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a b s t r a c t
In halobenzenes, the CX bond (X = Cl, Br) is doubly faceted, electron-deﬁcient along the CX direction, and
electron-rich on its ﬂanks. We have recently shown that both features could be enhanced by appropriate
electron-withdrawing and electron-donating groups, respectively. In this letter we further highlight this
dual character by approaching a bifunctional probe, N-methylformamide, to both regions in representative substituted halobenzenes. We report the results of interaction energy computations, ELF, and NCI
analyses. These methods used in conjunction show the responsiveness of the CX bond to both kinds of
substitutions, enabling signiﬁcant interaction energy gains with respect to the parent compound.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
In Cl, Br, and I halobenzenes the zone of electron depletion which
prolongs the C–X bond, the ‘sigma hole’, coexists with a zone of
electron build-up on its sides [1–3]. Leveraging electron depletion is focusing much interest [4–11]. Thus several examples show
the CX bond pointing directly toward an electron-rich atomic site,
such as the main-chain carbonyl of proteins, or toward the center of the electron-rich aromatic rings. Examples are provided by
protein [12–21] and DNA [22] recognition sites of halobenzenes,
by molecular crystals [23,24] and by supramolecular chemistry
[25]. Studies aiming to leverage the electron buildup, on the other
hand, remain scarce. This was addressed in two recent studies
from our laboratories [26,27]. Dispersion-corrected DFT computations enabled to compare the interaction energies of several
substituted derivatives of the chlorobenzene ring of known drugs
with target binding sites of three proteins. Along with the parent
compound, we considered derivatives substituted with electronwithdrawing, electron-donating groups, or combinations of both.
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Electron-donating groups, and not only electron-withdrawing
ones, were found in some cases to signiﬁcantly increase the interaction energies with the targeted sites. This was due to the presence
of an electron-deﬁcient site close to the electron-rich cone of
the CX bond. Furthermore, both electron-donating and electronwithdrawing groups could coexist within the same halobenzene
derivative, leading to independent and in some cases possibly concerted, enhancements of E.
In the present letter, we further elaborate on the dual character of chloro- and bromo-benzene and some of their derivatives.
These are probed by an incoming ligand which is itself bifunctional,
namely N-methylformamide (NMF). NMF is the building block of
the protein backbone, and can act through its NH group as a proton donor to the electron-rich cone of the CX bond and/or to the
electron-rich ring of the benzene ring, and, through its CO bond, as
an ‘X-bond acceptor’ from the sigma-hole.
We compare the differences, ␦Ebinding between the values
of the interaction energies (Ebinding ) in the different binding
modes, as well as those with ‘bare’, unsubstituted benzene. Simultaneous binding of two NMF probes is subsequently investigated
and energy-minimized, to assess the possibility of mutual coexistence of the two modes.
As a complement to the energy trends, we report analyses of the
electron density redistribution occurring in the NMF complexes,
using two procedures, the non-covalent interaction (NCI) and the
electron localization function (ELF).
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2. Procedure
The intermolecular interaction energies were computed at the
correlated level, using the dispersion-corrected B97-D functional
by Grimme [28]. Since as shown in our previous paper [27], other
functionals, such as WB97X [29] and M062X [30] gave consistent
results with B97-D, we resorted here solely to it. We used the augcc-pVTZ(-f) basis set [31,32]. Energy-minimization was done in the
gas phase to account for the fact that the immediate environment
of the complexes is shielded from water. This was done with the
Berny procedure [33–40] coded in the G09 software [41]. The values
of E were corrected for BSSE [42,43]. The solvation energies of
the uncomplexed halobenzenes were computed with the C-PCM
procedure, a conductor-like polarizable continuum model [44,45].
The complex within the recognition site was not solvated, since
it is buried in the protein binding site. The binding energy E is
expressed as:
Ebinding = Ecomplex − (Eprot/DNA + Elig )

(1)

