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To explore the binding properties of benzene towards small molecules bearing C—H groups with different
acidities, we have undertaken ab initio quantum-chemical calculations, including correlation effects through
Density Functional Theory methods, on the benzene-CH3X (X = F, Cl, Br, I, CN, NO,) adducts. Benzene
acts as a Lewis base and the CH;X molecule as a Lewis acid. The partial charge transferred from benzene
to the Lewis acid is mainly confined on the X group and increases with the electron withdrawing character
of X. The calculations performed on the various systems predict that two different stable structures for each
adduct exist: one with C;, and the other with C; symmetry, the latter being the most stable one. A simple
HOMO-LUMO model suggests that the charge is transferred from the benzene HOMO to the CH;X LUMO
and that this process is easier in the systems with C; symmetry due to the better overlap between the

frontier orbitals.

1. Introduction

In modern chemistry the non-bonding intermolecular inter-
actions are of fundamental importance for understanding
molecular recognition phenomena, biological processes and
physical and chemical properties of new materials. Among
them, the attractive interaction between a C—H bond and a &
system, known as CH/n interaction,! has been invoked to
explain several experimental results. Numerous examples of
very short CH: - -C,omatic NON-bonding distances in molecules
in stable conformations have been reported in the literature® ®
as well as structural evidence of short contacts between a C-H
group and a 7 system in a large number of organic crystals’
and proteins.®1® Also, molecular recognition processes
assisted by CH/~ interactions are well known and documen-
ted,'"!® however, in spite of all this evidence, few works have
been devoted to understanding the physical origin of the CH/xt
interactions until now. Only recently the interactions between
benzene and some model hydrocarbons have been investigated
from the theoretical point of view.'? In previous works we have
shown that neutral macrocyclic molecules presenting intramo-
lecular aromatic cavities are efficient hosts for neutral organic
molecules possessing acid methyl groups.?®2! The solid state
structures of such complexes, obtained by single crystal X-
ray diffraction, showed that the guest methyl group interacts
with the aromatic surface of the host, thus leading to the
hypothesis that the CH/n interaction has a stabilizing role in
these systems. This experimental evidence led us to investigate
from a theoretical point of view the binding mode between
benzene and a series of CH3;X molecules bearing C—H groups
with different acidity.

In this paper we report on the ab-initio theoretical calcula-
tions, carried out beyond the Hartree—Fock level including
correlation effects via DFT calculations, on a series of com-
plexes formed between benzene and the small molecules of
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the series CH;X (X = F, Cl, Br, I, CN, NO,). Our main pur-
poses are: (a) to investigate the nature of the bonding between
the aromatic surface of the benzene and the “acid” methyl
group to elucidate an important aspect of the nature of the
interactions between molecular systems and unsaturated car-
bon surfaces; (b) to determine the different structures of the
complexes and, when possible, also the geometrical parameters
sensitive to such weak interactions; (c) to evaluate the energy
involved in such interactions.

2. Methodology

All the calculations reported in this work were carried out
using the PC Spartan Pro release 1.05.*2 Geometry optimiza-
tion calculations were performed using Density Functional
methods in the perturbative Slater—Vosko—Wilk—Nusair model
(SVWN) using the numerical polarization basis set SVWN/
DN*.2* The calculations were carried out on the complexes
between benzene and the CH;X (X = F, Cl, Br, I, CN, NO,)
molecules and each stationary point was characterized as a
minima or a transition state by frequency calculations. Initially
the geometry optimization of the isolated benzene and of the
CH3X molecules have been performed. The calculations also
gave, for each molecule, the molecular electrostatic potential
(MEP) plotted onto the isodensity molecular surface at 0.002
e au~!? displayed in Fig. 1.

The MEP analysis suggested that only three different ben-
zene—-CH3X cluster configurations (see Scheme 1) could be
valid initial guesses for the geometry optimizations of the com-
plexes: CH3X riding on benzene (I), C—H bond orthogonal
toward benzene (II) and edge-to-tail (III).

