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a b s t r a c t 

A series of salt complexes of the type [RuCl( η6 -arene)( κ2 -dppm)] + [AgCl(hfac)(PMe 3 )] 
−(arene = benzene 

( 1a ) or p -cymene ( 1b ), hfac = hexafluoroacetylacetato, dppm = 1,1-bis(diphenylphosphino)methane) have 

been prepared in a facile route by reaction of [RuCl 2 ( η
6 -arene)( κ1 -dppm)] with [Ag(hfac)(PMe 3 )]. The 

iron complex: [CpFe(CO)( κ2 -dppm)] + [AgI(hfac)(PMe 3 )] 
− ( 4 ) (Cp = η5 -C 5 H 5 ) was also isolated in an anal- 

ogous fashion by reacting the known complex [CpFeI(CO)( κ1 -dppm)] with [Ag(hfac)(PMe 3 )]. The com- 

plexes were fully characterised by spectroscopic means including multinuclear NMR spectroscopy, IR, 

ESI-MS and UV-Vis. In all cases broad signals are observed in the 31 P{ 1 H} NMR spectra corresponding 

to the P atom in the anion [AgX(hfac)(PMe 3 )] 
− (X = Cl or I) which suggests fluxional behaviour. Confirm- 

ing this picture, the single crystal X-ray diffraction analysis of [CpFe(CO)( κ2 -dppm)] + [hfac] − ( 4-D ) is pre- 

sented, obtained as a decomposition product of compound 4 corresponding with the loss of “AgI(PMe 3 )”. 

The nature of the elusive anion [AgX(hfac)(PMe 3 )] 
− was investigated by DFT methods (BP86 functional, 

the ma-def2-SVP basis set for all atoms) showing a weak interaction between the oxygen atoms of the 

hfac − moiety and the Ag centre. Calculated IR spectra were compared to those obtained experimentally 

and show an excellent agreement, confirming this picture. The in vitro cytotoxicity on two breast cancer 

cell-lines (MCF-7 and MDA-MB-231) of all compounds is reported and compared to cisplatin as positive 

control. The tetrafluoroborate complexes: type [RuCl( η6 -arene)( κ2 -dppm)] + BF 4 
− (arene = benzene ( 2a ) 

or p-cymene ( 2b )) were also prepared and tested in order to elucidate the effect of the silver anion on 

cytotoxicity and selectivity in 1a and 1b . Moreover, the complex [CpFe(CO)( κ2 -dppm)] + BF 4 
− ( 3 ) was also 

prepared for comparison to 4 , bearing the silver anion. In general, all complexes exhibit remarkable cyto- 

toxicity and selectivity profiles on both cell-lines, and out-perform cisplatin. The presence of silver in the 

anion (in compounds 1a, 1b and 4 ) on average enhance their cytotoxicity compared to their correspond- 

ing BF 4 analogues. The most active and selective in the entire series is compound 4 , which demonstrates 

that these compounds represent high potential in anticancer applications. Moreover, compounds 4 and 1a 

inhibited the long-term survival and migration of oestrogen receptor positive (MCF-7) and triple negative 

(MDA-MB-231) breast cancer cell lines tested respectively. Additionally, compounds 4 and 1a induced 

morphological and molecular characteristics of apoptosis in MCF-7 and MDA-MB-231 breast cancer cells 

respectively. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

Metal-based drugs are fundamental in treatment protocols for 

arious types of cancer [ 1 a,b]. The highly selective platinum- 

ased drugs, in particular the seminal drug cisplatin [ 2 a,b]: cis - 

PtCl 2 (NH 3 ) 2 ] ( Fig. 1 a) have made a remarkable impact in cancer

herapy. Platinum based drugs are known for targeting the DNA of 

umour cells, preventing cell replication and tumour development 

 1 b]. Currently, several other platinum based agents are also effec- 
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Fig. 1. cisplatin (a) carboplatin (b) oxaliplatin (c). 
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ively being used, such as carboplatin [ 3 c-d] or oxaliplatin [ 4 a-c]

 Fig. 1 b, and c), which show lower toxic side effects than cis- 

latin [ 4 c, 5 a,b]. Unfortunately, the use of platinum has severe 

rawbacks in terms of toxicity, side effects and chemoresistance 

 6 a,b]. This has precipitated interest in the development of new 

lternative cancer agents bearing other transition metals as active 

entres. 

Transition metals such as titanium [ 7 a,b], iron [ 8 a-c], ruthe- 

ium [ 9 a-d], silver [ 10 a-f] are known for their rich coordination

hemistry, which offers opportunities to synthesize compounds, 

hich may exhibit anticancer activity. Iron has been researched 

horoughly because of its high abundance, low cost, and utmost 

mportance in several proteins and enzymes and metabolic pro- 

esses [ 8 c]. Due to biocompatibility, iron represents an element 

hich is ideal in anticancer metallodrugs. Since the discovery of 

he chemotherapeutic properties of ferrocenium salts in 1984 [ 8 a], 

any developments in iron based cytotoxic agents have been ac- 

omplished [ 8 b-d]. Reports on piano stool complexes bearing η5 - 

 5 H 5 ligands (Cp), as the ones shown in Fig. 2 have also appeared;

or example, cationic Fe-Cp species with different phosphane co- 

igands have proven to be highly cytotoxic, causing cell death by 

poptosis in human cancer cells [ 8 d]. 

Another metal that has gained considerable interest in re- 

ent years is ruthenium. The Ru-based metallodrugs KP1019 [ 9 c] 

nd NAMI-A [ 9 a] ( Fig. 3 ), have been shown to be promis-

ng agents. Encouraging research has also been reported on 

rganometallic Ru-arene complexes containing phosphane lig- 

nds. Examples of these complexes that underwent in vivo 

nd in vitro testing are RAPTA-B [ 9 b] [Ru( η6 -C 6 H 6 )(pta)Cl 2 ] and

APTA-C [ 9 b,e] [Ru( η6 - p -cymene)(pta)Cl 2 ] (pta = 1,3,5-triaza-7- 

hosphaadamantane) ( Fig. 3 ). The results show that these com- 

lexes reduce the growth of lung metastases in CBA (inbred strain) 

ice [ 9 b], as well as inhibiting the growth of tumours in human

varian and colorectal carcinomas transplanted onto chickens [ 9 e]. 

dditionally, the results indicate that ruthenium is rapidly removed 

rom organs and the bloodstream [ 9 b,e]. However, much is still un- 

nown in terms of the mechanism of action of ruthenium based 

rugs [ 9 b,d]. 

