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A B S T R A C T   

Preparation of novel triarylazoimidazole trichlorogold(III) complexes is described. The new compounds were 
characterized using C, H, N elemental analyses, IR, UV/Vis and X-ray diffraction analysis. Structural charac
terization revealed that the distances N(imidazolic)⋅⋅⋅Au (2.030 Å (4) and 2.037 Å (5)) are significantly shorter 
than N(azo group)⋅⋅⋅Au (2.853 Å (4) and 2.899 Å (5)) indicating that the azo group is rather weakly coordinated 
at the Au(III) metal center. Thus, triarylazoimidazole trichlorogold(III) complexes could be described as square 
planar gold(III) complexes with weakly binding to the gold(III) center azogroup. Non-covalent chlorine⋅⋅⋅chlorine 
interactions were detected for 5 in the solid state and studied by DFT calculations and topological analysis of the 
electron density distribution within the framework of Bader’s theory (QTAIM method). Theoretical studies 
demonstrated that short non-covalent Cl⋅⋅⋅Cl interactions (3.202 Å) play crucial role in self-assembly of high- 
valent Au(III) chloride.   

1. Introduction 

Azoimidazoles are important class of dyes, which are produced 
industrially and find broad applications for dying natural and synthetic 
fibers due to their easily tunable absorption properties [1]. Moreover, 
azoimidazoles, being a class of widely studied photoswitchable azo
compounds are attractive for applications in photopharmacology and 
bioinorganic chemistry since imidazole moiety is a ubiquitous and 
essential group in biology, often serving as a supporting ligand in metal- 
containing systems [2,3]. In the context photoactivated chemotherapy, 
photoswitchable late transition metal complexes hold promise for the 
development of novel methods which would feature advantageous 
control of drug-action specificity [4]. Therefore, exploration of coordi
nation chemistry of cytotoxic metals, which contain potentially photo
switchable heterocyclic ligands seemed as an attractive niche. 

Azoimidazoles have been intensively studied as ligands in coordi
nation chemistry [5–9]. Currently, azoimidazole complexes are reported 

for many transition metals, while some of them exhibit intriguing 
photochromic properties [3,5,6]. In addition, they are attractive as 
chelating bidentate ligands, which electronic and photophysical prop
erties could be easily tuned by substituents, which could be easily 
varied. 

Surprisingly, azoimidazole-based gold(III) derivatives remained un
explored until now. Here we report a synthesis and characterization of 
first gold(III) azoimidazole complexes. 

2. Experimental part 

2.1. General remarks 

Unless stated otherwise, all the reagents used in this study were 
obtained from the commercial sources (Aldrich, TCI-Europe, Strem, 
ABCR). The ligands 2 and 3 were synthesized according to the literature 
procedure, see Supporting Information [10]. NMR spectra were 
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recorded on a Bruker Avance III (1H: 400 MHz); chemical shifts (δ) are 
given in ppm relative to TMS, coupling constants (J) in Hz. The solvent 
signals were used as references (CDCl3: δC = 77.16 ppm; residual CHCl3 
in CDCl3: δH = 7.26 ppm; CD2Cl2: δC = 53.84 ppm; residual CHDCl2 in 
CD2Cl2: δH = 5.32 ppm); 1H and 13C assignments were established using 
NOESY, HSQC and HMBC experiments; numbering schemes as shown in 
the Inserts. IR: Perkin-Elmer Spectrum One spectrometer, wavenumbers 
(ṽ) in cm− 1. C, H, and N elemental analyses were carried out on a Euro 
EA 3028HT CHNS/O analyzer. Absorption spectra were measured in a 4 
mL quartz cuvette using a UV–VIS spectrometer (UV-3600, Shimadzu). 
Solvents were purified by distillation over the indicated drying agents 
and were transferred under Ar: Et2O (Mg/anthracene), CH2Cl2 (CaH2), 
hexane (Na/K). 

The MCF7, A549, HCT116 and WI38 cell lines were cultured in 
Dulbecco modified Eagle’s medium (DMEM; Gibco, UK) with 10% fetal 
bovine serum (Gibco, USA) and antibiotics (PanEco, Russia) in 5% CO2, 
37 ◦C. The compounds were pre-dissolved at 20 mM in DMSO and added 
to the cell culture at the required concentration with maximum DMSO 
content of 0.5 v/v%. Cells in 96-well plates (7 × 103 cells/well) were 
treated with various concentrations of compounds and cisplatin at 37 ◦C 
for 72 h. Cell viability was determined using the MTT assay as follows: 
cells were incubated at 37 ◦C for 50 min with 100 µl of 5 mg/ml solution 
of 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide 
(Sigma-Aldrich, St. Louis, USA) in cell culture medium. The supernatant 
was discarded, and formazan was dissolved in 100 µl of DMSO. The 
optical density of the solution was measured at 570 nm on a multiwell 
plate reader (Multiskan FC, Thermo Fisher Scientifics, USA). The per
centage of viable (i.e., MTT converting) cells was calculated from the 
absorbance of untreated cells (100%). Each experiment was repeated 
three times, each concentration was tested in three replicates. 

