrostatic properties of the two molecules involved in the interaction are considered (R* > 0.99).
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Introduction scales.'® They reported experimental and computed values for
the diiodine scale pKgy, and its behavior towards a large variety
of bases, including 3- and 4-substituted pyridines, which show
very good correlations with Taft’s ¢y and og."”

Bauza, Quinonero, Frontera and Deya published a paper in
2011 that was the first attempt to correlate calculated
interaction energies of halogen bonded complexes with
Hammett ¢ values.'® They reported results concerning the
complexes in Scheme 1 (7 points, 0.967 < R> < 0.982).

Murray, Politzer et al. have shown that the electrostatic
potential in the molecular surfaces of isolated halo-derivatives
is well correlated with the interaction energies of a small series
of halogen bonded complexes."’

The aim of the present work is to determine the interaction
energies corresponding to the five equilibria depicted in
Scheme 2, which correspond to para-substituted iodobenzenes
and para- and meta-substituted bromobenzenes (1) and (2)
(Model 1), to bromo-bicyclo[2.2.2]octanes (3) (Model 2) and to
3- and 4-substituted pyridines (4) and (5) (Model 3). In a fourth
section (Model 4) we will examine the double-Hammett

The old and fundamental concept of a hydrogen bond (HB),
which dates from 1920," has been extended to other weak
interactions such as dihydrogen bonds,> halogen bonds (XB),?
chalcogen bonds® and pnictogen bonds.” Amongst these
bonds, halogen bonds have been known for a long time®
and are the most studied, to the point that a book has been
devoted to them.” In it, there are chapters concerning
microwave spectroscopy (chapter 2), crystallography (chapter
4) and theoretical calculations (chapter 1). Closely related to
halogen bonds is the concept of a o-hole introduced by
Politzer.®

The possibility that the interaction energy between mono-
mers correlates with substituent effects has been explored in
the case of the thermodynamic acidity of meta- and para-
substituted benzoic acids,” the basicity of 3- and 4-substituted
pyridines,'® hydrogen-bonded acidity (HBA) and basicity
(HBD)"' and many other properties that are gathered under
the names of linear free energy relationships (LFER),"?
extrathermodynamic relationships (ETR)" and correlation
analysis in chemistry (CAC)."

Surprisingly, there are very few previous works on this kind
of approach for halogen bonds. The oldest one is by Person, R F R F
Golton and Popov who showed that log K values for complexes =\ =\
of nitriles with ICI, IBr and I, present linear relationships with @N lAQX Y_@N I‘Q
Taft ¢*."> Related publications belong to a very well known F F F F
group in the field of hydrogen bond basicity and acidity
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Scheme 2 Equilibria involving halogen bonds. Hal stands for iodine and
bromine, B for NH3, NCH and CNH, and Z for F and Cl.

relationships when both the Lewis acid and the Lewis base
bear substituents.

Three bases B (2) were used: ammonia (2a), hydrogen
cyanide (2b) and hydrogen isocyanide (2¢). The first two are N
bases and the third is a C base.

Amongst the large collection of substituent con-
stants,'®*?° we have selected the most commonly used ones,
Hammett's o, and oy,,°' for para and meta-substituted
benzene derivatives but extended them to heteroaromatic
compounds, and Taft’'s biparameter equation separating
through space field effects, of, from resonance effects, gg; or
and oy being common to para and meta-substituted benzenes.
For saturated systems, particularly for bicyclo[2.2.2]octanes
like 6, only through space, o, and through c-bond, o, effects
are operative. Note that or and oy are roughly proportional
(slope 0.996, n = 16, R*> = 0.978). A list with all the equations
discussed in the manuscript can be found in the ESLt o} values
of the selected substituents have been taken from a web page
(Table 1),%* while ¢ and oy are from the Hansch, Leo and Taft
review."”

