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A gold(III) complex with N,N'-ethylenebis(pyrrol-2-yl-methyleneamine) (H2pyren) was 

synthesized and characterized by physicochemical and spectroscopic measurements. Density 

functional theory (DFT) studies and cytotoxic assays were performed. Infrared, mass 

spectrometry and 1H, 13C and {15N,1H} nuclear magnetic resonance analyses indicate that pyren 

is deprotonated and gold(III) is four coordinate in a square planar environment, with the pyrrole 

and imine nitrogens as donors. The structure was confirmed by powder X-ray diffraction and 

confirmed as a minimum of the potential energy surface by DFT. Cytotoxic activity of 

[Au(pyren)]+ was active against three tumorigenic cell lines with IC50 values of 35 μM. 

Interaction studies with CT-DNA by fluorescence and competition with ethidium bromide (EB) 

showed a quenching of the emission band of DNA with a Stern-Volmer quenching constant 

value of (3.0 ± 0.1)×104 M-1 and a decrease in fluorescence quenching of EB-DNA system, 

respectively, confirming that DNA is a possible target for the complex via an intercalative 

binding, which was confirmed by DNA conformational changes observed with circular 

dichroism spectroscopy. 
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*Corresponding author. Email: formiga@iqm.unicamp.br 

D
ow

nl
oa

de
d 

by
 [

St
ep

he
n 

F 
A

us
tin

 S
ta

te
 U

ni
ve

rs
ity

] 
at

 0
8:

04
 2

1 
Ju

ly
 2

01
6 



2 

1. Introduction 

Gold(III) complexes have been studied for their antitumor activity since the 1980s, and several 

compounds were reported to be more effective than the clinically used metallodrug cisplatin 

[1-3]. However, most of them were reduced in biological medium to gold(I) or colloidal gold [1, 

4]. A few examples were reported to exhibit significant antitumor activity and solution stability 

[5]. Reduction of gold(III) to gold(I) and covalent binding of gold ions to biomolecular targets 

have been proposed to account for the cytotoxicity of gold(III) compounds. For example, peptide 

and protein containing methionine residues as well as disulfide bonds can reduce gold(III) to 

gold(I) [6, 7]. 

Porphyrin ligands stabilize gold(III) complexes and are studied for their biological 

applications [8]. Historically, gold(III) compounds were proposed to act as cisplatin (DNA 

covalent binding) due to the isoelectronic and isostructural characteristics of gold(III) and 

platinum(II) [1, 4, 9, 10]. However, demetallation and release of gold(III) for metalloporphyrin 

complexes are very unlikely. DNA intercalation is another possible mechanism for gold-

porphyrin complexes due to their rigid planar structure [11]. 

Thioredoxin and proteasome have also been proposed as targets considering that 

[Au(porphyrin)]+ compounds are planar lipophilic cations. The use of planar lipophilic cations to 

target mitochondria in cancer cells has been explored as a possible strategy [12-14]. Sun and 

co-workers [15] studied a series of Au(III)-porphyrin complexes in order to understand the 

structure/activity relationship. For all the synthesized complexes the reported activities vary from 

non-toxic to compounds with a very low IC50 concentration when accessed against 

nasopharyngeal tumorigenic cell lines. The observations are attributed to the lipophilicity of the 

complexes, in agreement with the previous reported bisphosphine gold(I) complexes [16,17]. 

Schiff base ligands and their complexes have been studied to elucidate various aspects of 

catalytic activity, magnetic, spectroscopic and anticancer properties, as well as the role of metal 

ions in biological systems. Although salicylidimine ligands and their complexes have been 

extensively studied in this context, only few data are known about the Schiff base ligands 

derived from pyrrole-2-carboxaldehyde and aliphatic or aromatic diamines, bis(pyrrol-2-yl-

methyleneamine) or bis(pyrrolyl-imine) [18]. Coordination of these ligands to metal ions usually 

occurs with deprotonation of the pyrrole NH groups, yielding tetradentate and dianionic ligands 

[19]. 
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Examples of complexes with this class of ligands include chelates of Ru(II) [20], Pd(II) 

[21], Ni(II) [21-25], Cu(II) [24, 26-28], Mn(II) [29], Zn(II) [30-35] and Pt(II) [36, 37]. Recently, 

the synthesis and biological reactivity of stable nitroxyl-bound {FeNO} species [38, 39] were 

also reported. 

However, there is little information about Au(III) complexes with pyrrolyl-imine ligands. 

Recently a patent about bis(pyrrolyl-imine) and bis(imidazolyl-imine) Schiff base gold(III) 

complexes as chemotherapeutic agents [40] and the biodistribution of a 198Au-labelled gold(III) 

chelate with a bis(pyrrolyl-imine) Schiff base ligand [41] were reported. The present work 

describes the synthesis, spectroscopic characterization and cytotoxic assays of a cationic 

gold(III) complex with the tetradentate Schiff base ligand N,N'-ethylenebis(pyrrol-2-yl-

methyleneamine) (C12H14N4, H2pyren), which is represented in figure 1. For the complex 

[Au(pyren)]+, 'pyren' corresponds to the dianionic form of H2pyren (pyren)2-. 

 

2. Experimental 

2.1. Materials 

All reagents used in this study were of analytical grade and used without purification, except for 

ethylenediamine which was distilled before use. Ethylenediamine, pyrrole-2-carboxaldehyde, 

H[AuCl4] and a solution of tetrabutylammonium hydroxide ([Bu4N]OH) in water (1.0 M) were 

purchased from Sigma-Aldrich Laboratories. Acetonitrile, ethanol and dichloromethane were 

purchased from Synth. Deoxyribonucleic acid sodium salt from calf thymus (CT-DNA) was 

purchased from Sigma-Aldrich Laboratories and a solution (expressed as nucleotides) was 

prepared in 10 mM NaClO4 and dialyzed for 24 h. 