In I the plane defined by the methyl hydrogens is parallel to
the benzene molecule: the system has a C;, symmetry and
CH;3X is “riding” on the aromatic ring. Thus the methyl
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Fig. 1 Molecular Electrostatic Potential (MEP) plotted onto the
molecular surfaces (the isosurface at 0.002 e au™'*). Mapping colours
from red (negative) to blue (positive). (a) Benzene (MEP values from
—20.6 to 15.3 kcal mol™"), (b) CH3F (262, 20.7), (c) CH;CI
(—19.8, 23.7), (d) CH3Br (—18.8, 24.8), (¢) CH;I (-21.6, 21.1) (f)
CH;CN (—45.5, 31.8), (g) CH3NO, (—35.8, 34.2).

molecular surface, where the MEP is positive, is just faced on
the benzene nucleus where the MEP is negative.

In II only one methyl hydrogen points towards the barycen-
tre of the benzene and the plane defined by HCX is orthogonal
to it, resulting in a system with C; symmetry. In this cluster
configuration, two weak attractive interactions can cooperate
simultaneously: one between the methyl hydrogen atom (where
the MEP is positive) pointing toward the barycentre of ben-
zene and the barycentre itself (where the MEP is negative)
and one between the X group (were the MEP is negative)
and one hydrogen atom of the ring (where the MEP is posi-
tive).

In IIT the C—X bond is initially aligned with a benzene C-H
bond. In the benzene nitromethane complex the CNO, group
is placed coplanar to the aromatic ring with the nitro group
close to two adjacent benzene hydrogen atoms.

As significant geometrical parameters potentially sensitive to
the strength of the intermolecular interactions were chosen: (a)
the distance between the CH; carbon atom and the barycentre
of the benzene, namely R in I and R, in II; (b) the distance
between the hydrogen pointing towards the barycentre of
the benzene and the barycentre itself, R, in II; (c) the angle
between the C—X bond and the line parallel to the benzene
group and lying on the mirror plane of the complex, a;
in II, and the angle C-H---barycentre a, in II. Since the
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Scheme 1

rearrangement of charge which accompanies the complex for-
mation is an important indicator of the nature and of the
strength of the binding, the charge shift ¢, namely the charge
transferred from benzene to the CH3;X molecule, has been
calculated starting from the electrostatic charges.

3. Results and discussion

3.1 Individual molecules

Results obtained at the SVWN/DN* level for the individual
molecules after geometry optimizations are collected in Table
1. The variations in the bond distances and angles in the indi-
vidual molecules during the complex formation are small in the
whole series of complexes. The C-C and C-H bond lengths in
benzene change a maximum of 0.002 A and the increases in the
C-X and C-H bond distances in the halogen series do not
exceed 0.003 and 0.004 A, respectively. On the contrary, in
the CH3CN and CH;NO, complexes the bond distances
decrease. The maximum variations are observed for the C-N
and C-H bond distances in the case of nitromethane (0.006 A).

The HCX bond angle generally increases in the complexes
with C;, symmetry (the shift ranges from 0.27 to 1.44°) but,
on the contrary, in the complexes with C, symmetry it
decreases for the hydrogen atom pointing towards the bary-
centre of the benzene (the maximum shift of —1.38° is observed
for nitromethane) indicating that in this cluster configuration
the attractive interactions between the benzene and the
CH;X molecule also involve the X group other than the methyl

group.

3.2 Clusters with C3, symmetry

Table 2 reports the results obtained from the geometry optimi-
zation starting with the methyl group “riding” on benzene in
the C;, symmetry.

In this cluster configuration all the three “acid” hydrogens
of the methyl group interact simultaneously with benzene giv-
ing rise to the so called CH3/m interaction.

At the SVWN/DN* level all the complexes exhibit modest
binding: the interaction energies range from 73 to 92% of
the interaction energy of the water dimer (5.0 kcal mol™!).**
The aromatic ring acts as a Lewis base and transfers a partial
charge ¢ to the CH3X molecule (the Lewis acid); ¢ is mainly
confined on the X group and the highest ¢ values are observed,
as expected, for the cyano and nitro groups. Among the
halides there is no evidence of linear correlation between ¢
and the electron withdrawing character of X.

