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Self-assembly is a convenient approach for the creation of 
supramolecular architectures with various functions, which are 
often not shown by the corresponding monomers.1 The possibility 
of fine control of the local molecular environment is highly 
desirable to access new properties for substances that function as 
catalysts, luminescent or conductive materials, etc.2–4 Halogen 
bonding has recently emerged as useful instrument for the accurate 
control of the structural organization of such supramolecular 
materials. In this context, halogen–halogen interactions received a 
particular attention and were intensively explored both 
experimentally and theoretically.5,6 Recently, we found novel 
dichlorodiazadienes which can be easily prepared by the reaction 
between CCl4 and arylated hydrazones (Scheme 1).7 These 
compounds demonstrated very interesting properties.8–13

Following our interest in non-covalent interactions,14–23 here 
we describe the synthesis and characterization of novel 

halogenated dichlorodiazadienes. Non-covalent Cl∙∙∙Br 
interactions were detected in the crystalline state and studied 
theoretically by DFT calculations, QTAIM analysis and 
Hirshfeld surface analysis. Calculations demonstrated that 
highly polarizable dichlorodiazadiene unit is capable of acting as 
a relatively strong halogen bond donor. When the dye was 
decorated with halogen bond-accepting bromine atoms, 
formation of 3D supramolecular framework was observed.

Desired dichlorodiazadienes 2a–g were easily prepared via 
copper-mediated reaction between hydrazones 1a–g and CCl4 
and isolated in high yields as red solids. The structure of 2a–g 
was confirmed by the 1H and 13C NMR spectroscopy, and X-ray 
diffraction analysis for 2a and 2c (Figure 1, see also Online 
Supplementary Materials, Table S1 and Figure S3). Suitable for 
X-ray study single crystals of 2a and 2c were obtained by 
recrystallization from dichoromethane/hexane.† In general, 
metrical parameters for 2a and 2c are close to those found for 
earlier described dichlorodiazadienes and other azo 
compounds.8,18–23 Remarkably, decoration of dye backbone with 
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Dichlorodiazadienes – novel halogen bond donors

1-Aryl-3-(4-bromophenyl)-4,4-dichloro-1,2-diazabuta-1,3-
dienes were synthesized via copper-catalyzed reaction of 
4-bromobenzaldehyde arylhydrazones with CCl4. X-ray 
diffraction analysis revealed non-covalent Cl∙∙∙Br interactions 
in the crystalline state and formation of 3D supramolecular 
framework; DFT calculations and topological analysis of the 
electron density distribution within the framework of 
Bader’s theory (QTAIM method) confirmed these 
observations. Theoretical calculations showed that highly 
polarizable dichlorodiazadiene unit is capable of acting as a 
relatively strong halogen bond donor. 
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Scheme  1  Reagents and conditions: i, CCl4, CuCl (cat.), TMEDA, DMSO, 
room temperature, 1–3 h.

†	 Crystal data for 2a. A colourless prismatic crystal [C14H8N2Cl2Br2 
(Mr = 434.92)] is monoclinic, space group P21, at T = 100 K, a = 9.861(2), 
b = 4.0147(8) and c = 18.472(4) Å, b = 95.29(3)°, V = 728.2(3) Å3, Z = 2, 
dcalc = 1.984 g cm–3, F(000) = 420, μ = 7.635 mm–1. 12738 reflections 
(3191 independent reflections, Rint = 0.070) were measured and used in 
the refinement. The refinement converged to R1 = 0.053 for 2718 observed 
reflections with I > 2s(I ) and wR2 = 0.133 for all independent reflections, 
S = 1.069. 
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bromine atoms had a dramatic impact on its organization in the 
solid state. In the crystal of 2c, molecules form columns via p–p 
interactions of the aromatic rings. Each column interacts with 
the neighboring one via Cl∙∙∙Br attractive interactions to form 
dimers of columns which form spiralic 1D supramolecular 
polymer (see Figure 1). Introduction of another bromine atom 
into dichlorodiazadiene molecule (compound 2a) does not break 
helical dimers of columns. In addition to that, the dimers would 
coordinate to the neighboring dimers via Cl···Br interactions to 
form supramolecular organic framework (see Figure S3).

To understand the nature and quantify energies of halogen 
bonds Cl∙∙∙Br in compounds 2a and 2c, the DFT calculations 
followed by the topological analysis of the electron density 
distribution within the QTAIM approach27 were carried out at the 
ωB97XD/6-311++G** level of theory for model supramolecular 
associates (see Online Supplementary Materials for computational 
details and Table S1). Results of QTAIM analysis are summarized 
in Table S2, the contour line diagrams of the Laplacian of electron 
density distribution ∇2r(r), bond paths, and selected zero-flux 
surfaces as well as visualization of electron localization function 
(ELF) analysis for halogen bonds Cl∙∙∙Br in 2a and 2c are shown 
in Figures 1 and S1. Visualization of electrostatic surface potential 
distribution in isolated molecules 2a and 2c with selected Vs, max 
and Vs, min values on halogen atoms corresponding to s-holes and 
electron density ‘belts’, respectively, is presented in Figure S2.

The QTAIM analysis of model supramolecular associates 
demonstrates the presence of bond critical points (3, –1) for 
halogen bonds Cl∙∙∙Br in 2a and 2c (see Table S2). The low 
magnitude of the electron density (0.006–0.008 a.u.), positive 
values of the Laplacian of electron density (0.022–0.031 a.u.), 
and very close to zero positive energy density (0.001–0.002 a.u.) 
in these bond critical points (3, –1) are typical of halogen–
halogen noncovalent interactions.28 The  balance between the 
potential and kinetic energy densities of electrons at the bond 
critical points (3, –1) for halogen bonds Cl∙∙∙Br in 2a and 2c 
reveals the absence of covalent contribution in these 
interactions.29 The l2 < 0 reveals that halogen bonds Cl∙∙∙Br in 2a 
and 2c are attractive30,31 (see Table S2). Overall, it follows from 
the results of theoretical calculations that halogen bonds Cl∙∙∙Br 
in 2a and 2c are similar in terms of energies (their estimated 
strength per one contact is only 1–2 kcal mol–1), which correlates 
well with close values of maximal and minimal electrostatic 
surface potentials (Vs, max and Vs, min) on halogen atoms in isolated 
molecules 2a and 2c (Figure S2). To  understand  what kind of 
interatomic contacts gives the largest contributions in crystal 
packing, we carried out the Hirshfeld surface analysis for X-ray 
structures of 2a and 2c (Table S3 and Figure 2). 

In summary, we have synthesized new halogenated 
dichlorodiazadienes, accomplished their full characterization, 
while for two of them single crystal X-ray analysis was performed. 
Crystal structures exhibited multiple Cl∙∙∙Br interactions, which 
were analyzed by DFT calculations and topological analysis of 
the electron density distribution within the framework of Bader’s 
theory (QTAIM method) and Hirshfeld surface analysis. 
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Figure  1  (a) Ball-and-stick representation of the structure of 2c in the 
crystal, (b) contour line diagram of the Laplacian of electron density 
distribution ∇2r(r) and (c) visualization of electron localization function 
(ELF) analysis for halogen bonds Cl···Br in 2c. 
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Figure  2  Visualization of Hirshfeld surfaces for X-ray (a) structure 2a and 
(b) structure 2c.
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