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Abstract 

 The current anticancer and antileishmanial drug arsenal presents several 

limitations concerning their specificity, efficacy, costs and the emergence of drug-

resistant cells lines, which encourages the urgent need to search for new alternatives. 

Inspired by the fact that gold(I)-based compounds are promising antitumoral and 

antileishmanial drug candidates, we synthesized novel gold(I) complexes containing 

phosphine and 5-phenyl-1,3,4-oxadiazole-2-thione and evaluated their anticancer and 

antileishmanial activities. Synthesis was performed by reacting 5-phenyl-1,3,4-

oxadiazole-2-thione derivatives with chloro(triphenylphosphine)gold(I) and 

chloro(triethylphosphine)gold(I). The novel compounds were characterized by infrared, 

Raman, 1H, 13C nuclear magnetic resonance, high-resolution mass spectra, and x-ray 

crystallography. The coordination of the ligands to gold(I) occurred through the 

exocyclic sulfur atom. All gold(I) complexes were active at low micromolar or 

nanomolar range with IC50 values ranging from <0.10 to 1.66 µM against cancer cell 

lines and from 0.9 to 4.2 µM for Leishmania infantum intracellular amastigotes. 

Compound (6-A) was very selective against murine melanoma B16F10, colon cancer 

CT26.WT cell lines and L. infantum intracellular amastigotes. Compound (7-B) 

presented the highest anticancer activity against both cancer cell lines while the 

promising antileishmanial lead was compound (6-A). Tiethylphosphine gold(I) 

complexes were more active than the conterparts triphenylphosphine derivatives for 

both anticancer and antileishmanial activities. Triethylphosphine gold(I) derivatives 

presented antimony cross-resistance in L. guyanensis demonstrating their potential to be 

used as chemical tools to better understand mechanisms of drug resistance and action. 

These findings revealed the anticancer and antileishmanial potential of gold(I) 

oxadiazole phosphine derivatives. 

 

Keywords: Gold(I) complexes; 5-Phenyl-1,3,4-oxadiazole-2-thione; antitumor activity; 

antileishmania 
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1. Introduction 

 Cancers and leishmaniasis are considered a spectrum of diseases that can affect 

different tissues on mammalian hosts. Classified as neglected tropical disease, 

leishmaniasis is caused by obligate intracellular protozoan parasites of the genus 

Leishmania which causes clinical manifestations as visceral, cutaneous, mucocutaneous 

and diffuse leishmaniasis – depending on tropism, parasite species and host 

immunological status. In a similar way, clinical cancer manifestations are diverse with 

more than hundred types of different cancers [1]. Both diseases are considered a serious 

global public health problem. It is estimated that leishmaniasis is responsible for 20,000 

to 40,000 deaths annually [2] while cancer is a leading causing of death worldwide 

contributing to 15% of all deaths, with total of 8.2 million in 2012 [3]. Leishmania 

parasites and cancer cells share similar cellular and molecular features such as specific 

tissue tropisms, metastasis, evasion of the immune system, multifactorial drug 

resistance mechanisms, high rates of cell proliferation and genome plasticity (genomic 

rearrangements, gene deletion, insertion, mutation and gene copy number variations) [1, 

4]. Curiously, miltefosine, an alkylphosphocholine drug originally developed to treat 

cancer is the only oral drug used for more than 15 years in India to treat visceral and 

cutaneous leishmaniasis [5]. An example of drug repurposing that inspired several 

alternative chemotherapeutic schemes.  

 Chemotherapy is the major strategy to treat both leishmaniasis and cancers, 

despite its drawbacks such as limited efficacy and safety, high costs and the emergence 

of drug resistant cells, which encourage the urgent search for new drugs alternatives. 

The available drug arsenal against leishmaniasis is limited and the emergence of drug 

resistant Leishmania strains justifies the urgent search for new alternatives. Metal-based 

drugs are promising antileishmanial agents. For example, Cu(II),  Ni(II) and Co(II) 

triazopyrimidine derivatives were active against intracellular L. braziliensis amastigotes 

and presented in vivo efficacy against the Leishmania related trypanosomatid 

Trypanosoma cruzi, reducing parasitemia in in 83% [6]. Ni(II) thiourea and Co(II) acyl 

thiourea complexes were also highly active against both L. major and lung carcinoma 

cell line H-157, with potency in the nanomolar range [7, 8]. Cisplatin, a platinum-based 

DNA biding drug was active against experimental murine visceral leishmaniasis being 

able to reduce parasite load in 75% [9]. Several gold(I) and gold(III) derivatives are 

antileishmanial agents acting as DNA intercalators [10] or by inhibiting kinetoplastid 
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parasite-specific enzymes NADH fumarate reductase [11], cysteine proteases [12] and 

TryR [13, 14]. 

Gold-based compounds are thiophilic agents recognized by their anti-

inflammatory properties and have been shown as promising anticancer [15-17] and 

antileishmanial agents [18]. Solganol, myochrysine and auranofin are gold(I)-derived 

compounds used to treat rheumatoid arthritis being the latter – a triethylphosphine 

gold(I) complex – able to inhibit reductase enzymes essential to redox homeostasis in 

cancer cells and parasites, including Leishmania [13, 19-21]. Known to exhibit 

antitumoral activity even against cisplatin-resistant tumor cells [22, 23], auranofin is 

currently under clinical trials against several types of cancers [24]. Besides the known 

anticancer and antileishmanial activity, gold(I) and gold(III) complexes also present 

antiparasitic activities against Plasmodium, Schistosoma and other Trypanosomatids 

such as Trypanosoma cruzi and T. brucei [25, 26]. 

  Gold(III) compounds share electronic and steric features with platinum(II) which 

make them alternative anticancer candidates to circumvent platinum associated 

drawbacks such as resistance and side effects by targeting proteins instead of DNA [27]. 

Gold(III) compounds act as prodrugs being reduced in vivo to their metabolite gold(I) 

active form [28], showing the importance of biotransformation on its pharmacokinetics 

and pharmacodynamics. Gold-based complexes can display a plethora of targets due to 

the structural diversity of ligands and their resulted complexes. Indeed, the mode of 

action of gold compounds can include: cell cycle alteration; generation of reactive 

oxygen species that could lead to mitochondrial and/or DNA damages; proteasome 

inhibition; thioredoxin reductase inhibition and topoisomerase IB inhibition, all leading 

to apoptosis [26]. The high affinity of gold-based compounds for selenoproteins and 

thiol-containing proteins makes them powerful drug candidates targeting important 

enzymes involved in redox homeostasis [28]. 

In addition to the rational drug design of gold(I) complexes, heterocyclic 

compounds containing five-membered rings gained importance because of their 

versatile biological properties. In particular, compounds bearing 1,3,4-oxadiazole 

moiety have been found to potentiate antimicrobial [29] and anticancer activities [30] 

which has attracted attention of the chemist in the search for new therapeutic molecules. 

Oxadiazole is considered to be derived from furan by replacement of two methane (-

CH=) group by two pyridine nitrogen (-N=) [31]. The synthesis of gold complexes 

containing 1,3,4-oxadiazoles is of considerable interest due to their potential biological 
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activities such as antimicrobial [32], analgesic, anti-inflammatory, anti-HIV [31], 

antitumoral [33], herbicidal [34], anti-depressive, anti-Parkinson, and anticonvulsant 

activities [35, 36]. In the course of our studies on gold(I) compounds, we recently 

synthesized two gold(I) complexes with 5-phenyl-1,3,4-oxadiazole-2-thione and 

phosphine, which have been shown to be potential antitumor candidates [37]. 

Inspired by the promising properties of gold(I)-based 1,3,4-oxadiazole 

derivatives, here we report the synthesis, characterization and investigate the in vitro 

anticancer and antileishmanial activity of eight novel gold(I) complexes containing 5-

phenyl-1,3,4-oxadiazole-2-thione and phosphine. 

 

2. Results and discussion 

 A series of gold(I) triphenylphosphine and triethylphosphine complexes with 

ligands derivatives 5-(phenyl)-1,3,4-oxadiazole-2-thione containing different 

substituents in position five of the aromatic ring (Scheme 1 – experimental section) 

were synthesized by reaction of Au(PEt3)Cl or Au(PPh3)Cl and the corresponding 

ligand in dichloromethane/acetone 1:1, at room temperature, and were isolated by 

preparative plate chromatography. 

The compounds were characterized using a combination of several methods that 

included 1H NMR, 13C NMR, infrared, Raman, high-resolution mass spectra and single 

crystal X-ray diffraction for ligand (D) and complexes (3-C, 4-D, 5-E and 8-C). The 

complexes are insoluble in water and soluble in dichloromethane, DMSO and present a 

high chemical stability in organic solvent mixtures. 