A further novel and promising strategy in the synthesis of metal 

omplexes as chemotherapeutic agents, is the incorporation of sil- 

er. Specifically, silver phosphane complexes were reported to be 

ytotoxic against certain types of cancer [ 10 a-f]. A broad range of 

ifferent silver phosphane complexes have been studied ( Fig. 4 ) 

n order to evaluate their anticancer activity towards a malignant 

NO (South African esophageal carcinoma) cell line. The outcome 

as compelling since the majority of the tested complexes were 

ound to be highly toxic towards the cancer cells and significantly 

ess toxic towards healthy cells [ 10 e]. This research among others 

pened the way to create many new potential anticancer agents 

ontaining silver. In fact, even more recent studies have shown that 

ilver(I) thiocyanate monophosphane complexes are selective to- 

ards apoptosis of breast cancer cells [ 10 c] and esophageal cancer 

ell lines [ 10 b]. This led to the discovery of the so called “silver

ullet” in patented work by Engelbrecht et al. in 2018 [ 10 f]. They 

ave shown that a silver(I) thiocyanate 4-methoxyphenyl phos- 
2 
hine complex, effectively induces cell death in esophageal cancer 

ells, but displays low cytotoxicity towards healthy skin and kidney 

ell lines [ 10 f]. 

The incorporation of several metal atoms into a well-defined 

olecular structure, has also gained considerable attention. 

imetallic or even multimetallic anticancer drugs have been ex- 

lored, in order to exploit the cytotoxic properties of each metal 

nd overcome resistance with a view of potential synergic effects. 

xamples of such bimetallic systems are shown in Fig. 5 . Massai 

t al. [11] have reported the seminal synthesis of ruthenium(II)- 

old(II) complexes and tested these for cytotoxic activity ( Fig. 5 a). 

he results indicated more favourable properties in terms of both 

electivity and anticancer activity. This strongly supports the idea 

hat heterometallic systems may represent improved chemothera- 

eutic agents, compared to their mononuclear systems [11] . An- 

ther notable example is the work by Wenzel et al. [12] , in which

eterodinuclear Pt-Ag complexes were tested and compared to 

heir mononuclear Au(I) counterparts. The results were optimistic 

ince some of the compounds were able to overcome possible 

hemoresistance and showed anticancer properties. However, it 

as found that the cytotoxicity for the bimetallic derivatives has 

ot been improved drastically in comparison to their mononuclear 

omplexes, hence more research is needed [12] . 

Due to the promising cytotoxicity of ruthenium arene com- 

lexes and the growing success of bimetallic systems, we recently 

eported the synthesis of novel Ru,Ru homobimetallic ( Fig. 6 ) and 

e,Ru heterobimetallic systems as potential anticancer agents [13] . 

oth Ru,Ru and Fe,Ru complexes were tested on A2780, A2780cisR 

nd HEK293 cell lines and it was shown that the Fe,Ru systems 

utperform cisplatin, and show a moderate degree of cancer-cell 

electivity, while the dinuclear Ru systems performed less well 

cross all cell-lines. The potential of incorporation of Fe into the 

olecular architecture of the complexes was hence uncovered. 

As part of our ongoing research programme into the develop- 

ent of heterobimetallic systems that may exhibit enhanced cy- 

otoxic profiles, we concentrated on the preparation of Ru,Ag and 

e,Ag complexes, reasoning that combining these two elements 

nto one molecule may enhance cytotoxic activity (see above). 

In this report, the novel salt complexes: [RuCl( η6 -arene)( κ2 - 

ppm)] + [AgCl(hfac)PMe 3 ] 
− (arene = C 6 H 6 ( 1a ) and arene = 

 -cymene ( 1b ), dppm = 1,1-bis(diphenylphosphino)methane) 

s well as a related iron complex [Fe(CO)( η5 -C 5 H 5 )( κ
2 - 

ppm)] + [AgI(hfac)PMe 3 ] 
− ( 4 ) have been prepared and fully 

haracterised by spectroscopic methods and subjected to in vitro 

ytotoxicity studies on the breast cancer cell-lines MCF-7 and 

DA-MB-231, showing remarkable cytotoxicity and selectivity 

rofiles. These are compared with the corresponding BF 4 
− salts 

o delineate the effect of the silver anions on cytotoxicity. In all 

ases, the complexes exhibit increased cytotoxicity and selectivity 

ompared to cisplatin. Other biological studies (clonogenic assays, 

cratch mobility studies, apoptosis studies) are also reported here 

hich highlight these complexes show particular promise as 

otential anti-cancer agents. 

. Results and Discussion 

The reaction between the known complex [RuCl 2 ( η
6 -arene)( κ1 - 

ppm)] [13] (arene = benzene and p -cymene) and [Ag(hfac)PMe 3 ] 

esulted in the formation of an ionic species ( 1a and 1b ) 

 Scheme 1 ). It was expected the PMe 3 ligand would be liberated 

ia a nucleophilic attack of the pendant P atom of the dppm 

t the silver centre, forming the neutral heterobimetallic com- 

lex [RuCl 2 ( η
6 -arene)(μ-dppm)Ag(hfac)]. However, halide abstrac- 

ion from the Ru centre and the formation of salt compounds: 

RuCl( η6 -arene)( κ2 -dppm)] + [AgCl(hfac)(PMe 3 )] 
− ( 1a : arene = ben- 

ene, 1b : arene = p -cymene) proceeded instead ( Scheme 1 ). From
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Fig. 2. Iron-Cp complexes [ 8 d] tested for cytotoxic activity. 

Fig. 3. A selection of metallodrugs based on ruthenium. 

Fig. 4. Different silver phosphane complexes tested for cytotoxic activity [ 10 e]. 

Fig. 5. Multiple examples of heterobimetallic systems (a) Ru-Au [11] , (B) Pt-Au [12] 
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he heteronuclear NMR spectra, it became evident that the cation 

s [RuCl( η6 -arene)( κ2 -dppm)] + , in which the dppm is connected 

n a bidentate fashion to the ruthenium centre. The 31 P { 1 H} NMR 

pectrum of 1a shows a sharp singlet at δ = 2.46 confirming equiv- 

lence of the coordinated P atoms. A broad signal at δ = -36.7 cor- 

esponds to the PMe 3 attached to the silver complex anion and the 

roadness of the signal suggests a dynamic process in solution, in- 

olving the PMe 3 -group. The obtained 

1 H NMR spectrum of 1b is 

onsistent with literature data [ 14 b,c] of the cation in [RuCl( η6 - p -

ymene)( κ2 -dppm)]BF ( 2b ). As with 1a its 31 P NMR spectra also 
4 

3 
eveal two signals, the high-field shifted signal being broadened 

y a dynamic process, and a sharp low-field signal corresponding 

o the Ru cation. The two analogues 2a and 2b , with BF 4 
− as the

nion, were also synthesised as a reference to test the effect of 

he different anion in terms of cytotoxicity. Numerous attempts at 

rowing crystals of 1a and 1b were unsuccessful and typically re- 

ulted in decomposition over several weeks and concomitant de- 

osition to a white/grey precipitate. 

