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ABSTRACT: In this Communication, the modulation of halogen bonding synthons in the crystal structure of [HgBr2(L
3,4‑diCl)]

from [HgBr2(L
3‑Cl)] and [HgBr2(L

4‑Cl)], as single components, where L is a N-(chlorinatedphenyl)-2-pyrazinecarboxamide
ligand, has been investigated. Reviewing the crystal packing reveals that Cl···N and Cl···Br halogen bonds stood as a
remembrance of the crystal structures of single components in the packing of [HgBr2(L

3,4‑diCl)].

The overall ambition of crystal engineering is the synthesis
of designed crystalline molecular structures with desired

properties.1−4 In this regard, a molecular structure can be
defined as a multisegment subject, where each segment, as a
single molecular component, carries one or more functional
groups, and so its crystal packing is involved in one or more
intermolecular synthon. Synthon modularity5−7 is the presence
of synthon repetitivity between functional groups of a
molecular structure and functional groups of its segments.
Since the final crystal packing may be defined based on the
gathering of different synthons from different segments,
synthon modularity is rare and there are limited examples
reported in the literature. In a recent paper by Desiraju,8 co-
crystals of 4-hydroxybenzamide with aliphatic dicarboxylic acids
based on strong hydrogen bonding synthon modularity have
been reported. The modulation of O−H···N synthons in the
systematic cocrystallization of mono-, di-, and trihydroxyben-
zoic acids with hexamine was investigated by Guru Row and co-
workers in 2014.9 In contrast to the presence of different
interactions in the formation of co-crystals, reports on synthon
modularity in cocrystals based on halogen bond interactions10

are rare. Desiraju and his co-workers also described the design
of binary11 and ternary12 co-crystals based on hydrogen bond
and halogen bond synthon modularity. The crystal packing of
4-bromobenzamide-n-alkyldicarboxylic acid co-crystals, shows
that O−H···O hydrogen bonds are reminiscence of the crystal
structure of dicarboxylic acid while type I and type II Br···Br
interactions are similar to the crystal structure of 4-
bromobenzamide. Furthermore, the modulation of the O−
H···O hydrogen bonds and Br/I···O2N halogen bonds in
ternary co-crystals of 4-benzamide-dicarboxylic acid-dinitroben-

zene has recently been reported.12 In 2011, the structural
modularity in 2,3,4- and 3,4,5-trichlorophenol was reported by
Mukherjee and Desiraju.7 Inspection of the crystal packing
showed that the crystal structure of these chlorinated phenols
contains Cl···Cl interaction and hydrogen bonding patterns that
occur in the structures of monochlorophenol and dichlor-
ophenol. In spite of these reports on modularity in the crystal
structures of individual molecules, including chlorinated
phenols, and co-crystals of organic compounds,7−9,11 to the
best of our knowledge, the study of the synthon modularity in
the crystal structure of coordination compounds has not been
thoroughly discussed. As part of our effort for the investigation
of the effect of the weak intermolecular interactions in the
crystal packing of mercury coordination compounds including
pyrazine/pyridine carboxamide ligands,13−17 halogen bonding
synthon modularity in coordination compounds has herein
been reported for the first time. In the present study, three N-
(chlorinatedphenyl)-2-pyrazinecarboxamide ligands, L3‑Cl, L4‑Cl,
and L3,4‑diCl (Scheme 1), carrying chlorine atoms in phenyl
meta- or/and para-positions, have been employed for the
synthesis of mercury(II) bromide complexes. Examining the
crystal packing of [HgBr2(L

3,4‑diCl)] clearly shows that the Cl···
N and Cl···Br halogen bonding synthons are a remembrance of
the crystal structures of [HgBr2(L

3‑Cl)] and [HgBr2(L
4‑Cl)],

respectively, as single components. It should be noted that
complex 1 has been previously reported by some of us,16 but
here, we present a comparative study of this crystal structure
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with the other two new structures, complexes 2 and 3, for
studying the synthon modularity. Our opinion is that the results
of the present study can be helpful in crystal engineering
especially in the crystal structure prediction research field.
The ligands, L3‑Cl, L4‑Cl, L3,4‑diCl, were synthesized by the

reaction of 3-chloroaniline, 4-chloroaniline, or 3,4-dichloroani-
line and pyrazinecarboxylic acid in 1:1 ratio and in the presence
of triphenyl phosphite (for details of the experimental
procedures, see the Supporting Information).18,19 A reaction
between methanolic solutions of HgBr2 and these ligands in 1:1
ratio afforded air-stable plate, prism, and block crystals of
[HgBr2(L

