
ARTICLE

Please do not adjust margins

Please do not adjust margins

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Novel Phosphine Sulphide Gold(I) Complexes: Topoisomerase I 
Inhibitors and Antiproliferative Agents.
Endika Martín-Encinas,a, d Verónica Conejo-Rodríguez,b, d Jesús A. Miguel,b Jesús M. Martínez-
Ilarduya,b Gloria Rubiales,a Birgitta R. Knudsen,c Francisco Palaciosa and Concepción Alonsoa,* 

This work describes the synthesis of gold(I) complexes of phosphine sulphides. The formation of these new derivatives has 
been confirmed by X-ray crystallography. The coordination of gold(I) with the sulphur atom of phosphine sulphides favors 
the inhibition of topoisomerase I, as well as a high cytotoxicity of the gold(I) complexed compounds against cancer line A549 
with IC50 values in the nanomolar range and with IC50 values below 5 �M against the SKOV3 cell line. It should be noted that 
the cytotoxicities observed for the new gold(I) complexes are higher than those observed for phosphine sulphide ligands 
before binding to gold. Furthermore, the results presented also indicate that the presence of a nitrogenated heterocycle, 
such as tetrahydroquinoline or quinoline, is also necessary for the TopI inhibition to be maintained. In addition, no toxicity 
was observed when the non-cancerous lung fibroblast cell line (MRC5) was treated with the new phosphine sulphide gold(I) 
complexes prepared.

Introduction
Cancer is a complex disease which is still considered the second 
leading cause of death worldwide.1 Despite much has been 
investigated in the development of organic compounds that 
could stop the progression of the disease, the searching for 
alternatives to current drugs it is still necessary. In this sense, it 
could be indicated that many of actual drugs could increase 
their activity with the complementarity of metals in their 
structure.
Many transition metal complexes have been designed for DNA 
studies and in several biomedical research areas.2 Likewise, 
metal complexes received interest in the recent decades for the 
development of new chemotherapeutical drugs after the 
success of cisplatin (I Figure 1),3 carboplatin, paraplatin and 
oxaliplatin, as established drugs in therapy of various solid 
cancers.4 However, these compounds showed several side 
effects such as nephrotoxicity or neurotoxicity and they were 
restricted.5 Due to these limitations, different researches are 
focused on the use of other metal for the preparation of 
therapeutics agents. In this sense, gold complexes have 
received increasing attention in the last decade as 
antiproliferatives.

Gold compounds6 are important traditional medicines and their 
use, known as chrysotherapy or aurotherapy, has been widely 
applied for the treatment of diseases such as cancer,7 arthritis8 
and microbial infection.9 After the FDA approval of auranofin (II, 
Figure 1), these compounds have been used for the therapy of 
rheumatoid arthritis, for the study of their anticancer activity 
towards cancer cell lines10 and for clinical and preclinical 
investigations of parasitic11 and microbial infections.12
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Figure 1. Structures of cisplatin (I), auranofin (II); CPT (III); TPT (IV) and optical DNA 
biosensor for human TopI inhibitors (V).17

TopI, an overexpressed enzyme in cancer cells, reduces 
superhelical stress as well as other topological consequences 
generated in the separation of DNA strands in metabolic 
processes such as replication, transcription and recombination. 
As a result, TopI could represent an effective target for cancer 
therapy,13 and many TopI inhibitors are the basis of some 
chemotherapeutical combinations widely used in a broad 
spectrum of tumors.14 Among inhibitors, the camptothecin 
(CPT, III, Figure 1) and its derivatives (CPTs), as topotecan (TPT, 
IV, Figure 1), are some of the most studied drugs as inhibitors 
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of TopI and are commonly used in the treatment of colon, 
ovarian and small-cell lung cancers.15 However, these 
heterocycles have different disadvantages, such as, for 
example, serious side effects and structural instability due to 
the opening of the lactone ring at physiological pH.16

From a chemical structural point of view, both camptothecin 
and its derivatives have an almost planar structure because they 
are formed by fused heterocycles. Moreover, with regard to the 
proposed inhibition mechanism of TopI, the presence of 
polycyclic heterocycles seems to be relevant in the 
effectiveness of the antiproliferative activity, probably due to 
an improvement in L-L7 stacking interactions with the DNA 
base pairs.14 Regarding polycyclic heterocycles, recently, our 
group has reported the synthesis of an optical DNA biosensor 
(V, Figure 1) for human TopI inhibitors,17 as well as fused 
heterocycles with good inhibitory activity against human TopI 
(hTopI) enzyme and antiproliferative 18 or antileishmanial 
response.19

Several gold(III) macrocycles20 and gold(III) complexes21 have 
been reported as human TopI inhibitors. However, very few 
examples of gold(I) complexes of this type of inhibitors with 
anticancer activity have been reported, such as acridine 
thiourea gold(I) complexes22 (VI, Figure 2), a new posphole 
gold(I) complex derived from auronafin23 (VII, Figure 2) with 
antiglioma activity, as well as phosphane gold(I) 
dithiocarbamates and carbonimidothioates24 (VIII and IX, Figure 
2).
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Figure 2. Structure of gold(I) complexes VI-IX TopI inhibitors.22-24

For the development of new molecules with enhanced 
anticancer properties,25 one efficient strategy may be 
combining the properties of gold with other biologically active 
molecules (molecular hybridization).26 Based on this approach, 
recently we designed and prepared new hybrid molecules as 
anticancer agents27 and for the treatment of infectious 
diseases.19

With these considerations in mind, we believed that the 
development of new hybrid molecules28 based on gold(I) 
complexes derived from quinolinyl- and tetrahydroquinolinyl-
phosphine sulphides18a,19a may be privileged scaffolds for 
pharmaceuticals29 and may improve the antiproliferative 
cytotoxic properties with respect to other biologically active 
structures.
Gold(I) is a soft Lewis Acid with great affinity for soft ligands (i.e. 
thiolates, phosphines, phosphine sulphides...), and the 

formation of lineal two-coordination complexes may be 
important for medicinal purposes.30

The first thiophosphinoyl-gold(I) complex (X, Figure 3) was 
prepared in 1965,31a and in the last years new phosphine 
sulphide-Au(I) complexes (i.e. XI, Figure 3)31b-i have been 
described. However, the biological activity of these complexes 
has not been reported. Only recently, the anti-inflammatory 
and antitumor activity of the first cycloaurated phosphine 
sulphide-gold(III) complexes (XII, Figure 3) have been 
reported.32
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Figure 3. Structures of thiophosphinoyl-gold(I) complexes (X, XI) and cycloauraeted 
gold(III) complexes (XII).31-32

With this background, we designed new hybrid biologically 
active molecules based on gold(I) complexes containing 
triphenylphosphine sulphide, (2-
aminophenyl)diphenylphosphine sulphide, quinolinyl and 
tetrahydroquinolinylphosphine sulphides and we report, for the 
first time, the preparation of new simple and functionalized 
phosphine sulphide gold(I) complexes, as well as, the TopI 
inhibition and the antiproliferative behaviour of this new family 
of compounds, that may be privileged scaffolds for 
pharmaceuticals.

Results and Discussion
Gold(I) complexes of phosphine sulphide tetrahydroquinolines 
and quinolines.

The synthesis and characterization data of functionalized 
tetrahydroquinoline (THQ) and quinoline (QUIN) containing 
phosphine sulphide group by multicomponent Povarov type 
[4+2]-cycloaddition reaction were communicated by us earlier 
(Scheme 1).18a,19a,33
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Scheme 1. Syntheses of ligands 3 and 4.18a,19a,33
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The reaction of [Au(C6F5)(SMe2)] with an equimolar amount of 
the corresponding sulphide ligand SPPh2R (Scheme 2), such as 
triphenyl- 1 (R = Ph), 2-anilinodiphenyl- 2 (R = 2-NH2C6H4), 
tetrahydroquinolinyldiphenyl- 3 and 
quinolinyldiphenylphosphine sulphide 4 in CH2Cl2 afforded the 
desired gold(I) complexes [Au(C6F5)(SPPh2R)] 5-8 (see Chart 1).
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Scheme 2. Syntheses of gold(I) complexes 5-8.
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Chart 1. Gold(I) complexes 5-8.