In addition to the Hammett-Taft LFER approach, we intend
to examine other theoretical outputs in their relationships
with interaction energies. Amongst them the C-Br bond
length, the radius of the bromine atom, the c-hole of the
bromine atom and the MEP minima of the electron donor
have been considered. There has been much interest in
connecting empirical substituent constants with different
computed values. The main effort has been done by Exner
and Bohm on the one hand and by Krygowski and Oziminski
on the other. Exner and Bohm used DFT calculations of the
interaction energies and the inductive effects.**>> Krygowski
and Oziminski used Bader AIM analysis, natural population
analysis and NBO analysis to discuss the Hammett o

This journal is © The Royal Society of Chemistry 2013
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Table 1 The substituent constants of the 17 selected groups

Group ap Om Op OR o1
NO, 0.78 0.71 0.64 0.16 0.76
CN 0.66 0.56 0.54 0.18 0.53
CF; 0.54 0.43 0.46 0.09 0.42
COCH; 0.50 0.38 0.25 0.16 0.29
CO,H 0.45 0.37 — — 0.39
CHO 0.42 0.35 0.35 0.23 0.25
Cl 0.23 0.37 0.43 —0.16 0.47
Br 0.23 0.39 0.49 —0.16 0.50
SH 0.15 0.25 0.27 —0.13 0.26
F 0.06 0.34 0.57 —0.33 0.52
H 0.00 0.00 0.00 0.00 0.00
SCH;3 0.00 0.15 0.20 —0.15 0.23
CHj; —0.17 —0.07 —0.01 —0.13 —0.04
OCH;3 —0.27 0.12 0.30 —0.43 0.27
OH —0.37 0.12 0.32 —0.43 0.29
NH, —0.66 —0.16 0.09 —0.48 0.12
N(CHz), —0.83 —0.15 0.17 —0.56 0.06

coefficients.>*® Suresh et al have calculated molecular
electrostatic potentials (MEP), finding linear correlations
between ¢; and Vi, (the minimum of MEP).>° Platts has
studied the relationship between the parameter calculated
using ab initio methods and the experimentally derived
pKHB-3O

Computational details

The geometry of the systems has been fully optimized with the
B97D DFT functional,®® which incorporates an explicit treat-
ment of the dispersion interactions. The standard 6-311+G(d)
basis set’” has been used for all the atoms except iodine,
where the LANL2DZ basis set>® has been used. Frequency
calculations have been carried out in all cases to confirm that
the structures obtained correspond to energetic minima. The
interaction energy has been corrected for the inherent basis
set superposition error (BSSE) using the counterpoise
method.>® All these calculations have been performed with
the Gaussian 09 package.?

The molecular electrostatic potential (MEP) of the isolated
interacting molecules has been fully characterized. The values
of the MEP near a molecule may be positive or negative in a
given region. The negative MEP are indicative of regions where
electrophiles will be attracted, in particular to that where the
MEP is a minimum. These minimum values can be located
using minimization algorithms as those implemented in the
Gaussian 09 program. In contrast, very steep maximum MEP
values are located in all the nuclear positions, which limit
their use as a predictive tool. On the other hand, the plotted
MEP on a molecular surface, such as the van der Waals
surface, provides regions where nucleophiles will approach the
molecule. This analysis has been carried out using the WFA
program.*®

Three additional parameters have been used to characterize
the monomers in this study, the bromine radius in the
direction of the interaction, the o-hole of the bromine nucleus

CrysttngComm, 2013, 15, 3178-3186 | 3179
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Fig. 1 Optimized geometries of the complexes of 1-bromobenzene with ammonia, hydrogen cyanide and hydrogen isocyanide at the B97D/6-311+G(d)

computational level.

and the MEP minima of the electron donors. The Br radius has
been calculated as the distance from the Br atom to the 0.001 e
bohr™? isosurface along the C-Br direction and the c-hole has
been obtained as the electrostatic potential value in the point
of the isosurface used to calculate the Br radius. The 0.001 e
bohr™? isosurface has been used since it has been shown to
resemble the experimental van der Waals surface.’” The
electron density has been calculated and analyzed with the
AIMPAC and AIMAII programs.*®3°