3‑Cl)], 1, [HgBr2(L
4‑Cl)], 2, and [HgBr2(L

3,4‑diCl)], 3,
respectively, after a few days. A summary of the crystallographic
data and structure refinement is listed in Table S1. Selected
lengths and angles with estimated deviations are summarized in
Table S2. X-ray diffraction analysis ascertains that all complexes
crystallized in orthorhombic crystal system with space group of
Cmca for 1 and 3 and Pbca for 2 (Table S1). The asymmetric
unit of these compounds comprises two bromine atoms, one
Hg2+ ion, and one crystallographically independent ligand.
ORTEP drawings with the atom labeling schemes used for
compounds 2 and 3 are shown in Figure S1. In all three
structures, the central metal atom is three-coordinated and lies
in a T-shaped geometry formed by one pyrazine nitrogen atom
of ligand and two bromine atoms. These compounds have a
trigonal-planar index, τ3,

16 of 0.32, 0.21, and 0.23, respectively.
Inspection of the crystal structure of these compounds reveals
that the packing difference between them can be discussed by
considering intermolecular interactions in the b-direction. In
complex 1, individual molecules form a linear chain in the b-
direction by Cl···N halogen bonds (Figure 1 (up) and Table 1).
The Cl···N distance is 3.217(5) Å, and so is 2.5% shorter than
the sum of van der Waals radii of chlorine and nitrogen
atoms.20 The angle of C−Cl···N is 163.5 (5)° which is in
accordance with n(nitrogen) → σ*(chlorine) electron donation.21

These halogen bonds are accompanied by the weak hydrogen
bonds between the C−H donor and the carbonyl oxygen
acceptor (Figure 1 (up) and Table 1). In complex 2, individual
units are closely packed through C−Cl···Br−Hg contacts
(Figure 1 (down), Table 1) to generate a 1D chain in the b-
direction. The distance of Cl···Br contacts was found to be
about 3.548(4) Å, which is 1.4% shorter than the sum of the
van der Waals radii of chlorine and bromine atoms.20 There are
also C−H···Cl weak hydrogen bonds that cooperate in the

halogen bonding interactions (Table S3). In complex 3, in the
b-direction, there are two different halogen bonding synthons,
XBClN, Cl···N, and XBClBr, Cl···Br. The distance of XBClN and
XBClBr contacts was found to be about 2.967(6) and 3.477(5)
Å, respectively, which is 10.1% and 3.4% shorter than the sum
of the van der Waals radii of chlorine and nitrogen/bromine
atoms20 (Table 1). In this complex, adjacent molecules are
linked to each other through these XB synthons with the
cooperation of N−H···Cl and C−H···OC hydrogen bonds,
to generate linear chains in the b-direction, similar to complexes
1 and 2 (Figure 1 (middle), Table S3). As indicated in Figure 1,
synthon XBClN is reminiscent the crystal packing of 2, while
synthon XBClBr is modulated from 2 to 3. Therefore, the meta-
chloro and para-chloro positions in 3 play the same roles as
they do in 1 and 2, individually. These structural correlations

Scheme 1. Synthesized Complexes [HgBr2(L
3‑Cl)], 1,

[HgBr2(L
4‑Cl)], 2, and [HgBr2(L

3,4‑diCl)], 3

Figure 1. Side view representation of complexes 1−3 in a-direction,
illustrating the presence of Cl···N halogen bonds, XBClN synthon (red-
highlighted) in 1, (up), the presence of Cl···Br halogen bonds; XBClBr
synthon (green-highlighted) in 2, (down), and modulation of both
halogen bonds in 3, (middle).
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provide a unique example of the structural modularity in
coordination compounds based on halogen bonding inter-
actions. In these complexes, linear chains are linked together
through head-to-tail πphen···−NHCO− interactions in a-
direction to generate 2D sheets (Figure 2, Table S3). In the
packing of these complexes, the overall supramolecular
assemblies result from the linkage of 2D sheets by Hg···Br
contacts (Figure 2, Table S3). The Hg···Br contacts of
3.401(1), 3.367(5), and 3.414(6) Å for 1−3, respectively, are
comparable to those previously reported.16,22 Conformational
adaptation of the ligands for the generation of different
conformers in the packing of crystals 1−3, is allowed due to the
flexibility of the chlorinated ligands for rotation around the
Cpyz-CONamide bonds. This flexibility has been shown in our
previous reports for similar carboxamide ligands.13,16,23,24 As
indicated in Figure 3, which shows the HgBr2−Pyz-super-
imposed units of complexes 1−3, all three ligands have the

