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The X-ray structure of 2-(dibromomethyl)benzonitrile, featuring
unexpectedly short C=N---Br halogen bond distances between a
nitrile group and a C(sp®)-linked bromine atom, is presented.
Despite the weak Lewis base nature of the nitrile N atom and
absence of strong electron-withdrawing groups on the Br atom,
n-stacking significantly enhances both the electron donor and
acceptor capability of the interacting partners. As such, and
beyond trivial (hetero)aromatic systems, the rationale of
C=N:--Br halogen bonding can also be employed in purely
aliphatic systems.

Halogen bonding is increasingly recognized for its significance
in various fields, including materials science," catalysis,>* and
medicinal chemistry.>> This interaction typically involves a
heavy halogen atom, such as bromine or iodine, acting as an
electrophile to form a highly directional noncovalent bond
with a nucleophilic counterpart.® Typically, this nucleophile is
an atom like nitrogen, oxygen, or sulfur, possessing a lone pair
of electrons.”” Halogens are amenable for participating in such
interactions due to their unique electronic characteristics,
which notably include a region of positive potential, termed
the o-hole, situated along the extension of their covalent
bond.* ™ In the realm of supramolecular chemistry and crystal
engineering, halogen bonding stands out as a potent tool for
designing and synthesizing novel materials.'" Its appeal lies in
the predictability, directionality, and tunability of these
interactions, facilitating the precise organization of molecular
components within crystal lattices. This precision is crucial for
generating materials with unique properties and targeted
functionalities.">"® The application of halogen bonding in
crystal engineering not only enhances our comprehension of
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molecular interactions but also paves the way for novel
methods in the design and development of advanced materials.
In particular, the use of nitrile functional groups is appealing
due to their intrinsic unidirectionality."*™*® Herein, we detail
the synthesis and X-ray characterization of 2-(dibromomethyl)
benzonitrile (1, Fig. 1), which exhibits highly directional and
unprecedentedly short C=N---Br halogen bonds (HaBs) of 3.11
A in the solid-state structure (Fig. 1). This is remarkable
considering that compound 1 is not ionic and that the bromine
atoms do not belong to a (hetero)aromatic system (Cgp--linked)
but to an aliphatic one (Cyp-linked).''> To elucidate the
formation of these HaBs, in-depth density functional theory
(DFT) calculations were employed. These calculations reveal
that the antiparallel n-stacking arrangement of the aromatic
rings amplifies both the electron-donating characteristics of
the nitrile groups and the electron-accepting properties of the
C-Br groups. Note that extremely short C=N---Br halogen
bonds (<3.2 A) have been identified for purely (hetero)aromatic
or m-conjugated systems (Fig. 1)'® including those presenting
metal ions or ionic species that significantly influence the
natural electron density of the HaB system.'”'® In the broad
context, it is relevant to emphasize that ultrashort N---Br
distances involving no nitrile groups, but more basic amines
and pyridines are known."

During the course of our studies in the development of
supramolecular catalysis,> we synthesized and obtained
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Fig. 1 Considerations of N---Br halogen bonding in aromatic systems
(left) versus the current system (1, right) involving a non-aromatic
bromide group. Z = any substitution pattern.
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single crystals suitable for X-ray diffraction studies of 1
(Fig. 1). Most notably, the experimental C=N---Br distance of
3.111 A is significantly shorter than the sum of the van der
Waals radii (D Ryaw 3.40 A), and represents an
unprecedented finding for a Br-Cyp: c-hole donor group.'**®
The theoretical study herein, based on DFT calculations,
analyzes the short (C=N-Br-Cy,) halogen bonding
interactions observed in the solid state of 1. Initially, the unit
cell of compound 1 was optimized using periodic boundary
conditions, and the resultant geometry was then compared
with the experimentally determined structure. As depicted in
Fig. 2, both geometries exhibit nearly identical arrangements.
The only difference lies in the position of the hydrogen
atoms (the C-H bonds are marginally elongated in the DFT-
optimized geometry). Intriguingly, the DFT calculations also
reveal a significantly short (3.093 A) halogen bond. Within
the unit cell, beyond the formation of the halogen bond, an
antiparallel n-stacking of compound 1 is evident, in good
agreement between the experimental and theoretical m---n
distances. The antiparallel n-stacking of compound 1 in the
solid state is obvious from the X-ray molecular packing (Fig.
S4 in the ESIY).