Ligands (A-E) can display two tautomeric forms (Y) and (Z), Scheme 2 

(Experimental section).The existence of these tautomeric forms has been reported in the 

literature [38-42]. Spectroscopic evidence suggested that the free ligands are present in 

the thione tautomeric form (Y). X-ray diffraction data showed that in complexes the 

ligands are in the thiolate form (Z). 

 

2.1 Vibrational spectra 

The absorption corresponding to νSH at 2567-2615 cm-1 was not observed in the 

infrared and Raman spectra of ligands and complexes. We can observe an absorption 

band in the spectra of the free ligands corresponding to νNH in the range of 3090-3209 

cm-1 and characteristic thioamide bands νNC=S at ~1300-1347 cm-1 [43] indicating that 
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they are present in the tautomeric form (Y) which was confirmed by X-ray diffraction 

data obtained for ligand (D). 

The infrared spectra of all the complexes have shown the absence of νSH, νNH 

and νC=S bands and the appearance of new bands at 689-710 cm-1 attributed to νCS, 

indicating the formation of the complexes. Figure S1 shows infrared spectra of ligand 

(C), and gold complexes (3-C and 8-C). 

Raman spectra of all the complexes exhibited low intensity bands around 250-

340 cm-1 and 360-390 cm-1 which may be attributed to νAu-S and to νAu-P, respectively 

[44-46]. 

 

2.2 NMR studies 

 In the 1H NMR spectra of complexes, (Scheme 1) the signals of all aromatic 

hydrogen atoms undergo shifts compared to their positions in the free ligands in the 

order of 0.2-0.4 ppm. It is also noted in the 1H NMR spectra of complexes (1-A, 2-B, 3-

C, 4-D and 5-E) the appearance of a signal in the δ 7.53-7.66 ppm region corresponding 

to aromatic hydrogen atoms of the PPh3 group. For complexes (6-A, 7-B, 8-C, 9-D and 

10-E) two signals were observed in the regions: δ 1.12-1.24 ppm (CH3) and δ 1.94-2.06 

ppm (CH2) corresponding to hydrogen atoms from PEt3 group. 

 In the 13C NMR spectra of complexes is observed a chemical shift to lower 

frequency for carbon (C2) due to the presence of the gold and a chemical shift to higher 

frequency for the carbon atom C5, when compared to the spectra of the free ligands. 

Table S1 shows the 13C chemical shifts (δ) of the ligands and their complexes  

and Figures S2 and S3 show representative 1H NMR and 13C NMR spectra of ligand 

(D), and gold complexes (4-D) and (9-D). 

 

2.3 X-ray structural determination 

Single crystals of ligand (D) and complexes (3-C, 4-D, 5-E and 8-C) were 

obtained by recrystallization from a mixture of dimethylsulfoxide and dichloromethane 

and isolated by filtration. The structure of (D) and complexes (3-C, 4-D, 5-E and 8-C) 

were determined using single-crystal X-ray diffraction (Fig. 1 and Fig. 2). Crystal and 

collection data and structure refinement details are summarized in Tables 1 and 2. 

The resolution of the crystal structure of the ligand (D) clearly shows the 

predominance of the thione form. It can be verified by the presence of a hydrogen atom 
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on N1 and the distance S1-C = 1.643(2) Å.  One molecule of the solvent DMSO is 

present in the crystal lattice of the ligand (D). 

 

Insert fig. 1 

 

Insert fig. 2 

 

     Insert Table 1 

 

     Insert Table 2 

 

Complexes (3-C), (4-D) and (8-C) present two crystallographically independent 

units of Au-ligand. The ligand 5-phenyl-1-(4-fluoro)-1,3,4-oxadiazole-2-thiol is 

coordinated by the sulfur atom to the central metal ion, gold(I). The coordination sphere 

deviates slightly of the linear geometry that is completed with a tertiary phosphine 

(PPh3 or PEt3). The bond angle for complex (3-C) is P1A-Au1A-S1A = 168.93(3)° and 

P1-Au1-S1 = 173.42(3)° and for complex (4-D) P1A-Au1A-S1A = 173.95(3)° and P1-

Au1-S1 = 171,59(2)° and for complex (8-C) P1-Au1-S1 = 176.78(7)° and P1A-Au1A-

S1A = 175.10(5)°, as shown in Table 2 which shows some other relevant geometrical 

features of the complexes. The asymmetric unit reveals that the two Au(I) atoms present 

a nearly linear coordination. The strength of Au···Au attraction may be determined 

experimentally being in the range of 7 – 11 kcal mol-1 [47]. These findings are often 

associated with AuAu bond distances in the range of 2.8 Å to 3.5 Å [47-49] which is 

similar or shorter than the sum of the van der Waals radii (3.40 Å) [50, 51]. The 

Au Au bond in complexes (3-C), (4-D) and (8-C), which display moderate aurophilic 

interactions, present average distances of 3.110(7) Å. These results are comparable to a 

series of gold(I) complexes that have aurophilic interactions, such as 

Au(C5H10NOS)(C21H21P) [52], Au(3-C4H3S–C≡C–S)PPh3 [50], (2-S-pyridine-Au)2( -

t-dpen) [53], (2-S-pyridine-Au)2( -dppe) [53] and AuSPh(PPh3) [54] with Au···Au 

bond distances of 3.1351(3) Å, 3.054(5) Å, 2.986(1) Å, 2.9679(2) Å and 3.145(2) Å, 

respectively. The coordination environment of Au(I) in complexes (3-C), (4-D) and (8-

C) are shown in Figure 2. 
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Similary to complexes (3-C), (4-D) and (8-C), in complex (5-E), the central 

metal ion, gold(I), is coordinated to the sulfur atom of the 5-phenyl-1-(4-methoxy)-

1,3,4-oxadiazole-2-thiol ligand and to a tertiary phosphine (PPh3) in a linear geometry, 

with the bond angle P1-Au1-S1 = 179.01(5)°, as shown in Table 2. However, it is not 

possible to observe the effect of Au···Au interaction in the asymmetric unit of the 

compound. The coordination environment of Au(I) in complex (5-E) is shown in Figure 

2. The P–Au–S angles for all the complexes in this work diverge from linearity which is 

more pronounced for complexes (3-C), (4-D) and (8-C). This effect may be related to 

the crystal packing structure or the substitution effects of groups present in the ligand. 

The explanation is not trivial and there is no correlation to Au···Au bond distances or 

bond angles, but it has been reported in the literature that gold(I) complexes, which do 

not present Au···Au bonds, have angles very close to 180°. For instance, (C6H5)3PAuCI 

[55] present P–Au–Cl angle of 179.63(8)°, (4-S-pyridine-Au)2( -dppb) [53] exhibit P–

Au–S angle of 178.32(4)° and, [Au(C12H8N5O4)(PPh3)] [56] show N–Au–P angle of 

178.70(13)°, similar to the bond angle of  179.01(5)° found for complex (5-E).  

The crystal structures of complexes (3-C, 4-D, 5-E and 8-C) clearly indicates 

the dominance of the thiol form of the ligands (C-E), as evidenced by the absence of the 

H atom at the N1 atom and the C–S1 distance 1.709(7) Å such as in complex (3-C) 

which is intermediate between a single and a double bond (1.820 and 1.600 Å, 

respectively). 

The crystal packing in ligand (D) is limited to the intermolecular hydrogen 

bonds formed by the oxygen atom (O4) of the DMSO molecule and nitrogen atom (N1) 

of the thione group, in plane ac (Figure S4). It is possible to observe weak non-classical 

intramolecular hydrogen bonds formed by C8-H8···O1 interactions for the ligand 

structure with distances Donor – Acceptor (D···A) of 2.822(3) Å. In complex (5-E), 

hydrogen bonding is restricted to the very weak non-classical intermolecular hydrogen 

bonds formed by C19-H19···N2 interactions between carbon atom (C19) of tertiary 

phosphine and ligand (E) with distances D···A of 3.412(7) Å. Similar weak non-

classical intramolecular and intermolecular hydrogen bonds are found in the structures 

of complexes (3-C), (4-D) and (8-C) having a secundary effect for the building of the 

complexes structures (Fig. S5). The relevant parameters of these interactions are given 

in Table S2.  

 

2.4 Anticancer activity 
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The anticancer activity of eight novel gold(I) complexes and two ligands was 

evaluated in comparison with cisplatin in two different cell lines: colon carcinoma 

(CT26.WT) and metastatic skin melanoma (B16F10). They were also examined for 

their cytotoxic properties in a non-tumor kidney cell line (BHK-21). The third cell line 

is a normal cell, which was used to evaluate the selectivity index, allowing comparison 

of the cytotoxicity of the compounds in tumor and normal cells. IC50 values, calculated 

from the cell viability dose response curves obtained after 72 h drug treatment in the 

MTT test, are shown in Table 3. 