Additionally, the ESI( + ) of 1a and 1b confirmed the presence of 

he chelated ruthenium cation, in accord with the NMR data, and 
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Fig. 6. Homobimetallic Ru-Ru and Heterobimetallic Fe-Ru systems previously re- 

ported. 
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howed the cation as the base peak (100 % abundance) with very 

ittle other fragmentation visible in the spectrum (see SI). However 

n both 1a and 1b , the ESI(-) exhibited a high intensity signal cor- 

esponding to the hfac -backbone: hfac −, and no signal correspond- 

ng to [AgCl(hfac)(PMe 3 )] 
− was detected, even at very low inten- 

ity. This may suggest that the “AgCl(PMe 3 )” moiety is only weakly 

ound to the hfac − and undergoes fragmentation in the mass spec- 

rometer, even utilising a soft ionization technique (ESI). In fact, 

he exact nature of the anion is a weakly bound adduct between 

gCl(PMe 3 ) and the negatively charged hfac: [AgCl(PMe 3 ) ·hfac] −as 

lucidated by detailed DFT investigations (see below). 

Broadening the scope of this reaction and exploring its gen- 

rality, we attempted the analogous reaction of the iron pre- 

ursor: [CpFeI(CO)( κ1 -dppm)] with [Ag(hfac)(PMe 3 )]. Strikingly, 

he reaction proceeds in the same fashion ( Scheme 2 ) and re- 
cheme 1. Reaction scheme for the formation of 1a,b and 2a,b . We represent the anion as

see below). 

Scheme 2. Reaction scheme of the form

4 
ulted in the isolation of the salt complex: [CpFe(CO)( κ2 -dppm)] + 

AgI(hfac)(PMe 3 )] 
− ( 4 ) in good yields as a brown solid as a hex-

ne solvate. The NMR spectra are akin to that of 1a and 1b where 

or example in the 31 P{ 1 H} NMR spectrum two sets of resonance 

ignals are observed, corresponding to the cation (sharp singlet) 

hich is low-field shifted and the anion (broad), high field shifted 

o negative ppm values. For comparison in our biological stud- 

es, the related and known complex [CpFe(CO)( κ2 -dppm)] + [BF 4 ] ( 3 ) 

as also prepared [ 14 d]. Schumann isolated complex 3 in 1987 us- 

ng a photolytic route starting from a [CpFe(CO) 2 ( κ
1 -dppm)] + BF 4 

−

hich undergoes decarbonylation under UV light affording 3 . We 

ound it convenient to use [CpFeI(CO)( κ1 -dppm)] as a precursor 

hich cleanly affords 3 when reacted with NH 4 BF 4 or NaBH 4 (see 

I) as an alternative synthetic route. 

Attempts at growing crystals suitable for single crystal X-ray 

iffraction analysis of compound 4 were exhaustively undertaken, 

nd as with 1a and 1b usually resulted, after time periods > 1 

eek in the deposit of grey/white material and other intractable 

olids. On one occasion, we noticed the formation of bright yel- 

ow needles, which were suitable for single crystal X-ray diffraction 

nalysis, but did not correspond to 4 , rather a decomposition prod- 

ct: [CpFe(CO)( κ2 -dppm)] + [hfac] − ( 4-D ) ( Fig. 7 ), which forms from 

 via formal loss of “AgI(PMe) 3 ”. This further underlines the weak 

onding interaction between the hfac − moiety and the AgI(PMe) 3 , 

nd the anion has a high propensity to lose the Ag containing frag- 

ent. 

To further elucidate the nature of the elusive anion in 1a, 1b , 

nd 4 , density functional theory (DFT) calculations were carried 

ut. First, the geometry of the [AgCl(hfac)(PMe )] − was optimised 
 having a bonding interaction between Ag and O, but this is only a weak interaction 

ation of ionic complexes 3 and 4 . 
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Fig. 7. ORTEP view of 4-D (cation and anion depicted) clearly showing loss of the 

“AgI(PMe 3 ) 
” moiety from the parent compound 4 . H atoms are omitted for clarity 

and thermal ellipsoids are at the 30 % level. Bond lengths and angles are available 

in the supporting information. 

Fig. 8. DFT optimised structure of [AgCl(hfac)(PMe 3 )] 
− anion. The Cl-Ag-P bond an- 

gle is 168.4 o . 
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Table 1 

Experimental vs. calculated IR vibrational frequencies (in cm 

−1 ) 

of C-O in studied complexes. A trend from strongest C-O bond 

strength in hfac − to weakest in the complex [Ag(hfac)PMe 3 ] is 

clearly seen. The anion [AgCl(hfac)(PMe 3 )] 
− falls in between these 

two extremes. 

Complex hfac − [AgCl(hfac)(PMe 3 )] 
− [Ag(hfac)PMe 3 ] 

νexp 
sym ( CO ) - 1668 (in 1a ) 

1669 (in 1b ) 

1648 

νcalc 
sym ( CO ) 1685 1674 1648 

Fig. 9. Computed HOMO (left) and LUMO (right) in [AgCl(hfac)(PMe 3 )] 
− . Or- 

ange = phosphorus, blue = silver, grey = oxygen, white = hydrogen, green = chlo- 

rine, light blue = fluorine, grey = carbon. 
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see computational details) starting from different starting geome- 

ries: tetrahedral and square-planar. The structure with the lowest 

nergy found is presented in Fig. 8 . 