Results and discussion

Model 1. para and meta-substituted 1-bromobenzenes

The complexes formed between the para-substituted 1-iodine-
benzene and the para- and meta-substituted 1-bromobenzene
with ammonia, hydrogen cyanide and hydrogen isocyanide
show a linear disposition of the C-Hal*X atoms (Hal = Br and
I) very close to 180° in all the cases. The smallest value found is
177.6° (see Fig. 1 for the complexes of the parent compound
with each of the electron donor bases). The intermolecular
distance of the complexes formed between para and meta-
substituted benzenes and the three bases considered [NH,
(2a), NCH (2b) and CNH (2¢)] are reported in Table SI of the
ESLT The most relevant interatomic distance of the complexes
is the Hal--X distance, X = N (NH;, NCH) and X = C (CNH)
(Table S1, ESIT). This distance ranges between 3.05 and 3.21 A
in the complexes with NH; and the values of the p- and m-
substituted bromobenzenes and those of the p-iodobenzenes
are very similar for the same substituent. The distances in the
complexes with NCH range between 3.39 and 3.50 A and
between 3.45 and 3.57 A in the ones with CNH. In all the
series, the shorter distance corresponds to the nitro derivative
while the longest one is associated to the dimethylamino
derivative. The intermolecular distances obtained for the p-
substituted derivatives are highly correlated (R*> > 0.99). The
correlation obtained between the NH; complexes of the p-
substituted (3a) and the m-substituted 1-bromobenzenes (5)
shows a slightly worse correlation with a R* value of 0.97.
The uncorrected interaction energies (E;) and BSSE corrected
[Ei(cp)] energies of these complexes are reported in Table S2 in
the ESIf (the properties of the isolated monomers can be found
in Table S3 in the ESIf). The uncorrected and corrected
interaction energies show very good correlations for the five
series of compounds (R* > 0.999). The most stable complex in
each series corresponds to the nitro derivative while the least
stable one is the dimethylamino derivative, in accordance with

3180 | CrysttngComm, 2013, 15, 3178-3186

the tendencies observed in the intermolecular distances. The
complexes of the iodobenzene are more stable than the
corresponding complexes of the bromobenzene. Concerning
the bases, the NH; complexes are more stable than those of
the NCH and CNH. These results can be rationalized based on
the larger polarizability of the iodine atom vs. the bromine one
and the higher basicity of the NH; molecule vs. the triatomic
molecules NCH and CNH. It is interesting to notice that even
though the numerical values are different, the Ej(cp) values
obtained for the complexes with the p-substituted derivatives
are highly correlated (R> > 0.999). Based on the good
correlations found for the geometrical parameters and inter-
action energies for the complexes of the p-substituted
derivatives with the three bases, it is clear that the effect of a
given substituent is independent of the bases considered
(NH3z, NCH or CNH) and the halogen involved (Br or I).

Due to the high correlations found in both the energies and
geometries with the rest of the series of complexes, and in the
discussion of the results obtained in reaction (1), we will limit
the analysis to one of the p-substituted complexes, those
between the bromobenzene derivatives and NH;.

Three properties of the isolated bromo derivatives have been
examined (Table S3, ESIf): the C-Br bond distance, the vdW
radius of the bromine atom along the C-Br direction and the
value of the electrostatic potential along the C-Br direction in
the vdW surface where the o-hole is located (Fig. 2).

We have gathered in Table 2 the results obtained when
comparing Ej(cp) (Hal = Br, B = NH;3) with different properties
of the substituents, the corresponding isolated bromoben-
zenes and the geometrical characteristics of the complexes
(Table S3, ESIf). Three sets of complexes have been considered,
i) the p-substituted; ii) the m-substituted and iii) both the para
and meta-substituted together. In general, better correlations
are obtained for the p- than for the m-substituted derivatives,
the exceptions being the correlations with the o,/0,, para-
meters where the m-substituted R”> value is larger than in the
para-substituted ones (0.942 vs. 0.916, respectively) and when
the bromine vdW radius is considered (0.986 vs. 0.982,
respectively). The correlations using the values of all the
complexes considered together show R* values intermediate to
those of the corresponding para and meta relationships except
for the op,/0, and with the C-Br bond distance in the isolated
monomers, where the values obtained are worse than those of
the two subsets.

Concerning the different properties, the o, and oy
parameters provide an acceptable estimation of the substitu-
ent effect in the studied complexes, showing R* values between
0.85 and 0.94 depending on the set of selected compounds.