The new synthesized compounds were characterized by 
multinuclear NMR spectroscopy and some of them by X-ray 
crystallography. Their 1H and 31P{1H} spectra were similar to 
those of the free ligands and their 19F NMR spectra show the 
characteristic resonances expected for a free rotating C6F5 
group linked to AuI (three signals in a 2:1:2 ratio corresponding 
to an AA’MXX‘spin system). In addition, for complex 7b signals 
due to CF3 and C6H4F were identified. The molecular structures 
of 5, 6, and 8 are shown in Figure 3 confirming the proposed 
assignments by spectroscopic means. Selected bond lengths 
and angles are given in Table 1. All the complexes show a nearly 
linear geometry for gold, with C–Au–S angles close to the ideal 
value of 180�. Other X-ray structures with pentafluorophenyl-
gold(I) and phosphine sulphide are very scarce and only the 
binuclear complex [Au(C6F5){SPPh2CH[Au(C6F5)]PPh2Me}] has 
been reported.34 The Au–C distances are within the range found 
for related pentafluorophenyl-gold(I) complexes.34,35 The Au–S 
bond distances in the range 2.3039(16)–2.3148(13) Å are 
greater than those found for [AuX(SPPh3)] (X = Cl, 2.256 Å; Br, 

2.286 Å)36 showing the higher trans-influence of C6F5 group 
compared to Cl or Br. The shortest Au–Au intermolecular 
distance between two metallic centers (> 5.3 Å) clearly excludes 
any Au�Au interaction. However, the crystal packing of the 
complexes shows intermolecular L-
���*��� of the C6F5 rings 
(see Supporting Information) and these interactions define 
dimers in the solid-state structure.

Figure 3. ORTEP view of molecular structure of complexes 5, 6 and 8 with thermal 
ellipsoids at 50% probability.

Table 1. Selected interatomic distances (Å) and angles (�) for complexes 5, 6 and 8.

Compound Au–C Au–S P–S C–Au–S Au–S–P

5 2.025(6) 2.3105(16) 2.011(2) 177.88(15) 102.77(9)

6 2.018(6) 2.3039(16) 2.0282(19) 177.71(14) 104.26(7)

8 2.030(5) 2.3148(13) 2.0175(16) 177.56(14) 101.21(7)
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Inhibition of Topoisomerase I.

Once the gold complexes were prepared from the phosphine 
sulphides, the inhibitory effect of the complexes on 
topoisomerase type I (TopI) was investigated by using a 
conventional supercoiled plasmid relaxation assay (Figure 4). In 
this assay, the inhibitory activity of human TopI enzymatic 
activity by the ligands 1-4 and the corresponding gold(I) 
complexes 5-8 is determined by observing the conversion of the 
supercoiled plasmid DNA to relaxed DNA (see Table S1 in the 
ESI). In these experiments, compound samples were mixed with 
enzyme followed by addition of supercoiled plasmid DNA 
substrate and continued incubation for increasing time periods 
(15 s, 1 min and 3 min). The reaction was finished by the 
addition of SDS. DNA relaxation products were then resolved by 
gel electrophoresis in 1% agarose gel and visualized by gel red 
staining. Camptothecin (CPT) was used as a positive control 
(Figure 4).
TopI inhibitory activity of new gold(I) complexes was tested by 
detecting the conversion of supercoiled DNA (Sc, Figure 4) to its 
relaxed form in the presence of the purified enzyme and 
expressed in quantitative fashion relative to the TopI inhibitory 
activity of camptothecin (Table S1). As shown in Figure 4, TopI 
relaxes supercoiled DNA even in the presence of DMSO (Figure 
4, lanes 1-3), and camptothecin (CPT) inhibits the relaxation, as 
indicated by the increased intensity of the band corresponding 
to the supercoiled DNA (Figure 4, lanes 4-5). However, it can be 
seen for CPT that the inhibitory activity over TopI released at 
longer enzymatic reaction time (3 min), as electrophoresis gel 
indicated only some topoisomers are seen at the top while no 
supercoiled DNA (Sc, Figure 4, lane 6) was detected.

Figure 4. Inhibition of TopI activity along the time (15”, 1’ and 3’) by compounds 3a, 4, 
7a and 8 and camptothecin at 100 �M: lanes 1-3, DNA+TopI+DMSO; lanes 4-6, 
DNA+TopI+camptothecin 100�M; lanes 7-9, DNA+TopI+3a 100�M; lanes 10-12, 
DNA+TopI+4 100�M; lanes 13-15, DNA+TopI+7a 100�M; lanes 16-18, DNA+TopI+8 
100�M; lane 19, control DNA. Reaction samples were mixed with enzyme at 37oC before 
adding the supercoiled DNA substrate and separated by electrophoresis on a 1% agarose 
gel, and then stained with gel red, and photographed under UV light as described in the 
TopI mediated DNA relaxation assay.

In previous works, we published the inhibitory TopI activity of 
the phosphine sulphide THQs 3 and QUIN 4, on both human and 
leishmania TopI.18a,19a It was observed that some derivatives 
presented good inhibition of TopI, as THQ 3a or THQ 3b (Table 
S1, entries 4 and 5, respectively). However, more aromatized 
quinolinylphosphine sulphide 4 presented no inhibitory activity 
at any tested enzymatic reaction time (Table S1, entry 6).
So, we started studying the effect of the precursor compounds 
such as, triphenylphosphine sulphide 1 and (2-
aminophenyl)diphenylphosphine sulphide 2 and we could 

observe no inhibition of TopI enzymatic activity (Table S1, 
entries 2 and 3, respectively).
Afterwards, we studied the effect as TopI inhibitors of the new 
gold(I) complexes, such as triphenylphosphine sulphide gold(I) 
complex 5, (2-aminophenyl)diphenylphosphine sulphide gold(I) 
complex 6, tetrahydroquinolinylphosphine sulphide gold 
complexes 7 and quinolinyldiphenylphosphine sulphide gold(I) 
complex 8 (Table S1).

Based on the results of the relaxation assays, the gold(I) 
complexes of tetrahydroquinolinylphosphine sulphides 7 (Table 
S1, entries 9 and 10) maintain the excellent inhibitory activity 
showed by the naked ligands 3 (without gold). Noteworthy, 
gold(I) complex of quinolinylphosphine sulphide 8 (Table S1, 
entry 11) showed excellent inhibitory activity of TopI, enhancing 
the lack of activity showed by the ligand 4. Moreover, the 
inhibitory activity can be compared with that presented by the 
natural TopI inhibitor, CPT, being observed slightly better 
activity at short enzymatic reaction times (15 s and 1 min) and 
even higher inhibition response than CPT at longer reaction 
time (3 min).
In this regard, we decide to study the effect of gold metal on the 
inhibition of the enzymatic activity of TopI. That is, we 
wondered if the positive inhibitory effect of gold(I) complexes 
of THQs 7 and QUIN 8 was just due to the presence of gold(I), or 
if it was also due to the presence of a nitrogen heterocyclic 
moiety, such as the THQ or QUIN ring. To confirm this, then, we 
studied the biological activity of the starting triphenylphosphine 
sulphide 1 (Ph3P=S, Table S1, entry 2) and the (2-
aminophenyl)diphenylphosphine sulphide 2 (Table S1, entry 3) 
and we compared the obtained results with the activity 
obtained for the corresponding gold(I) complexed derivatives, 5 
and 6, respectively (Table S1, entries 7 and 8). Surprisingly, it 
can be seen in Table S1 that none of the compounds without 
heterocyclic ring show TopI inhibitory activity, while as it was 
mentioned before compounds with THQ or QUIN ring 
presented good inhibition (entries 4 to 6, and 8 to 11). 
Therefore, with these findings we could say that the inhibitory 
activity is substantially improved by adding a metal such as gold 
in the structure of the new compounds, and that the presence 
of nitrogen ring is essential to maintain the inhibition. As far as 
we know, these results represent the first example of gold(I) 
complexes coordinate to simple and functionalized phosphine 
sulphides with TopI inhibitory activity.