 

2.2. Synthesis of H2pyren 

H2pyren was prepared using a method described in the literature [26]. Pyrrole-2-carboxaldehyde 

(1.11 g, 11.7 mmol) and ethylenediamine (500 µL, 7.5 mmol) were dissolved in 10 mL of 

ethanol. The mixture was stirred for a while and then 10 drops of glacial acetic acid were added. 

After a few seconds a white precipitate formed. The suspension was stirred at room temperature 

for 2 h. The white solid was collected by filtration, washed with cold ethanol and dried under 

vacuum. The compound was purified by recrystallization from ethanol with a total yield of 1.70 

g (68%). Anal. Calc. for H2pyren, C12H14N4 (MW = 214.12): C, 67.2; H, 6.53; N, 26.1 %. Found: 
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C, 67.3; H, 6.09; N, 26.2 %. ESI-MS m/z 215.2 [H2pyren + H]+. This ligand is soluble in 

methanol, DMSO, dimethylformamide, chloroform, acetone and is insoluble in diethyl ether and 

n-hexane. 

 

2.3. Synthesis of [Au(pyren)](PF6) 

The gold(III) complex with H2pyren was synthesized according to a similar procedure reported 

by Munro and co-workers [40]. First, a solution (1.0 M) of [Bu4N]OH (3.6 mL, 3.6 mmol) was 

added to a solution of H[AuCl4] (0.99 g, 3.0 mmol) in distilled water (15 mL). The mixture was 

stirred at room temperature for 1 h and the yellow solid obtained corresponding to 

[Bu4N][AuCl4] was collected by filtration, washed with distilled water and dried in vacuum 

(80% yield). Further, NH4PF6 (0.24 g, 1.49 mmol) was dissolved in 10 mL of ethanol and the 

resulting solution was added to a stirring suspension of H2pyren (0.23 g, 1.12 mmol) in 8 mL of 

dichloromethane. To this suspension, a solution of [Bu4N][AuCl4] (0.14 g, 0.37 mmol) in 10 mL 

of dichloromethane was added dropwise. The reaction mixture was heated under reflux for 1 h 

and then cooled to room temperature. The orange-brown reaction mixture was capped and put in 

the freezer (-20 °C) overnight to induce precipitation of an orange solid. The product was 

collected by filtration, washed with dichloromethane and dried in vacuum. The sample was 

purified by washing with water (4 × 5 mL), followed by filtration and drying in vacuum. 150 mg 

of an orange solid was obtained (74% yield). Anal. Calc. for [Au(pyren)](PF6), C12H12N4PF6Au 

(MW = 554.2): C, 26.0; H, 2.16; N, 10.1 %. Found: C, 25.6; H, 1.64; N, 10.1 %. ESI-MS m/z 

409.1 [Au(pyren)]+. The complex is soluble in acetonitrile, DMSO, dimethylformamide, acetone 

and insoluble in chloroform, diethyl ether and n-hexane. No single crystals were obtained even 

after several attempts by slow evaporation and solvent diffusion. The complex is stable in 

solution for several hours and only after mixing with a sodium citrate dihydrate solution (200 

µL, 500 µM), [Au(pyren)]+ (10 mL, 100 µM, acetonitrile) showed some evidence of 

decomposition or reduction of gold(III), as observed in figure S1. 

 

2.4. Physical measurements 

Elemental analyses for carbon, hydrogen and nitrogen were performed using a CHNS/O Perkin 

Elmer 2400 Analyzer. Infrared (IR) spectra from 4000 to 400 cm-1 were measured using an ABB 

Bomen MB Series Model B100 with resolution of 4 cm-1; samples were prepared as KBr pellets. 
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Solution-state 1H, 13C and the {15N,1H} HMBC nuclear magnetic resonance spectra were 

recorded for H2pyren and [Au(pyren)]+ on a Bruker Avance III 400 MHz (9.395T). Samples 

were analyzed in deuterated acetonitrile-d3 solutions and the chemical shifts were given relative 

to tetramethylsilane (TMS). The UV-Vis spectra were recorded in acetonitrile solutions (30 µM 

for H2pyren, 100 µM for [Au(pyren)](PF6)) from 200-1100 nm using 10.00 mm quartz cuvettes 

in a Hewlett-Packard 8453A diode array spectrophotometer. Electrospray ionization mass 

spectrometry (ESI-MS) measurements were carried out in a Waters Synapt HDMS instrument 

(Manchester, UK). The ligand and the complex were dissolved in H2O/MeCN 50:50 with 0.1% 

(v/v) formic acid at a concentration of 1.0 mg cm-3 and further diluted 100-fold in the same 

solvent. The resulting solutions were directly infused into the instrument ESI source at a flow 

rate of 15 μL min-1. Typical acquisition conditions were capillary voltage of 3 kV sampling cone 

voltage of 20 V, source temperature of 100 °C, desolvation temperature of 200 °C, cone gas flow 

of 30 L h-1 and desolvation gas flow of 900 L h-1. Thermogravimetric and differential thermal 

analysis (TGA/DTA) were performed on a simultaneous TGA/DTA Seiko Exstar 6000 

Thermoanalyzer using the following conditions: synthetic air, flow rate of 50 cm3 min-1 and 

heating rate of 10 °C min-1, from 25 °C to 1000 °C. 