In Figs. 2 and 3 the energy values, plotted against the equili-
brium distance R and the transferred charge ¢, respectively,
show that the stability of the system increases as ¢ increases,
with the anomalous case of the benzene CH3;Br complex. In
conclusion, in this cluster configuration the CH/x interaction
seems to have a significant electrostatic component, but the
non-linear correlation between —E and ¢ suggests that disper-
sion forces also contribute significantly. In fact, a scan of E as
a function of R shows that a substantial attraction exists also at
larger intermolecular R values indicating that these complexes

Table 1 Bond distances (10\) in the individual molecules after geome-
try optimization

Benzene C-C 1.387 C-H 1.097
CH;F C-F 1.376 C-H 1.103
CH;Cl C-Cl 1.767 C-H 1.098
CH;Br C-Br 1.983 C-H 1.096
CH;l C-12.149 C-H 1.096
CH;CN C-C 1.437 C-N 1.160 C-H 1.102
CH;NO, C-N 1.474 N-O 1.220 C-H 1.099
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Table 2 Benzene—-CH3;X adducts in the C;, symmetry, E = binding
energy, R see Scheme 1, ¢ = charge transferred from benzene to the
CH;X molecule

CH;X riding on benzene (Cs, symmetry)

X E/kJ mol™! R/A q/e

F —15.195 3.308 0.005
Cl —15.823 3.286 0.006
Br —14.944 3.291 0.011
I —15.949 3.267 0.009
CN —18.753 3.262 0.022
NO, —19.256 3.299 0.030

are stabilized by long-range interactions such as electrostatic
and dispersion rather than short-range interactions. The R
values are uncorrelated to the binding energy so that it is not
a “good” geometrical parameter being insensitive to the
strength of the attraction.

3.3 Clusters with C; symmetry

The results obtained from the geometry optimization starting
with one methyl hydrogen pointing towards the barycentre
of benzene are reported in Table 3.

The complexes in this symmetry exhibit the highest attrac-
tion: E becomes more negative and ranges from 79 to 143%
of the interaction energy of the water dimer. A partial charge
¢ is shifted from benzene to the CH3X molecule and segregated
on the X group. Such an increase in the complex stability, with
respect to that predicted for the complexes with Cs, symmetry,
can be explained on the basis of a double electrostatic attrac-
tive interaction of ‘““acid-base” type: one ‘“acid” hydrogen
of the methyl group interacts with the negative charge concen-
trated on the baricentre of benzene through a simple CH/x
interaction while the negative charge concentrated on the X
group interacts with the partially positive hydrogens of the
benzene. This double-interaction model is supported by the
variation of the X~C-H bond angle, which, as stated above,
increases during the formation of the complexes with Ci,
symmetry, whereas it decreases by —1.38° in the complexes
with Cg symmetry.

In Fig. 4 the binding energy values are plotted together with
the transferred charges ¢ for the whole series of adducts; the
binding increases when ¢ increases, showing an almost linear
correlation between —FE and ¢ from benzene CH;Br to benzene
CH;NO, suggesting that the electrostatic component of the
interactions is stronger in this cluster configuration. The high
attraction between benzene and CH;F is surprising and sug-
gests that also in this cluster symmetry the dispersion interac-
tion contributes significantly to the binding.
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Fig. 2 Binding energy —F (—) and R (- - -) along the series of adducts
in the C;, symmetry.
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Fig. 3 Binding energy —FE (—) and ¢ (- - -) along the series of adducts
in the C;, symmetry.

On the contrary none of the geometrical parameters, Ry,
R, a1 and a, can account for the strength of the binding.
For instance R is totally uncorrelated to —E (see Fig. 5). This
behaviour is not surprising, but, on the contrary, it supports
the hypothesis that the complex is stabilized through a double
interaction whereas the R, values could account, at maximum,
only for one of them.

The structure of the benzene CH,4 complex with C; symme-
try has also been optimized with the DFT method in the
SVWN/DN* model. The calculated binding energy (E =
—10.042 kJ mol™!) allows us to estimate the contribution of
the dispersion interactions to the total binding along the series
of the complexes with C; symmetry (the most stable ones): the
contribution of the dispersion is substantial and ranges from
60% in the benzene CH;F complex to 33% in the benzene
CH;3;NO, complex.