In Vitro Cytotoxicity.

The cytotoxicity of the new gold(I) complexes 7, as well as more 
unsaturated compound 8 was investigated in vitro by testing the 
antiproliferative activities against two human cancer cell lines: 
A549 (carcinomic human alveolar basal epithelial cell) and 
SKOV3 (human ovarian carcinoma). The cell counting kit (CCK8) 
assay was employed to assess growth inhibition and, the cell 
proliferation inhibitory activities of the compounds are listed in 
Table 2 as IC50 values.
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Table 2. Antiproliferative activity of compounds 1-8 and CPT.

Cytotoxicity IC50 (µM)a
Entry Cmpd R1 R2

A549 SKOV3 MRC5

1 cisplatinb 5.32+-0.39 13.29+-1.24

2 auranofinb 6.49+-0.71 5.28+-0.51

3 1 - - >50 >50 >50

4 2 - - >50 >50 >50

5 3a 2-naphthyl H 0.27± 0.05 >50 >50

6 3b 4-CF3C6H4 F 20.22± 0.01 >50 >50

7 4 2-naphthyl H >50 >50 >50

8 5 - - 0.03± 0.01 1.22 ± 0.22 >50

9 6 - - 0.04± 0.01 4.48 ± 1.27 >50

10 7a 2-naphthyl H 0.07± 0.01 2.82 ± 0.30 >50

11 7b 4-CF3C6H4 F 0.18 ± 0.01 2.42 ± 0.08 >50

12 8 2-naphthyl H 0.11 ± 0.09 3.35 ± 0.66 >50
a IC50 values obtained for human cancer cell lines A549 (lung carcinoma) and 
SKOV3 (ovarian adenocarcinoma), and for non-malignant human lung fibroblasts 
MRC5. Samples were incubated in the presence of compounds for 48 hours and 
the cell cytotoxicity was measured by CCK-8 assay. The cytotoxicity IC50 values 
listed are the concentrations corresponding to 50% growth inhibition.
b Previously reported data.39

First we studied the cytotoxicity of ligands 1-4 before being 
complexed to gold(I). Results obtained for triphenylphosphine 
sulphide 1 (Ph3P=S, Table 2, entry 3), the (2-
aminophenyl)diphenylphosphine sulphide 2 (Table 2, entry 4) 
and QUIN 4 (Table 2, entry 7) showed a very low cytotoxicity of 
these compounds with IC50 over 50 �M.
The only presence of pentafluorophenyl ligand do not usually 
affects the cytotoxicity of gold complexes, for this reason the 
antiproliferative activity of the gold pentafluorophenyl species, 
[Au(C6F5)(SMe2)] has not been tested.37

Afterwards, we studied the cytotoxicity of gold(I) complexes of 
previously tested ligands 5-8 and high cytotoxicity has been 
detected in all derivatives against A549 cell line, with IC50 values 
in the nanomolar range, and under 5 �M against the SKOV3 cell 
line (Table 2, entries 8 to 12). For example, excellent cytotoxicity 
of new gold(I) complex derivatives 5, 6 and 7a against human 
lung adenocarcinoma cell line (A549) in the range of 30-70nM 
and in the human ovarian carcinoma cell line (SKOV3) in the 
range of 1.22-2.82 �M for compounds 5 and 7 has been 
observed. An enhancing effect of CF3 group38 in the cytotoxicity 
has been observed in the SKOV3 cell line with a IC50 value of 
2.42±0.08. Noteworthy, the cytotoxicity observed for new 
complexes is higher in new gold(I) complexes compared with 
that observed previously for other metal complexed derivatives 
with antitumor activity such as cisplatin (Table 2, entry 1) or 
auranofin (Table 2, entry 2).37

According to the data presented in Table 2, in general 
cytotoxicity is higher against the human lung adenocarcinoma 
cell line (A549) than in the human ovarian carcinoma cell line 

(SKOV3). Moreover, MRC-5 non-malignant lung fibroblasts 
were tested for studying selective toxicity40 and no toxicity 
against this cell line was observed. As far as we know, these 
results represent the first example of gold(I) complexes derived 
from phosphine sulphides with antitumor activity reported up 
to date.

Computational analysis.

Taking into account that theoretical calculations allowed the 
estimation of Molecular Electrostatic Potential Surface (MEPS), 
HOMO-LUMO energy gap and related parameters, which 
depicted the potential kinetic stability and reactivity of the 
target compounds,41 theoretical studies using Density 
Functional Theory (DFT)42 involving the well-known Becke 
three-parameter Lee-Yang-Parr function (B3LYP)43 and 6-311G 
(d, p) level of theory for the synthesized compounds were 
carried out.

Stereoelectronic properties. The molecular DFT-based 
parameters such as electronic chemical potential (��, chemical 
hardness (��, global electrophilicity (����maximum number of 
accepted electrons (	Nmax), dipole moment, polarizability and 
Free energy in gas and in aqueous medium for compounds 3, 4, 
7 and 8 are reported in Table S2 in ESI.
Upon a general analysis of obtained results, tetrahydroquinolin-
8-yldiphenylphosphine sulphides 3 and 7 present higher 
chemical potentials (�� and less electrophilicity (�� than 
quinolines 4 and 8. Moreover, results obtained for more 
aromatic quinolin-8-yldiphenylphosphine sulphide compounds 
4 and 8 are similar to those obtained for CPT (Table S2 in ESI). 
On the other hand, when the computational results of the neat 
ligand compounds 3 and 4 are compared with those of the 
gold(I) complexes 7 and 8, it is observed that the gold complexes 
present lower chemical potential (��, higher electrophilicity (��� 
higher number of accepted electrons (	Nmax), much higher 
dipole moment and higher polarizability.
We must bear in mind that experimentally, these last 
compounds, gold(I) complexes 7 and 8, have an excellent 
inhibition of Top I (see Table S1). These factors could indicate a 
different behaviour of the two types of compounds with respect 
to their interaction with the target, the compounds presenting 
the ligand being more active.

Molecular Electrostatic Potential Surface (MEPS) analysis. The 
corresponding Molecular Electrostatic Potentials for 1,2,3,4-
tetrahydroquinolin-8-yl-diphenylphosphine sulphide derivatives 3 
and quinolin-8-yl-diphenylphosphine sulphide derivative 4 have 
been calculated (see Supporting Information, Figure S1), as well as, 
the corresponding MEPS of auranofin and gold complexes 7 and 8 
(see Supporting Information, Figure S2), using DFT42 with the 
standard basis set B3LYP / 6-311G (d, p) level of theory.
The calculations show that neat ligands, compounds 3 and 4, 
have the most negative local electrostatic potential close to the 
sulphur atom of the phosphine sulphide group. The positive 
local electrostatic potentials are located, in general, over the 
hydrogens of the aromatic substituents of the 
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tetrahydroquinolinic core. These compounds 3 and 4 are less 
cytotoxic than the corresponding compounds 7 and 8 having the 
Au-perfluorophenyl fragment (Table 2) and their TopI inhibition 
values are also lower than for compounds 7 and 8, with the Au-
perfluorophenyl fragment (Table S1).
On the other hand, these MEPS change significantly in the 
complexes having the Au-perfluorophenyl fragment 7 and 8 
(Figure S2 in ESI). In these cases, the positioning of local 
negative electrostatic potential has varied from place, being 
situated on the fluorine atoms of perfluorophenyl group. In 
addition, an extremely positive zone is observed over the 
aromatic substituents in the tetrahydroquinoline or quinoline 
core.
This suggests that the interactions with the target are different 
in each case and probably the presence of Au-perfluorophenyl 
fragment may favour the formation of the ligand ]��!%]"A� 
ternary complex or a change in the conformation of the protein, 
which prevents cleavage or religation. These computational 
results are in agreement with the experimental inhibition 
results, since, as previously indicated, 
-
 stacking interactions 
between heterocyclic compounds and TopI favour the inhibition 
of the enzyme.13a