The single point calculations based on the experimental X-ray ge
ometry of 5 have been carried out at the DFT level of theory using the 
dispersion-corrected hybrid functional ωB97XD [11] with the help of 
Gaussian-09 [M. J. Frisch, et. al., in Gaussian 09, Revision C.01, 
Gaussian, Inc., Wallingford, CT, 2010.] program package. The Dou
glas–Kroll–Hess 2nd order scalar relativistic calculations requested 
relativistic core Hamiltonian were carried out using the DZP-DKH and 
TZP-DKH basis sets [12,13] for all atoms. The topological analysis of the 
electron density distribution with the help of the atoms in molecules 
(QTAIM) method developed by Bader, electron localization function 
(ELF) and reduced density gradient (RDG) analyses have been per
formed by using the Multiwfn program (version 3.7) [14]. The VMD 
program [15] was used for visualization of noncovalent interactions 
(NCI). The Cartesian atomic coordinates for model dimeric associate are 
presented in Supporting Information, Table S1. The Hirshfeld surface 
analysis has been performed by using the CrystalExplorer program 
(version 17.5) [16]. The normalized contact distances (dnorm [17]) based 
on Bondi’s van der Waals radii [18] were mapped into the Hirshfeld 
surface. 

4. Azoimidazole 2 (0.118 mmol, 41 

mg) was added to the solution of NaAuCl4 2H2O (1) (0.118 mmol, 49 
mg) in MeOH (1 mL). The resulting mixture was kept without stirring for 
2 days; the formed precipitate was isolated by filtration, washed with 
MeOH (2 mL), Et2O (3 × 2 mL), and dried under vacuum. Yield: 42 mg 
(53%). Elem. anal. calcd for C22H18AuCl3N4O⋅MeOH: C 40.05; H 3.21; N 
8.12. Found: C 39.74; H 3.08; N 8.31. IR (ν): 1383 (NN), 1597 cm− 1 

(CN). UV/Vis (CH2Cl2): λmax = 436 nm, ε = 2.07 × 104 M− 1 cm -1. 
Crystals, suitable for X-ray analysis, were obtained directly from the 
reaction mixture. 

5. Azoimidazole 3 (0.126 mmol, 52 

mg) was added to the solution of NaAuCl4 2H2O (1) (0.126 mmol, 50 
mg) in MeOH (1 mL). The resulting mixture was kept without stirring for 
2 days; the formed precipitate was isolated by filtration, washed with 
MeOH (2 mL), Et2O (3 × 2 mL), and dried under vacuum. Yield: 55 mg 
(61%). Elem. anal. calcd for C24H22AuCl3N4O3⋅MeOH: C 40.05; H 3.50; 
N 7.47. Found: C 39.68; H 3.44; N 7.49. IR (ν): 1372 (NN), 1596 cm− 1 

(CN). UV/Vis (CH2Cl2): λmax = 473 nm, ε = 1.47 × 104 M− 1 cm− 1. 
Crystals, suitable for X-ray analysis, were obtained directly from the 
reaction mixture. 

3. Results and discussion 

Gold(III) triarylazoimidazole complexes 4 and 5 were prepared in a 
moderate yield by the addition of corresponding triarylazoimidazole 
ligands 2 or 3 to NaAuCl4 (1) in MeOH as a solvent (Scheme 1). 

The structures and purity of new complexes were proved by C, H, N 

Scheme 1. Synthesis of diarylazoimidazole gold (III) complexes 4 and 5.  
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elemental analyses, IR and X-ray diffraction analysis (Fig. 1, Table 1). 
Complexes 4 and 5 are very poorly soluble in common deuterated sol
vents, which precluded their analyses by the NMR in solution. 

Compounds 4⋅MeOH and 5⋅MeOH precipitate from the reaction 

mixture as dark-red well-shaped blocks, suitable for analysis by single 
crystal X-ray crystallography. X-Ray analyses confirmed the formation 
of trichlorogold(III)-imidazole complexes for 4⋅MeOH and 5⋅MeOH 
(Fig. 1). Selected bond distances and angles for 4⋅MeOH and 5⋅MeOH 
are given in Table 1. 