The unique short distance of the CN---Br halogen bond in
1 is somewhat surprising with respect to precedents in the
literature,"*® especially considering that the sp-hybridized N
atom of the nitrile group is not a strong Lewis base, and the
c-hole donor Br atom is not directly bonded to a potent
electron-withdrawing group. We anticipated that the
formation of n-stacked dimers might influence both the
electron donor and acceptor groups. To investigate this
hypothesis, we computed molecular electrostatic potential
(MEP) surfaces for both the monomeric and dimeric forms of
species 1. As illustrated in Fig. 3, the c-hole value at the Br
atom notably increases by 70% from 14 kcal mol™ in the
monomer to 20.1 kcal mol™ in the dimer. Additionally, the
MEP value at the N atom of the nitrile group shifts from
-33.8 kcal mol™ in the monomer to -35.7 kcal mol™ in the
dimer. These observations clearly suggest a synergistic or
cooperative effect between the n-stacking interaction and the
halogen bonding. It is also noteworthy that in the monomer,
the MEP maximum is located at the aromatic H atom para
with respect to the nitrile substituent, marked at 27.6 kcal
mol ™!, which decreases in the dimer down to 23.8 kcal mol™.

DFT(pbc)
X-ray
Br
3.093/ 3919 e N
3111 3883 ',
N Br

Fig. 2 Overlap of the X-ray (in green) and DFT (in blue) fully optimized
unit cells of compound 1. Distances in A. The experimental distances
are indicated in italics.
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Fig. 3 MEP surfaces of 2-(dibromomethyl)benzonitrile (a) and its
n-stacked dimer (b). The energies at selected points are given in kcal
mol™. Isovalue 0.001 a.u.

Consequently, the difference between the MEP values at the
maximum and the c-hole is reduced in the dimer, indicating
a complex interplay of interactions within the molecular
structure.

Next, we conducted a thorough analysis of the halogen
bonding, hydrogen bonding, and mn-stacking interactions,
both energetically and using a combination of quantum
theory of atoms in molecules (QTAIM) and non-covalent
interaction (NCI) plot analyses. The results are presented in
Fig. 4(a). Initially, we examined the assembly observed in the
unit cell, where the QTAIM analysis reveals a complex array
of interactions. The n-stacking interaction is characterized by
two bond critical points (BCPs) and bond paths connecting
two carbon atoms of the aromatic ring. This interaction is
further delineated by a green reduced density gradient (RDG)

From QTAIM:
—5.0 kcal/mol(HaB)
—4.6 kcal/mol (HB)
—19.9 kcal/mol (total)
—9.6 kcal/mol (T—T)

(b)

‘_..':‘» HaB

&€ omaTAM:
—10.0 kcal/mol HaB
—4.2 kcal/mol HB

Fig. 4 QTAIM/NClplot analyses of the unit cell (a) and HAB/HB (b)
tetrameric assemblies of compound 1. The formation energies and the
contribution of the HaB and HBs derived from QTAIM are indicated
(see computational methods in ESIT).

-16.8 kcal/mol
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isosurface enveloping much of the region between the
n-systems. Secondly, we identified two symmetrically
equivalent halogen bonds, each marked by a BCP and a bond
path linking the nitrogen atom to the bromine atom. These
halogen bonds are additionally characterized by disk-shaped
RDG isosurfaces, coinciding with the BCP locations.
Furthermore, several CH:---Br contacts also play a role in
stabilizing the assembly, each indicated by a corresponding
BCP, bond path, and green RDG isosurface. The total
formation energy of this assembly is calculated to be -19.9
kcal mol™, with a significant contribution from the
n-stacking interaction (9.6 kcal mol™”, calculated as a
n-stacked dimer). The contributions from the halogen
bonding and hydrogen bonding interactions were estimated
using the QTAIM method, based on the potential energy
density values at the BCPs (see theoretical methods in ESIY
for details). Interestingly, the contribution of the two halogen
bonds (-5.0 kcal mol ™) is slightly more substantial than that
of the hydrogen bonds (-4.6 kcal mol™"). The involvement of
bromine atoms in hydrogen bonds enhances the positive
MEP value at the oc-hole, thereby explaining the more
pronounced c-holes in the dimer compared to the monomer.