Insert Table 3 

 

A major activity was found for all complexes in comparison to cisplatin and 

respective oxadiazole ligands and gold precursors. Free ligands were much less 

effective in decreasing cancer viability over these cell lines presenting IC50 over 50 µM 

in some cases. But, other ligands already showed higher cytotoxicity and selectivity 

comparing different cancer cells, such as ligand (C) in CT26.WT cells (IC50< 0.10 µM 

and SI > 1000) and ligand (D) in B16F10 cells (IC50< 0.26 µM and SI = 42.7). The 

anticancer selectivity of ligand (C) is impressive. Previous works suggest the influence 

of the fluoro substituent as electron withdrawing group improving cytotoxicity in cancer 

cells [57]. 

Even being structurally similar, some ligands presented cell-specific anticancer 

activity. For instance, ligand (A) presented equivalent anticancer activity on both tumor-

derived cell lines, while ligands (B) and (C) were selectively more active against 

melanoma and colon carcinoma-derived cells, respectively. Ligand (D) has shown low 

IC50 values in both cells. The tumor cells were chosen to compose two different tumor 

types and assess the activity in cell lines from different embryonic origin such as 

epithelial and fibroblast. This was done as an effort to overcome and control any 

difference. Complexes (2-B) and (7-B), derived from ligand (B), still remaining higher 

cytotoxicity in B16F10 cells and became at least 30 times more active in CT26.WT 

after gold complexation (IC50 from 66µM (B) to 1.66µM (2-B) and 0.23 µM (7-B)). A 

similar pattern is observed for complexes (3-C) and (8-C), derived from ligand (C) in 

B16F10 (IC50 from >100µM (C) to 1.40 (3-C) and 0.43 (8-C). Although the ligands in 

the free forms showed significant activity, complexation favors the biological activity in 

all cases, specially for complex (7-B) that was about 290 and ≥ 43 times more cytotoxic 

than ligand (B) in CT26.WT and B16F10 cells, respectively.  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
10 

 

Comparing the cytotoxicity values of the gold(I) species and their differences in 

the ligand structure, a better antitumoral activity was observed for complexes presenting 

chloride (2-B) and (7-B) and fluoride (3-C) and (8-C) as substituents (IC50< 0.10µM). 

Another structure-activity relationship was already expected about the phosphine 

groups, when alkyl phosphine complexes, except (1-A), were slightly more active than 

respective aryl phosphine reported here in antileishmanial activity and in other previous 

antitumor reports. 

Complexation also increased the cytotoxic activity in normal cell but we can 

notice that complexes (2-B) and (3-C) appeared to be very effective as anticancer agents 

against B16F10 and CT26.WT respectively, with an impressive high selectivity index 

(up to 70) when compared to BHK21 normal cell.  

The mechanism of action is still unclear and several targets were already cited 

specially seleno-enzime TrxR [58]. We have previously shown the inhibition of TrxR 

for similar complexes and additional studies are being performed on new thiolate 

compounds [20]. 

 

2.5 Gold(I) complexes are highly active against Leishmania spp. 

 Gold(I) complexes containing phosphine and 5-phenyl-1,3,4-oxadiazole-2-

thione derivatives were active against both promastigote and intracellular amastigote 

forms of Leishmania spp. (Tables 4 and S3; Fig. 3 and 4), presenting potency (IC50 

values) ranging from 0.9 to 10.6 µM (Table 4). Unlike anticancer activity (Table 3), 

most ligands (A, B, C and E) were not active against the parasites except for ligand (D) 

that presented intrinsic antileishmanial activity against promastigote forms of L. 

infantum and L. braziliensis with potency about 30 µM. All ligands were not toxic for 

THP-1 macrophages. Considering the antiamastigote activity, complexes (6-A), (7-B) 

and (9-D) were the most promising candidates with IC50 of approximately 1 µM, 

presenting the highest selectivity index (SI) values (Table 4). In accordance with what 

was observed on anticancer activity, complex (6-A) was doubly selective specifically 

targeting both tumoral cells and L. infantum amastigotes (Tables 3 and 4). Although 

gold(I)-based compounds represents a potential niche for drug developing as alternative 

for leishmaniasis chemotherapy, there are few studies exploring this avenue, in which 

the in vitro antileishmanial activity reported vary from 0.2 to 54 µM [13, 59-61]. Thus, 

the antileishmanial activity of Au(PEt3)-derivatives highlighted in the low micromolar 
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range are encouraging for further investigations looking for lead compounds against 

leishmaniasis.  

Gold(I) complexes were more active against the clinically relevant intracellular 

amastigote forms of L. infantum when compared to their anti promastigote activity, 

being Au(PEt3)-derivatives the most active complexes (Table 4). To investigate this 

point, the average of IC50 values from both Au(PEt3) and Au(PPh3)-derivatives against 

Leishmania promastigotes, amastigotes and THP-1 macrophages were obtained. Indeed, 

when compared to Au(PPh3), Au(PEt3)-derivatives presented highest antileishmanial 

activity towards L. infantum amastigotes but were also more toxic to host macrophages 

(Fig. 3), however, they still are selective against intracellular parasites (Table 4). A 

antiamastigote enhanced activity was previously observed for benzimidazole derivatives 

gold(I)-based complexes against L. amazonensis, L, braziliensisand L. major [60]. This 

was also true for L. infantum upon exposition to quinoline-derived gold(I) complexes 

[61]. 

As obligate intracellular parasites, Leishmania survives within mononuclear 

phagocyte system cells in mammalian hosts causing leishmaniasis [11]. Thus, 

intramacrophagic amastigotes obtained by in vitro experimental infection, mimic the 

natural environment for antileishmanial drug prospection. Indeed, active compounds 

identified by drug screening assays on intracellular Leishmania can highlight and 

suggest the involvement of host cell-dependent mechanisms related to parasite survival 

[62]. Here we demonstrate that Au(PEt3)-derivatives presented increased antiamastigote 

activity offering an evidence for the importance of host cell pathways on drug activity 

and corroborating the relevance to the use of intracellular parasite for drug screening 

purposes. Since drug action is initially dependent on the uptake/transport through cell 

membrane, to reach intracellular amastigotes, active compounds must cross the 

macrophage and phagolysosome membranes. Amastigote-selective gold(I)-based 

complexes could provide insights to infer about host-dependent drug transport pathways 

[63]. 

Insert Table 4 

 

Insert Fig. 3 

Drug susceptibility in Leishmania parasites is species-specific or can vary even 

among strains of the same species as a result of distinct metabolisms [63, 64]. In this 

study we shown that L. braziliensis was less sensitive to Au(PEt3)-derivatives when 
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compared to L. infantum and L. guyanensis, presenting mean of IC50 values of 7.3, 4.5 

and 3.5 µM, respectively (Table 4 and S3; Fig. 3). This fact can provide clues about the 

mode of action of antileishmanial gold(I)-based complexes focused on species-specific 

biochemical properties.  

Although Au(PEt3)Cl and Au(PPh3)Cl precursors were toxic to THP-1 

macrophages and active themselves against Leishmania, their use as antileishmanial 

drugs can be justified by the reduced cytotoxicity on host cells upon 5-phenyl-1,3,4-

oxadiazole-2-thione complexation. For Au(PPh3)-derivatives the average IC50 was 10.5 

µM, twice less toxic when compared to precursor alone (Table 4). Here, we found that 

Au(PEt3)Cl exhibited inherent antileishmanial activity with IC50 of 1.94 and 2.8 µM 

against L. infantumand L. braziliensis, respectively (Table 4). In contrast, Ilari and cols. 

(2012) observed a lower antileishmanial activity against L. infantum and L. major 

presented by Au(PEt3)Cl with higher IC50 values of 16.6 and 17.5 µM, respectively [13]. 

This difference can be explained by the fact that, in drug susceptibility assays they used 

Schneider’s medium, a very nutrient rich cell culture medium that could interfere by 

drug binding to its constituents or improving cell growth fitness, masking the real 

antileishmanial activity. As mentioned, Au(PEt3)-derivatives exhibited most promising 

antileishmanial activity than Au(PPh3) ones. This is in accordance with Sharlow and 

cols. (2013), who shown that chloro(triethylphosphine)gold(I) precursor presented 

highest antileishmanial effect against L. major and L. amazonensis when compared to 

chloro(triphenylphosphine)gold(I) [18].  