 

2.5. Structural analysis by X-ray powder diffraction data 

The polycrystalline [Au(pyren)](PF6) powder was gently ground in an agate mortar and then 

deposited in the hollow of Silicon zero-background plate sample-holder. The diffraction data 

were collected by overnight scans (in recycling mode) in the 2θ range of 4-105° with steps of 

0.02° using a Bruker AXS D8 Advanced diffractometer, equipped with Ni-filtered Cu-Kα 

radiation (λ=1.5418 Å), a Lynxeye linear position-sensitive detector PSD and the following 

optics: primary beam Soller slits (2.3°), fixed divergence slit (0.3°), receiving slit (8 mm). The 

generator was set at 40 kV and 40 mA. Standard peak search, followed by indexing through the 

single-value decomposition approach [42] implemented in TOPAS [43], allowed detection of the 

approximate unit cell parameters. Since a axis (20.17 Å) is nearly double than b axis (10.04 Å) 

many Bragg peaks of the 0kl were overlapped with h0l, making the space group assignment 

troublesome. In the present case, LeBail refinement in the space group Pban and Pcan afforded 

very similar Rwp's, and careful inspection of systematic absences did not solve the space group 

ambiguity. Structure solutions, performed by the simulated annealing (SA) technique [44] 
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implemented in TOPAS, were attempted in both space groups, eventually leading to a 

chemically plausible model only when Pcan was chosen. In the structure solution process, a rigid 

body model for half organic ligand, idealized as Z matrix formalism, flexible at few torsion 

angles (figure 1) was used where the twofold axis passes through the imaginary center of the 

aliphatic -CH2-CH2- vector, placed at the special position x, 0.5, 0.25. In the same way, PF6
- ions 

were also assembled as half PF6
- (idealized as geometrical Cartesian coordinates) where the 

phosphorus is lying on a twofold axis at special position x, 0.00, 0.75. The single Au(III) was 

found to lie on a special position x, 0.50, 0.25. In the final refinement, carried out by the Rietveld 

method [45], the rigid bodies used in the SA step were maintained and the angles between C4-

C5=N, C6-N-C5 and C3-C4-C5 were also refined, leading to a total of 54 optimized parameters, 

including background coefficients (of the Chebyshev's type) and spherical harmonics 

coefficients for anisotropic peak broadening. Also, a single P-F bond distance and an isotropic 

thermal parameter for gold (BAu; lighter atoms were given a common isotropic thermal 

parameter, set at Biso = BAu + 2.0 Å2) were refined in the final steps. The final Rietveld 

refinement plot for [Au(pyren)](PF6) is given as Supplementary Material (figure S2). 

 

2.6. Fluorescence studies 

The fluorescence emission spectra of a 100 μM CT-DNA solution in NaClO4 10 mM were 

recorded from 300-500 nm before and after addition of a [Au(pyren)]+ solution in acetonitrile 

(final concentrations = 20, 30, 40, 50, 60 and 70 μM) using an excitation wavelength of 260 nm 

in a Varian Cary Eclipse fluorescence spectrophotometer. For the EB-DNA binding experiment a 

solution of CT-DNA (100 μM) was prepared in buffer solutions containing 10 mM NaClO4. 

Stock solutions of CT-DNA incubated with ligand at a ri of 0.2 and complex at a ri of 0.1, 0.2 (ri 

being the ratio compound/nucleotide), both in DMSO, were prepared and incubated at 37 °C for 

24 h. Increasing amounts of EB in the range 0-0.05 of ethidium bromide per nucleotide were 

added to CT-DNA and CT-DNA treated with H2pyren and [Au(pyren)]+. The experiments were 

performed in triplicate, setting the excitation at 525 nm and monitoring the emission at 600 nm 

in a Varian Cary Eclipse fluorescence spectrophotometer. During the period of UV-Vis and 

fluorescence analyses (approx. 6 h) the complex remained stable and did not show evidence of 

decomposition in solution. 
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2.7. Circular dichroism 

Circular dichroism spectra of a 100 μM CT-DNA solution in NaClO4 10 mM were recorded after 

addition of a [Au(pyren)]+ solution in DMSO at various ratios (ri = 0.0-0.50, where ri is the ratio 

of compound per nucleotide) and incubation at 37 °C for 24 h. The CD spectra were obtained at 

room temperature on a Jasco J720 ORD 306 spectropolarimeter using 10.00 mm quartz cuvettes 

with a 450 W xenon lamp. Eight scans were recorded for a 225-320 nm spectral window at a 

20 nm min-1 rate. The complex also remained stable in solution during the acquisition period of 

circular dichroism spectra (approx. 5 h). 

 

2.8. Molecular modeling 

Geometric optimizations were carried out using GAMESS software [46] with a convergence 

criterion of 10-4 a.u. in a conjugate gradient algorithm. The LANL2TZ [47] effective core 

potential and basis set (including relativistic effects) were used for gold and the atomic 6-

31G(d,p) basis set [48-51] for all other atoms. Density functional theory (DFT) calculations were 

performed by using the PBE0 [52] gradient-corrected hybrid functional to solve the Kohn-Sham 

equations with a 10-5 a.u. convergence criterion for the density change and the final geometries 

were confirmed as minima of the potential energy surface (PES). 

The harmonic vibrational frequencies and intensities were calculated at the same level of 

theory with the analytical evaluation of second derivatives of energy as a function of atomic 

coordinates. Frequencies were scaled by a factor of 0.9547, as recommended by Merrick, Moran 

and Radom [53]. To simulate electronic spectra, time dependent DFT calculations were 

performed in the same level of theory to calculate the 20-first singlet excited states of both 

molecules. 

 

2.9. Cytotoxic assays 

Lung adenocarcinomic alveolar basal epithelial cells (A549), prostate cancer cells (PC3), 

endometrial adenocarcinoma cells (HEC1B) and mouse embryonic fibroblast cells (Balb/ 3T3) 

were cultured in Dulbecco's modified eagle's medium (DMEM) supplemented with 10% of fetal 

calf serum (FCS), using streptomycin and penicillin as antibiotics, in an atmosphere of 5% CO2 

at 37 °C. All cell culture reagents were purchased from Costar (Corning Inc., NY). The 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium salt (MTT) was acquired from Sigma. Cells were 
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placed in a 96-well plate (5 × 103 cells/well) 24 h prior to the beginning of the experiment. Stock 

solutions of H2pyren and [Au(pyren)]+ were prepared in DMSO in a concentration of 10 mM. 