It represents the difference between the energy of the complex
and those of the individual interacting molecules. Elig is the energy
of the ligand optimized prior to interaction in a water continuum.
The energy balances are completed upon including the desolvation energy of the inhibitor, ␦Esolv prior to binding, so that
Eﬁn = Ebinding + ␦Gsolv . Eﬁn is thus the ﬁnal energy balance.
For representative complexes, analyses of the electron populations and volumes on the halogen atom were done using the ELF
analysis [46–48].
Analyses of the electron density redistribution resulting from
the intermolecular interactions were done using the non-covalent
interaction (NCI) procedure with the NCI-Plot program [49,50]. The
NCI procedure is based on the study of the reduced density gradient
as a function of density. It enables to visualize the weak interaction
zones between two molecules and gives access, in a qualitative way,
to the magnitude of these interactions.
3. Results and discussion
3.1. Intermolecular interactions
The energy-minimized positions of approach of NMF to benzene, chloro- and bromobenzene are represented in Figures 1 and 2,
regarding the through-CO and through-NH approaches, respectively. The optimized intermolecular variables of approach are also
represented in these ﬁgures.
3.1.1. Binding to the electron-deﬁcient (˛+ ) zone
The energy-minimized position of approach of the carbonyl O
atom to benzene locates the CO bond midway between two CH
bonds. Those for CO binding to chloro- and bromobenzene are
along the CCl and CBr bonds, the NMF plane being perpendicular
to halobenzene. Consistent with the results by Hobza and coworkers [5], bromobenzene has a more favorable E with NMF than
chlorobenzene (−2.4 kcal/mol versus −1.6 kcal/mol, respectively),
on account of the greater electron depletion along the C–Br bond.
The Br–O distance is shorter than the Cl–O one (3.2 Å versus 3.3 Å,
respectively) even though Br is bulkier than Cl. Through-CO NMF
binding to unsubstituted benzene is nevertheless 0.7 kcal/mol more
favorable than to bromobenzene. Such unconstrained complexes
could represent, however, idealized situations, because in practical
situations, both interacting entities could have restricted accessibilities and mobilities due to their anchoring in larger molecules.
3.1.2. Binding to the electron-rich (˛− ) zone
The optimized binding position of NMF to unsubstituted benzene has the NH bond virtually perpendicular to the electron-rich