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 1-Bromobenzene: left, 0.001 e bohr™ 2 isosurface in the molecular plane with an indication of the Br radius. Right, MEP in the 0.001 e bohr 2 isosurface. The

o-hole position is indicated with a black dot.

The biparametric relationship between o and oz and the
interaction energy shows better correlations, with R*> values
between 0.98 and 0.97. The intermolecular distances of these
complexes show high correlations with the values of the
interaction energies (R> between 0.996 and 0.965).

Experimental reports of the complexation of I, with a series
of bases have allowed for the development of the pKgy, scale,
based on the equilibria A4 + I, — A:L,.'®” We have found that in
ten of the cases, the substituent in the 4X-pyridine:I, complex
is similar to those used in this study. The linear correlation
between the Ej(cp) of the corresponding 4-substituted-1-
iodobenzenes with the pKgp, provides a R*> value of 0.93,
which is similar in quality to those obtained for the o,
parameter.

With respect to the properties of the isolated molecules, the
value of the C-Br bond distance provides good correlations
when the para and meta-substituted derivatives are considered
independently (R*> values of 0.95 and 0.92, respectively). The

correlation is worse when both groups are considered together
(R* of 0.85). It should be noted that recently, good relation-
ships between experimental pK, values and only one calcu-
lated bond distance have been described.*® The vdW radius of
the bromine atom is highly correlated with the interaction
energy, with R> values between 0.96 and 0.986. Finally,
excellent correlations (>0.99) are obtained between the values
of the electrostatic potential at the c-hole and the value of the
interaction energy. All this reflects the importance of the
electrostatic term in the interaction energy of these complexes.

The fact that eqn (8), (14) and (20) (ESIf) have less points is
due to the lack of or and oy values for the carboxylic group
(Table 1).

The possibility of predicting the interaction energy of any
combination of a bromobenzene derivative and an electron
donor base using the properties of the isolated monomer has
been tested for the 68 complexes of the m- and p-bromoben-
zene derivatives and the three bases considered here. The

Table 2 Results obtained for the equation Ei(cp) (NHs) = ag + a; property of the m- and p-bromobenzene derivatives : NH3 complexes

N-+*Br OplOm o + Or C-Br Br-radius o-hole
para
eqn (6] ?) (8) (9) (10) (11)
n 17 17 16 17 17 17
R? 0.996 0.916 0.982 0.950 0.982 0.999
SD 0.13 0.63 0.29 0.49 0.29 0.06
ao —197 + 3 —8.6 + 0.2 —7.9 + 0.2 —921 + 54 —859 + 30 —2.82 + 0.05
aq 60.1 + 0.9 —4.5 + 0.4 —6.0 + 0.4, —5.7 + 0.3 474 + 28 418 + 15 —292 + 2
meta
eqn (12) (13) (14) (15) (16) (17)
n 17 17 16 17 17 17
R? 0.965 0.942 0.974 0.925 0.986 0.99
SD 0.36 0.46 0.31 0.53 0.23 0.18
a, —170 + 8 —7.4 + 0.2 —7.7 + 0.2 —890 + 65 670 + 20 —2.5 + 0.2
a; 51 + 3 —7.4 + 0.2 —6.4 + 0.4, —4.2 + 0.3 457 + 34 325 + 10 —312 + 7
para + meta
eqn (18) (19) (20) (21) (22) (23)
n 34 34 32 34 34 34
R? 0.976 0.852 0.970 0.850 0.963 0.994
SD 0.31 0.77 0.35 0.77 0.38 0.15
ao —183 + 5 —8.3 + 0.1 —7.8 + 0.1 —829 + 61 —750 + 26 —2.68 + 0.09
aq 56 + 2 —5.0 + 0.4 —6.2 + 0.3, —5.0 + 0.3 426 + 32 365 + 13 —300 £+ 4

This journal is © The Royal Society of Chemistry 2013
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Table 3 Statistical results obtained for the £i(cp) =ag +ay x Py +ax x Py +aq2
x Py x P, model using the E(cp) value of the 68 complexes of the
bromobenzene derivatives with NHs3, NCH and CNH