Conclusions
In summary, new biologically active hybrid molecules as gold(I) 
complexes of triphenyphosphine sulphide 5, (2-
aminophenyl)diphenylphosphine sulphide 6, and 
tetrahydroquinolinylphosphine sulphides 7 and 
quinolinylphosphine sulphide 8 have been designed and 
synthesized.
It has been shown that the coordination of gold(I) with the 
sulphur atom of phosphine sulphides together with the 
presence of a nitrogen heterocycle, such as tetrahydroquinoline 
or quinoline, favor the inhibition of TopI. Based on the results 
of the relaxation assays, the tetrahydroquinolinylphosphine 
sulphide gold complexes 7 maintain the excellent inhibitory 
activity shown by the bare ligands 3 (without gold). Likewise, it 
should be noted that the quinolinylphosphine sulphide gold 
complex 8 showed excellent TopI inhibitory activity, improving 
the lack of activity shown by ligand 4. Furthermore, the 
inhibitory activity can be compared with that presented by the 
natural TopI inhibitor, CPT, being observed slightly better 
activity at short enzymatic reaction times and even higher 
inhibition response than CPT at longer reaction time.
Regarding the cytotoxicity of these new derivatives, all the 
gold(I) complexes 5, 6, 7 and 8 showed IC50 values in the 
nanomolar range against the A549 cancer line and IC50 values 
below 5 �M against the SKOV3 cell line. It should be noted that 
the cytotoxicities observed for gold complexes are higher than 
those observed for phosphine sulphide ligands before binding 
to gold. Furthermore, no toxicity was observed when the non-
cancerous lung fibroblast cell line (MRC5) was treated with the 
newly prepared phosphine sulphide gold(I) complexes.
Considering the previous literature, gold plays a fundamental 
role and from the cytotoxicity point of view, the results 
obtained with gold complexes are generally superior to the 

standards. However, it is possible that not only the TopI but also 
other biological targets may be involved in the activity of these 
gold complexes.

Experimental
All reactions were performed under air using dry glassware. If 
necessary, solvents were dried using a solvent purification 
system SPS PS-MD-5 or distilled from appropriate drying agents 
under nitrogen, prior to use. Reagents and solvents used were 
of commercially available reagent quality. The complex 
[Au(C6F5)(SMe2)]44 and the phosphine sulphide ligands18a,19a,33 
were prepared as reported in the literature. 1H, 19F and 31P{1H} 
NMR spectra were recorded at 298 K with a Varian Inova 500-
MR instrument (LTI, University of Valladolid). Chemical shifts (in 
� units, parts per million) were referenced to the residual 
solvent signal (1H), to CFCl3 (19F), and to 85% H3PO4 (31P{1H}). 
MALDI-TOF mass spectrometry was carried out using a Bruker 
Autoflex instrument (LTI, University of Valladolid). The 
elemental analyses were performed with a Carlo Erba 1108 
microanalyzer (Vigo University).

Experimental procedure for X-ray Crystallography. A crystal was 
attached to a glass fibre and transferred to an Agilent Supernova 
diffractometer with an Atlas CCD area detector (LTI, University of 
Valladolid). Data collection was performed with +�-5^ radiation (� 
= 0.71073 Å). Data integration, scaling and empirical absorption 
correction was carried out using the CrysAlisPro program package.45 
The crystals were kept at 293 K during data collection. Using Olex2,46 

the structure was solved with the olex2.solve47 and refined with 
Shelx program.48 The non-hydrogen atoms were refined 
anisotropically and hydrogen atoms were placed at idealized 
positions and refined using the riding model. Refinement proceeded 
smoothly to give the residuals shown in Table S3 (ESI, Supporting 
Information). CCDC 1995587, 1995588, 1995589 contains the 
supporting crystallographic data for this paper. These data can be 
obtained free of charge at 
www.ccdc.cam.ac.uk/conts/retrieving.html [or from the Cambridge 
Crystallographic Data Centre, 12, Union Road, Cambridge CB2 1EZ, 
UK; fax: (internat.) +44-1223/336-033; E-mail: 
deposit@ccdc.cam.ac.uk].
General procedure for the preparation of the gold(I) 
complexes using phosphine sulphides as ligands. A mixture of 
the corresponding phosphine sulphide ligand SPPh2R (1-4) and 
one equivalent of [Au(C6F5)(SMe2)] (42.6 mg, 0.1 mmol) in 
CH2Cl2 (15 mL) was stirred in a bottom flask at room 
temperature for 3 min. Then the mixture was concentrated 
under vacuum to dryness. The residue obtained was dissolved 
in the minimum amount of CH2Cl2 and the solution was again 
evaporated to dryness in order to remove all the SMe2. The solid 
obtained was recrystallized in CH2Cl2/n-hexane giving 
[Au(C6F5)(SPPh2R)] (5-8) as a microcrystalline white solid. 
Suitable single crystals of 5, 6 and 8 for X-ray Crystallography 
were obtained by slow diffusion of n-hexane into concentrated 
solutions of the compounds in dichloromethane at room 
temperature.
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Complex 5. Yield: 56.0 mg (85%). Analysis calculated for 
C24H15AuF5PS: C, 43.78; H, 2.30. Found: C, 44.21; H, 2.39. MS 
(MALDI-TOF): m/z calcd for C24H15AuF5NaPS [M+Na]+ : 
681.0110. Found: 681.0116. 1H NMR (499.70 MHz, CD2Cl2, 298 
K) � = 7.87 (m, 6 H, Ph), 7.71 (m, 3 H, Ph), 7.58 (m, 6 H, Ph). 19F 
NMR (470.17 MHz, CD2Cl2, 298 K) � = –116.70 (m, 2 F, Fortho), –
161.18 (t, 3JFF = 20.0 Hz, 1 F, Fpara), –163.76 (m, 2 F, Fmeta). 31P{1H} 
NMR (202.31 MHz, CD2Cl2, 298 K) � = 44.86 (s, 1 P).
Complex 6. Yield: 57.9 mg (86%). Analysis calculated for 
C24H16AuF5NPS: C, 42.81; H, 2.39; N, 2.08. Found: C, 43.00; H, 
2.36; N, 1.90. MS (MALDI-TOF): m/z calcd for C24H16AuF5NNaPS 
[M+Na]+: 696.0219. Found: 696.0221. 1H NMR (499.70 MHz, 
CD2Cl2, 298 K) � = 7.94 (m, 4 H, Ph), 7.72 (m, 2 H, Ph), 7.60 (m, 4 
H, Ph), 7.44 (m, 1 H, C6H4), 6.87–6.78 (m, 2 H, C6H4), 6.72 (m, 1 
H, C6H4), 4.91 (s, 2 H, NH2). 19F NMR (470.17 MHz, CD2Cl2, 298 K) 
� = –116.64 (m, 2 F, Fortho), –161.09 (t, 3JFF = 20.0 Hz, 1 F, Fpara), –
163.72 (m, 2 F, Fmeta). 31P{1H} NMR (202.31 MHz, CD2Cl2, 298 K) 
� = 40.63 (s, 1 P).
Complex 7a. Yield: 77.0 mg (89%). Analysis calculated for 
C43H30AuF5NPS: C, 56.40; H, 3.30; N, 1.53. Found: C, 56.76; H, 
3.56; N, 1.45. MS (MALDI-TOF): m/z calcd for C43H30AuF5NNaPS 
[M+Na]+: 938.1315. Found: 938.1313. 1H NMR (499.70 MHz, 
CD2Cl2, 298 K) � = 2.14 (ddd, 2JHH = 13.1 Hz, 3JHH = 12.6 Hz, 3JHH = 
11.4 Hz, 1 H, CH2), 2.34 (dm, 2JHH = 13.1 Hz, 1 H, CH2), 4.40 (dd, 