The Ag-O bond lengths in the optimised structure are 2.75 Å 

nd 3.19 Å, respectively, which shows the interaction between the 

AgCl(PMe 3 )” moiety and the hfac - is rather weak, in accordance 

ith our experimental observations. Also, the expected linearity of 

he P-Ag-Cl bond is perturbed by this interaction bending the P- 

g-Cl bond axis to 168.4 o . We also modelled the interaction be- 

ween [AgCl(PMe 3 )] and hfac − and attempted to find a transition 

tate (TS) via the Nudged Elastic Band method (NEB). While this 

ethod could not find a TS, with the energy only lowering along 

he reaction coordinate, it reveals that the energy of the optimized 

AgCl(hfac)(PMe 3 )] 
− anion is 6.05 kcal/mol lower than the sum 

f energies of separately optimized [AgCl(PMe 3 )] and (hfac) −. This 

orroborates that hfac − is bound to “AgCl(PMe 3 )” moiety, though 

eakly, being thermodynamically favoured. To further corroborate 
5 
ur findings, we compared the calculated infrared spectra of the 

nion with the experimental IR spectra obtained for complexes 1a 

nd 1b . As a reference, we selected the symmetric stretching mode 

f C = O bond in the hfac − moiety. There is a reasonable agree-

ent between the calculated and experimental frequency for this 

tretching vibration ( Table 1 ). This provides further evidence, that 

he DFT calculated structure is correct and that the hfac − is indeed 

eakly bound to “AgCl(PMe 3 )” moiety. For the sake of complete- 

ess, we also optimised the structures of the free hfac − anion and 

he stable known complex [Ag(hfac)PMe 3 ] [ 14 a], the latter featur- 

ng a strong bonding interaction between the Ag and two O atoms 

f the hfac moeity (2.268 and 2.309 Å [ 14 a] vs 2.242 and 2.263 Å

our optimised structure)) and computed their IR spectra. As pre- 

ented in Table 1 , there is a good agreement between the calcu- 

ated C = O vibrational frequencies (see SI for spectra) and those 

btained experimentally. Also, the highest frequency corresponding 

o the symmetric C = O stretching mode in this series is observed 

n hfac − (featuring a classical double bond), intermediate the elu- 

ive anion [AgCl(hfac)(PMe 3 )] 
− and lowest value, [Ag(hfac)PMe 3 ], 

here coordination between the Ag and O atoms is the strongest. 

iven that the C = O bond weakens if coordinated to a metal, the 

trongest C = O bond is in hfac- and weakest in [Ag(hfac)PMe 3 ] salt.

he observed trend in vibrational frequencies supports the fact 

hat in the anion there is some interaction between AgCl(PMe 3 ) 

nd hfac −, that is, however, weaker than in [Ag(hfac)PMe 3 ] and 

rovides insight into the bonding interaction and rather labile na- 

ure of the anion observed spectroscopically (NMR and ESI-MS). 

Moreover, the HOMO and LUMO of the anion 

AgCl(hfac)(PMe 3 )] 
− was also computed: The HOMO (-2.2099 

V) is delocalised over entire anion ( Fig. 9 ), whilst the LUMO 

0.5609 eV) is localised on the hfac − moiety. The delocalisation 

f the HOMO over the entire molecule is further evidence for 

 weak bonding interaction between the hfac − moiety and the 

Ag(PMe 3 )Cl” entity. 

. In vitro studies and short and long- term cytotoxicity and 

cratch motility assay 

The anticancer effects of the ruthenium and iron silver salt 

ompounds were investigated against MCF-7 (ER + ), and MDA- 
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Table 2 

IC 50 values and selectivity indices (SI) of the tested compounds and cisplatin in oe- 

strogen receptor positive (MCF-7) and triple negative (MDA-MB-231) breast cancer 

cell lines along with normal breast epithelial (MCF-12A). 

Compound Cell Lines 

MCF-7 MBA-MB-231 MCF-12A 

IC 50 SI IC 50 SI IC 50 

1a 2.06 4.75 2.25 4.35 9.8 

1b 2.47 3.03 1.78 4.21 7.05 

2a 2.30 3.15 3.01 2.41 7.26 

2b 1.67 5.09 3.70 2.3 8.50 

3 1.60 5.73 2.88 3.18 9.17 

4 0.83 9.51 3.12 2.53 7.90 

Cisplatin 5.74 2.26 13.98 0.93 6.87 
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B-231 (TNBC) breast cancer cells. To this end, the 3-(4,5 

imethylthiazol-2-yl)-2,5-diphenyltrazolium bromide (MTT) assay 

as performed and cisplatin was included as a positive control. 

n addition, to determine the selectivity of the compounds for 

he breast cancer cells, the normal breast epithelial cells (MCF- 

2A) were included in these experiments. Figure S36 (See SI) and 

able 2 indicate that all the compounds tested, inhibit breast can- 

er cell viability at concentrations much lower than cisplatin: in 

CF-7 cells the IC 50 values ranged from 0.83 μM (compound 4 ) 

o 2.47 μM (compound 1b ) compared to 5.74 μM for cisplatin and 

n MDA-MB-231 cells the IC 50 values ranged from 1.78 μM (com- 

ound 1b ) to 3.7 μM (compound 2b ) compared to 13.98 μM for 

isplatin. Furthermore, when compared to non-malignant breast 

pithelial cells (MCF-12A), all complexes exhibit promising selec- 

ivity indices (SI) > 2.3 which suggest that they are more selective 

or the breast cancer cells tested . Compounds 1a and 4 were cho- 

en for further investigation as they exhibited highest selectivity 

or MDA-MB-231 ( 1a ) (4.35) and MCF-7 ( 4 ) (9.51) cells respectively.

isplatin showed no selectivity for MDA-MB-231(SI-0.93) cells. It is 

mportant to point out that the complexes bearing the silver an- 

on generally outperform their BF 4 counterparts both in terms of 

ctivity and selectivity on both cell lines (with some exceptions) 

ointing to the fact that the anion is involved in cytotoxic action, 

ather than being a benign counteranion. This is particularly the 
ig. 10. Compounds 4 and 1a inhibit the long-term survival of MCF-7 and MDA-MB-231 

ell line was treated with the vehicle or ½ IC 50 , IC 50 and 2 IC 50 of compounds 4 or 1a an

ells for MCF-7 and 300 for MDA-MB-231) in drug-free medium and allowed to grow an

f each treatment as a percentage of the vehicle control for experiments done in triplica

as performed ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. 

6 
ase comparing complex 3 with 4 , where the latter silver con- 

aining compound exhibits much higher cytotoxic activity towards 

CF-7 (roughly twice as active) compared to 3 . Also, 4 has a much 

igher selectivity index on this cell-line than 3 (nearly by a factor 

). Complexes 3 and 4 however perform comparably on the MBA- 

B-231 cell line. In addition, comparison of complex 1a to its BF 4 
ounterpart 2a reveals much higher selectivity on both cell lines 

or 1a , while comparing 1b and 2b shows higher activity and selec- 

ivity on MBA-MB-231. Overall, these results support the fact that 

he silver containing salts perform better overall compared to their 

F 4 analogues. The exact mechanism of action of these agents is 

urrently under investigation – but presumably the labile nature of 

he [AgX(PMe 3 )(hfac)] − anion (see above) likely results in the lib- 

ration of AgX(PMe 3 ) under biological conditions in vitro which ex- 

rts anti-cancer activity alongside the respective Ru or Fe contain- 

ng cations, which are cytotoxically active on their own as shown 

y the salts containing the benign BF 4 anion in this study. 