 

2.6 Gold(I) complexes with 5-phenyl-1,3,4-oxadiazole-2-thione and triethylphosphine 

as ligands present cross-resistance to antimony in Leishmania 

 Drug resistant Leishmania can be applied as a tool for understanding parasite 

biochemical pathways involved in drug resistance, mechanisms of action and for drug 

screening purposes [65-68]. To investigate whether antileishmanial activity displayed 

by gold(I) complexes would be affected by a drug-resistant background in Leishmania, 

we performed growth inhibition assays using the most active Au(PEt3)-derivatives 

against antimony-resistant and -sensitive L. guyanensis promastigotes. Surprisingly, 

gold(I) 5-phenyl-1,3,4-oxadiazole-2-thione triethylphosphine derivatives were 1.5 to 

2.2-fold less active in antimony-resistant L. guyanensis background, thus presenting 

cross-resistance to antimony (Fig. 4 and Table S3).  
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Insert Fig. 4 

 

This is suggestive that gold(I) complexes could share similar targets or their 

mechanisms of action would involve parasite biochemical pathways related to antimony 

action/resistance. Trivalent antimony (SbIII) – the active reduced form from SbV-based 

drugs – can act disrupting the redox homeostasis by inducing thiol efflux or inhibiting 

trypanothione reductase (responsible for recycling trypanothione, the major intracellular 

antioxidant dithiol), promoting oxygen reactive species accumulation, triggering cell 

death by oxidative stress [69]. Auranofin, a gold(I)-based compound is also able to 

inhibit trypanothione reductase (TryR) of Leishmania parasites [13]. Known by its 

clinical application to treat rheumatoid arthritis [70] with recognized antitumor [15], 

antiparasitic [19, 71] and antimicrobial activity [72], auranofin is a selenoprotein 

antagonist inhibiting thioredoxin reductase in cancer cells by binding selenium residues 

[23]. Unlike in mammals, auranofin-mediated redox homeostasis disruption in 

Leishmania is not due to selenoproteins [73] but involves TryR inhibition through 

binding to cysteine residues instead [13]. Triethylphosphine gold(I) complexes are 

potent TryR inhibitors showing IC50 of 1 µM (L. Tunes and R. Monte-Neto, manuscript 

in preparation), more active than the positive control clomipramine – a strong inhibitor 

of TryR with IC50 values of 3.4 and 11.1 µM against TryR from Trypanosoma cruzi and 

T. brucei, respectively [74] – and gold(III)-based complexes [14]. 

It is worthy of note that free Au(PEt3)Cl precursor or a gold(I) 5-phenyl-1,3,4-

oxadiazole-2-thione triethylphosphine analog – where phenyl group was replaced by 

adamantly [20] presented no cross-resistance to antimony (Fig. 4 and Table S3). The 

differential sensitivity profile provides functional evidences, based on structure activity 

relationship, indicating that 5-phenyl and 5-adamantyl substituents interferes with 

gold(I) pharmacophore dynamics in Sb-resistant L. guyanensis parasites compared to 

wild-type background (Fig. 4). A wide variety of biochemical and biophysical changes 

is observed in drug-resistant Leishmania parasites including increased membrane 

fluidity [75, 76]. Thus, it is tempting to speculate that triethylphosphine gold(I) 

complexes lipophilicity would interfere with their transport across membranes altering 

the drug target(s) achievement, a point that needs to be further investigated. In general, 

the presence of para-phenyl ligands chloride, fluoro, nitro and methoxy groups 

interfered with the global antileishmanial activity displayed by their gold(I) 

triethylphosphine derivative, reducing its action against promastigote and amastigote 
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Leishmania parasistes (Table 4 and S3). However, they do not altered (Cl and F) or 

slightly decreased (NO2 and OCH3) the resistance index when assayed on Sb-resistant 

L. guyanensis (Fig. 4). These observations reinforce the importance of 

tryethylphosphine gold(I) complexes not only as promising antileishmanial agents but 

also as chemical tools to better understand cellular and molecular mechanisms in drug 

resistant parasites. Gold(I) complexes can be applied for drug target elucidation and for 

the identification of parasite’s essential biochemical pathways involved in their 

mechanisms of action, which is extremely relevant for drug specificity approaches on 

drug discovery studies. Based on structucture optimisation, gold(I) complexes can be 

designed to overcome drug resistance in Leishamania parasites. 

These promising results prompted us to evaluate the antileishmanial activity of 

novel gold(I) oxadiazole phosphine derivatives. We were also inspired by the fact that 

auranofin (Ridaura®) – a gold(I) triethylphosphine thiosugar drug with known 

pharmacokinetics and pharmacodynamics against leishmaniasis – is able to inhibit 

TryR, a crucial enzyme for redox homeostasis in trypanosomatid protozoa including 

Leishmania [13, 18]. All gold(I) oxadiazole phosphine derivatives tested here were 

active in vitro against Leishmania parasites, with special emphasis on triethylphosphine 

derivatives. They were not only promising drug candidates to be investigated as their 

efficacy against leishmaniasis in vivo, but can also be applied as chemical tools to 

understand mechanisms of action of gold-containing drugs in Leishmania parasites. 

Based on rational drug design approaches, use of gold(I)-containing drugs represents a 

plausible way for the development of new therapeutic strategies against leishmaniasis. 

Chrysotherapy (treatment of diseases based on the administration of gold compounds) 

must be further investigated as a golden alternative for leishmaniasis chemotherapy. 

 

3. Conclusions 

A novel series of gold(I) complexes containing phosphine and 5-phenyl-1,3,4-

oxadiazole-2-thione derivatives as ligands were synthesized, characterized and 

evaluated for their in vitro activity against tumoral cell lines and Leishmania spp. 

Gold(I) complexes were successful synthesized in good yields (mostly 62 to 84%). The 

crystal structures of complexes (3-C, 4-D, 5-E and 8-C) showed that S-atom of thione 

group is coordinated to the metal in all cases and the dominance of the thiol form of the 

ligands. 
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Gold(I) complexes studied here were highly active against murine melanoma 

B16F10 and colon cancer CT26.WT cell lines with potency on nanomolar range. Most 

compounds were more active than the reference anticancer drug cisplatin against 

B16F10 and CT26.WT cell lines with high selectivity indexes. Upon complexation 

compound (7-B) was about 300 times more active than the free ligand on CT26.WT cell 

line. Ligands also increased gold(I) chloride precursors anticancer activity being the 

resulting complexes approximately 30 folds more selective against tumoral cells. 

Complexation also reduces the cytotoxicity on human monocyte-derived THP-1 

macrophages. All phosphine oxadiazole-containing gold(I) complexes were active 

against Leishmania spp. Triethylphosphine gold(I) derivatives were the most promising 

anticancer and antileishmanial leads, being compound (6-A) selective to tumoral cells 

and L. infantum intracellular amastigotes, the clinically relevant form of the parasite. 

Antimony-resistant L. guyanensis were cross-resistant when treated with 5-phenyl-

1,3,4-oxadiazole-2-thione gold(I) derivatives, but they were still susceptible to precursor 

Au(PEt3)Cl, showing that gold(I) complexes are not only promising antileishmanial 

candidates but can be also used as tools helping to elucidate molecular mechanisms of 

drug action and drug resistance in Leishmania parasites. The findings here reveal the 

remarkable ability of phosphine oxadiazole-containing gold(I) complexes to selectively 

inhibit cancer cell proliferation and the growth of Leishmania parasites in vitro. This 

first report of phosphine oxadiazole-containing gold(I) as potential anticancer and 

antileishmanial agents encourages the efforts on metallodrug prospection to treat cancer 

and leishmaniasis. Due to the good yields on synthesis and to noteworthy 

antiproliferative effect on cancer cells and antileishmanial properties, the tested gold(I) 

complexes are suitable for further in vivo efficacy studies against experimental 

leishmaniasis and murine tumor models. 

 

4. Experimental section 

 

4.1 Chemistry 

All reagents and solvents were reagent grade and were used without prior 

purification. The progress of all reactions was monitored by thin-layer chromatography 

which was performed on 2 x 6 cm aluminium sheets precoated with silica gel 60 (HF- 

254, Merck) to a thickness of 0.25 mm. Infrared (IR) spectra were recorded on a 

Bomem FTIR MB-102 spectrometer in the region of 4000-500 cm-1 as a KBr pellet, 
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with 4 cm-1 of spectral resolution, and average of 64 scans. Only significant peaks were 

recorded. 1H NMR (300 MHz) and 13C NMR (75 MHz) spectra were recorded as 

solutions in CDCl3 and DMSO-d6 on a Bruker spectrometer. The chemical shifts were 

expressed as δ (in ppm) with respect to a standard internal TMS reference (1H NMR). 