benzene ring, and shifted toward its center. In its binding to chloroand bromobenzene, the NH bond is inclined with respect to the ring,
so that the NH proton locates in the electron-rich cone. This also
enables the formamide moiety to partially stack over the benzene
ring and the acidic proton of the CH bond to lie over the center of the
ring. Partial stacking of the protein backbone and the halobenzene
ring of an inhibitor was observed in the X-ray crystal structure of
human cathepsin with synthetic inhibitors [12]. E is, again, more
favorable for bromo- than chlorobenzene (−5.7 kcal/mol versus
−5.2 kcal/mol), and less favorable than for benzene binding by a
reduced difference (0.4 kcal/mol) compared to the situation with
the CO approach.
Thus in the model NMF complexes, the NH approach to the ␣−
site of the CX bond appears more than twice as favorable than the
CO approach to the ␣+ region, yet it is the latter mode of binding that
is the most frequently sought after for the design of halobenzene
derivatives with enhanced binding properties.
The simultaneous interaction of two NMF probes was subsequently energy-minimized showing both coexisting in the ternary
complex without signiﬁcantly perturbing their positions in the
binary complexes.
The distinctive features of the ␣− and ␣+ regions can be
ampliﬁed by (a) electron-withdrawing and (b) electron-donating
substituents. We have thus considered the following substitutions:
for (a) monosubstitution by NO2 in para, thus electron-withdrawal
by mesomeric effects; disubstitution by F in meta, thus electronwithdrawal by inductive effects; and trisubstitution by both meta-F
and para-NO2 ; for (b) monosubstitution by –OH and –NH2 , thus
electron-donation.
The E values are reported in Table 1. In the binary complexes, and for the through-CO approach, while the OH and
NH2 electron-donors exert a weak destabilization, the NO2 and
F electron-attractors exert a clear enhancement of the binding. It ranges from −0.6 in para-ﬂuorobenzene to −1.4 kcal/mol
in para-nitro, dimeta-ﬂuoro-bromobenzene. The CBr bond is
more responsive than the CCl bond. For the through-NH
approach, monosubstitution enhances the interaction energies by
amounts in the range −1.3 kcal/mol (para-hydroxy-chlorobenzene)
to −2.24 kcal/mol (para-amino-chlorobenzene). Regarding the
electron attractors, monosubstitution by nitro in para and disubstitution by ﬂuorine in meta are seen to destabilize binding by
limited amounts, 0.1–0.3 kcal/mol, while surprisingly trisubstitution enhances it by −0.4 kcal/mol.
The values of E in the ternary complexes have slightly (app.
0.20 kcal/mol) diminished magnitudes as compared to their corresponding sums in the two binary complexes. This is due to the
small rearrangements occurring following the approach of the second NMF, and also to some non-additivity which was previously
analyzed by parallel DFT-D and polarizable molecular mechanics studies [34]. Overall, the three most stable complexes are the
ones with one electron-donor substituent, namely para-amino
chlorobenzene and para-amino-bromobenzene and one with three
electron-withdrawing substituents, namely two ﬂuorines in meta
and one nitro in para.
We have also monitored the evolutions of the interaction
energies of bromobenzene, para-amino-bromobenzene and metadiﬂuoro-bromobenzene in their ternary complexes with two NMF
ligands as a function of the N–Br distance of approach (Figure 3).
Upon increasing the distance by up to 0.3 Å, E undergoes
shallow decreases in magnitude with all three bromobenzenes.
The corresponding decreases in magnitude are steeper upon
decreasing the distances, owing to the increased short-range Pauli
repulsions. These decreases are the steepest, in fact, with the
unsubstituted bromobenzene. Since with electron-withdrawing
substituents, such as the two meta-ﬂuorine atoms, the Pauli
repulsion between Br and NMF is smaller, a lessened magnitude
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Figure 1. Optimized position of the binary complexes for the NH approach. (A) Optimized position for X = H, (B) optimized position for X = Cl and (C) optimized position for
X = Br. (D) Optimized parameters (distance r, angle  and angle ϕ).

Figure 2. Optimized position of the binary complexes for the O approach. (A) Optimized position for X = H, (B) optimized position for X = Cl and (C) optimized position for
X = Br. (D) Optimized parameters (distance r, angle  and angle ϕ).
Table 1
(A) Values of the interaction energies (kcal/mol) of NMF to benzene, chloro- and bromobenzene, with the corresponding unsubstituted ring as energy zero in gas phase. (B)
Solvation energy of each ligand. (C) Values of the interaction energies of the ternary complex in solution phase.
A