3JHH = 11.4 Hz, 3JHH = 3.0 Hz, 1 H, CH), 4.91 (dd, 3JHH = 12.6 Hz, 
3JHH = 4.7 Hz, 1 H, CH), 6.16 (s, 1 H, NH), 6.50 (td, 3JHH = 7.8 Hz, 
4JHP = 3.2 Hz, 1 H, C6H3), 6.68 (ddm, 3JHP = 16.1 Hz, 3JHH = 7.8 Hz, 
1 H, C6H3), 6.88 (d, 3JHH = 7.8 Hz, 1 H, C6H3), 7.08 (dd, 3JHH = 8.5 
Hz, 4JHH = 1.8 Hz, 1 H, Naph), 7.23-8.10 (21 H, 3 Ph + Naph). 19F 
NMR (470.17 MHz, CD2Cl2, 298 K) � = –116.43 (m, 2 F, Fortho), –
161.11 (t, 3JFF = 20.0 Hz, 1 F, Fpara), –163.72 (m, 2 F, Fmeta). 31P{1H} 
NMR (202.31 MHz, CD2Cl2, 298 K) � = 40.14 (s, 1 P).
Complex 7b. Yield: 81.4 mg (86%). Analysis calculated for 
C40H26AuF9NPS: C, 50.48; H, 2.75; N, 1.47. Found: C, 50.88; H, 
2.85; N, 1.41. MS (MALDI-TOF): m/z calcd for C40H26AuF9NNaPS 
[M+Na]+: 974.0938. Found: 974.0836. 1H NMR (499.70 MHz, 
CD2Cl2, 298 K) � = 1.97 (ddd, 2JHH = 12.9 Hz, 3JHH = 12.5 Hz, 3JHH = 
11.4 Hz, 1 H, CH2), 2.25 (dm, 2JHH = 12.9 Hz, 1 H, CH2), 4.36 (dd, 

3JHH = 12.5 Hz, 3JHH = 4.6 Hz, 1 H, CH), 4.82 (dd, 3JHH = 11.4 Hz, 
3JHH = 3.2 Hz, 1 H, CH), 6.06 (s, 1 H, NH), 6.53 (td, 3JHH = 7.8 Hz, 
4JHP = 3.2 Hz, 1 H, C6H3), 6.71 (dd, 3JHP = 16.2 Hz, 3JHH = 7.8 Hz, 1 
H, C6H3), 6.85 (d, 3JHH = 7.8 Hz, 1 H, C6H3), 6.95-8.10 (18 H, 2 Ph 
+ C6H4F + C6H4CF3). 19F NMR (470.17 MHz, CD2Cl2, 298 K) � = –
62.85 (s, 3 F, CF3) –116.35- –116.59 (m, 3 F, 2 Fortho + C6H4F), –
160.95 (t, 3JFF = 20.0 Hz, 1 F, Fpara), –163.64 (m, 2 F, Fmeta). 31P{1H} 
NMR (202.31 MHz, CD2Cl2, 298 K) � = 39.89 (s, 1 P).
Complex 8. Yield: 80.2 mg (88%). Analysis calculated for 
C43H26AuF5NPS: C, 56.65; H, 2.87; N, 1.54. Found: C, 57.19; H, 
3.03; N, 1.52. MS (MALDI-TOF): m/z calcd for C43H26AuF5NPS 
[M]+: 911.1104. Found: 911.1100. 1H NMR (499.70 MHz, CD2Cl2, 
298 K) � = 7.45 (dd, 3JHH = 8.6 Hz, 4JHH = 1.8 Hz, 1 H, Naph), 7.47-
7.79 (16 H, Ph + Naph + C6H3), 7.85 (m, 1 H, Naph), 8.00 (s br, 1 
H, Naph), 8.04 (s, 1 H, CH), 8.13 (dd, 3JHP = 14.3 Hz, 3JHH = 8.3 Hz, 
4 H, Hortho, PPh2), 8.31 (dm, 3JHH = 8.4 Hz, 1 H, C6H3), 8.64 (ddd, 
3JHP = 17.0 Hz, 3JHH = 7.2 Hz, 4JHH = 1.4 Hz, 1 H, C6H3). 19F NMR 
(470.17 MHz, CD2Cl2, 298 K) � = –116.45 (m, 2 F, Fortho), –161.62 

(t, 3JFF = 20.0 Hz, 1 F, Fpara), –163.96 (m, 2 F, Fmeta). 31P{1H} NMR 
(202.31 MHz, CD2Cl2, 298 K) � = 44.93 (s, 1 P).

Experimental procedure for biological experiments.
Materials. Reagents and solvents were used as purchased 
without further purification. Camptothecin was purchased from 
Sigma-Aldrich. All stock solutions of the investigated 
compounds were prepared by dissolving the powered materials 
in appropriate amounts of DMSO. The final concentration of 
DMSO never exceeded 5% (v/v) in reactions. Under these 
conditions, DMSO was also used in the controls and was not 
seen to affect TopI activity. The stock solution was stored at 5oC 
until it was used.
Expression and purification of Human Topoisomerase IB. The 
yeast Saccaromyces cerevisiae TopI null strain RS190, which was 
used for expression of recombinant human TopI was a kind gift 
from R. Sternglanz (State University of New York, Stony Brook, 
NY). Plasmid pHT143, for expression of recombinant TopI under 
the control of an inducible GAL promoter was described.49 The 
plasmids pHT143 were transformed into the yeast S.cerevisiae 
strain RS190. The proteins were expressed and purified by 
affinity chromatography essentially as described.50 The protein 
concentrations were estimated from Coomassie blue-stained 
SDS/polyacrylamide gels by comparison to serial dilutions of 
bovine serum albumin (BSA).
DNA relaxation assays. TopI activity was assayed using a DNA 
relaxation assay by incubating 110 ng/�L of TopI with 0.5 �g of 
negatively supercoiled pUC18 in 20 �l of reaction buffer (20 mM 
Tris–HCl, 0.1 mM Na2EDTA, 10 mM MgCl2, 50 �g/ml acetylated 
BSA and 150 mM KCl, pH 7.5). The effect of the synthesized 
compounds and gold complexes 5, 6, 7 and 8 derivatives on 
topoisomerase activity was measured by adding the 
compounds, at different time points as indicated in the text. The 
reactions were performed at 37°C, stopped by the addition of 
0.5% SDS after indicated time intervals. The samples were 
protease digested, electrophoresed in a horizontal 1% agarose 
gel in 1xTBE (50 mM Tris, 45 mM boric acid, 1 mM EDTA) at 26V 
during 20 hours. The gel was stained with gel red (BIOTIUM, 5 
b�)�
;  destained with water and photographed under UV 
illumination.
Since all drugs were dissolved in dimethyl sulphoxide (DMSO), a 
positive control sample containing the same DMSO 
concentration as the samples incubated with the drugs was 
included in all experiments. As a control for drug inhibition the 
well know TopI specific drug camptothecin was included.
Cytotoxicity assays. Cells were cultured according to the 
supplier´s instructions. Cells were seeded in 96-well plates at a 
density of 2-2.5 x 103 cells per well and incubated overnight in 
0.1 mL of media supplied with 10% Fetal Bovine Serum (Lonza) 
in 5% CO2 incubator at 37oC. On day 2, drugs were added and 
samples were incubated for 48 hours. After treatment, 10 µL of 
cell counting kit-8 was added into each well for additional 2 
hours incubation at 37oC. The absorbance of each well was 
determined by an Automatic Elisa Reader System at 450 nm 
wavelength. Camptothecin, purchased from Sigma-Aldrich, was 
used as positive control.
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Experimental procedure for computational methodology. 
Molecular modeling. All calculations included in this paper 
were carried out with Gaussian 16 program51 within the density 
functional theory (DFT) framework42 using the B3LYP,43 along 
with the standard 6-31G** basis set. All minima were fully 
characterized by harmonic frequency analysis.52 The solvent 
effect in DFT calculations was evaluated by means of the 
Polarizable Continuum Model (PCM)53 using water as solvent. 
The pKa values were studied to determine the dominant species 
(ionization states) at physiological pH (pH = 7.4) using Epik54 and 
these were the species used in each case. After a 
conformational search with MacroModel55 the most stable 
conformations were chosen and optimized at the B3LYP/6-
31G** + 	ZPVE level of theory and also were computed at the 
B3LYP(PCM)/6-31G** + ZPVE level using water as solvent. 
Among them, the most stable of each compound was chosen to 
calculate the molecular DFT-based parameters, molecular 
electrostatic potential energetics and docking studies. The 
obtained results for the molecular electrostatic potential 
surfaces were generated using GaussView Rev 5.0.9.56

Conflicts of interest
There are no conflicts to declare.