To determine the ability of compounds 4 and 1a to inhibit long- 

erm survival of MCF-7 and MDA-MB-231 breast cancer cells re- 

pectively, clonogenic assays were performed. Fig. 10 shows that 

ompounds 4 and 1a were indeed able to inhibit the colony form- 

ng ability of the MCF-7 and MDA-MB-231 breast cancer lines re- 

pectively in a dose dependant manner. Metastasis, a multistep 

rocess characterised by migration and invasion of cancer cells, is 

he most common cause of mortality among cancer patients. We 

herefore investigated the ability of compounds 4 and 1a to in- 

ibit the migration of MCF-7 and MDA-MB-231 cells respectively 

sing the scratch motility assay technique. Fig. 11 shows that both 

he compounds significantly reduced the migratory ability of the 

reast cancer cell lines tested in a dose dependent manner. 

. Compound 4 and 1a Induces Apoptosis in Breast Cancer Cells 

Compounds 4 and 1a also induced morphological and molecu- 

ar characteristics of apoptosis in MCF-7 and MDA-MB-231 breast 

ancer cells respectively ( Fig 12 ). Indeed, they induced cell shrink- 

ge, membrane blebbing and chromatin condensation ( Fig 12 A & 

) and increased levels of cleaved PARP ( Fig 12 C & D). 
breast cancer cells. Clonogenic assays were carried out in which each breast cancer 

d IC 50 cisplatin for 24 h after which the cells were re-plated at low densities (500 

d form colonies up to 14 days. The graph represents the mean colony area ± SEM 

te. Data were analysed using GraphPad Prism 6.0 and a parametric unpaired t-test 



A. Benamrane, B. Herry, V. Vieru et al. Journal of Organometallic Chemistry 934 (2021) 121659 

5

p

p

c

b

w

w

v

t

i

p

s

f

f

d

t

a

d

s

a

w

o

a

l

i

b

A

a

A

s

6

6

a

p

B

S

(

p

p

V

t

p

t

3

a

f

o

u

r

m

H

r

t

r

S

p

G

b

i

(

6

(

w

m

s

(

c

y

(  

C  

4  

(  

9

1  

1
 

s  

3
 

P  

(

F

c

a

S

. Conclusion 

A series of ruthenium and iron salt complexes have been pre- 

ared bearing the elusive anion [AgX(hfac)(PMe 3 )] 
− and com- 

ared to their BF 4 
− analogues in terms of anticancer activity. All 

omplexes exhibit considerable anticancer potential towards both 

reast cancer cell lines tested (MCF-7) and (MDA-MB-231) in vitro 

ith selectivity indices (SI) significantly better than cisplatin which 

as included as a positive control. In general, the presence of sil- 

er in the anion boosts cytotoxic activity and selectivity compared 

o the BF 4 analogues revealing a potential synergic benefit to the 

ncorporation of silver into the salt compounds. Strikingly, the best 

erforming complex in the series is the iron salt complex bearing a 

ilver anion, 4 . Clonogenic assays and scratch mobility assays per- 

ormed with compounds 1a and 4 , the two best performing salts 

rom the in vitro screening studies, show long term stability of the 

rugs in a dose dependent manner and inhibition of cell migra- 

ion. In addition, the results obtained from light microscopic im- 

ges and western blotting confirm that compounds 1a and 4 in- 

uces apoptotic cell death in MDA-MB-231 and MCF-7 cells re- 

pectively. Together, these results suggest that this new class of 

nticancer agents are highly promising and should be taken for- 

ard for pre-clinical studies, in particular complex 4 , which based 

n iron is a relatively inexpensive metal and performs superior to 

ll the ruthenium complexes tested in this series. The exact bio- 

ogical mechanism of action of the silver containing compounds 

s currently under exploration in our laboratory, but presumably 

ased on the labile nature of the anion involves expulsion of the 

gCl(PMe 3 ) moiety which acts in accord with the Ru or Fe cation, 

chieving overall better activities and selectivities. The fate of the 

gCl(PMe 3 ) moiety is under exploration and further mechanistic 

tudies are underway in our laboratory at this time. 

. Experimental section 

.1. General considerations 

All reactions were carried out using standard Schlenk 

nd glove-box techniques, but the work-up of the com- 

lexes was performed under atmospheric conditions. 1,1- 

is(diphenylphosphino)methane (97%, dppm ) were purchased from 

igma-Aldrich. (Benzene)ruthenium dichloride(II) dimer (98%), 

cymene)ruthenium dichloride(II) dimer (98%), and trimethylphos- 

hane(hexafluoroacetylacetonato)silver(I) (99%, Ag(hfac)PMe 3 ) were 
ig. 11. Compounds 4 and 1a inhibit migration of breast cancer cells. Plots A and B sho

ancer cells pre-treated with ½ IC 50 and IC 50 compounds 1a and 4 respectively or vehicle

rea migrated was calculated by subtracting the wound area at each timepoint from the w

EM pooled from three independent repeats. Data were analysed using GraphPad Prism 6

7 
urchased from Strem Chemicals, Inc. Iodine was purchased from 

WR chemicals. Dichloromethane (stab. Amylene), n -hexane, ace- 

onitrile, diethyl ether (stab. BHT) and methanol absolute were 

urchased from Biosolve. Prior to use all solvents were passed 

hrough a column of alumina and saturated with nitrogen for 

0 minutes. IR-spectra were recorded at room temperature on 

 MIRacle 10 Shimadzu FTIR spectrometer with an optical range 

rom 50 0 0 cm 

−1 to 650 cm 

−1 . Melting points were determined 

n a Stuart SMP10 within a range between 0 and 300 °C and are 

ncorrected. The NMR spectra of all compounds were recorded at 

oom temperature on a Bruker NMR machine 300 MHz Ultrashield 

agnet system in CDCl 3 containing TMS as an internal standard. 

igh resolution Electron Ionisation Spray (ESI) mass spectra were 

ecorded using an Orbitrap LTQ XL of Thermo Scientific mass spec- 

rometer at the Technische Universitaet Berlin. In all cases only the 

elevant signals are noted although there was fragmentation (see 

I for the actual spectra). Single crystal X-ray crystallography was 

erformed at a Bruker Smart APEX at the Technische Universität 

raz. The synthesis of known compounds 2b and 3 , the latter 

eing prepared via a different route to literature [ 14 d] are found 

n the supporting information and [RuCl 2 ( η
6 -arene)( κ1 -dppm)] 

arene = benzene and p -cymene) we prepared from literature [13] . 