P, = c-hole P, = c-hole
P, = PA P, = MEP
eqn (24) (25)
n 68 68
R? 0.927 0.998
SD 0.86 0.11
ao 21 + 5 4.7 + 0.2
a; 290 + 208 -117 + 7
a, —0.028 + 0.006 60 + 2
s —0.7 + 0.3 1470 + 70

property that has been used to characterize the corresponding
bromobenzene is the value of the o-hole. In the case of the
bases, two parameters have been tested: the experimental
proton affinity (853.6, 712.9 and 772.3 k] mol " for NH;, NCH
and CNH, respectively)*" and the value of the MEP minimum
associated with the lone pair of the bases that interacts with
the halogen atom (—0.1245, —0.0646 and —0.0679 au for NH3,
NCH and CNH, respectively). The use of the PA to describe the
base (eqn (24), ESIt) provides a correlation with an R* value of
0.93 and a SD of 0.86 k] mol ™", indicating that the stronger the
base is, the greater Ej(cp) is. Excellent results (R* = 0.998 and
SD = 0.11 k] mol ') are obtained when the values of the MEP
are used in both the bromobenzene derivatives and the base
(eqn (25), ESIf), as shown in Table 3.

Model 2. 1-Bromo-4-X-bicyclo[2.2.2]octanes

The complexes formed between the 4-substituted 1-bromobi-
cyclo[2.2.2]octanes with ammonia present a linear disposition
of the C-Br**N atoms, as in the case of the complexes between
the bromobenzenes, the smallest angle found between these
three atoms being 177.5° (see Fig. 3 for the optimized
geometry of two of the complexes studied in this section).
The energetic values and the intermolecular distances of the
complexes between the 4-substitued derivatives of 1-bromobi-
cyclo[2.2.2]octane and ammonia are gathered in Table S4 in
the ESLt Some of the properties of the isolated bromo
derivatives are included in the same table.

The Ej(cp) values range between —5.42 k] mol~ "' for the
4-NO, derivative to —1.92 for the complex of the parent
compound. In accordance with the energetic results, the
shortest Br-N distance is found in the 4-NO, derivative and
the longest in the complex of the parent compounds. The
absence of an electron withdrawing group, the benzene in the

o

w

View Article Online

previous section, increases the vdW radius of the bromine
atom and reduces the values of the c-hole in the 4-substituted
1-bromobicyclo[2.2.2]octanes when compared to the corre-
sponding bromobenzenes.

The calculated interaction energy corrected with the BSSE is
proportional to the uncorrected interaction energy (eqn (26),
ESIf, R = 0.997, Table 4), as in the case of the complexes
between halobenzenes and different bases discussed in the
previous section. The values of the or parameters for the
different substituents considered in this work show a R* value
of 0.90 with the Ej(cp) (eqn (27), ESIt). Better correlations are
obtained using the calculated intermolecular distances (eqn
(28), ESIf, R* = 0.98), the C-Br bond distance in the isolated
molecules (eqn (29), ESIf, R* = 0.97) and the Br radius (eqn
(30), ESIf, R* = 0.98). As in the previous case, an excellent
correlation is obtained when the values of the MEP in the
o-hole are used (eqn (31), ESIf, R* = 0.993).

If we compare the Ej(cp) values corresponding to equilibria
(1) (Hal = Br and B = NH;) and (3) of Scheme 2, they are weakly
related (n = 17, R> = 0.74). Alternatively, a relationship using
three parameters can be proposed using eqn (32) and (33):

Ei(cp) (benzenes) = —(7.

9 + 0.2) — (4.1 + 1.5)0p —
7+1

(5.6 + 0.3)ox - (1. 4)ay, R* = 0.986 (32)
Ei(cp) ([2.2.2]) = —(2.2 + 0.1) — (2.9 + 1.0)op —
(0.9 + 0.2)ox — (1.7 + 0.9)ay, R> = 0.973 (33)

To compare the coefficients, the Ej(cp) values must be
coded,”” for instance between —1 (—13.03 and —5.42 kJ
mol™ ") and +1 (—5.61 and —1.92 k] mol ™)

Ei(cp) (benzenes) = (0.38 + 0.04) — (1.1 + 0.4)o —
(1.51 + 0.08)ox — (0.5 + 0.4)oy, R* = 0.986 (34)
Ej(cp) ([2.2-2]) = (0.84 + 0.06) — (1.6 + 0.6)0p —
(0.5 + 0.1)og — (1.0 + 0.5)0y, R* = 0.973 (35)

The bicyclo[2.2.2]octanes are more sensitive to field (1.6/1.1)
and inductive (1.0/0.5) effects but much less sensitive to
resonance effects (0.5/1.51) than the benzene derivatives, as
expected from the definition of the three ¢ parameters (eqn
(34) and (35)).