Acknowledgements
Financial support from the Ministerio de Ciencia, Innovación y 
Universidades (MCIU), Agencia Estatal de Investigación (AEI) y 
Fondo Europeo de Desarrollo Regional (FEDER; RTI2018-
101818-B-I00, UE), Ministerio de Economía y Empresa (MINECO, 
CTQ2017-89217P) and by Gobierno Vasco, Universidad del País 
Vasco (GV, IT 992-16; UPV) is gratefully acknowledged. 
Technical and human support provided by IZO-SGI, SGIker 
(UPV/EHU, MICINN, GV/EJ, ERDF and ESF) is gratefully 
acknowledged. 

Notes and references
1 R. Siegel, D. Naishadham, A. Jemal, Cancer J. Clin. 2013, 63, 

D%]DC&
2 a) S. Parveen, F. Arjmand, S. Tabassum, Eur J Med Chem 2019, 

175, 269-286; b) C. Hartinger, P. J. Dyson, Chem. Soc. Rev., 
2009, 38, 391-401.

3 S. A. Aldossary, Pharmacol. J., 2019, 12, 7-15.
4 a) T. C. Johnstone, K. Suntharalingam, S. J. Lippard, Chem. 

Rev., 2016, 116, 3436–3486; b) E. Alessio in Bioinorganic 
Medicinal Chemistry, Weinheim, Wiley-VCh, 2011; c) G. 
Jaouen, N. Metzler-Nolte in Medicinal organometallic 
chemistry. Topics in Organometallic Chemistry, Springer-
Verlag, 2010.

5 a) M. Florea, D. Büsselberg, Cancers, 2011, 3, %'=%]%'D%F b) 
L. Kelland, Nat. Rev. Cancer, 2007, 7, 573; c) D. Wang, S. J. 
Lippard, Nat. Rev. Drug Discov., 2005, 4, 307–320; d) L. R. 
Kelland, Drugs, 2000, 59, 1–8.

6 a) E. Cerrada, V. Fernández-Moreira, M. C. Gimeno, Adv. Org. 
Chem., 2019, 71, 227-258; b) M. Mora, M. C. Gimeno, R. 
Visbal, Chem. Soc. Rev., 2019, 48, 447-462; c) V. Fernández-
Moreira, R. P. Herrera, M. C. Gimeno, Pure Appl. Chem., 2018, 

91, 247–269; d) G. Faa, C. Gerosa, D. Fanni, J.I. Lachowicz, 
V.M. Nurch, Curr. Med. Chem., 2018, 25, 75-84.

7 a) B. Bertrand, A. Casini, Dalton Trans., 2014, 43, 4209–4219; 
b) A. Meyer, C. P. Bagowski, M. Kokoschka, M. Stefanopoulou, 
H. Alborzinia, S. Can, D. H. Vlecken, W. S. Sheldrick, S. Woelfl, 
I. Ott, Angew. Chem., Int. Ed., 2012, 51, 8895-8899; c) S. 
Nobili, E. Mini , I. Landini , C. Gabbiani , A. Casini, L. Messori, 
Med. Res. Rev., 2009, 30, 550–580; d) I. Ott, Coord. Chem. 
Rev., 2009, 253, 1670–1681.

8 a) K. Ok, W. Li, H. M. Neu, S. Batelu, T. L. Stemmler, M. A. Kane, 
S. L. J Michel, Chemistry - A European Journal, 2020, 26, 1535-
1547; b) C. F. Shaw Chem. Rev., 1999, 99, 2589-2600.

9 a) T. D. Epstein, B. Wu, K. D. Moulton, M. Yan, D. H. Dube, ACS 
Infectious Diseases, 2019, 5, 1682-1687; b) S. P. Pricker, Gold 
Bull., 1996, 29, 53–60; c) A. M. Elsome, J. M. Hamilton-Miller, 
W. Brumfitt, W. C. Noble, J. Antimicrob. Chemother., 1996, 37, 
911–918.

10 a) W. Fiskus, N; Saba, M; Shen, M. Ghias, J; Liu, S. D. Gupta, L. 
Chauhan, R. Rao, S. Gunewardena, K. Schorno, C. P. Austin, K. 
Maddocks, J. Byrd, A. Melnick, P. Huang, Ad. Wiestner, K. N. 
Bhalla, Cancer Res., 2014, 74, 2520–32.; b) Y. Wang, K. S. Hill, 
A. P. Fields, Mol. Cancer Res., 2013, 11, 1624–35; c) b) C.-M. 
Che, R. W.-Y. Sun, Chem. Commun., 2011, 47, 9554-9560; d) 
P. J. Sadler, R. E. Sue, Met.-Based Drugs, 1994, 1, 107-144.

11 E. V. Capparelli, R. Bricker-Ford, M. J. Rogers, J. H. McKerrow, 
S. L. Reed, Antimicrob. Agents Chemother., 2017, 61, e01947–
16.

12 a) M. B. Harbut, C. Vilcheze, X. Luo, M. E. Hensler, H. Guo, B. 
Yang, A. K. Chatterjee, V. Nizet, W. R., Jr.Jacobs, P. G. Schultz, 
F. Wang, Proc. Natl. Acad. Sci., 2015, 112, 4453-4458; b) M. I. 
Cassetta, T. Marzo, S.  Fallani, A. Novelli, L. Messori, 
BioMetals, 2014, 27, 787–791; c) Y. Hokai, B. Jurkowicz, J. 
Fernandez-Gallardo, N. Zakirkhodjaev, M. Sanau, T. R. Muth, 
M. Contel, J. Inorg. Biochem., 2014, 138, 81–88.

13 a) K. Gokduman, Curr. Drug Targets, 2016, 17, 1928-1939; b) 
Y. Pommier, C. Marchand, Nat. Rev. Drug Discov., 2012, 11, 
�=]'C and references therein cited. c) J. J. Champoux, Annu. 
Rev. Biochem., 2001, 70, 'C(]>%'&

14 Y. Pommier in Topoisomerases and cancer (Ed. Y. Pommier), 
Springer, New York, 2012.

15 D. C. Gilbert, A. J. Chalmers, S. F. El-Khamisy, Br. J. Cancer, 
2012, 106, 18–24.

16 S. Antony, M. Jayaraman, G. Laco, G. Kohlhagen, K. W. Kohn, 
M. Cushman, Y. Pommier, Cancer Res., 2003, 63, 7428–7435.

17 M. B. Andersen, C. Tesauro, M. Gonzalez, E. L.  Kristoffersen, 
C. Alonso, G. Rubiales, A. Coletta, R. Froehlich, M.  Stougaard, 
Y.-P. Ho, F. Palacios, B. R. Knudsen, Nanoscale, 2017, 9, 1886-
1895.

18 a) C. Alonso, M. Fuertes, E. Martin-Encinas, A. Selas, G. 
Rubiales, C. Tesauro, B. R. Knudssen, F. Palacios, Eur. J. Med. 
Chem., 2018, 149, 225–237; b) C. Alonso, M. Fuertes, M. 
Gonzalez, G. Rubiales, C. Tesauro, B. R. Knudsen, F. Palacios, 
Eur. J. Med. Chem., 2016, 115, 179-190.

19 a) A. Tejería, Y. Perez-Pertejo, R. M. Reguera, R. Carbajo-
Andres, R. Balaña-Fouce, C. Alonso, E. Martin-Encinas, A. 
Selas, G. Rubiales, F. Palacios, Eur. J. Med. Chem., 2019, 162, 
18–31; b) A. Tejeria, Y. Perez-Pertejo, R. M. Reguera, R. 
Balana-Fouce, C. Alonso, M. Gonzalez, G. Rubiales, F. Palacios, 
Eur. J. Med. Chem., 2018, 152, 137-147; c) A. Tejeria, Y. Perez-
Pertejo, R. M. Reguera, R. Balana-Fouce, C. Alonso, M. 
Fuertes, M. Gonzalez, G. Rubiales, F. Palacios, Eur. J. Med. 
Chem., 2016, 124, 740-749.