Furthermore, a tetrameric assembly from 1 was analyzed
using the QTAIM/NCIplot methodology, as shown in Fig. 4(b).
In this tetramer, the absence of n-stacking leaves only halogen
and hydrogen bonding available for consideration. As a result,
a hydrogen bond is formed between the nitrile group and the
hydrogen atom para with respect to the nitrile group of an
adjacent molecule of 1, aligning well with the MEP analysis,
given the maximum and minimum MEP values of the
interacting atoms. This nitrogen atom also forms two
additional halogen bonds, resulting in a bifurcated halogen
bond characterized by two CPs, bond paths, and green RDG
isosurfaces. The contribution of the halogen bonds in this
structure is —10.0 kcal mol™ since a total of four HaBs are
formed, and that of the hydrogen bonds is —4.6 kcal mol™",
underscoring the significance of halogen bonds in the solid-
state structure of compound 1. The formation energy of this
tetramer is —16.8 kcal mol™, slightly more negative than the
summed QTAIM contributions of the halogen and hydrogen
bonds (-14.2 kcal mol™). This discrepancy suggests either a
minor underestimation by the QTAIM method or the presence
of additional long-range van der Waals interactions among the
monomers. The estimation of the hydrogen bond (HB)
contribution utilizes the formula proposed by Espinosa
et al.,>'* expressed as E = 0.5 x Vi, while the halogen bond
contribution is calculated using the equation recommended by
Bartashevich et al. (E = 0.58 x V;,)*'? where V,, represents the
potential energy density at the bond CP.

To gain a deeper understanding of the interactions at play,
an energy decomposition analysis (EDA) was performed on
the halogen-bonded dimer depicted in Fig. 5. This analysis
breaks down the total energy (E.,) into its constituent parts:
electrostatic (E.), exchange-repulsion (Eeyrep), orbital (Eqm),
dispersion (Egisp), and correlation (E,). The findings,
presented in Fig. 5, show that while all components

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 EDA analysis of the dimer of 1 at the PBEO-D3/def2-TZVP level.
Energies in kcal mol™.

contribute similarly, the dispersion effect stands out as
slightly more significant (-3.05 kcal mol™, green bar)
compared to the others, which range from -2.1 to —2.8 kcal
mol ™. Notably, the exchange-repulsion factor (indicated by
the red bar) represents the most substantial contribution of
6.50 kcal mol ™, yet it is effectively balanced by the attractive
components. This detailed EDA sheds light on the complex
and multifaceted nature of halogen bonding interaction in 1.

Finally, we investigated whether orbital effects play a
significant role in the bifurcated halogen bonds observed in
the solid state of 1. For this purpose, we utilized natural
bond orbital (NBO) analysis, which is particularly effective for
analyzing charge transfer effects. The donor-acceptor orbitals
are depicted in Fig. 6, demonstrating a charge transfer from
the lone pair (LP) orbital on the nitrogen atom to the
antibonding o*(Br-C) orbital, a characteristic feature of
halogen bonding interactions. However, the stabilization
energy associated with the LP(N) — o*(Br-C) transfer is
relatively modest, amounting to only 0.44 kcal mol™. This
finding suggests that orbital effects are not the predominant
factor driving the Br---N---Br interaction in this case.

In conclusion, the X-ray structure of 2-(dibromomethyl)
benzonitrile (1) is reported herein, evidencing an intricate
interplay of halogen bonding, hydrogen bonding, and
n-stacking interactions in its solid-state structure. Through a

»
N

LP(N)—oc*(Br-C)
0.44 kcal/mol

Fig. 6 NBOs involved in the bifurcated halogen bonds in a trimeric
fragment of compound 1. The E® energy is indicated.
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combination of QTAIM, NCI plot, EDA, and NBO analyses, we
demonstrated the significant role of these noncovalent
interactions in stabilizing the molecular assembly. Our
findings highlight the unexpectedly strong and short halogen
bonds, taking into consideration the relatively weak Lewis
base nature of the sp-hybridized N atom and the absence of
strong electron-withdrawing groups directly bonded to the
c-hole donor Br atom. The m-stacking interaction has a
crucial role in enhancing the strength of the HaBs
electrostatically, as demonstrated using MEP surface analysis.
This study provides valuable insights into the feasibility of
C=N---Br(Cyp-linked) halogen bonds that may find
applications beyond crystal engineering.
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