Model 3. 3- and 4-Substituted pyridines

The optimized geometries of the complexes between the 3- and
4-substituted pyridines with FBr and CIBr show a linear
disposition of the dihalogen molecule with the nitrogen atom

Fig. 3 Optimized structures of the parent and 4-nitro-1-bromobicyclo[2.2.2]octane with ammonia at the B97D/6-311+G(d) computational level.

3182 | CrysttngComm, 2013, 15, 3178-3186
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Table 4 Results obtained for the equation E(cp) (NHs) = ag + a; property of the 1-bromo-4-X-bicyclo[2.2.2]octane : NH3 complexes

E; op Br-N C-Br Br-radius MEP-surface
eqn (26) (27) (28) (29) (30) (31)
R 0.9997 0.897 0.984 0.969 0.983 0.993
SD 0.02 0.34 0.13 0.19 0.14 0.09
ay 1.99 + 0.03 —2.1 4+ 0.1 —210 + 7 —588 + 27 —527 + 18 —2.63 £+ 0.03
a, 0.930 + 0.004 —4.6 + 0.4 64 + 2 288 + 13 253 + 9 —254 £ 5

of the pyridine (Fig. 4). The BSSE corrected interaction
energies and intermolecular distances of these complexes are
gathered in Table S5 in the ESIL.t The interaction energies of
the FBr complexes range between —73.7 and —105.5 k] mol "
and those with CIBr between —47.1 and —75.1 k] mol~*. The
interaction energies are in general slightly larger for a given
substituent when it is located in position 4 compared to the
values in position 3. The larger interaction energies in all the
series correspond to the dimethylamino derivatives, NMe,,
while the smaller ones are those of the nitro derivatives, NO,.
The intermolecular distances range between 2.24 and 2.30 A in
the complexes with FBr and between 2.33 and 2.44 A for the
complexes with CIBr. In accordance with the interaction
energies, the shortest intermolecular distances are those of
the NMe, derivatives in each series and the longest are those
of the NO, derivatives.

A comparison of the interaction energies between the FBr
and CIBr complexes show that they are highly correlated (R* is
0.999 and 0.998 for the 3- and 4-substituted pyridines,
respectively). However, when a similar comparison is carried
out with the intermolecular distances, the correlation coeffi-
cients are not so high (R* is 0.98 and 0.92 for the 3- and
4-substituted pyridines, respectively). The relationships
between the interaction energies and the intermolecular
distances, in contrast with the results obtained in the previous
sections, are rather poor for the complexes between the
3-substituted pyridines and FBr and CIBr (R* of 0.55 and 0.58,
respectively) and slightly better for the complexes with the
4-substituted pyridines (R* of 0.87 and 0.98, respectively).

The correlations between the Ej(cp) values of these com-
plexes and the Hammett-Taft parameters (Table 5) show
acceptable correlation coefficients (R* between 0.907 and
0.921) when they are divided based on the XB donor and the
3- and 4-substituted derivatives (eqn (36)-(40), ESIf). These
coefficients worsen when all the complexes of FBr or CIBr are
considered, presenting R> values of 0.83 and 0.84 respectively
(eqn (38) and (41), ESIf).

As an electrostatic property associated with the monomers,
the MEP minima of the lone pair of the pyridine derivatives
has been considered in this case (Table 5). The smallest
absolute value of the MEP corresponds to the NO, derivative
and the largest to the NMe, one. These values show an
acceptable linear correlation with the o, and o, parameters
(0.95 and 0.93, respectively).