The compounds were diluted into the cells medium in order to achieve different concentrations 

(100 - 3.125 μM). Forty-eight hours after addition of the complex, MTT salt was added (aiming 

for a final concentration of 0.50 mg mL-1) and the cells were incubated with this reagent for a 

period of 3 h [54]. After the incubation period, cells were washed with PBS and isopropanol was 

added. The cell viability was determined by absorbance measurements at 570 nm. 

 

3. Results and discussion 

3.1. Structure of [Au(pyren)]+ 

Mass spectrometry suggests the existence of the [Au(pyren)]+ in solution (figure S4) and the 

solid state composition with one equivalent of PF6
- as a counter ion is suggested by elemental 

and thermal analyses (figure S5). The crystal structure of [Au(pyren)](PF6) was obtained using 

state-of-the-art powder diffraction data measured on conventional laboratory X-ray 

diffractometer equipment. Even if some limitations are present, due to extensive use of 

molecular modeling by partially flexible rigid bodies an imposed special positions for Au(III) 

ions, pyren and PF6
- counter ions, some fruitful comments on the intramolecular features are here 

provided. Fortunately, significant information such as stoichiometry, molecular conformation 

and connectivity and overall crystal packing features are well-defined by combining X-ray 

powder diffraction results with DFT studies and spectroscopic and analytical evidences. A 

summary of crystal data of [Au(pyren)](PF6) and data collection parameters is presented in table 

1. The molecular structure of the [Au(pyren)](PF6) complex, drawn using SCHAKAL [55], is 

depicted in figure 2. 

Au(III) ions lie on the plane of the four nitrogens of pyren that form a distorted square 

planar coordination environment. Due to the geometry of the ligand, the bite angle Nim-Au-N'im 

determined as 78.14° by X-ray powder diffraction, is lower than the ideal for a square planar 

geometry. Even if the ligand adopts a planar configuration for the nitrogens, the ethylene bridge 

is distorted and the torsion angle Nim-C6-C6'-N'im obtained in the solid state structure is 19.08°. 

Selected experimental distances and angles can be found in table 2. 

In order to get insight into the spectra of samples, DFT calculations were performed for 

H2pyren and its Au(III) complex using the hybrid PBE0 and a basis set of triple-zeta quality. A 

D
ow

nl
oa

de
d 

by
 [

St
ep

he
n 

F 
A

us
tin

 S
ta

te
 U

ni
ve

rs
ity

] 
at

 0
8:

04
 2

1 
Ju

ly
 2

01
6 



9 

comparison between the DFT equilibrium geometry obtained for the [Au(pyren)]+ complex 

(figure 3b) and diffraction data reveal that the square planar configuration is well reproduced 

with Au(III) lying in the plane of the four nitrogens. Experimental Au(III)-N distances are very 

well-reproduced by calculations (table 2) and values are in the range found for [Au(salen)]+ and 

analogues, with bond distances around 2.00 Å [56]. Some bond angles are different when 

experimental and theoretical values are compared but this can be explained by the fact that 

packing effects are not taken into account in the theoretical model. 

The geometry obtained for the free ligand (figure 3a) is in good agreement with 

crystallographic data for a similar bis(pyrrolyl-imine) ligand [19]. The geometry around each 

imine group corresponds exclusively to the E-isomer, consistent with the fact that the Z-isomer 

would lead to unfavorable steric interactions between the pyrrole NH groups and adjacent 

methylene groups of the ethyl bridge. Moreover, the structure exhibits an all-staggered 

conformation for the CH2 groups of the ethyl chain and an anti-configuration for the two 

pyrrolyl-imine units. Comparison between the optimized geometries of complex and free ligand 

reveals that coordination changes some bond distances by 0.02 Å. As expected, these 

geometrical changes are related with the differences of free and coordinated H2pyren IR spectra 

as will be discussed in the following section. 

 

3.2. Infrared vibrational spectroscopy 

IR spectra of H2pyren and [Au(pyren)]+ are shown in figure S6. The IR spectrum of H2pyren 

exhibits the (N-H) stretch of the pyrrole group at 3178 cm-1. The asymmetric and symmetric 

(C-H) stretches of CH2 can be observed at 2941 and 2871 cm-1, respectively. A sharp and intense 

signal at 1641 cm-1 corresponds to the characteristic (C=N) stretch of imino-group. Moreover, 

the (CAr-N) stretch of the pyrrole ring at 1288 cm-1 and the (C-H) out-of-plane deformation of 

heteroaromatic compounds at 829 cm-1 are also observed [28]. 

The [Au(pyren)]+ IR spectrum supplies evidence of coordination of the ligand to Au(III). 

The first evidence is the absence of the (N-H) stretch, due to loss of the hydrogen of the pyrrole 

group upon coordination. Furthermore, the (C=N) stretch of imino group is shifted 64 cm-1 to 

lower wavenumbers. The spectra suggest participation of both the pyrrole and imino groups in 

coordination of H2pyren to Au(III). The presence of two new bands can be assigned to PF6
-, the 

(P-F) stretching ν3 at 840 cm-1 and the (F-P-F) deformation ν4 at 559 cm-1 [57]. 
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The simulated IR spectra of H2pyren and [Au(pyren)]+ are in agreement with the 

experimental spectra, confirming all the assignments made in table 3. The simulated (N-H) 

stretching mode in the H2pyren spectrum appears at 3545 and 3534 cm-1. Experimental 

absorptions in the IR spectrum of H2pyren at 2941, 2871 and 1641 cm-1 were confirmed by 

simulated spectra as the (C-H) asymmetric, symmetric and (C=N) stretching modes, respectively. 