Overall, metrical parameters for organic ligands in 4⋅MeOH and 
5⋅MeOH are similar to those reported for structurally relevant azo
compounds [1,19–22] and imidazole derivatives [23–26]. 

In both 4⋅MeOH and 5⋅MeOH the ligands form distorted square- 
based pyramid around the metal center with three chlorines and imi
dazolic N atom being nearly coplanar. The N atoms of the ligand adopt 
cis configuration around the metal center. Interestingly, the observed 
distances N1(imidazolic)⋅⋅⋅Au (2.030(9) Å (4⋅MeOH) and 2.036(2) Å 
(5⋅MeOH)) are significantly shorter than N4(azo group)⋅⋅⋅Au (2.853(1) 
Å (4⋅MeOH) and 2.899(4) Å (5⋅MeOH)) indicating that the azo group is 
rather weakly coordinated at the Au(III) metal center. Thus, the com
pounds 4 and 5 could be described as square planar gold(III) complexes 

Fig. 1. Ball-and-stick representation of 4 and 5 in the crystal. Light-grey and grey spheres represent hydrogen and carbon atoms, respectively. MeOH molecules 
are omitted. 

Table 1 
Selected Bond Lengths (Å) and Angles (o) for 4⋅MeOH and 5⋅MeOH.   

4⋅MeOH 5⋅MeOH 

Cl1–Au–Cl2 177.2(1) 175.4(8) 
N–Au–Cl3 179.4(3) 177.4(1) 
N–Au–N 64.5(3) 66.8(9) 
Au–Cl1 2.289(4) 2.262(5) 
Au–Cl2 2.267(4) 2.406(7) 
Au–Cl3 2.252(4) 2.286(5) 
Au–N1 2.030(9) 2.036(2) 
Au–N4 2.853(1) 2.899(4)  

Fig. 2. Ball-and-stick representation of the structure of 5 in the crystal demonstrating its’ self-assembly into infinite 1D chain via Cl⋅⋅⋅Cl non-covalent interactions. 
Yellow, blue, red, green, light-grey and grey spheres represent gold, nitrogen, oxygen, chlorine, hydrogen and carbon atoms, respectively. 
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with weakly binding to the gold(III) center azogroup. 
Despite weak interaction between the azogroup and the metal center, 

which potentially could allow photoinduced isomerization around the 
N––N bond, 4 and 5 did not feature any noticeable photochromism in 
DCM solutions. Absorption spectra of 4 and 5 exhibited broad absorp
tions between 450 and 500 nm with a shoulder around 600 nm (Figs. S1 
and S2), which were similar to earlier studied transition metal azoimi
dazole complexes. Photoluminescence (PL) spectra of 4 and 5 in CH2Cl2 
(Fig. S3) exhibited a peak with emission maximum at 599 and 663 nm, 
respectively, with a moderate quantum yields (17% and 15%, 

respectively), while photoluminescence excitation (PLE) spectra showed 
peaks at 540 and 577 nm, respectively (Fig. S3). Moderate Stokes shifts 
(0.23 and 0.28 eV, respectively) observed between PLE and PL spectra 
are indicative of structural differences between the ground and excited 
states 4 and 5. 

Interestingly, inspection of the crystallographic data suggested the 
presence of interesting Cl⋅⋅⋅Cl noncovalent interactions in 5 (Fig. 2). 
Considering this, in addition to structural analysis, some computational 
study was desirable. In order to confirm or deny the hypothesis on the 
existence of these supramolecular contacts and quantify their energies 

Table 2 
Values of the density of all electrons – ρ(r), Laplacian of electron density – ∇2ρ(r) and appropriate λ2 eigenvalue, energy density – Hb, potential energy density – V(r), 
and Lagrangian kinetic energy – G(r) (a.u.) at the bond critical point (3, –1) corresponding for Cl⋅⋅⋅Cl noncovalent interactions in 5 and their estimated strength Eint 
(kcal/mol).  