The E;(cp) values of all the complexes studied in this section
(68) have been correlated vs. the MEP minima of the pyridine
and the c-hole of the corresponding FBr or CIBr molecule
(0.0844 and 0.504 au) using a similar relationship to the one
reported in Table 3 for the bromobenzenes with different
bases (Table 6). The results (eqn (42), ESIf) are again excellent
with a SD of 1.07 k] mol ', which represents between 1 to 2%
of the Ej(cp) values obtained for these complexes (—47.1 to
—105.5 k] mol ') and a R* value of 0.996.

Model 4. Double-Hammett relationships

In this section, we examine the complexes between the p-
derivatives of 1-bromobenzene and 4-derivatives of pyridine
(Scheme 3). Examples where both rings bear different
substituents are not common in the literature. An interesting
study by Hunter et al. discussed the double substituent effect
in edge-to-face aromatic interactions stabilized by two hydro-
gen bonds.*>**

Scheme 3 Double-Hammett model.

All the possible complexes between 4-substituted 1-bromo-
benzenes and 4-substituted pyridines, taking into account the
17 substituents mentioned in Table 1, have been taken into

Fig. 4 Optimized geometry of the pyridine:FBr and pyridine:CIBr complexes at the B97D/6-311+G(d) computational level.

This journal is © The Royal Society of Chemistry 2013
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Table 5 Statistical parameters of the correlations between the £(cp) values and the o, and/or o, parameters of the substituents [Ei(cp) = ag + a; x property]

FBr, 3-susb. Pyr. FBr, 4-susb. Pyr. All FBr CIBr, 3-susb. Pyr. CIBr, 4-susb. Pyr. All CIBr
eqn (36) (37) (38) (39) (40) (41)
n 17 17 34 17 17 34
R* 0.921 0.907 0.834 0.921 0.920 0.843
SD 2.30 2.45 3.24 2.05 2.06 2.81
Intercept (a,) —94.8 + 0.8 —90.9 + 0.6 —91.6 + 0.6 —65.6 + 0.7 —61.9 + 0.5 —62.6 + 0.5
Slope (a,) 31 + 2 16 + 1 19 + 2 28 + 2 15.0 + 1 18 + 1

account in this section (17> = 289). Most of the complexes
studied present a linear C-Br*N disposition, with the two
aromatic rings in an orthogonal arrangement. However, in 15
cases, the C-Br'N disposition departs from linearity due to a
secondary interaction between the C-H group in position 2 of
the pyridine and the electron rich region of the Br atom
(Fig. 5). This situation is more common in complexes that are
weakly bonded. The energetic difference between the minima
with a non linear C-Br'-*N disposition and those where the
disposition of these three atoms has been forced to be linear is
up to 0.95 k] mol ™.

The AIM analysis of the complexes with a non linear C-
Br-N disposition present a bond critical point (BCP) between
the C-H group and the Br atom in some of the complexes but a
ring critical point very close to the BCP is an indication that
small changes in the geometry can result in the disappearance
of the BCP.

In order to avoid the interference of this weak interaction,
the interaction energy of the linearly forced complex has been
considered for the 15 complexes with a non linear C-Br='N
disposition while in the rest of the cases, the optimized
minima have been used. The BSSE corrected interaction
energies of the 289 complexes studied (Table S7, ESIf) in this
section range between —7.0 to —16.8 k] mol . For a given
substituent on the benzene, the strongest complex corre-
sponds to the 4-dimethylamine derivative of the pyridine and
the weakest corresponds to the 4-nitro derivative. The opposite
happens for a series of complexes where the substituent of the
pyridine is fixed, in agreement with the results discussed in
the previous sections.

The E;(cp) values obtained in all the complexes have been
correlated with the ¢, values of the substituents in the
bromobenzenes, o}, (X), the pyridine derivatives, o, (Y), and the
product of both terms (eqn (43), ESIf, Table 7). In addition,
and analogous to previous analysis, the values of the c-hole of
the isolated bromobenzenes and the MEP minima of the lone
pair of the isolated pyridines have been taken into account
(eqn (44), ESIf). The correlation with the ¢, parameters

Table 6 Statistical parameters of the correlation, Ei(cp) =ag +a; x Py +ay x Py
+ai; x Py x Py, between the Ei(cp) values of all the complexes studied in this
section (68), the MEP minimum of the pyridine (P;) and the o-hole of the Br-Z (Z
= F and Cl) derivative (P,)

eqn (42) a 34 +5

R? 0.996 a 570 + 54
SD 1.07 a, —628 + 70
N 68 ars 2402 + 776

3184 | CrysttngComm, 2013, 15, 3178-3186

provides acceptable results with R* values of 0.9 and an SD
of 0.60 k] mol™'. As previously, the use of electrostatic
parameters of the isolated molecules provides excellent
correlations with a very small SD (0.13 k] mol™ ') and high
values of R* (0.995).