Substitution

Egas , kcal/mol
O-approach

OH
NH2
NO2
2F
2F-NO2
B

Ligands

N-approach

Ternary complex

H

Cl

Br

H

Cl

Br

H

Cl

Br

−0.23
0.12
−1.10
−0.82
−1.73

0.11 ↓␣+
0.30 ↓␣+
−0.67 ↑␣+
−0.39 ↑␣+
−1.09 ↑␣+

0.10 ↓␣+
0.38 ↓␣+
−0.88 ↑␣+
−0.55 ↑␣+
−1.43 ↑␣+

−1.01
−1.83
1.16
1.00
1.34

−1.64 ↑␣−
−2.24 ↑␣−
0.20 ↓␣−
0.00 ↓␣−
−0.10 ↓␣−

−1.33 ↑␣−
−2.11 ↑␣−
0.32 ↓␣−
0.07 ↓␣−
−0.41 ↓␣−

−1.43
−1.81
−0.10
−0.18
−0.68

−1.30
−1.68
−0.44
−0.41
−0.88

−1.10
−1.61
−0.53
−0.54
−1.71

␦ESolv , kcal/mol

C

Ternary complex

Egas − ␦ESolv , kcal/mol

Substitution

H

Cl

Br

Substitution

H

Cl

Br

OH
NH2
NO2
2F
2F-NO2

−7.03
−4.89
−5.31
−0.67
−8.02

−7.3
−5.55
−4.24
0.64
−5.78

−7.26
−5.51
−4.24
0.62
−5.79

OH
NH2
NO2
2F
2F-NO2

5.60
3.08
5.21
0.49
7.34

6.00
3.87
3.80
−1.05
4.90

6.16
3.90
3.71
−1.16
4.08
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Figure 3. Variations of the intermolecular interaction energies (in kcal/mol) of bromobenzene, para-amino-bromobenzene and meta-diﬂuoro-bromobenzene in their ternary
complexes with two NMF ligands. ␦dBr–NMF (in Angstrom units) denotes the distance increment/decrement with respect to equilibrium distance.

decrease upon distance reduction is expectable. The outcome with
electron-donating substituent is less clear. The enrichment of the
electron-rich cone around Br, resulting into an enhanced attraction
for the electron-deﬁcient sites of NMF, could partly overcome the
increased Pauli repulsion, whence a less steep curve upon distance
reduction than with the unsubstituted benzene.
For completeness, we have also included the calculation of the
solvation energies of the individual ligands prior to complexation.
Because of their polar natures, all substituents are seen to give rise
to signiﬁcantly larger solvation energies than the unsubstituted
benzene or halobenzenes, with the exception of meta-diﬂuorochloro- and bromobenzene. As a consequence, the resulting energy
balances are unfavorable (Table 1C), except in the case of the
ternary complexes of meta-diﬂuoro-chloro- and -bromobenzene.
This could possibly constitute an extreme case. On the one hand,
the halobenzene when integrated into a ‘complete’ inhibitor could
be much less accessible to solvation compared to its ‘bare’ model.
On the other hand, the actual potential and ﬁeld exerted by the protein recognition site on the halobenzene could further increase E
with respect to the model NMF complexes, particularly given the
high polarizabilities of halobenzenes and their derivatives [26,27].

population V(Cl) around chlorine in chlorobenzene and its substituted derivatives. The volumes around Cl and C4-Cl are marked
with arrows. With respect to unsubstituted chlorobenzene, comparison of these values gives quantitative values for the increases
or decreases of both quantities upon substitution. We can observe
that reductions of the volumes occur in the two binary complexes
with one NMF, which is further accented in the ternary complex.
The ranking of the derivatives in terms of volumes is the same in
the complexed derivatives as in the uncomplexed ones.
For the representative ternary complex of bromobenzene with
two NMF ligands, we have also monitored the evolutions of the
electronic population and the volume, V(Br), around bromine as
a function of increments/decrements, ␦dBr–NMF , of the equilibrium distance separating Br from each NMF. These are reported
in Supporting Information SI.3. Upon increasing the distance, V(Br)
increases as a consequence of the reduced Pauli repulsions with
the ligands. Conversely it decreases upon reducing the distance
of approach, due to the increased Pauli repulsions. The electronic
populations follow the same trends as the volumes, such that the
ratio of the population over the volume remains constant (0.025)
over distances spanning ±0.3 Å.

3.2. MEP and ELF analyses
3.3. Non-covalent interaction (NCI) analysis
We have also explored the electronic effects of substituents on
the sigma hole, upon calculating the contours of the molecular electrostatic potential (‘molecular electrostatic potentials’, MEP) cores.
These are commented in Supporting Information SI.1.
The MEP features are complemented by topological analyses,
such as the electron localization function (ELF) [46–48]. Table 2
reports the results of ELF analyses of the volume and the electronic

Using NCI [49,50], we have visualized the impact of substitutions
on the redistribution of electron densities which take place in the
ternary complexes with two NMF probes. Figure 4A–G illustrates
the results for the ternary complexes of benzene, chlorobenzene,
and its hydroxy-, amino-, diﬂuoro, nitro, and diﬂuoro-nitroderivatives (see Supporting Information SI.2 for enlarged images).