3.4 Edge-to-tail clusters

In this cluster configuration the strength of the binding shows
its lowest intensity: —3.60, —7.242, —5.149, —0.879, —3.935,
—8.539 kJ mol~! along the series; the equilibrium geometries
never correspond to a true edge-to-tail configuration. The
vibrational frequencies, calculated to characterize the station-
ary point in the potential energy surface, lead to imaginary
values for all the complexes with the exception of benzene—
CH3NO,, the most stable one in this cluster configuration.
However it must be emphasized that in this case the CH/n
interaction does not occur since the NO, group is linked to
the aromatic ring through the two hydrogen bonds shown in
Fig. 6. The H- - -O contacts are 2.64 and 2.512 A, respectively.

3.5 HOMO and LUMO

Geometrical optimizations of the isolated molecules in vacuo
using DFT calculations at the SVWN/DN* level gave the
energy of the highest occupied molecular orbital (HOMO) of

Table 3 Benzene-CH3X adducts in the Cs, symmetry, E = binding
energy, Ry, R,, oy and a, see Scheme 1, ¢ = charge transferred from
benzene to the CH3;X molecule

CH;X orthogonal to benzene (C; symmetry)

X E/kImol™"  g/e Ri/A  RyA o) 0p/°

F —16.577 0.012 3413 2.351 0.42 160.72
Cl —20.051 0.003 3481  2.423 —7.55  160.42
Br —18.167 0.008  3.414  2.338 —0.14  165.57
I —20.009 0.012  3.393 2313 594  167.69
CN —24.572 0.021 3.275 2418 —6.52 133.16
NO, -30.014 0.025 3337 2356 —13.88  146.90
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Fig. 4 Binding energy —FE (—) and ¢ (- - -) along the series of adducts
with C; symmetry.

benzene (—636.55 kJ mol™") and of the lowest unoccupied
molecular orbital (LUMO) of the CH;X molecules whose
values are reported in Table 4.

The analysis of the HOMO-LUMO separation and of
the symmetry of the frontier orbitals helps us to understand
how the electrostatic charge is transferred from benzene
to the CH3;X molecule. Fig. 7 shows that, except for the
case of the benzene-CH3;CN complex, the energy separation
between the HOMO of benzene and the LUMO of CH3X
decreases linearly along the series from CH3F to CH3NO,.

A linear increase of ¢ along the same series of complexes
(both in Cg and C;, cluster configurations) could thus be
expected. On the contrary, an abrupt increase of the ¢ value
is always observed in the complexes with CH3;CN and
CH3NO,. Such a trend can be explained by looking at the
pivotal role of the HOMO-LUMO overlap in all the com-
plexes; Figs. 8 and 9 show the overlap between the limit
surfaces of the frontier orbitals in the Cs, and Cj cluster con-
figurations, respectively.

Considering the complexes with C;, symmetry, when X is a
halide the overlap between the HOMO and the LUMO results
in a partial reciprocal cancellation between the wave functions
and this hinders the charge transfer. On the contrary in the
case of CH3CN and CH;NO, complexes the overlap brings a
summation between the frontier orbitals with identical sign,
thus justifying the observed abrupt increase of the charge
transferred from the base to the acid compound.

The reciprocal orientation of the frontier orbitals is more
favourable in the series of complexes with C; symmetry, and
the overlap also becomes constructive (even if a little bit of
cancellation still remains) for the complexes with CH;Cl,
CH;Br and CH;I. However it is worth noticing that also in this
configuration the overlap between HOMO and LUMO
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Fig. 5 Bindingenergy —F (—) and R (- - -) along the series of adducts
with Cg symmetry.

Fig. 6 Optimized structure of the benzene CH3;NO, complex in the
edge-to-tail configuration.

increases dramatically for the complexes with CH3;CN and
CH;3NO, resulting in the correlated increase of the charge
transfer.

3.6 Binding and acidity

The binding energies of the complexes have been compared
with the Lewis acidities of the CH;X molecules to evidence a
possible correlation between these properties. A reliable indi-
cator for the acidity of a hydrogen atom in a molecule is
the highest value of the MEP in correspondence to the acid
H-atom.?