The simulated spectrum also shows that the (C=N) stretching mode was shifted to lower energy 

by 83 cm-1 and the absence of the (N-H) stretching mode, which corroborates to the proposition 

of tetradentate coordination. 

 

3.3. Nuclear magnetic resonance spectroscopy 

Solution state 1H, 13C and [1H-15N] heteronuclear multiple bond coherence (HMBC) NMR 

spectra were obtained in order to confirm the coordination mode of H2pyren to Au(III). The 

spectra of [Au(pyren)]+ were analyzed by comparison to the NMR spectra of the free ligand. The 

structure of H2pyren with numbering for assignments is shown in figure 1. 

The obtained 1H-NMR spectrum for H2pyren is presented in figure S7. For the ligand, 

hydrogens of the ethylene bridge appear as a singlet at 3.74 ppm. The hydrogens of the pyrrole 

ring appear in the region of aromatic protons as triplet (H2, 6.10 ppm with 3J = 3.2 Hz), doublet 

of doublets (H3, 6.43 ppm with 3J = 3.4 Hz and 4J = 1.2 Hz) and multiplet (H1, 6.86 ppm). The 

hydrogens of imino-group (C=N) also appear as a singlet at 8.08 ppm, [31] and this deshielding 

can be ascribed to the anisotropy of the C=N bond [58]. 

The obtained 1H-NMR spectrum for [Au(pyren)]+ is presented in figure S8. The 

hydrogens of the ethylene bridge appear as a singlet at 4.41 ppm. The hydrogens of the pyrrole 

ring appear in the region of aromatic protons as doublet of doublets (H2, 6.48 ppm with 3J = 4.2 

and 2.1 Hz), doublet (H3, 7.07 ppm with 3J = 4.3 Hz) and doublet (H1, 7.45 ppm with 3J = 1.4 

Hz). The hydrogens of imino group (C=N) also appear as a singlet at 7.85 ppm. 

Table 4 contains the assignments of hydrogens, chemical shifts and Δδ (δcomplex – δligand) 

values for H2pyren and [Au(pyren)]+. Observing the Δδ values in table 4, all proton resonances 

of H2pyren are shifted downfield upon coordination, consistent with donation of electronic 

density to Au(III). However, the hydrogens of imino are shifted upfield. 

The obtained 13C-NMR spectra for H2pyren and [Au(pyren)]+ are presented in figure S9, 

and table 4 summarizes the carbon chemical shifts and assignments [31] for H2pyren and the 
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[Au(pyren)]+ complex. For the ligand, carbons of the ethylene bridge (C6) appear at 61.4 ppm, as 

expected for alkane groups substituted by heteroatoms. The carbons of pyrrole appear in the 

region of heteroaromatic compounds at 109.3 (C2), 113.6 (C3), 121.8 (C1) and 130.6 (C4) ppm, 

while the carbons of imino group (C5) appear at 152.6 ppm due to the effect of hybridization (C 

sp2) and electronegativity of the nitrogen [59]. Table 4 shows that changes for the carbons follow 

the same pattern as observed for the hydrogens upon coordination, with all carbons shifted 

downfield, consistent with donation of electronic density of pyren to Au(III). 

Nitrogen coordination of the pyrrole and imino groups of H2pyren to Au(III) was 

evaluated by {15N,1H} multiple bond coherence NMR spectroscopy. The 15N spectrum of 

H2pyren is provided in figure S10. In the H2pyren spectrum, the 15N chemical shift of the 

nitrogens of the pyrrole and imino groups are observed at 146 ppm and 303 ppm, as expected 

[59], respectively. In the [Au(pyren)]+ spectrum these signals shift to 186 ppm (N of pyrrole) and 

208 ppm (N of imino group), as observed in figure S10. 

For nitrogens of pyrrole a deshielding was observed and can be assigned as a σ-donation 

of a pair of electrons by the deprotonated ligand to Au(III). However, changes in the anisotropy 

upon coordination could cause shielding of nitrogens of imino group. The signals observed of 

40 ppm for pyrrole and -95 ppm for the imino as well as the symmetry retained in the 1H, 13C 

and {15N,1H} spectra confirm a tetradentate coordination mode of H2pyren to Au(III). 

 

3.4. Electronic absorption spectroscopy 

The experimental UV-Vis spectrum of H2pyren (figure 4a) shows an intense absorption at 284 

nm (ε = 55000 M-1cm-1). The presence of shoulders clearly indicates that this band is composed 

by more than one transition, as confirmed by TD-DFT calculations. At least three transitions give 

the band at 250-300 nm and all of them can be assigned as pyrrole π-π* transitions with a small 

contribution from the imine nitrogens. All calculated transitions and the corresponding orbitals 

are provided as Supplementary Material (table S1 and figure S11). 

The large number of transitions in the experimental UV-Vis spectrum of [Au(pyren)]+ is 

well reproduced by theory (figure 4b). The nature of the transitions in the 250-500 nm range can 

be assigned as pyrrole π-π* transitions as inspection of table S2 and figure S12 reveal. An 

intense ligand-to-metal charge transfer (LMCT) is predicted at 212 nm by TD-DFT. This 

transition would originate from a σ-bonding orbital between pyren and the Au(III) 5dxy orbital 

D
ow

nl
oa

de
d 

by
 [

St
ep

he
n 

F 
A

us
tin

 S
ta

te
 U

ni
ve

rs
ity

] 
at

 0
8:

04
 2

1 
Ju

ly
 2

01
6 



12 

(orbital #61, figure S12) and the LUMO orbital which is mainly the Au(III) 5dx2-y2 orbital (#66, 

figure S12). 