Raman spectra were obtained using a Bruker RFS 100 FT-Raman instrument equipped 

with a germanium detector refrigerated by liquid nitrogen, with excitation at 1064 nm 

from a Nd: YAG laser, power between 103 mW for sample in solid phase, in the range 

between 4000 and 50 cm-1, and with a spectral resolution of 4 cm-1, and an average of 

500 scans. The high-resolution mass spectra were recorded on a Micromass LCT 

spectrometer, with electrospray ionization, at the Institut de Chimie des Substances 

Naturelles at Gif-sur-Yvette, France. Diffraction data for single crystals of C8H5N3O3S 

(D), C26H19N2OFPSAu (3-C), C26H19N3O3PSAu (4-D), C27H22N2O2PSAu (5-E) and 

C14H19N2OPSAuF (8-C) were collected using a Oxford GEMINI A Ultra diffractometer 

with Mo K α ( λ = 0.71073 Å) and temperature of 120 K or 298 K. Data collection, 

reduction and cell refinement were carried out by CRYSALIS RED, Oxford diffraction 

Ltd – Version 1.171.32.38 software [77]. The structures were solved using SHELXS-97 

[78] and refined using SHELXL-2013 [79]. An empirical isotropic extinction parameter 

x was refined according to the method described by Larson [80]. A Multiscan 

absorption correction was applied [81]. The structures were drawn by ORTEP-3 for 

Windows [82] and MERCURY programs [83]. 

 

4.2 Synthesis of ligands 

We have recently published the synthesis of ligand (A) [37]. Ligands (B-E) were 

prepared from 4-chlorobenzoic, 4-fluorobenzoic, 4-nitrobenzoic and 4-methoxybenzoic 

acids in three steps as previously described [32, 35, 84, 85]. The characterization data of 

the ligands are described in supplementary material section. 

 

4.3 Synthesis of Gold(I) complexes 

Precursors Au(PEt3)Cl and Au(PPh3)Cl were respectively, purchased from 

Sigma-Aldrich and synthesized from K[AuCl4] according to the Baenziger and cols 

(1976) [86]. Synthesis of complexes (1-A) and (6-A) was performed as previously 

published [37].  

Complexes 2-B, 3-C, 4-D, 5-E and 7-B, 8-C, 9-D, 10-E were prepared 

according to the following procedure: to a solution of Au(PPh3)Cl (0.198 g, 0.4 mmol) 
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or Au(PEt3)Cl (0.140 g, 0.4 mmol) in dichloromethane (3 mL), ligands (B-E) (0.4 

mmol) were dissolved in acetone (3 mL) and slowly added during 3 h. After stirring for 

9 h at room temperature in the dark, solvent was removed under reduced pressure to 

furnish a white residue that was purified by preparative chromatography (eluent: 

dichloromethane) to give the desired compounds (2-B, 3-C, 4-D, 5-E) and (7-B, 8-C, 9-

D, 10-E) in 64%, 69%, 62%, 63%, 67%, 84%, 51% and 65% yields, respectively 

(Scheme 1). 

Insert Scheme 1 

 

Insert Scheme 2 

 

4.3.1 [5-(4-Chlorophenyl)-1,3,4-oxadiazole-2-thione](triphenylphosfine)gold(I)(2-B) 

yield, (64%) as a white solid, m.p. 181-182ºC. IR νmax KBr (cm-1): 3054; 1481; 1068, 

710; Raman νmax (cm-1): 3059; 1547; 744; 1H NMR (300 MHz, DMSO-d6) δ: 7.59-7.66 

(m, 15H, ArPPh3); 8.07 (d, 2H, J7-8 = J11-10 = 9.0 Hz, H7, H11);  8.34 (d, 2H, J8-7 = J10-

11 = 9.0 Hz,  H.8, H.10); 13C NMR (75 MHz, DMSO-d6) δ: 124.5 (C8, C10); 126.9 (C7, 

C11); 128.3 (d, C1’, J1’-P= 58.7 Hz); 129.1 (C6); 129.7 (d, C3’, C5’,  J3’-P = J5’-P = 11.5 

Hz); 132.3 (C4’); 133.9 (d, C2’, C6’, J2’-P= J6’-P = 14.0 Hz); 148.6 (C9); 162.6 (C5); 

169.9 (C2). 

 

4.3.2 [5-(4-Fluorophenyl)-1,3,4-oxadiazole-2-thione](triphenylphosfine)gold(I)(3-C) 

yield, (69%) as a white solid, m.p. 159-160 ºC. IR νmax KBr (cm-1): 3056; 1499; 1062; 

713; Raman νmax (cm-1): 3064; 1560; 725; 1H NMR (300 MHz, DMSO-d6) δ: 7.38 (t, 

2H, J8-7 = J8-F = 8.7 Hz, H8, H10); 7.57-7.61 (m,15H, Ar-PPh3); 7.80 (dd, 2H, J7-8 = 8.7 

HZ, J7-F = 5.4 Hz, H7, H11); 13C NMR (75 MHz, DMSO-d6) δ: 116.4 (d, C8, C10, J8-F 

= J10-F = 22.4 Hz); 120.4 (C6); 128.3 (d, C7, C11, J7-F = J11-F = 9.0 Hz); 128.4 (d, C1’, 

J1’-P= 58.1 Hz); 129.6 (d, C3’, C5’,  J3’-P = J5’-P = 11.4 Hz); 132.2 (C4’); 133.8 (d, C2’, 

C6’, J2’-P= J6’-P = 13.9 Hz); 163.0 (C5); 163.6 (d, C9, J9-F = 247.9 Hz); 168.2 (C2). 

 

4.3.3 [5-(4-Nitrophenyl)-1,3,4-oxadiazole-2-thione](triphenylphosfine)gold(I) (4-D) 

yield, (62%) as a yellow solid, m.p. 223 ºC. IR νmax KBr (cm-1): 3029; 1555; 1515; 

1339; 1068; 707; Raman νmax (cm-1): 3057; 1553; 1341; 694; 1H NMR (300 MHz, 

DMSO-d6) δ: 7.59-7.66 (m, 15H, ArPPh3); 8.07 (d, 2H, J7-8 = J11-10 = 9.0 Hz, H7, H11);  
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8.34 (d, 2H, J8-7 = J10-11 = 9.0 Hz,  H8, H10); 13C NMR (75 MHz, DMSO-d6) δ: 124.5 

(C8, C10); 126.9 (C7, C11); 128.3 (d, C1’, J1’-P= 58.7 Hz); 129.1 (C6); 129.7 (d, C3’, 

C5’,  J3’-P = J5’-P = 11.5 Hz); 132.3 (C4’); 133.9 (d, C2’, C6’, J2’-P= J6’-P = 14.0 Hz); 

148.6 (C9); 162.6 (C5); 169.9 (C2).  

 

4.3.4 [5-(4-Methoxyphenyl)-1,3,4-oxadiazole-2-thione](triphenylphosfine)gold(I)(5-E) 

yield, (63%) as a white solid, m.p. 178-181 ºC. IR νmax KBr (cm-1): 3055; 1499; 1065; 

710; Raman νmax (cm-1): 3059; 1560; 629; 1H NMR (300 MHz, DMSO-d6) δ: 3.83 (S, 

3H, OCH3); 7.07 (d, 2H, J8-7 = J10-11 = 8.7 Hz,  H8, H10); 7.57-7.66 (m, 15H, ArPPh3); 

7.78 (d, 2H, J7-8 = J11-10 = 8.7 Hz, H7, H11). 13C NMR (75 MHz, DMSO-d6) δ: 55.9 

(OCH3); 115.2 (C8, C10); 116.5 (C6); 128.1 (C7, C11); 128.9 (d, C1’, J1’-P= 58.4 Hz); 

130.1 (d, C3’, C5’,  J3’-P = J5’-P = 11.5 Hz); 132.7 (C4’); 134.3 (d, C2’, C6’, J2’-P= J6’-P 

= 14.0 Hz); 162.1 (C9); 163.9 (C5); 168.7 (C2); HRMS(ESI): m/z calculated for 

[C27H22N2O2PSAu] [M+H]+ calc.(667.0883) found (667.0870). 