Table 2
ELF analysis results of the electronic population and its volume V(Cl) around the chlorine atom in the most signiﬁcant substituted derivatives. Population is given in e−, and
the volume in au3 .

Volume V(Cl) au3
Uncomplexed
Ternary complex
NH-approach
OH-approach
Population V(Cl) e−
Uncomplexed

No substitution

OH

NH2

2F

NO2

2F-NO2

231.69
195.85
210.49
228.74

244.6
207.02

246.38
208.26

227.51
192.34
208.22

226.67
191.04
208.14

229.44
193.02
208.77

238.92

240.18

13.42

15.76

16.36

12.45

7.56

6.81
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Figure 4. NCI plots of the halobenzene substituted models with the NMF probe, with a close-up on the double interaction of the CCl bond with the probe, in each case. The
weak interactions are plotted with a green smear, the red dashed line represents the electron-rich region ␣− and the blue dashed line represents the electron-deﬁcient region
␣+ . (A) Benzene–NMF interaction; (B) Chlorobenzene–NMF interaction; (C) NH2 substituent–NMF interaction; (D) OH substituent–NMF interaction; (e) 2F substituent–NMF
interaction; (F) NO2 substituent–NMF interaction; (G) 2F-NO2 substituent–NMF interaction; (H) table and its corresponding plot of the variation of the equilibrium distance
(in Å) between Cl and the amide H and with the carbonyl O as function of the substituent. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)

The double-faceted interactions of the CCl bond is illustrated
by the coexistence of two distinct surfaces between it and the
through-CO approaching NMF (Figure 4B–G), indicative of stabilizing interactions. The ␣+ zone interacts with the carbonyl O, and the
␣− zone interacts with the acidic C-bound hydrogen. The present
study is essentially exploratory, as there could be no CH interactions
contributed by a protein, except those contributed by aromatic
side-chains. It shows nevertheless that the ␣− zone is wide enough
to be accessible to main-chain or side-chain proton donor groups
instead of the CH group, and that this could also occur in concert
with the interaction with the sigma hole. With respect to unsubstituted chlorobenzene (Figure 4B), with para-hydroxy- and paraamino-chlorobenzene, a small build-up of the plot can be observed
on the ﬂanks of the ␣− region together with a depletion of the ␣+
region prolonging the CCl bond (Figure 4C and D). Thus enhanced
binding to the NH group and weakened binding to the CO group are
anticipated. The amino substituent is more effective in this respect
than the hydroxy one, consistent with the more favorable E values
with para-amino- than para-hydroxychlorobenzene. Conversely,
with electron-withdrawing substituents, electron depletion is
observed on the ﬂanks of the CCl bond along with a build-up of
the plot prolonging it: this now translates enhanced binding to
the CO group and weakened binding to the NH group. There is a
progressive reduction of the ␣− surface along the diﬂuoro-, nitro-,
and diﬂuoro-nitro-chlorobenzene series (Figure 4E–G), the surface actually disappearing in the latter complex (Figure 4G). Such
reductions are consistent as well with the evolutions of E in