 

3.5. Cytotoxic studies 

Based on the fact that Au(III) compounds with tetradentate dianionic ligands would behave 

similarly to lipophilic organic cations, which have been suggested as potential anti-cancer drug 

candidates [60], we proposed that the [Au(pyren)]+ complex can act as a lipophilic cation. In 

order to preliminarily explore the cytotoxic behavior of [Au(pyren)]+, the complex was assayed 

for its cytotoxic activities in comparison to the free ligand. 

The evaluation was performed in vitro using concentrations varying from 3.125 μM to 

100 μM for lung adenocarcinomic alveolar basal epithelial cells (A549), prostate cancer cells 

(PC3), endometrial adenocarcinoma cells (HEC1B) and for mouse embryonic fibroblast cells 

(Balb/3T3), as shown in figure S13. The results show that H2pyren has no significant cytotoxic 

effect in the concentrations tested for all cells excluding HEC1B, which seems to be the most 

sensitive among the tested ones. For HEC1B it was possible to find an IC50 concentration for 

H2pyren of 54.6±0.3 μM. Even for HEC1B the IC50 of the [Au(pyren)]+ is much lower than the 

free ligand being 28.0±0.2 μM. For the other cell lines the [Au(pyren)]+ complex showed activity 

with IC50 values of 37.2±0.3, 39.0±0.2 and 35.8±0.2 μM for Balb/3T3, A549 and PC3, 

respectively. So, considering that H2pyren has no significant activity it is possible to suggest that 

the rigid and cationic structure of [Au(pyren)]+ is fundamental for cytotoxic activity. 

Nevertheless, the complex did not show selective cytotoxic activity over the tumoral and non-

tumoral cells. For HEC1B, the IC50 value is slightly lower than that of Balb/3T3. 

In comparison with other Au(III) complexes with N-donor ligands, the complex 

[Au(pyren)]+ displayed higher cytotoxicity than [Au(bipy)Cl2]
+ (bipy = 2,2´-bipyridine), 

[Au(en)Cl2]
+ (en = ethylenediamine), [Au(dach)Cl2]

+ (dach = 1,2-diaminocyclohexane) and 

cisplatin in lung adenocarcinomic cells, as observed in table 5. For the other tumorigenic cell 

lines the [Au(pyren)]+ complex showed a lower cytotoxicity, even when compared to cisplatin. 

Furthermore [Au(TPP)]+, where TPP = tetraphenylporphyrin, displayed promising anticancer 

activities toward a panel of human cancer cell lines including nasopharyngeal carcinoma 

(SUNE1, CNE1, CNE2 and C666-1), promyelocytic leukemia (HL-60), hepatocellular 

carcinoma (HepG2), cervical epithelioid carcinoma (HeLa) and oral epidermoid carcinoma (KB-
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3-1 and KB-V1) with IC50 values between 0.11 and 0.73 μM [8, 61]. DNA intercalation and the 

use of planar lipophilic cations to target mitochondria in cancer cells have been proposed as a 

possible mechanism for [Au(porphyrin)]+ compounds due to their planar and cationic structure 

[11, 12]. 

 

3.6. DNA Binding studies 

Cytotoxic studies showed the activity of [Au(pyren)]+ against tumorigenic cell lines. So, 

interaction studies with DNA, a possible biological target, were performed since [Au(pyren)]+ is 

a planar and cationic compound that can interact with DNA by intercalation, a common 

interaction mode between small molecules and DNA [68]. 

A structural feature of all intercalators is that they possess an extended, electron-deficient 

and planar aromatic ring systems. When a ligand intercalates into the DNA stack, the bases must 

be separated by approximately 3.4 Å to accommodate the ligand [69]. The consequences of DNA 

intercalation by exogenous molecules have attracted considerable interest in medicinal 

chemistry, because such a complex formation leads to significant modification of the DNA 

structure and may result in a suppressed function of the nucleic acid in physiological processes, 

leading to cell death [70]. 

In this context fluorescence spectral analysis was performed to investigate the binding 

properties of the [Au(pyren)]+ to DNA. The emission spectra of CT-DNA in the absence and 

presence of a [Au(pyren)]+ solution in acetonitrile with increasing concentrations are shown in 

figure 5, where the emission band at 340 nm is attributed to CT-DNA when it is excited at 260 

nm. The complex [Au(pyren)]+ is non-fluorescent under the experimental conditions. 

Fluorescence quenching has been widely studied both as a fundamental phenomenon and 

as a source of information about biochemical systems. These biochemical applications of 

quenching are due to the molecular interactions that result in quenching. Both static and dynamic 

quenching require molecular contact between the fluorophore and quencher [71]. 

The fluorescence spectra (figure 5) showed a quenching of the emission band of CT-

DNA with increasing concentrations of [Au(pyren)]+. According to DFT and spectroscopic 

studies the complex shows a square planar coordination environment which allows the 

[Au(pyren)]+ complex to intercalate with DNA. Furthermore, the overall charge on the cationic 
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complex favors electrostatic interactions with the negatively charged phosphate backbone of the 

DNA double helix [40]. 

Both static and dynamic quenching of fluorescence can be described by the Stern-Volmer 

equation: 

 

]Q[Ksv1
I

Io +=  (1) 

 
where I0 and I are the fluorescence intensities in the absence and presence of quencher, 

respectively, KSV is the Stern-Volmer quenching constant and [Q] is the concentration of 

quencher. A plot of I0/I versus [Q] yields an intercept of one on the y-axis and a slope equal to 

KSV. The graphic obtained for the [Au(pyren)]+-DNA system is shown in figure S14. The Stern-

Volmer plot illustrates that the quenching of DNA by the complex is in agreement (Pearson's r = 

0.994) with equation 1. The KSV value for [Au(pyren)]+ was (3.0 ± 0.1)×104 M-1, which is a low 

value in comparison with the heterocyclic cationic dye “nile blue" (KSV = 3.2×106 M-1) [72] and 

Pt(II) complexes containing 2,2'-bipyridine and 1,10-phenanthroline ligands (KSV ≈ 105 M-1) 

[73]. 