.2. Synthesis of [RuCl( η6 -benzene)( κ2 -dppm)] + [AgCl(hfac)PMe 3 ] 
−

 1a ) 

100 mg (0.158 mmol,1 eq.) of [RuCl 2 ( η
6 -benzene)( κ1 -dppm)] 

as stirred with 62 mg (0.158 mmol, 1 eq.) Ag(hfac)PMe 3 in 20 

L of dichloromethane at room temperature. After 2 hours the 

olution was evaporated to dryness. After washing with n -hexane 

3 × 5 mL), a brown solid was isolated and shown to contain a 

o-crystallised CH 2 Cl 2 moiety (222 mg, 0.0216 mmol, quantitative 

ield). Melting point: 86 °C. 1 H NMR (CDCl 3 , 298 K, ppm): δ 7.66 

m, 4H, C 

4 - H , dppm), 7.48 (m, 8H, C 

2,6 or 3,5 - H , dppm), 7.39 (m, 8H,

 

2,6 or 3,5 - H , dppm), 6.32 (s, 6H, η6 -C 6 H 6 ), 5.62 (s, 1H, hfac-C H ),

.75 (dt, 1H, 2 J HaHb = 14.9 Hz 2 J HP = 10.2 Hz, P-C H a or b -P), 4.46

dt, 1H, 2 J HaHb = 14.5 Hz 2 J HP = 13.2 Hz, P-C H a or b -P), 1.42 (br d,

H, 2 J HP = 8.0 Hz, PC H 3 ). 
13 C { 1 H} NMR (CDCl 3 , 298 K, ppm): δ

73.4 (q, 2 J CF = 29.7 Hz, C- CF 3 ), 132.3-128.3 ( Ph -dppm), 118.4 (q,
 J CF = 293.1 Hz, C F 3 ), 93.1 (t, 2 J CP = 2.7 Hz, η6 - C 6 H 6 ), 84.4 (br

, hfac- C H), 41.1 (br s, P- C H 2 -P), 15.3 (d, 1 J CP = 21.3 Hz, P( C H 3 ) 3 ).
1 P { 1 H} NMR (CDCl 3 , 298 K, ppm): δ 2.5 (s, P -CH 2 - P ), -36.4 (br s,

 (CH 3 ) 3 ). 
19 F { 1 H} NMR (CDCl 3 , 298 K, ppm): δ -76.4 (s, C F 3 ). FTIR

cm 

−1 ): ʋ 3058 (vw), 2974 (vw), 2907 (vw), 1668 (m), 1554 (m), 
ws the quantification of scratch motility assays of MCF-7 and MDA-MB-231 breast 

 for 9 h. Cells were photographed at 0, 3, 6, and 9 h post wound formation. Total 

ound area at time 0 which is represented in the graphs as mean area migrated ±
.0 and a parametric unpaired t-test was performed ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. 
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Fig. 12. Compounds 4 and 1a induces apoptosis in MCF-7 and MDA-MB-231 breast cancer cells respectively. (A) Representative light microcopy images (200x) of cells treated 

as indicated. Designated circles correspond to magnified images which highlight (a) cell shrinkage, (b) chromatin condensation and (c) membrane blebbing. (B) Western blot 

analyses of protein harvested from breast cancer cells treated with compounds 4 and 1a and incubated with antibodies to cleaved PARP. Densitometry readings were obtained 

using ImageJ and protein expression levels are represented as a ratio of cleaved PARP /p38 normalized to the vehicle control sample. 
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528 (m), 1484 (w), 1436 (m), 1309 (vw), 1246 (m), 1178 (s), 1143 

s), 1121 (s), 1100 (s), 1026 (w), 999 (w), 952 (m), 935 (w), 816

w), 783 (m), 730 (s), 716 (m), 691 (s), 658 (s), 628 (w), 615 (vw),

10 (w). ESI-MS ( + ) (m/z): calcd. for [C 31 H 28 ClP 2 Ru] + : 599.0398.

ound: 599.0389. ESI-MS (-) (m/z) calcd. for [hfac] −: 206.9881. 

ound: 206.9885. 

.3. Synthesis of [RuCl( η6 - p -cymene)( κ2 -dppm)] + [AgCl(hfac)PMe 3 ] 
−

 1b ) 

Compound 1b was synthesised in analogous fashion as 1a , 

n which 177 mg (0.256 mmol, 1eq.) of [RuCl 2 ( η
6 - p -cymene)( κ1 -

ppm)] and 100 mg (0.256 mmol, 1eq.) of Ag(hfac)PMe 3 were dis- 

olved in 10 mL dichloromethane. After 2 hours solvent was evap- 

rated under reduced pressure, which afforded an orange pow- 

er (307mg, 0.284 mmol, quantitative yield). 1 H NMR (CDCl 3 , 298 

, ppm): δ 7.66 -7.57 (m, 4H, C 

4 - H , dppm), 7.54 - 7.41 (m, 8H,

 

2,6 & 3,5 - H , dppm), 6.27 (br s, 4H, C 

2,6 or 3,5 - H , η6 -p-cymene), 5.63

s, 1H, hfac-C H ), 4.84 (dt, 1H, 2 J HaHb = 15.2 Hz, 2 J HP = 10.2 Hz,

-C H a or b -P), 4.56 (dt, 1H, 2 J HaHb = 15.1 Hz 2 J HP = 12.8 Hz, P-

 H a or b -P), 2.53 (sept, 1H, 3 J HH = 6.9 Hz, C H (CH 3 ) 2 ), 1.53 (s, 3H,

 H 3 ), 1.41 (d, 9H, 2 J HP = 8.0 Hz, PC H 3 ), 1.07 (d, 6H, 3 J HH = 6.9

z, CH(C H 3 ) 2 ). 
13 C { 1 H} NMR (CDCl 3 , 298 K, ppm): δ 173.2 (q,

 J CF = 29.8 Hz, C- CF 3 ), 132.3-128.6 ( Ph -dppm), 121.1 (s, C 

1 or 4 ,
6 -p-cymene), 118.5 (q, 1 J CF = 292.3, C F 3 ), 101.5 (s, C 1 or 4 , η6 -p-

ymene), 93.3 (t, 2 J CP = 3.8 Hz, C 2,6 or 3,5 , η6 -p-cymene), 92.1 (t, 
 J CP = 2.1 Hz, C 2,6 or 3,5 , η6 -p-cymene), 84.3 (br s, hfac- C H), 42.0 (t,
 J CP = 26.9 Hz, P- C H 2 -P), 31.0 (s, C (CH 3 ) 2 ), 21.8 (s, C( C H 3 ) 2 ), 17.2