20 For recent contributions: a) R. Gupta, C. R. Felix, M. P. 
Akerman, K. J. Akerman, C. A. Slabb, W. Wang, J. Adams, L. N. 
Shaw, Y-C Tse-Dinh, O. Q. Munro, K. Rohde, Chemotherapy, 
2018, 62, e01696-17/1-e01696-17/17; b) K. J. Akerman, A. M. 
Fagenson, V. Cyril, M. Taylor, M. T. Muller, M. P. Akerman, O. 
Q. Munro, J. Am. Chem. Soc., 2014, 136, 5670-5682; c) R. W.-

Page 8 of 11Dalton Transactions

'
DO
WR
Q
7U
DQ
VD
FW
LR
QV

$
FF
HS
WH
G
0
DQ
XV
FU
LS
W

Pu
bl

is
he

d 
on

 2
0 

M
ay

 2
02

0.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

id
ad

 d
e 

V
al

la
do

lid
 B

ib
lio

te
ca

 o
n 

5/
20

/2
02

0 
11

:0
0:

13
 A

M
. 

View Article Online
DOI: 10.1039/D0DT01467B

https://doi.org/10.1039/d0dt01467b


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 9

Please do not adjust margins

Please do not adjust margins

Y. Sun, C. K.-L. Li, D.-L. Ma, J. J. Yan, C.-N. Lok, C.-H. Leung, N. 
Zhu, C.-M. Che, Chem. Eur. J., 2010, 16, 3097-3113, S3097/1-
S3097/30.

21 a) L. B. P. Samia, G. L. Parrilha, J. G. Da Silva, J. P. Ramos, E. M. 
Souza-Fagundes, S. Castelli, V. Vutey, A. Desideri, H. Beraldo, 
BioMetals, 2016, 29, 515-526; b) C. R. Wilson, A. M. Fagenson, 
W. Ruangpradit, M. T. Muller, O. Munro, Inorg. Chem., 2013, 
52, 7889-7906; c) Z.-F. Chen, Y.-F Shi, Y.-C. Liu, X. Hong, B. 
Geng, Y. Peng, H. Liang, Inorg. Chem., 2012, 51, 1998-2009; d) 
J. J. Yan, A. L.-F. Chow, C.-H. Leung, R. W.-Y. Sun, D.-L. Ma, C.-
M. Che, Chem. Commun., 2010, 46, 3893-5.

22 S. A. Pérez, C. de Haro, C. Vicente, A. Donaire, A. Zamora, J. 
Zajac, H. Kostrhunova, V. Brabec, D. Bautista, J. Ruiz, ACS 
Chem. Biol., 2017, 12, %=�>]%='D&

23 E. Jortzik, M. Farhadi, R. Ahmadi, K. Toth, J. Lohr, B. M. 
Helmke, S. Kehr, A. Unterberg, I. Ott, R. Gust, V. Deborde, E. 
Davioud-Charvet, R. Reau, K. Becker, C. Herold-Mende, 
Biochimica et Biophysica Acta, Proteins and Proteomics, 2014, 
1844, 1415-1426.

24 a) N. S. Jamaludin, Z.-J. Goh, Y. K. Cheah, K.-Pi. Ang, J. H.  Sim, 
C. H. Khoo, Z. A. Fairuz, A. H. Binti, N. Siti, S. W. Ng, H.-L. Seng, 
E. R. Tiekink Eur. J. Med. Chem., 2013, 67, 127-14; b) C I Yeo, 
K K. Ooi, A. M. Akim, K. P. Ang, F. Z. Abidin, H. Abdul, N. B. Siti, 
Se. W. Ng, H.-L. Seng, E. R. T. Tiekink, J. Inorg. Biochemi., 2013, 
127, 24-38.

25 a) G. Berube, Expert Opin. Drug Discov., 2016, 11, 281-305; b) 
S. Fortin, G. Berube, Expert Opin. Drug Discov., 2013, 8, 1029-
1047; c) L. K. Gediya, V. C. O. Njar, Expert Opin. Drug Discov., 
2009, 4, 1099-1111.

26 a) C. Viegas-Junior, A. Danuello, V. da Silva Bolzani, E. J. 
Barreiro, C. A. M. Fraga, Curr. Med. Chem., 2007, 14, 1829-
1852; b) B. Meunier, Acc. Chem. Res., 2007, 41, 69-77.

27 a) V. Carraminana; A. M. Ochoa de Retana; J. M. de los Santos; 
F. Palacios, Eur. J. Med. Chem., 2020, 185, 000; b) E. Martin-
Encinas; G. Rubiales; B. K. Knudsen; F. Palacios; C. Alonso, Eur. 
J. Med. Chem., 2019, 178, 752-766; c) V. Carraminana; A. M. 
Ochoa de Retana; A. Velez del Burgo; J. M. de los Santos; F. 
Palacios, Eur. J. Med. Chem., 2019, 163, 736-746; d) A. 
Maestro, E. Martin-Encinas, C. Alonso, E. Martinez de 
Marigorta, G. Rubiales, J.  Vicario, F. Palacios, Eur. J. Med. 
Chem., 2018, 158, 874-883.

28 S. M. Shaveta, S. Palvinder, Eur. J. Med. Chem., 2016, 124, 500- 
536.

29 a) K. Nepali, S. Sharma, M. Sharma, P. M. S. Bedi, K. L. Dhar, 
Eur. J. Med. Chem., 2014, 77, 422-487; b) M. Decker, Curr. 
Med. Chem., 2011, 18, 1464-1475.

30 M. Porchia, M. Pellei, M. Marinelli, F. Tisato, F. Del Bello, C. 
Santini, Eur. J. Med. Chem., 2018, 146, 709-746.

31 a) A. T. Breshears, A. C. Behrle, C. L. Barnes, C. H. Laber, G. A. 
Baker, J. R. Walensky, Polyhedron, 2015, 100, 333-343; b) G. 
Bauer, C. Englert, M. Nieger, D. Gudat, Inorg. Chim. Acta, 
2011, 374, 240-246; c) B. A. Al-Maythalony, M. I. M. Wazeer, 
A. A. Isab, J. Coord.Chem., 2010, 63, 3824-3832; d) B. Alvarez, 
E. J. Fernandez, M. C. Gimeno, P. G. Jones, A. Laguna, J. M. 
Lopez-De-Luzuriaga, Polyhedron, 1998, 17, 2029-2035; e) M. 
Preisenberger, A. Bauer, H. Schmidbaur, Chem. Ber. / Recueil, 
1997, 130, 955-958; f) O. Crespo, M. C. Gimeno, P. G. Jones, 
A. Laguna, Inorg. Chem., 1994, 33, 6128-31; g) M. G. King, G. 
P. McQuillan, J. Chem. Soc. [Section] A, 1967, 898-901; h) R. A. 
Potts, A. L. Allred, J. Inorg. Nuclear Chem., 1966, 28, 1479-80; 
i) I. M. Keen, J. Chem. Soc., 1965, 5751-5752.

32 a) T. S. Reddy, D. Pooja, S. H. Priver, R. B. Luwor, N. Mirzadeh, 
S. Ramesan, S. Ramakrishna, S. Karri, M. Kuncha, S. K. 
Bhargava, Chem. Eur. J., 2019, 25, 14089-14100; b) K. J. Kilpin, 
W. Henderson, B. K. Nicholson, Dalton Trans., 2010, 39, 1855-
1864.

33 C. Alonso, E. Martín-Encinas, G. Rubiales, F. Palacios, Eur. J. 
Org Chem., 2017, 2916-2924.

34 R. Uson, A. Laguna, M. Laguna, M. N. Fraile, I. Lazaro, M. C. 
Gimeno, P. G. Jones, C. Reihs, G. M. Sheldrick, J. Chem. Soc., 
Dalton Trans., 1990, 333–338.