Length of Cl⋅⋅⋅Cl contact is 3.202 Å * ρ(r) ∇2ρ(r) λ2 Hb V(r) G(r) Eint
a Eint

b 

ωB97XD/DZP-DKH  0.010  0.040 –0.010  0.002 –0.006  0.008  1.8  2.4 
ωB97XD/TZP-DKH  0.010  0.040 –0.010  0.002 –0.006  0.008  1.8  2.4  

Fig. 3. Contour line diagram of the Laplacian of 
electron density distribution ∇2ρ(r), bond paths, and 
selected zero-flux surfaces (top panel), visualization 
of electron localization function (ELF, center panel) 
and reduced density gradient (RDG, bottom panel) 
analyses for Cl⋅⋅⋅Cl noncovalent interactions in 5. 
Bond critical points (3, –1) are shown in blue, nuclear 
critical points (3, –3) – in pale brown, bond paths are 
shown as pale brown lines, length units – Å, and the 
color scale for the ELF and RDG maps are presented 
in a.u.   
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from a theoretical point of view, we carried out DFT calculations at the 
ωB97XD/DZP-DKH and ωB97XD/TZP-DKH levels of theory and per
formed topological analysis of the electron density distribution within 
the framework of Bader’s theory (QTAIM analysis) [27] for model 
dimeric associate (Cartesian atomic coordinates for this model dimeric 
associate are presented in Supporting Information, Table S1). 

Results of QTAIM analysis are summarized in Table 2, the contour 
line diagram of the Laplacian of electron density distribution ∇2ρ(r), 
bond paths, and selected zero-flux surfaces, visualization of electron 
localization function (ELF) and reduced density gradient (RDG) analyses 
for Cl⋅⋅⋅Cl noncovalent interactions in 5 are shown in Fig. 3. The non
covalent interactions analysis as scatter graph of RDG vs. real space 
function sign(λ2)ρ, namely the product of sign of λ2 (second largest 
eigenvalue of Hessian matrix of electron density) and ρ (electron den
sity) (NCI plot [28]) for model dimeric associate and visualization of 
intermolecular contacts in 3D using NCI analysis technique are shown in 
Fig. 4. 

The shortest van der Waals radius for Cl atom is 1.75 Å [18]. 
a Eint = 0.49(− V(r)) (this correlation between the interaction energy 

and the potential energy density of electrons at the bond critical points 
(3, –1) was specifically developed for noncovalent interactions involving 
chlorine atoms) [29]. 

b Eint = 0.47G(r) (this correlation between the interaction energy and 
the kinetic energy density of electrons at the bond critical points (3, –1) 
was specifically developed for noncovalent interactions involving 
chlorine atoms) [29]. 

The QTAIM analysis demonstrates the presence of appropriate bond 
critical point (3, –1) for Cl⋅⋅⋅Cl contact in model dimeric associate 
(Table 2). The low magnitude of the electron density (0.010 a.u.), pos
itive value of the Laplacian of electron density (0.040 a.u.), very close to 
zero positive energy density (0.002 a.u.) in this bond critical point (3, 
–1) and estimated strength for appropriate short contact (1.8–2.4 kcal/ 
mol) are independent on the choice of basis set used for DFT calculations 
(double-zeta or triple-zeta quality) and typical for crystal-packing 
induced weak halogen⋅⋅⋅halogen noncovalent interactions with a negli
gible charge transfer component [22,30–32]. The balance between the 
Lagrangian kinetic energy G(r) and potential energy density V(r) at the 
bond critical point (3, –1) corresponding for Cl⋅⋅⋅Cl noncovalent in
teractions in 5 reveals that a covalent contribution is absent in this su
pramolecular contact [33]. The Laplacian of electron density is typically 
decomposed into the sum of contributions along the three principal axes 
of maximal variation, giving the three eigenvalues of the Hessian matrix 
(λ1, λ2 and λ3), and the sign of λ2 can be utilized to distinguish bonding 

(attractive, λ2 < 0) weak interactions from nonbonding ones (repulsive, 
λ2 > 0) [34]. Thus, discussed Cl⋅⋅⋅Cl noncovalent interactions in 5 are 
attractive (Table 2). 

To understand what kind of interatomic contacts give the largest 
contributions in crystal packing, we carried out the Hirshfeld surface 
analysis for the X-ray structure 5 (Fig. 5). The main partial contributions 
of different interatomic contacts to the Hirshfeld surface of X-ray 
structure 5 are: H–H 36.1%, Cl-H 22.3%, C–H 17.6%, O–H 12.1%, 
C–C 3.0%, N–H 2.5%, N–C 2.3%, Cl-Cl 1.2%, Au-H 1.0%, N–N 0.8%, 
O–C 0.7%, and Cl-C 0.3%; the contributions of other interatomic con
tacts are < 0.1%. Thus, the Hirshfeld surface analysis for the X-ray 
structure 5 reveals that crystal packing controlled primarily by inter
atomic contacts involving hydrogen and chlorine atoms. 

Fig. 4. NCI plot for model dimeric associate and visualization of intermolecular contacts in 3D using NCI analysis technique.  