s, C C H 3 ), 15.3 (d, 1 J CP = 21.1 Hz, P( C H 3 ) 3 ). 
31 P { 1 H} NMR (CDCl 3 ,

98 K, ppm): δ 2.50 (s, P -CH 2 - P ), -37.08 (br s, P (CH 3 ) 3 ). 
19 F{ 1 H}

MR (CDCl 3 , 298 K, ppm): δ -76.4 (s, C F 3 ). FTIR (cm 

−1 ): ʋ 3056

vw), 2969 (vw), 2904 (vw), 1685 (w), 1669 (s), 1654 (m), 1647 

w), 1636 (w), 1559 (s), 1540 (m), 1526 (m), 1507 (m), 1482 (w), 

473 (w), 1457 (vw), 1436 (m), 1420 (w), 1309 (vw), 1288 (vw), 
8 
246 (s), 1177 (s), 1145 (s), 1121 (vs), 1098 (s), 1027 (w), 999 (w), 

55 (m), 935 (m), 850 (vw), 782 (m), 731 (s), 691 (s), 658 (s). ESI-

S (m/z): calcd. for [C 35 H 36 ClP 2 Ru] + : 655.1024. Found: 655.1010. 

SI-MS (-) (m/z) calcd. for [hfac] −: 206.9881. Found: 206.9893. 

.4. Synthesis of [RuCl( η6 -benzene)( κ2 -dppm)] + BF 4 
− ( 2a ) 

18 mg (0.174 mmol, 1.1 eq.) of NH 4 BF 4 was added to 100 

g (0.158 mmol, 1 eq.) of [RuCl 2 ( η
6 -benzene)( κ1 -dppm)] and dis- 

olved in 25 mL of methanol. The solution was heated under reflux 

t 60 °C for 1 hour. The solvent was evaporated under pressure, af- 

er which the residue was redissolved in dichloromethane to re- 

ove the NH 4 Cl through Büchner filtration. After removing the 

ichloromethane in vacuo , a beige powder (102 mg, 0.149 mmol, 

4 % yield) was obtained. 1 H NMR (CDCl 3 , 298 K, ppm): δ 7.73–

.64 (m, 4H, C 

4 - H , dppm), 7.53-7.30 (m, 16H, C 

2,6 &3,5 - H , dppm),

.14 (s, 6H, C 6 H 6 ), 4.87 (dt, 1H, 2 J HaHb = 15.0 Hz, 2 J HP = 10.6 Hz,

-C H a or b -P), 4.47 (dt, 1H, 2 J HaHb = 14.7 Hz 2 J HP = 13.3 Hz, P-

 H a or b -P). 13 C { 1 H} NMR (CDCl 3 , 298 K, ppm): δ 132.4 (t, J CP = 5.1

z, dppm), 132.1 (br s, dppm), 131.8-131.4 (m, dppm), 129.8 (t, 

 CP = 5.2 Hz, dppm), 129.0 (t, J CP = 6.1 Hz, dppm), 128.7 (br s,

ppm), 128.3 (s, dppm), 93.1 (br s, C 6 H 6 ) 43.3 (m, P- C H 2 -P). 31 P

 

1 H} NMR (CDCl 3 , 298 K, ppm): δ 2.06 (s, P -CH 2 - P ). 
19 F { 1 H} NMR

CDCl 3 , 298 K, ppm): δ -152.05 (s, B F 4 
−). 11 B { 1 H} NMR (CDCl 3 ,

98 K, ppm): δ -0.80 (s, B F 4 
−). FTIR (cm 

−1 ): ʋ 3140 (w), 3049 (w),

916 (w), 2849 (w), 1732 (vw), 1435 (s), 1406 (m), 1188 (vw), 1161 

vw), 1096 (m), 1053 (s), 999 (m), 816 (w), 729 (s), 691 (s). ESI-MS 

m/z): calcd. For [C 31 H 28 ClP 2 Ru] + : 599.0398. Found: 599.0925. 

.5. Synthesis of [( η5 -C 5 H 5 )Fe(CO)( κ2 -dppm)] + [AgI(hfac)(PMe 3 )] − ( 4 ) 

320.4 mg (0.485 mmol) of [CpFe(CO)( κ1 -dppm)I] and 195.0 mg 

0.498 mmol) of [Ag(PMe 3 )(hfac)] was dissolved in 10 mL of dried 

ichloromethane, and stirred at room temperature for 2 hours and 
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0 minutes. The solvent was removed under reduced pressure and 

ashed with dried n-hexane (3 × 2 mL). The washings were de- 

anted and discarded, and the solid was dried in vacuo at room 

emperature to give an air stable solid of olive brown colour as 

 hexane solvate. (451.9 mg, 0.430 mmol,. 88.7% yield). Melting 

oint: 69 ̊C + dec. 1 H NMR (CDCl 3 , 298.2 K): δ 7.46 (10H, s, C-

 , dppm), 7.32 - 7.14 (10H, s, C- H , dppm), 5.59 (1H, s, C- H , hfac),

.74 (br m, 1H, PC H HP), 4.48 (5H, br s, η5 -C 5 H 5 ), 3.61 (br m, 1H,

CH H P), 1.31 (9H, br s, P(C H 3 ) 3 ), 1.80 (m, hexane) 0.89 (m, hex-

ne). 19 F { 1 H} NMR (CDCl 3 , 298.2 K): δ -76.4 (s, C F 3 ). 
13 C { 1 H} NMR

CDCl 3 , 298.2 K): δ 215.6 (br s, Fe C O), 173.2 (d, 2 J CF = 29.7 Hz,

 -CF 3 ), 133.7 (s, dppm), 132.5 (s, dppm), 132.2 (d, 2 J CP = 7.6 Hz,

ppm), 131.9 (s, dppm), 131.6 (m, dppm), 130.9 (t, 2 J CP = 4.9 Hz, 

ppm), 130.4 (s, dppm), 130.2 (s, dppm), 129.4 (dt, dppm), 128.8 

 128.4 (m, dppm), 118.3 (q, 1 J CF = 290 Hz, C F 3 ), 84.2 (s, hfac- C -

), 82.5 (s, η5 - C 5 H 5 ), 43.7 (m, P C H 2 P), 31.6 (s, hexane), 22.7 (s,

exane), 15.2 (d, 2 J CP = 15.3 Hz, P( C H 3 ) 2 ), 14.4 (s, hexane). 31 P

 