Summary and conclusions

A theoretical DFT-B97D study of a large number of halogen
bonded complexes is discussed in the present article. These
complexes can be divided into four sets: i) 4-substituted
1-iodo- and 1-bromobenzenes complexed with small bases
(NH3, NCH and CNH), ii) 4-substituted-1-
bromobicyclo[2.2.2]octanes:NH;, iii) 4-subtitued-pyridines
with FBr and CIBr, and iv) 4-substituted 1-bromobenzenes
with 4-substituted-pyridines. The total number of complexes
studied is 459.

The geometry and the interaction energies of the complexes
have been statistically analyzed with substituent properties as
those proposed by Hammett and Taft, with geometrical
parameters (C-Br bond length and intermolecular distances)
and electronic properties of the isolated monomers (bromine
vdW radii in the interaction direction, c-hole and MEP
minima values). A list with all the equations and their
corresponding statistics is reported in the ESL{

The Hammett-Taft approach provides reasonable statistical
parameters with R” values of about 0.9 when compared to the
Ej(cp) values in all the sets studied. Taking into account the
large number of substituents for which these parameters are
reported in the literature, it provides a basis to extend the
initial prediction with a relatively small set of compounds to a
large one with little effort.

The geometrical parameters and in particular, the ones
derived from the electrostatic potential of the molecules, are
able to provide excellent correlations when compared to the
E;(cp) values using the following equation:

Efcp)=ap+ay x Py+a, x Py+a;; X Py X P,

where P; is the o-hole of the XB donor and P, is the MEP
minima of the electron donor. In the series studied in the
present article, small values of the SD [between 1 and 2% of
the obtained Ej(cp)] and high R* values (>0.99) are obtained.
Thus, these correlations can be used to estimate the
interaction energies of new complexes with great accuracy

This journal is © The Royal Society of Chemistry 2013
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Fig. 5 Optimized geometry of the 1-bromobenzene:pyridine complex (left) and a molecular graph of one of the complexes with a non linear C-Br---N disposition
(right). The locations of the electron density bond and ring critical points are indicated with green and red spheres, respectively.

Table 7 Statistical analysis of the relationship between the Ej(cp) and the ¢, of
the substituents and the electrostatic parameters of the isolated molecules
(o-hole for the bromobenzenes and MEP minimum for the pyridine derivatives)
using the equation: Ei(cp) =ag + a1 x Pr+az; x Pa+ai x Py x Py

Py =0, (X) P,= c-hole
P, =ap, (Y) P, = MEP minimum
eqn (43) (44)
n 289 289
R 0.902 0.995
SD 0.60 0.13
ao —9.88 + 0.04 —12.0 £ 0.2
a, —4.00 £+ 0.08 332 + 10
a, 1.13 + 0.08 —78 + 2
20 2.21 + 0.18 6351 + 105

but this would require the calculation of the parameters of the
isolated monomers in case they have not been previously
reported. Additionally, new equations can be derived for new
families of complexes using a small set of complexes and used
to predict the interaction energy of many complexes within the
family from the MEP properties of the isolated monomers, i.e.,
the monomers grow as the sum while the complexes grow as
the product.

These results indicate that the electrostatic term of the
interaction energy is able to explain the variability of the
interaction energy within each family of compounds. The fact
that different fitted a; parameters are obtained for each family
indicates that the weight of other terms, such as polarization,
dispersion and charge transfer, change among different
families of complexes.

The satisfactory results obtained in this work would need
additional research to be applied in non-ideal gas disposi-
tions, such as those found in crystal structures. We would
need to re-evaluate the E;(cp) and the molecular descriptors in
the function of the geometry of the complex in different
dispositions in order to make the model more general.
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