same conformation. Moreover, in all three complexes pyrazine
and phenyl rings are in-plane with the maximum deviation of
less than 9° for complex 2. These structural similarities can
reinforce the modulation of different synthons of 1 and 2 into
the structural packing of 3.
Qualitative support for this similarity is afforded by

comparing the electrostatic potential maps for compounds
1−3 (Figure 4). These electrostatic potential maps show that,
although the presence of two chlorine atoms on the aromatic
ring causes complex 3 to essentially have lower negative
electrostatic potentials above and below the phenyl ring,
compared to 1 and 2, according to the side view representation
of the halogen σ-hole, shown on the right side of each MEP, it
can be concluded that chlorine atoms in both meta and para
positions have nearly the same participation in the halogen
bonding interaction. These intermolecular interactions can also
be quantified via Hirshfeld surface analysis study. The
contributions of Hg···Br, π···amide, Cl···N, and Cl···Br contacts
to the Hirshfeld surface areas are illustrated in Figure 5. As
clearly shown by this histogram, Hg···Br and π···amide contacts
have nearly the same contribution in all complexes. In complex
1, the Cl···N halogen bond contributes by 1.4%. From 1 to 2,

Table 1. Halogen Bond Parameters and Calculated Binding
Energies for Complexes 1−3

complex 1a 2 3

Cl···N (Å) 3.217(5)c - 2.967(6)c

Cl···Br (Å) - 3.548(5)d 3.477(5)e

C−Cl···N (deg) 163.5(5) - 179.4(6)
C−Cl···Br (deg) - 122.1(5) 130.7(6)
Hg−Br···Cl (deg) - 169.7(1) 166.2(5)
Reduction of the sum of
the vdW radii (%)

2.5 1.4 10.1, 3.4f

Binding energy (kJ/mol)b −31.10 −30.53 −36.70
aFrom ref 16. bThe values are related to the energy of the interaction
between two adjacent fragments (Figure S2). c1−x, 1/2+y, 1/2−z. d−
x, −1/2+y, 1/2−z. e1−x, −1/2+y, 1/2−z. fThese values are related to
Cl···N and Cl···Br halogen bonds, respectively.

Figure 2. Generation of 2D sheets through head-to-tail πphen···(NHCO) interactions (pink ribbon) in a-direction and formation of overall
supramolecular assemblies from the linkage of 2D sheets by Hg···Br contacts (gray ribbon) in complex 1, left side, and complex 3, right side.
Different colors show different adjacent linear chains. XBClBr and XBClN synthons are red- and green-highlighted, respectively.

Figure 3. Asymmetric units of compounds 1 (green), 2 (violet), and 3
(red) superimposed to illustrate the conformational freedom of the
flexible carboxamide ligand.

Crystal Growth & Design Communication

DOI: 10.1021/acs.cgd.5b00282
Cryst. Growth Des. XXXX, XXX, XXX−XXX

C

http://dx.doi.org/10.1021/acs.cgd.5b00282


by changing the chloro-position, the contribution of the Cl···N
halogen bonds decreased to 0.0%, and the chlorine atom was

involved in the Cl···Br halogen bond with a contribution of
5.6%. In complex 3, the contribution of both XB contacts, 4.4%
and 5.7% for Cl···N and Cl···Br, respectively, was observed.
Furthermore, the evaluation of these halogen bonding

interactions involving synthon modularity can be done by
DFT-calculation of the binding energies between two relative
fragments. Theoretical calculations were achieved at the LDA-
ZORA- TZP level on fragments directly cut out from the
experimental data. Calculated binding energies are listed in
Table 1. This data shows that binding energies between two
adjacent fragments involving halogen bonding interactions
ranges from −30.53 to −36.70 kJ mol−1. Based on strength and
directionality, it can be concluded that these halogen bonds,
XBClN and XBClBr, play an important role in determining the
final supramolecular structures.
In conclusion, modulation of halogen bonding synthons in

the crystal structures of HgBr2 complexes of N-(chlorinated-
phenyl)-2-pyrazinecarboxamide ligands have been investigated.
Results clearly show that in the crystal packing of
[HgBr2(L

3,4‑diCl)], the Cl···N and Cl···Br halogen bonds are
reminiscent of the crystal packing of [HgBr2(L

3‑Cl)] and
[HgBr2(L

4‑Cl)], respectively, as single components. This study
is the first report on structural modularity in coordination
compounds, and can be useful in different branches of inorganic
crystal engineering such as polymorphism and crystal structure
prediction.
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