 

4.3.5 [5-(4-Chlorophenyl)-1,3,4-oxadiazole-2-thione](triethylphosphine)gold(I) (7-B) 

yield, (67%) as a white solid, m.p. 127-129 ºC. IR νmax KBr (cm-1): 3070; 1478; 1070; 

689; Raman νmax (cm-1): 3076; 1553; 750; 1H NMR (300 MHz, DMSO-d6) δ: 1.09-1.21 

(m, 9H, CH3); 1.92-2.02 (m, 6H, CH2); 7.60 (d, 2H, J8-7 = J10-11 = 8.4 Hz, H8, H10);  

7.85 (d, 2H, J7-8 = J11-10 = 8.4 Hz, H7, H11); 13C NMR (75 MHz, DMSO-d6) δ: 9.1 

(CH3); 16.9 (d, CH2, JCH2,P = 34.6 Hz); 122.6 (C6); 127.6 (C7, C11); 126.5 (C8, C10); 

136.0 (C9); 162.7 (C5); 169.7 (C2); HRMS(ESI): m/z calculated for 

[C14H19N2OPSAuCl] [M+H]+ calc.(527.0388) found (527.0378). 

 

4.3.6 [5-(4-Fluorophenyl)-1,3,4-oxadiazole-2-thione](triethylphosphine)gold(I) (8-C) 

yield, (84%) as a white solid, m.p. 65-66 ºC. IR νmax KBr (cm-1): 3071; 2962; 1498; 

1065; 693; Raman νmax (cm-1): 3083; 2920; 1565; 706; 1H NMR (300 MHz, DMSO-d6) 

δ: 1.10-1.21 (m, 9H, CH3); 1.92-2.04 (m, 6H, CH2); 7.40 (t, 2H, J8-7 = J8-F = 8.7 Hz, H8, 

H10); 7.92 (dd, 2H, J7-8 = 8.7 HZ, J7-F = 5.4 Hz, H7, H11);13C NMR (75 MHz, DMSO-

d6) δ: 9.1 (CH3); 16.9 (d, CH2, JCH2,P = 34.6 Hz); 116.6 (d, C8, C10, J8-F = J10-F = 22.4 

Hz); 120.4 (C6); 128.4 (d, C7, C11, J7-F = J11-F = 9.0 Hz); 162.7 (C5); 163.4 (d, C9, J9-F 

= 247.9 Hz); 168.2 (C2); HRMS(ESI): m/z calculated for [C14H19N2OPSAuF] [M+H]+ 

calc.(511.0684) found (511.0665). 
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4.3.7 [5-(4-Nitrophenyl)-1,3,4-oxadiazole-2-thione](triethylphosphine)gold(I)(9-D) 

yield, (51%) as a yellow solid, m.p. 180-181 ºC. IR νmax KBr (cm-1): 3066; 2964; 1552; 

1519, 1345; 1070; 706; Raman νmax (cm-1): 3082; 2947; 1554; 1343; 758; 1H NMR (300 

MHz, DMSO-d6) δ: 1.11-1.23 (m, 9H, CH3); 1.94-2.06 (m, 6H, CH2); 8.10 (d, 2H, J7-8 

= J11-10 = 9.0 Hz, H7, H11);  8.34 (d, 2H, J8-7 = J10-11 = 9.0 Hz, H8, H10); 13C NMR (75 

MHz, DMSO-d6) δ: 9.0 (CH3); 16.9 (d, CH2, JCH2,P = 34.6 Hz); 124.6 (C8, C10); 126.9 

(C7, C11); 129.2 (C6); 148.6 (C9); 162.3 (C5); 170.4 (C2); HRMS(ESI): m/z calculated 

for [C14H19N3O3PSAu] [M+H]+calc.(538.0629) (found 538.0615). 

 

4.3.8 [5-(4-Methoxyphenyl)-1,3,4-oxadiazole-2-thione](triethylphosphine)gold(I)(10-E) 

yield, (65%) as a white solid, m.p. 103-104 ºC. IR νmax KBr (cm-1): 3069; 2967; 1499; 

1070; 703; Raman νmax (cm-1): 3078; 2920; 1565; 646; 1H NMR (300 MHz, DMSO-d6) 

δ: 1.10-1.21 (m, 9H, CH3); 1.92-2.03 (m, 6H, CH2); 3.82 (S, 3H, OCH3); 7.10 (d, 2H, 

J8-7 = J10-11 = 8.7 Hz,  H8, H10); 7.79 (d, 2H, J7-8 = J11-10 = 8.7 Hz, H7, H11); 13C NMR 

(75 MHz, DMSO-d6) δ: 9.1 (CH3); 16.9 (d, CH2, JCH2,P = 34.6 Hz); 55.4 (OCH3); 114.7 

(C8, C10); 116.2 (C6); 127.5 (C7, C11); 161.5 (C9); 163.4 (C5); 168.2 (C2); 

HRMS(ESI): m/z calculated for [C15H23N2O2PSAu] [M+H]+calc. (523.0883) found 

(523.0869). 

 

4.4 Cytotoxicity and antitumoral activity 

In vitro cytotoxicity and antitumoral activity were evaluated by quantifying the 

ability of living cells to reduce the yellow dye 3-(4,5-dimethyl-2-thiazolyl)-2,5-

diphenyl-2H-tetrazolium bromide (MTT) to a purple formazan product [87]. Anticancer 

activity was investigated against tumor derived cell lines CT26.WT (colon cancer cells) 

and B16-F10 (mouse metastatic skin melanoma), while cytotoxicity (cell viability) was 

evaluated on human monocyte-derived THP-1 macrophages and non-tumor Baby 

Hamster Kidney (BHK-21) cell lines. All cell lines were propagated in RPMI 1640 

culture medium pH 7.4, supplemented with 10% heat-inactivated Fetal Bovine Serum 

(FBS), Hepes (4 mM), NaHCO3 (14 mM), ampicillin (0.27 mM), and streptomycin 

(0.06 mM). Adherent cells were harvested by trypsinization and seeded in 96-well 

tissue culture plates(1 x 103 viable cells/well in 100 µL) and incubated at 37 ºC in a 

humidified atmosphere of 5% CO2 for 24 h. For THP-1 macrophages differentiation, 5 x 
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105 precursors monocytes/well were seeded in 96-well plates treated with 20 ng/mL 

phorbol myristate acetate [43] and incubated 48 h at 37 ºC in 5% CO2 humid 

atmosphere. Stock solutions of gold(I) complexes were prepared in DMSO and serially 

diluted in RPMI 1640 medium (<1% DMSO). After 72 h of drug exposure at 37 ºC/5% 

CO2, cells were incubated with MTT (10mM in water solution – 10 µL/well) for 4 h at 

37 ºC and 5% CO2. MTT is metabolized by viable cells resulting in a purple product 

that, after being solubilized in 100 µL of DMSO, can be quantified through colorimetric 

assay using a plate reader (absorbance at 570 nm). Negative control was performed 

considering untreated cells in RPMI 1640. Cisplatin and amphotericin B (AmB) were 

purchased from Sigma-Aldrich (St. Louis, MO, USA) and Miltefosine [88] obtained 

from Cayman Chemical (Ann Arbor, MI, USA). Cisplatin was used as reference 

anticancer agent, while AmB and MIL as antileishmanial drugs. 

 

4.5 In vitro antileishmanial assays 

 

4.5.1 Parasite strains 

 L. (Leishmania) infantum (strain MHOM/BL/1967/ITMAP263); L. (Viannia) 

braziliensis (strain MHOM/BR/1975/M2904) and L. (Viannia) guyanensis (strains 

MHOM/BR/1975/M4147 sensitive, wild-type WT and antimony resistant, SbIII650.4) 

promastigotes were maintained in minimum essential culture medium (α-MEM) (Gibco, 

Invitrogen NY, USA) supplemented with 10% (v/v) heat inactivated FBS (Cultilab, 

Campinas, SP, Brazil), 100 mg/mL kanamycin, 50 mg/mL ampicillin, 2 mM L-

glutamine, 5 mg/mL hemin, 5 mM biopterin (Sigma-Aldrich, St Louis, USA), at pH 7.0 

and incubated at 25 °C. L. (V.) guyanensis was selected for SbIII resistance (LgSbR) 

through stepwise drug selection as previously described [65]. This resistant line is > 

18.6-fold more resistant to SbIII than its parental WT counterpart. Briefly, L. 

guyanensis promastigotes were seeded in 25 cm2 flasks containing 5 mL of α-MEM in 

the presence of increasing concentration of SbIII from 40 up to 650 µM.  