this series. We have monitored in Figure 4H the evolution of the
distance between Cl and the carbonyl O and the CH hydrogen. Consistent with the trends in E and the two surfaces, we observe
that the Cl–O distance decreases by up to 0.2 Å upon decreasing
the electron-donating character or upon increasing the electronwithdrawing character of the substituent. Much more accented
concomitant increases of the Cl–H distances take place in parallel, of up to 0.4 Å, upon passing from para-amino-chlorobenzene
to diﬂuoronitro-benzene. This attests to the attractive character
of the electron-rich cone of chlorobenzene and its sensitivity to
substitution.
An unanticipated feature of complexes A–G relates to the evolution of the orientation of the through-NH bound NMF with respect
to the arene ring. It is perpendicular to it upon binding to unsubstituted benzene, so that the NH group interacts with the center of
the electron-rich ring. It is inclined upon passing to chlorobenzene,
so that the amide group could bind to the electron-rich cone of the
C–Cl bond instead, while it is the acidic H of the CH group that now
interacts with the arene ring center. It remains inclined following
substitution with the two electron-rich donors, albeit the amide
group is slightly shifted toward the center of the ring. Substitution with electron-withdrawing groups results into the NMF plane
now virtually parallel to the halobenzene ring. Impoverishing the
density on the latter favors its electrostatic interactions with the
NMF  electron cloud. The nature of the interactions would evolve
from hydrogen-bond-like with unsubstituted benzene to – in
halobenzene derivatives substituted with electron-withdrawing
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groups. With all three electron-withdrawing groups (Figure 4G),
the overlap appears maximized.
4. Conclusions and perspectives
The present results lend further support to leveraging the
electron-rich cone of the CCl and CBr bonds in halobenzenes as
a means to enhance binding afﬁnity. This was recently put forth
in the case of three ligand–protein binding sites [26]. Such sites
are however partly constrained owing to their anchoring in the
macromolecule, preventing full optimization. In the present study
we resorted to a bifunctional probe, NMF, to approach either the
electron-rich cone of the CX bond by the NH and the partly acidic
CH protons, or the sigma-hole by the CO bond. Using dispersioncorrected DFT, we fully optimized the binding of the probes to the
two parent halobenzenes and to ﬁve of their substituted derivatives. This allows to fully unravel the binding potential of this cone.
We found that through-NH NMF binding to it could with appropriate substituents give rise to even more favorable interaction
energies than through-CO approach to the sigma hole. Bromobenzene was more responsive to electron-donating substituents than
chlorobenzene, in line with experimental results [12]. NCI analyses on benzene, chlorobenzene and its derivatives complemented
the inferences from the E calculations. In chlorobenzene, they
showed the appearance of an attractive surface between the
electron-rich cone (denoted as ␣− ) and the approaching acidic
C-bound hydrogen atom, and of a second one between the cone
and the NH group of the second NMF approaching over the plane.
The extent of the ﬁrst surface increased upon increasing the
electron-donor property of the para-substituent, from hydroxy to
amino. It was reduced with electron-withdrawing substituents
along the series bismetaﬂuorine < para-nitro < bismeta-ﬂuorinepara-nitro-chlorobenzene, actually vanishing with the latter. These
trends paralleled the inverse trends of the Cl–H(C) distances. All
these ﬁndings provide consistent evidence for the binding-prone
character of the electron-rich cone, and its responsiveness to
substitutions on the ring. It could be readily noted that in the
absence of acidic CH hydrogens, the cone could be approached by
a polar, N- or O-connected hydrogen without interference from an
electron-rich atom independently approaching the sigma-hole. In
fact, the cone could be enlarged, not only by electron-donating substituents, but also possibly by electron redistribution/polarization
effects due to the approach of a second ligand on the other side of
the ring.
In addition, from a structural standpoint, we observed a progressive alignment of the plane of the second NMF upon substitution.
In benzene it was located perpendicular to the ring enabling the
amide hydrogen to bind to the center. In chlorobenzene, a signiﬁcant alignment occurred, enabling this hydrogen to preferentially
interact over the Cl atom, with its electron-rich cone, leaving the
less acidic CH hydrogen to bind to the ring center instead. With
electron-withdrawing substituents, on the other hand, this NMF
went parallel to the ring, a maximum overlap taking place with the
three-substituted derivative. Such ﬁndings indicate that it could
be possible to modulate the extent of overlap and mutual orientations of the ring and the conjugated molecule by appropriate
substituents.
The present work is an added evidence in favor of the ␣− cone,
indicating new avenues to enhance, with appropriately selected
electron-donor groups, the binding afﬁnities of halobenzenes to
their target sites.
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