In our case the maximum values calculated on the molecular
isosurface at 0.002 ¢ au™' around the methyl group are 86.7,
99.2, 103.8, 88.3, 133.1, 143.2 kJ mol ™" along the series from
CH5F to CH;3;NO,.%° In Fig. 10 the MEP (1max) values are
plotted together with the binding energies in both the cluster
configurations. As a general trend, the binding energy
increases with the acidity (except for the CHzI complex) and
the best correlation is obtained for complexes with Cs, symme-
try, (the less stable) rather than for those with Cg symmetry.
This behaviour however is not surprising considering that in
complexes with Cz, symmetry the only active interaction is
the CH/x one, which reasonably depends linearly on the acid-
ity. In the case of Cs symmetry however, since the interaction is
not a pure CH/m but a second electrostatic force cooperates
with it to enhance the binding, a linear dependence between
the binding energy and the acidity of the CH3X molecule is
partially prevented.

3.7 Accuracy of the results

Since no experimental binding energies in the gas phase are
available so far, the accuracy of the obtained results can only
be estimated by comparison with theoretical results obtained
by high-level ab initio calculation. In a very recent paper’’
the intermolecular interaction energies were calculated for
the benzene CH,4 and benzene CH;Cl complexes using extra-
polated MP2%%% interaction energies at the basis set limit
and CCSD(T) correction terms.*®*! The calculated benzene
CH, interaction energy is —6.069 kJ mol~! and that for ben-
zene CH5CI is —12.56 kJ mol~!. These results compared to
the corresponding ones obtained by us indicate that the equili-
brium geometries are almost identical for the two methods and
that the DFT method in the SVWN/DN* model overestimates
the binding by almost 60% for both the complexes. However in
the same paper are also reported the binding energies obtained
by MP2/6-311G** ab initio calculations which show that on

Table 4 Energy values of the LUMO in the CH3X molecules

X LUMO?’s energy/kJ mol ™!
F 58.61
Cl —47.38
Br —120.21
I —195.29
CN —53.53
NO, ~327.61

New J. Chem., 2002, 26, 1718-1723 1721



100

0

-100 +

-200

-300

[ ]
CH3F
CH3CN
CH3CI® e
CHgBr ®

CHal ®

CH3NO, o

- EfkJ mol”

-400 +

-500 +

HOMO
benzene
[ ]

-600 +

-700 t t t + t t t
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the contrary, with this basis set the binding is underestimated
by 45 and 30% (—3.35 and —8.79 kJ mol~! for the methane
and chloromethane complexes, respectively) with respect to
the MP2 basis set limit and CCSD(T) correction terms. This
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Fig. 8 Perspective view of the overlap between frontiers orbitals (iso-
surfaces at 0.032 ¢ au™'®) in the Cs, adducts of benzene with (a) CH;F,
(b) CHsl, (¢) CH;Cl, (d) CH3CN, (e) CH;3Br and (f) CH3NO,,
respectively.
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Fig. 9 Perspective view of the overlap between frontiers orbitals (iso-
surfaces at 0.032 e au™ %) in the C, adducts of benzene with (a) CH5F,
(b) CH;l, (¢) CH;Cl, (d) CH5CN, (e) CH;Br and (f) CH3NO,,
respectively.

indicates that the calculations strongly depend on the basis
set and that the calculations proposed by us can lead to an
accuracy of the geometries comparable to that obtained with
the MP2/6-311G** method, although in our case the energies
are overestimated rather than underestimated.

Conclusions

DFT calculations at the SVWN/DN* level predict that ben-
zene can bind small CH3;X molecules bearing acid CH groups
with different acidities. Benzene acts as a Lewis base and the
CH;X molecule as a Lewis acid. Two different cluster config-
urations are possible, one with Cs, and the other (the most
stable one) with C; symmetry. In the first case only the CH/n
interaction, which has a significant electrostatic component, is
responsible for the binding; in complexes presenting Cg
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Fig. 10 MEP;.x) values (kJ mol™") (---) on the isolated CH;X
molecules and binding energies —E (kJ mol~") for the complexes with

Cs (—) and Cjy (---) symmetry.



symmetry two attractive interactions enhance the stability of
the complexes: beside the CH /7 one, an electrostatic interac-
tion also exists, namely between the X group (on which lies
an excess of negative charge) and one aromatic hydrogen atom
(on which an excess of positive charge is localized). A physical
route through which the charge is transferred from the Lewis
base to the Lewis acid has been proposed, considering the
HOMO-LUMO separations and the different overlap between
frontier orbitals in the two possible cluster configurations.
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