Static suppression is observed if fluorophore and suppressor interact by stacking-based 

interactions. This is the basic interaction mode between nucleotides and planar aromatic 

suppressors. [Au(pyren)]+-DNA interactions are proposed to be static and, in this case, KSV also 

represents the formation constant for the complex [Au(pyren)]+-DNA [71]. 

The ability of [Au(pyren)]+ to bind to CT-DNA was also investigated by competition 

experiments with EB because it is a well-known intercalative probe. In the competitive binding 

experiments, the EB-DNA system showed the characteristic strong emission at 600 nm when 

excited at 525 nm, indicating that the intercalated EB molecules were sufficiently protected from 

quenching by polar solvent molecules by the neighboring base pairs of DNA [68]. Upon 

increasing the concentration of [Au(pyren)]+, a decrease in emission of the EB-DNA system was 

observed, as seen in figure 6. These results support a competitive binding mode for [Au(pyren)]+ 

with EB, indicating that the DNA is a possible target for the complex with an intercalative 

binding mode. 

Conformational changes on CT-DNA upon addition of [Au(pyren)]+ were analyzed by 

circular dichroism spectroscopy (CD) to confirm these differences. Spectral studies of DNA 
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employed ultraviolet light within the range 180-300 nm, where the pair bases of DNA absorb 

[74]. 

Interactions between the [Au(pyren)]+ complex and CT-DNA are shown in figure 7. B-

form oligonucleotides are characterized by a positive long wavelength band at 260-280 nm and a 

negative band around 245 nm. However, the position and amplitude of the CD bands show 

marked differences in terms of sequence diversity [75]. In the circular dichroism spectra (figure 

7), a concentration-dependent alteration is observed where the structure is clearly ordered but 

distinct from free DNA. This slight alteration may be due to an intercalative binding mode since 

significant changes in the DNA structure are not observed for this interaction mode. The 

complex showed a slight red-shift and an increase in the negative signal at 240-250 nm as well as 

the presence of a isodichroic point at 255 nm, which suggests the presence of equilibrium 

conformations [76, 77]. Similar changes of the CD spectra of DNA have been previously 

observed upon interaction of cisplatin [78] and [AuCl2(esal)] with DNA [79]. 

To conclude, the results obtained in this work by fluorescence spectroscopy, competition 

with ethidium bromide and circular dichroism spectroscopy showed that DNA is a possible 

biological target of [Au(pyren)]+, which corroborates with the results previously reported by 

Munro and coworkers [40]. 

 

4. Conclusion 

A gold(III) complex with a bis(pyrrolyl-imine) ligand (H2pyren) was synthesized and 

characterized by different spectroscopic techniques, as well as theoretical calculations using 

DFT. The complex showed significant, but not selective, cytotoxic activity against three 

tumorigenic cell lines and one non-tumorigenic fibroblast cell line with IC50 values in the μM 

range, comparable with cisplatin and other gold(III) complexes with N-donor ligands. 

The obtained results show that the rigid and cationic [Au(pyren)]+ structure is important 

for cytotoxic activity and a mechanism of action was investigated with fluorescence studies, 

competition assays with ethidium bromide and circular dichroism spectroscopy. The results 

revealed that DNA is a possible biological target for the complex with an interaction mode by 

intercalation, leading to a small modification of the DNA structure. 
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Supplementary material 

Crystal data, fractional atomic coordinates and displacement parameters of [Au(pyren)](PF6) 

crystal structure are supplied in standard CIFs deposited in the Cambridge Crystallographic Data 

Centre (1045938). The data can be obtained free of charge at 

http://www.ccdc.cam.ac.uk/conts/retrieving.html [or from the Cambridge Crystallographic Data 

Centre (CCDC), 12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44 (0) 1223-336033; E-mail: 

deposit@ccdc.cam.ac.uk]. Several spectra are provided as supplementary materials such as 1H 

and 13C NMR, mass spectra, and IR spectra. The thermal decomposition profile of the complex is 

also available. Files with cartesian coordinates for DFT optimized geometries of H2pyren and 

[Au(pyren)]+ are also available for download. 
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Figure 1. Schematic structure of N
carbon numbering. Hydrogens are 
diffraction analysis are indicated as

 

 

 

 

 
 

Figure 2. SCHAKAL plot of [Au(p
and nitrogen atoms are dark gray, w
was used to generate complete pyre
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,N'-ethylenebis(pyrrol-2-yl-methyleneamine) (
omitted for clarity. The torsion angles refined i
s τ1, τ2 and τ3. 

 

pyren)](PF6) complex. Au(III) ion is yellow, ca
white and blue, respectively, and symmetry cod
en ligand. Fluorine and phosphorus are present
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in the powder 
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dark yellow, respectively, and the whole counter-ion PF6
- was generated applying x, -y, 1.5-z 

symmetry code. 
  

D
ow

nl
oa

de
d 

by
 [

St
ep

he
n 

F 
A

us
tin

 S
ta

te
 U

ni
ve

rs
ity

] 
at

 0
8:

04
 2

1 
Ju

ly
 2

01
6 



Figure 3. Optimized structure for a
PBE0/LANL2TZ/6-31G(d,p). 

 

 

 
 

Figure 4. Experimental UV-Vis spe
transitions (vertical lines) of a) H2p
performed in the PBE0/LANL2TZ
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a) H2pyren and b) [Au(pyren)]+ obtained by DF

ectra obtained in acetonitrile (solid lines) and th
pyren and b) [Au(pyren)]+. TD-DFT calculation

Z/6-31G(d,p) level of theory. 