35 a) J. Coetzee, W. F. Gabrielli, K. Coetzee, O. Schuster, S. D. 
Nogai, S. Cronje, H. G. Raubenheimer, Angew. Chem., Int. Ed., 
2007, 46, 2497–2500; b) O. Crespo, E. J. Fernandez, P. G. 
Jones, A. Laguna, J. M. Lopez-de-Luzuriaga, M. Monge, M. E. 
Olmos, J. Perez, Dalton Trans., 2003, 1076–1082; c) S. Cronje, 
H. G. Raubenheimer, H. S. C. Spies, C. Esterhuysen, H. 
Schmidbaur, A. Schier, G. J. Kruger, Dalton Trans., 2003, 2859–
2866.

36 a) P. G. Jones, E. J. Bembenek, J. Crystallogr. Spectrosc. Res., 
1992, 22, 397–401; b) M. S. Hussain, A. A. Isab, A. Sabed, A. R. 
Z. AlArfaj, Kristallogr.-New Cryst. Struct., 2001, 216, 629–630.

37 a) A. Johnson, I. Marzo, M. C. Gimeno, Chem. Eur. J. 2018, 24, 
11693–11702. b) M. C. Gimeno, H. Goitia, A. Laguna, M. E. 
Luque, M. D. Villacampa, C. Sepúlveda, M. Meireles, J. Inorg. 
Biochem. 2011, 105, 1373–1382.

38 Fluorine substituents are important fragments of commercial 
drugs C. Alonso, E. Martinez de Marigorta, G. Rubiales, F. 
Palacios, Chem. Rev., 2015, 115, 1847–1935.

39 M. Fereidoonnezhad, H. Ahmadi Mirsadeghi, S. Abedanzadeh, 
A. Yazdani, A. Alamdarlou, M. Babaghasabha, Z. Almansaf, Z. 
Faghih, Z. McConnell, H. R. Shahsavari, New J. Chem., 2019, 
43, 13173–13182.

40 Y. Pommier, Chem. Rev., 2009, 109, 2894–2902.
41 M. A. Bhat, S. H. Lone, M. A. Mir, S. A. Majid, H. M. Bhat, R. J. 

Butcher, S. K. Srivastava, J. Mol. Struct., 2018, 1164, 516–524 
(and references therein cited).

42 a) R. G. Parr, W. Yang in Density-functional Theory of Atoms 
and Molecules (Eds: R. Breslow, J. B. Goodenough, J. Halpern, 
J. S. Rowlinson), Oxford University Press, Oxford, 1989; b) T. 
Ziegler, Chem. Rev., 1991, 91, 651–667.

43 a) W. Kohn, A. D. Becke, R. G. Parr, J. Phys. Chem., 1996, 100, 
12974-12980; b) A. D. Becke, J. Chem. Phys., 1993, 98, 5648-
5652; c) A. D. Becke, Phys. Rev., 1998, 38, 3098–3100.

44 This compound was prepared using the same procedure 
described for [Au(C6F5)(tht)] (tht = tetrahydrothiophene): R. 
Usón, A. Laguna, M. Laguna, Inorg. Synth., 1989, 26, 86–87.

45 CrysAlisPro Software system, version 1.171.33.51, 2009, 
Oxford Diffraction Ltd, Oxford, UK.

46 O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard, H. 
Puschmann, J. Appl. Cryst., 2009, 42, 339–341.

47 L. J. Bourhis, O. V. Dolomanov, R. J. Gildea, J. A. K. Howard, H. 
Puschmann, Acta Cryst., 2015, A71, 59–75.

48 G. M. Sheldrick, Acta Cryst., 2015, C71, 3–8.
49 M. Lisby, B. O. Krogh, F. Boege, O. Westergaard, B.R. Knudsen, 

Biochemistry, 1998, 37, 10815–10827.
50 B. R. Knudsen, T. Straub, F. Boege, J. Chromatogr. B: Biomed. 

Appl., 1996, 684, 307–321.
51 Gaussian 16, Revision A.03, M. J. Frisch, G. W. Trucks, H. B. 

Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G. 
Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M. 
Caricato, A. V. Marenich, J. Bloino, B. G. Janesko, R. Gomperts, 
B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov, J. L. 
Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F. Egidi, 
J. Goings, B. Peng, A. Petrone, T. Henderson, D. Ranasinghe, 
V. G. Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada, 
M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. 
Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, K. Throssell, 
J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. J. Bearpark, 
J. J. Heyd, E. N. Brothers, K. N. Kudin, V. N. Staroverov, T. A. 
Keith, R. Kobayashi, J. Normand, K. Raghavachari, A. P. 
Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, J. M. 
Millam, M. Klene, C. Adamo, R. Cammi, J. W. Ochterski, R. L. 
Martin, K. Morokuma, O. Farkas, J. B. Foresman, and D. J. Fox, 
Gaussian, Inc., Wallingford CT, 2016.

Page 9 of 11 Dalton Transactions

'
DO
WR
Q
7U
DQ
VD
FW
LR
QV

$
FF
HS
WH
G
0
DQ
XV
FU
LS
W

Pu
bl

is
he

d 
on

 2
0 

M
ay

 2
02

0.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

id
ad

 d
e 

V
al

la
do

lid
 B

ib
lio

te
ca

 o
n 

5/
20

/2
02

0 
11

:0
0:

13
 A

M
. 

View Article Online
DOI: 10.1039/D0DT01467B

https://doi.org/10.1039/d0dt01467b


ARTICLE Journal Name

10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

52 J. W. Mciver Jr, A. J. Komornicki, J. Am. Chem. Soc., 1972, 94, 
2625–2633.

53 a) S. Miertus, E. Scrocco, J. J. Tomasi, Chem. Phys., 1981, 55, 
117–129; b) B. Mennucci, J. J. Tomasi, Chem. Phys., 1997, 106, 
5151–5158; c) R. Cammi, B. Mennucci, J. J. Tomasi, Phys. 
Chem. A, 2000, 104, 5631–5637; d) For an entry to the 
Polarized Continuum Model (PCM, solvent effects), see: J. 
Tomasi, B. Mennucci, R. Cammi, Chem. Rev., 2005, 105, 2999–
3094.

54 Schrödinger Release 2015-1: Epik, version 3.1, Schrödinger, 
L.L.C.: New York, 2015.

55 Macro Model, Schrödinger, LLC, New York, NY 2018.
56 GaussView, Rev 5.0.9: R. Dennington, Todd A. Keith, and John 

M. Millam, Semichem Inc., Shawnee Mission, KS, 2016.

Page 10 of 11Dalton Transactions

'
DO
WR
Q
7U
DQ
VD
FW
LR
QV

$
FF
HS
WH
G
0
DQ
XV
FU
LS
W

Pu
bl

is
he

d 
on

 2
0 

M
ay

 2
02

0.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

id
ad

 d
e 

V
al

la
do

lid
 B

ib
lio

te
ca

 o
n 

5/
20

/2
02

0 
11

:0
0:

13
 A

M
. 

View Article Online
DOI: 10.1039/D0DT01467B

https://doi.org/10.1039/d0dt01467b


S1

Table of Contents

Novel Phosphine Sulphide Gold(I) Complexes: Topoisomerase I Inhibitors and 
Antiproliferative Agents.
Endika Martín-Encinas,a, d Verónica Conejo-Rodríguez,b, d Jesús A. Miguel,b Jesús M. Martínez-Ilarduya,b Gloria 
Rubiales,a Birgitta R. Knudsen,c Francisco Palaciosa and Concepción Alonsoa,* 

A549
SKOV3

Top1

CYTOTOXICITY

INHIBITION

Gold(I) complex

Text for Table of Contents:

Gold(I) increases the cytotoxicity of phosphine sulfide quinolines against cancer cell lines while heterocycle maintains the TopI 
inhibitory activity.

Page 11 of 11 Dalton Transactions

'
DO
WR
Q
7U
DQ
VD
FW
LR
QV

$
FF
HS
WH
G
0
DQ
XV
FU
LS
W

Pu
bl

is
he

d 
on

 2
0 

M
ay

 2
02

0.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

id
ad

 d
e 

V
al

la
do

lid
 B

ib
lio

te
ca

 o
n 

5/
20

/2
02

0 
11

:0
0:

13
 A

M
. 

View Article Online
DOI: 10.1039/D0DT01467B

https://doi.org/10.1039/d0dt01467b