Fig. 5. Visualization of Hirshfeld surface for the X-ray structure 5.  
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Antiproliferative activity of complex 5 and cisplatin, as a control 
compound, was determined using a small library of human cell lines 
(MCF7 human breast adenocarcinoma cell line, A549 human lung car
cinoma cell line, HCT116 human colon carcinoma cell line and WI38 
human fibroblast-like fetal lung cell line) by means of standard MTT 
colorimetric assay. Complex 5 found to be significantly less active with 
IC50 > 100 µM (limited by solubility) compared to cisplatin (IC50 12.5 ±
1.2, 12.3 ± 1.7, 8.8 ± 0.9, 3.0 ± 0.7 for MCF7, HCT116, A549 and WI38 
correspondingly). 

4. Conclusions 

In conclusion, we synthesized first azoimidazole gold(III) complexes 
and characterized them using C, H, N elemental analyses, IR, UV/Vis 
and X-ray diffraction analysis. Interestingly, compound 5 exhibited 
relatively low toxicity against a library of human cell lines, which is 
unusual for Au(III) complexes. 

Structural investigation revealed the azo group is rather weakly co
ordinated at the Au(III) metal center, and triarylazoimidazole tri
chlorogold(III) complexes could be described as square planar gold(III) 
complexes with weakly binding azogroup. Relatively short non-covalent 
chlorine⋅⋅⋅chlorine interactions (3.202 Å) were detected for 5 in the solid 
state and studied by DFT calculations and topological analysis of the 
electron density distribution within the framework of Bader’s theory 
(QTAIM method). 
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W. Yang, Revealing noncovalent interactions, J. Am. Chem. Soc. 132 (18) (2010) 
6498–6506, https://doi.org/10.1021/ja100936w. 

[29] E.V. Bartashevich, V.G. Tsirelson, Interplay between non-covalent interactions in 
complexes and crystals with halogen bonds, Russ. Chem. Rev. 83 (12) (2014) 
1181–1203, https://doi.org/10.1070/RCR4440. 

[30] S.A. Adonin, M.A. Bondarenko, A.S. Novikov, P.A. Abramov, M.N. Sokolov, V. 
P. Fedin, Halogen bonding in the structures of pentaiodobenzoic acid and its salts, 
CrystEngComm 21 (43) (2019) 6666–6670, https://doi.org/10.1039/ 
C9CE01106D. 

[31] A.N. Usoltsev, S.A. Adonin, A.S. Novikov, D.G. Samsonenko, M.N. Sokolov, V. 
P. Fedin, One-dimensional polymeric polybromotellurates(IV): Structural and 

theoretical insights into halogen⋯halogen contacts, CrystEngComm 19 (2017) 
5934–5939, https://doi.org/10.1039/c7ce01487b. 

[32] A.G. Tskhovrebov, A.S. Novikov, A.S. Kritchenkov, V.N. Khrustalev, M. Haukka, 
Attractive halogen⋅⋅⋅halogen interactions in crystal structure of trans-dibromogold 
(III) complex, Zeitschrift Fur Krist. - Cryst. Mater. 25 (2020) 477–480, https://doi. 
org/10.1515/zkri-2020-0045. 

[33] E. Espinosa, I. Alkorta, J. Elguero, E. Molins, From weak to strong interactions: A 
comprehensive analysis of the topological and energetic properties of the electron 
density distribution involving X-H⋯F-Y systems, J. Chem. Phys. 117 (2002) 
5529–5542, https://doi.org/10.1063/1.1501133. 

[34] J. Contreras-García, E.R. Johnson, S. Keinan, R. Chaudret, J.-P. Piquemal, D. 
N. Beratan, W. Yang, NCIPLOT: a program for plotting noncovalent interaction 
regions, J. Chem. Theory Comput. 7 (2011) 625–632, https://doi.org/10.1021/ 
ct100641a. 

A.G. Tskhovrebov et al.                                                                                                                                                                                                                        

https://doi.org/10.1007/s10870-012-0371-0
https://doi.org/10.1021/cr00005a013
https://doi.org/10.1021/ja100936w
https://doi.org/10.1070/RCR4440
https://doi.org/10.1039/C9CE01106D
https://doi.org/10.1039/C9CE01106D
https://doi.org/10.1039/c7ce01487b
https://doi.org/10.1515/zkri-2020-0045
https://doi.org/10.1515/zkri-2020-0045
https://doi.org/10.1063/1.1501133
https://doi.org/10.1021/ct100641a
https://doi.org/10.1021/ct100641a

	Azoimidazole gold(III) complexes: Synthesis, structural characterization and self-assembly in the solid state
	1 Introduction
	2 Experimental part
	2.1 General remarks

	3 Results and discussion
	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgement
	Appendix A Supplementary data
	References