 

4.5.2 Antipromastigote activity 

Log-phase L. infantum and L. braziliensis promastigotes (1 × 106 parasites/mL) 

were seeded in 24-wells cell culture plates containig 1.5 mL of α-MEM and incubated 

under shaking at 25 °C during 72 h in the presence of several concentrations of gold(I) 

complexes. Controls were performed using cultures in the presence of amphotericin B 
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and miltefosine. Non-treated parasites were established for growth comparison. Stock 

solutions of gold(I) complexes were dissolved in DMSO and diluted in α-MEM cell 

culture medium to obtain the range of tested concentrations. The final DMSO 

concentration did not exceed 1%, which is known to be nontoxic to Leishmania 

parasites [89]. For drug susceptibility assay, Leishmania growth curves were 

constructed by measuring absorbance at 600 nm [90]. The antileishmanial activity is 

expressed as IC50/72 h, which is the concentration that reduces cell growth by 50% 

compared to untreated control (growth inhibition). All experiments were done at least 

three times as independent experiments performed in triplicate. Gold(I) complexes (6-A, 

7-B, 8-C, 9-D and 10-E) were also evaluated in vitro for their activity against both SbIII-

sensitive and -resistant L. guyanensis parasites. 

 

4.5.3 Antiamastigote activity 

For this assay L. infantum parasites were transfected with an episomal vector 

containing the firefly luciferase as reporter gene (pSP72αHYGαLUC1.2) as previously 

described [91]. Human monocyte-derived macrophage cell line THP-1 (1.5 x 105 

cells/well) was maintained in RPMI 1640 medium supplemented with 10% FBS and 

differentiated in presence of 20 ng/mL PMA, incubated at 37 °C in a 5% CO2 

containing humid atmosphere for 3 days. Cells were washed with pre-warmed RPMI 

medium and subsequently infected with L.infantum LUC promastigotes (1.5 x 106 

parasites/well) at a parasite/macrophage ratio of 10:1 for 3 h in a blank 96-well tissue 

culture plate. Non-internalized parasites were removed by three washes with pre-

warmed HEPES/NaCl buffer (20 mM HEPES, 0.15 M NaCl, 10 mM glucose, pH 7.2). 

Experimentally infected macrophages were then exposed to different concentrations of 

gold(I)-derived complexes and incubated during 72 h at 37 °C in a 5% CO2 containing 

humid atmosphere. After 3 days incubation RPMI was aspirated and the luciferase 

activity was assessed by adding 20 µL of reconstituted One-Glo™ Luciferase Assay 

System solution as enzyme substrate, following manufacturer’s instructions (Promega, 

Madison, WI, USA). Luciferase activity was measured by luminescence detection in a 

luminometer SpectraMax M5 (Molecular Devices, Sunnyvale, CA, USA) using 1 

second integration/well. Non-infected THP-1 macrophages were used as signal 

background while non-treated infected THP-1 was used as control for growth 

comparison. AmB and MIL were used as positive control. 
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4.6 Statistical analyses 

IC50 and CC50 values were calculated based on concentration-response curves 

applying a sigmoidal dose-response equation with variable slope carried out using the 

software GraphPad Prism version 6.0 (GraphPadSoftware Inc., San Diego, CA, USA). 

When applied, data were analyzed by Student’s t test or analysis of variance (ANOVA) 

followed by correction performed using Bonferroni’smultiple comparison test. A p 

value < 0.05 was considered statistically significant. 
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Figure Captions 

Fig. 1. Perspective view of ligand (D), ellipsoids are drawn at the 50% probability level 
and hydrogen atoms are shown as spheres of arbitrary radii. 
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Fig. 2. Structural perspective of gold(I) complexes. (A, B, C and D) represent 
complexes (3-C), (4-D), (5-E) and (8-C); ellipsoids are drawn at the 50% probability 
level and some hydrogen atoms were omitted for more clarity. All the ligands used are 
present in the thiol form. 

Fig. 3. Comparative antileishmanial and citotoxicity effect of gold(I) triethylphosphine 
and triphenylphosphine derivatives. Compounds were assayed against promastigote and 
amastigote forms of Leishmania infantum and Leishmania braziliensis. Gold(I) 
triethylphosphine were selectively more active against amastigote forms of L. infantum, 
however, they also presented higher toxicity against THP-1 cells. The average of IC50 
values from chloro(triphenylphosphine)gold(I) (black columns – Ph) and 
chloro(triethylphosphine)gold(I)-derived complexes (grey columns – Et) were obtained 
from Table 4. Students t test **p = 0.0017; ***p = 0.0009 
 
Fig. 4. Sensitivity profile of Leishmania guyanensis wild-type (continuous line) and 
antimony-resistant L. guyanensis (dashed line) to gold(I) triethylphosphine complexes: 
(6-A) (A); (7-B) (B); (8-C) (C); (9-D) (D) and (10-E) (E). 5-adamantyl-1,3,4-
oxadiazole-2-thione (F) and chloro(triethylphosphine)gold(I)-(G) were used as controls. 
L. guyanensis promastigotes were cultivated in 24-well cell culture plates containing 2 
mL of α-MEM medium for 72 h at 25 ºC. The resistant lines were previously selected in 
vitro by step wise drug selection. All data represent average of, at least, two 
independent experiments. Concentration-response curves were obtained using sigmoidal 
equation with variable slope on GraphPad Prism 6.0 software RI: Resistance Index 
 
Fig. S1. IR spectra in the 4000-500 cm-1 region for ligand (C), gold complexes (3-C) 
and (8-C) 

Fig. S2. 1H NMR spectra in the 8.5-1.0 ppm region for ligand (D), gold complexes (4-
D) and (9-D) 

Fig. S3. 13C NMR spectra in the 180-10 ppm region for ligand (D), gold complexes (4-
D) and (9-D) 
 
Fig. S4. Intermolecular hydrogen bonds for ligand (D) 
 
Fig. S5. Intermolecular hydrogen bonds of gold(I) complexes. (A, B, C and D) 
represent complexes (3-C), (4-D), (5-E) and (8-C). Some atoms were deleted for more 
clarity. 
 
Scheme 1. Schematic representation of the synthesis of gold(I) complexes  

Scheme 2. Thione-thiol tautomerization of ligands  

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
Table 1  

Crystal data and structure refinement parameters for compounds C10H11N3O4S2 (D), 
C26H19N2OFPSAu (3-C), C26H19N3O3PSAu (4-D), C27H22N2O2PSAu (5-E) and 
C14H19N2OPSAuF (8-C). 

 

 

Compound Ligand (D) Complex (3-C) Complex (4-D) Complex (5-E) Complex (8-C) 

Formula C10H11N3O4S2 C26H19AuFN2OPS  C26H19AuN3O3PS C27H22AuN2O2PS C14H19AuFN2OPS 
Formula weight 
/ g mol-1 

301.34 654.43 681.44 666.46 510.31 

Temperature / 
K 

298(2) 120(2) 120(2) 298 (2) 298(2) 

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Triclinic 
Space group C2/c P21/n P21/n C2/c P1 
a / Å 28.7300(18) 13.6239(4) 13.2854(2) 29.4025(9) 7.8973(2) 
b / Å 7.3287(4) 17.9514(5) 18.1873(3) 8.7631(2) 11.0693(3) 
c / Å 13.9388(8) 19.5453(5) 20.5524(4) 20.7691(7) 20.5122(5) 
αααα / º 90 90 90 90.00 96.043(2) 
ββββ / º 113.442(7) 103.760(3) 103.197(2) 111.930 (4) 100.128(2) 
γγγγ / º 90 90 90 90.00 94.847(2) 
V / Å3 2692.6(3) 4643.0(2) 4834.84(15) 4964.1(3) 1745.63(8) 
Z 8 8 8 8 4 
Crystal size / 
mm 

0.93 x 0.37 x 
0.11 

0.49 x 0.17 x 0.12 0.23 x 0.12 x 
0.06 

0.38 x 0.25 x 
0.09 

0.42 x 0.18 x 0.06 

Dcalc/ g cm-3 1.487 1.872 1.872 1.784 1.942 
µ(Mo Kα) / cm-1 0.408 6.526 6.273 6.103 8.647 
Transmission 
factors 
(min/max) 

0.929/0.988 0.979/0.994 0.990/0.997 0.986/0.995 0.960/0.991 

Reflections 
measured / 
unique 

8510/2757 77916/9493 189708/13135 
 

38125/5062 18498/7138 

Observed 
reflections  

2182 8086 10706 
 

4228 5561 

Nº. of 
parameters 
refined 

177 595 631 308 379 

R[Fo>2σ(Fo)] 0.0415 0.0240 0.0269 0.030 0.0349 
wR[Fo2>2σ(Fo)

2] 0.1169 0.0440 0.0426 0.059 0.0690 
S 1.036 1.093 1.050 1.045 1.048 
RMS peak/ 0.046 0.119 0.135 0.079 0.162 
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Table 2 

Selection of the main geometric parameters, bond distance and bond angles to the (D) 
ligand and (3-C), (4-D), (5-E) and (8-C) complexes. 