 

FT using 

 

theoretical 
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Figure 5. Fluorescence spectra of C
[Au(pyren)]+ in increasing concent
titration. 

 
 

Figure 6. Ethidium bromide/DNA 
[Au(pyren)]+ for 24 h. 
  

24 

 

CT-DNA solutions in the absence and presence
trations. The arrow indicates the spectral chang

 

emission with λem = 600 nm after incubation w

e of 
ge upon complex 
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Figure 7. Circular dichroism spectr
[Au(pyren)]+ at different ri values. 
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ra of CT-DNA alone and CT-DNA incubated wwith 
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Table 1. Crystallographic data of [Au(pyren)](PF6). 

Empirical formula C12H12AuF6N4P 

Formula weight (g mol-1) 554.18 

T (K) 298 

λ(CuKα) (Å) 1.5418 

Crystal system Orthorhombic 

Space group Pcan 

a (Å) 20.1732(4) 

b (Å) 10.0373(2) 

c (Å) 8.2463(2) 

V (Å3) 1669.75(7) 

Z 4 

dcalc (g cm-3)  2.204 

μ (mm-1) 18.2 

F(000) 1040 

Number of parameters 54 

RBragg, Rwp 0.053 / 0.077 
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Table 2. Selected experimental (PXRD) and theoretical (PBE0/LANL2TZ/6-
31G(d,p)) geometrical parameters obtained for H2pyren and [Au(pyren)]+. 

 
Theoretical Experimentala 

H2pyren [Au(pyren)]+ [Au(pyren)]+ 

Distances / Å    

C1-Npyr 1.357 1.335 1.390b 

C1-C2 1.383 1.404 1.390b 

C2-C3 1.412 1.387 1.390b 

C3-C4 1.387 1.406 1.390b 

C4-Npyr 1.368 1.397 1.390b 

C4-C5 1.442 1.397 1.450 

C5-Nim 1.277 1.314 1.280 

C6-Nim 1.440 1.464 1.460 

C6-C6' 1.531 1.534 1.540 

Au-Nim --- 1.985 1.987 

Au-Npyr --- 2.023 2.033 

Angles / °    

C1-Npyr-C4 110.1 107.9 108.0 

C5-Nim-C6 118.0 130.6 120.8 

Npyr-Au-Nim --- 81.2 95.29 

Npyr-Au-N'pyr --- 114.0 96.12 

Nim-Au-N'im --- 83.3 78.14 

Npyr-Au-N'im --- 164.5 161.0 

Dihedral angles / °    

Nim-C6-C6'-N'im 66.3 39.4 19.1 

Npyr-C4-C5-Nim 0.2 2.3 60.5 

C4-C5-Nim-C6 180.0 167.9 180.0 
a Symmetry code: x, 1 - y, 0.5 - z; b Fixed value in the Z-matrix formalism 
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Table 3. Theoretical values obtained by DFT (PBE0/LANL2TZ/6-31G(d,p)) for H2pyren and 
[Au(pyren)]+ from 4000 and 400 cm-1. 

Assignment 
Theoretical / cm-1 Experimental / cm-1 

H2pyren [Au(pyren)]+ H2pyren [Au(pyren)]+ 

(N-H) 3545; 3534 --- 3178 --- 

(C-H) 2843; 2832 3003; 2988; 2944; 2932 2941; 2871 --- 

(C=N) 1646; 1651 1568; 1562 1641 1577 
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Table 4. 1H-NMR and 13C-NMR assignments and chemical shifts for H2pyren and [Au(pyren)]+ in 
acetonitrile-d3 relative to TMS. 

1H Assignment Integration H2pyren δ (ppm) 
Multiplicity, 
J (Hz) 

[Au(pyren)]+ δ (ppm) 
Multiplicity, 
J (Hz) 

Δδ (ppm) 

H6 4 3.74 s 4.41 s 0.67 

H2 2 6.10 t, 3J (3.2) 6.48 
dd, 3J (4.2, 
2.1) 

0.38 

H3 2 6.43 
dd, 3J (3.4), 
4J (1.2) 

7.07 d, 3J (4.3) 0.64 

H1 2 6.86 m 7.45 d, 3J (1.4) 0.59 
H5 2 8.08 s 7.85 s -0.23 
13C Assignment  H2pyren δ (ppm)  [Au(pyren)]+ δ (ppm)  Δδ (ppm) 
C6  61.4  62.5  1.1 
C2  109.3  112.8  3.5 
C3  113.6  125.6  12.0 
C1  121.8  139.9  18.1 
C4  130.6  143.3  12.7 
C5  152.6  161.2  8.6 

s = singlet, d = doublet, dd = double doublet, t = triplet, m = multiplet. Δδ = δcomplex – δligand 
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Table 5. IC50 values (in μM) for Au(III) compounds in tumorigenic cell lines. 

Compound A549 PC3 HEC1B Balb/3T3 Others 

H2pyren --- --- 54.6 --- --- 

[Au(pyren)]+ 39.0 35.8 28.0 37.2 --- 

[Au(TPP)]+ --- --- --- --- 0.13a 

[Au(bipy)Cl2]
+ 125b --- --- --- --- 

[Au(en)Cl2]
+ 125b 7.5c --- --- --- 

[Au(dach)Cl2]
+ 125b 8.1d --- --- --- 

[Au(en)2]
3+ --- 1.0c --- --- --- 

Cisplatin 64e 0.18f 26g --- 27h 
a Ref. 61; b Ref. 62; c Ref. 63; d Ref. 64; e Ref. 65; f Ref. 66; g Ref. 67; h Ref. 40. 
TPP = tetraphenylporphyrin, bipy = 2,2´-bipyridine, en = ethylenediamine, 
dach = 1,2-diaminocyclohexane. 
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