Ligand (D) 
 

Bond distance (Å) 
S2—C1 1.643 (2) O1—C2 1.367 (2) 
O1—C1 1.376 (2) O4—S2 1.5006 (17) 
C6—N3 1.473 (3) C1—N1 1.325 (3) 
N3—O2 1.220 (3) N1—N2 1.379 (2) 
N2—C2 1.282 (2) O3—N3 1.214 (3) 
C9—S2 1.770 (3) C10—S2 1.761 (3) 

Bond angle(º) 
C2—O1—C1 105.95 (14) C7—C6—N3 118.62 (17) 
N1—C1—O1 104.98 (17) C5—C6—N3 118.75 (17) 
N1—C1—S1 131.33 (17) O5—N3—O2 123.3 (2) 
O1—C1—S1 123.69 (14) O3—N3—C6 118.56 (19) 
C1—N1—N2 112.47 (17) O2—N3—C6 118.14 (19) 
C2—N2—N1 103.75 (15) N2—C2—O1 112.85 (15) 
O4—S2—C10 106.57 (12) N2—C2—C3 128.18 (16) 
O4—S2—C9 105.67 (12) O1—C2—C3 118.96 (15) 
C10—S2—C9 98.30 (16)   

Complex (3-C) 
 

Bond distance (Å) 
Au1A—P1A 2.2584 (9) Au1A—S1A 2.3137 (9) 
Au1A—Au1 3.1189 (2) Au1—P1 2.2531 (9) 

Au1—S1 2.3143 (9)   
Bond angle(º) 

P1—Au1—S1 173.42 (3) P1A—Au1A—S1A 168.93 (3) 
Complex (4-D) 

 
Bond distance (Å) 

Au1—P1 2.2551 (7) Au1—S1 2.3132 (7) 
Au1—Au1A 3.1545 (1) Au1A—P1A 2.2559 (7) 
Au1A—S1A 2.3147 (7)   

Bond angle(º) 
P1A—Au1A—S1A 173.95 (3) P1—Au1—S1 171.59 (2) 

Complex (5-E) 
 

Bond distance (Å) 
Au1—P1 2.2609 (11) Au1—S1 2.2991 (13) 

Bond angle(º) 
P1—Au1—S1                 179.01 (5) 

Complex (8-C) 
 

Bond distance (Å) 
Au1A—P1A 2.2602 (13) Au1A—S1A 2.3220 (14) 
Au1A—Au1 3.0573 (3) Au1—P1 2.2447 (19) 

Bond angle(º) 
P1—Au1—S1 176.78 (7) P1A—Au1A—S1A 175.10 (5) 
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Table 3 

 Anticancer activity against tumoral and non tumoral cell lines. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SD: standard deviation of triplicate of two independent experiments. 
b SI – selectivity index. 

Compound 

IC 50 (µM ± SD) 
Tumor cells  Non tumor cells 

B16F10 SIb CT26.WT SIb BHK-21 
(A) Ligand 6.53±0.60 12.8 8.28±0.40 10.10 83.60±1.00 
(B) Ligand 4.30±0.50 14.74 66.87±1.10 0.95 63.4±1.30 
(C) Ligand >100.00 1.00 <0.10 >1000.00 >100.00 
(D) Ligand 0.26±0.10 42.70 1.89±0.20 5.87 11.1±0.10 
(E) Ligand >100.00 1.00 53.74±1.00 >1.86 >100.00 
      
(1-A) 0.12±0.03 27.9 <0.10 33.50 3.35±0.50 
(2-B) <0.10 >68.80 1.66±0.10 4.14 6.88±0.20 
(3-C) 1.40±0.50 5.06 <0.10 >70.80 7.08±0.50 
(4-D) 0.14±0.10 13.00 1.43±0.20 1.27 1.82±0.20 
(5-E) 1.01±0.20 2.02 0.48±0.10 4.25 2.04±0.10 
      
(6-A) 0.18±0.05 34.2 0.40±0.04 15.40 6.15±0.20 
(7-B) <0.10 >2.30 0.23±0.10 1.00 0.23±0.10 
(8-C) 0.43±0.30 0.77 <0.10 >3.30 0.33±0.10 
(9-D) <0.10 >19.20 0.51±0.10 3.76 1.92±0.20 
(10-E) 0.18±0.20 15.90 0.36±0.10 7.94 2.86±0.10 
      
Au(PPh3)Cl 0.90±0.10 5.70 1.76±0.10 3.74 6.59±0.20 
Au(PEt3)Cl 0.50±0.10 14.18 1.80±0.10 3.94 7.09±0.30 
Cisplatin 6.40±2.20 1.30 0.70±0.20 12.0 8.40±1.90 
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Table 4 Antileishmanial activity of gold(I) derivatives against Leishmania promastigote and intracelular amastigote forms. Selectivity indexes are shown based 
on cytotoxic activity performed on THP-1 macrophages. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 SI: selectivity index; CI: confidence interval; IC50: inhibitory concentration that reduces 50% of cellular growth; CC: cytotoxic concentration that reduces cellular viability by 50%; 
prom: promastigote forms; Int. Ama: intracellular amastigotes; Au(PPh3)Cl: chloro(triphenylphosphine)gold(I); Au(PEt3)Cl: chloro(triethylphosphine)gold(I); AmB: amphotericin B; not 
determined 

Compound CC50 (µM) (95% CI) IC50 (µM) (95% CI) prom. SI prom. IC50 (µM)  
Int. ama. 

SI ama. 

 THP-1 MΦ L. infantum L. braziliensis Li Lb L. infantum Li 
(A) Ligand > 50 > 100 > 100   ND  
(B) Ligand > 50 > 100 > 100   ND  
(C) Ligand > 50 > 100 > 100   ND  
(D) Ligand > 50 27.56 (21.94-34.63) 32.4 (29.47-35.62) > 1.81 > 1.54 ND  
(E) Ligand > 50 > 100 > 100   ND  
        
(1-A) 11.54 (10.89-12.23) 4.69 (3.92-5.60) 7.03 (6.38-7.74) 2.46 1.64 2.98 (2.66-3.33) 3.87 
(2-B) 10.67 (10.02-11.38) 4.75 (3.99-5.66) 6.46 (5.98-6.96) 2.24 1.65 2.76 (2.11-3.61) 3.86 
(3-C) 8.46 (7.97-8.98) 3.89 (3.16-4.78) 5.68 (5.22-6.18) 2.17 1.5 3.71 (2.94-4.7) 2.28 
(4-D) 10.7 (9.45-12.11) 4.66 (3.92-5.53) 9.17 (8.37-10.06) 2.3 1.16 3.64 (3.08-4.31) 2.93 
(5-E) 11.12 (10.46-11.82) 6.15 (5.32-7.11) 8.34 (7.5-9.27) 1.8 1.33 4.25 (3.86-4.68) 2.61 
        
(6-A) 4.41 (3.65-5.32) 4.02 (3.75-4.31) 7.2 (6.63-7.8) 1.09 0.61 0.97 (0.82-1.14) 4.54 
(7-B) 7.84 (6.62-9.3) 6.85 (6.59-7.13) 10.57 (9.96-11.21) 1.14 0.74 1.7 (1.4-2-2) 4.61 
(8-C) 6.7 (6.12-7.34) 2.73 (2.31-3.23) 4.69 (4.4-5.01) 2.45 1.42 2.21 (1.82-2.68) 3.03 
(9-D) 6.37 (5.48-7.41) 5.38 (5.17-5.6) 9.27 (8.33-10.33) 1.18 0.68 1.41 (1.16-1.71) 4.51 
(10-E) 7.05 (6.32-7.86) 3.41 (2.86-4.08) 4.89 (4.58-5.23) 2.06 1.44 2.41 (1.95-3) 2.92 
        
Au(PPh3)Cl 4.98 (4.64-5.33) 4.53 (3.91-5.26) 5.25 (4.65-5.93) 1.09 0.94 0.9 (0.58-1.36) 5.53 
Au(PEt3)Cl 5.43 (5.08-5.79) 1.94 (1.61-2.33) 2.79 (2.51-3.10) 2.8 1.94 1.35 (1.15-1.60) 3.77 
        
AmB 12 (11.43-12.59) 0.1 (0.1-0.11) 0.1 (0.09-0.11) 120 120 0.09 (0.08-0.09) 133 
Miltefosine 39.08 (37.65-40.57) ND ND ND ND 0.57 (0.54-0.60) 68.56 
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Highlights 

 

Gold(I) complexes are active against cancer cell lines and Leishmania parasites. 

Most compounds were more active than cisplatin against B16F10 and CT26.WT cell 
lines. 

Compound (6-A) was very selective against colon cancer CT26.WT cell line. 

Gold(I) complexes can be applied to better understand drug resistance in Leishmania. 
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