1 H} NMR (CDCl 3 , 298.2 K): δ 26.3 (br s, κ2 -dppm), -44.9 (v br

, �ν½ = 89 Hz, Ag-PMe 3 ). FTIR: 3674 (vw), 2967 (w), 2901 (w), 

359 (w), 1964 (br s, C 

≡O stretching), 1670 (s), 1553 (s), 1526 

s), 1483 (w), 1435 (s), 1308 (w), 1244 (s), 1177 (br s), 1144 (br 

), 1121 (br, vs), 1098 (br s), 1026 (w), 999 (w), 951 (br s), 845

w), 783 (w), 731 (s), 691 (s), 658 (s), 584 (w), 552 (w). UV- 

is: (nm)/dichloromethane λmax = 386.0. ESI-MS( + ) m/z Calcd. For 

M 

+ ] 533.0886. Found 533.0865. ESI-MS(-), m/z Calcd. For [hfac] −

0 6.9881. Found 20 6.9893. Upon prolonged standing in toluene at 

25 ̊C, yellow crystals were obtained, which were isolated from de- 

omposed material yielding [( η5 -C 5 H 5 )Fe(CO)( κ2 -dppm)] + [hfac] −

n the basis of X-ray diffraction analysis. NMR analysis on the crys- 

als: 1 H NMR (CDCl 3 , 298.2 K): δ 7.49 - 7.35 (16H, m, C- H , dppm),

.12 - 7.09 (4H, s, C- H , dppm), 5.52 (1H, s, C- H , hfac), 5.31 (1H, br,

C H 2 P), 4.72 (5H, s, η5 -C 5 H 5 ), 3.86 (1H, br PC H 2 P). 19 F { 1 H} NMR

CDCl 3 , 298.2 K): δ -76.3 (s, C F 3 ). 
31 P { 1 H} NMR (CDCl 3 , 298.2 K):

26.5 (s, κ2 -dppm) 

. Computational details 

All density functional theory calculations were carried out with 

P86 functional within ORCA 4.2.0 program [15] and are of spin- 

nrestricted type. TightSCF convergence criterium was used in all 

omputations. The ma-def2-SVP basis set [16] was employed for all 

toms. The Resolution of Identity (RI) approximation in combina- 

ion with auxiliary basis set was employed to speed up the cal- 

ulations. The auxiliary basis set was created within the AutoAux 

eyword [17] . The dispersion forces were considered in all cal- 

ulations by employing the method developed by Stefan Grimme 

18] which is implemented in ORCA. All optimised structures were 

ested for imaginary frequencies to ensure they are true minima. 

he Cartesian coordinates of optimised structures and the calcu- 

ated IR spectra are provided in ESI. 

. Cell culture 

DMEM (Highveld Biologicals, Lyndhurst, United Kingdom (UK) 

nd RPMI 1640 (Highveld Biologicals, Lyndhurst, United Kingdom 

UK) were used to maintain human breast adenocarcinoma cells 

DA-MB-231 (triple negative) and MCF-7 (oestrogen receptor pos- 

tive) respectively. A 1:1 mixture of DMEM and Ham’s F 12 (High- 

eld Biologicals, Lyndhurst, United Kingdom (UK), supplemented 

ith 20 ng/mL of human epidermal growth factor, 100 ng/mL of 

holera toxin, 0.01 mg/mL of bovine insulin and 500 ng/mL of hy- 

rocortisone was prepared aseptically for the maintenance of the 

on-tumourigenic breast epithelial MCF-12A. When treated with 

he test compounds, the MCF-12A cells were cultured in non- 

upplemented medium. Cells were maintained at 37 °C in a 5% 

O – 95% air-humidified incubator [ 19 , 20 ]. 
2 

9 
. Cell treatments 

The compounds 1a, 1b, 2a, 2b, 3 and 4 were dissolved in 

imethyl sulfoxide (DMSO) (Merck 48856212719) to achieve a final 

tock concentration of 5 mM and heated at 100 ° C for 2 min and 

tored at room temperature for a maximum of 5 days before use. 

he 5 mM stock solutions were further diluted using cell culture 

edium to attain final experimental concentrations (2, 4, 6, 8 and 

0 μM) and a vehicle control (DMSO) of equivalent highest com- 

ound concentration was prepared simultaneously. Cisplatin was 

sed as the positive control at its reported IC 50 values for MCF-7, 

DA-MB-231 and MCF-12A cells [ 19 , 20 ]. 

0. Cytotoxicity assay 

The MCF-7 and MDA-MB-231 breast cancer cells along with 

CF-12A normal breast epithelial cells were plated in 96-well 

lates and treated with a range of concentrations (2, 4, 6, 8 and 

0 μM) of the compounds or vehicle (DMSO) at a concentra- 

ion of 10 μM for a period of 48 h. Cytotoxicity of these com- 

ounds were evaluated using the 3-(4,5 dimethylthiazol-2-yl)-2,5- 

iphenyltrazolium bromide (MTT) assay (M21281G, Sigma-Aldrich) 

ccording to the manufacturer’s instructions. The mean cell viabil- 

ty was calculated as a percentage of the mean of the vehicle con- 

rol. At least three independent experiments in quadruplicate were 

erformed from which the half maximal inhibitory concentration 

IC 50 ) was determined using graph prism version 6.0. The selectiv- 

ty index (SI) was calculated using the following formula (IC 50 of 

ormal breast epithelial cells) / (IC 50 of tumourigenic cell line) [ 19 , 

0 , 23 ]. 

1. Clonogenic assay 

MCF-7 and MDA-MB-231 cells were seeded in 6-well plates and 

reated with ½ IC 50 , IC 50 , 2 IC 50 of compounds 1a and 4 respec-

ively and vehicle. After 24 h, 500 cells for MCF-7 and 300 for 

DA-MB-231 were seeded in 35 mm dishes in drug free medium. 

he formation of colonies was monitored and after 14 days the 

urviving cells were fixed and stained with crystal violet (Sigma- 

ldrich, USA). Colonies were imaged and percentage colony area 

as determined using Image J v 1.50i software. Colony area was 

etermined for each concentration of compound and expressed as 

 percentage of vehicle-treated control [ 19 , 20 , 23 ]. 

2. Scratch motility assay 

MCF-7 and MDA-MB-231 cells were seeded in 6-well plates and 

as incubated for 24 and 48 h respectively to obtain a 100% con- 

uent monolayer of cells. Following the incubation period prior to 

he treatment a vertical scratch was made with the help of a 2 

L pipette tip in the cell monolayer of each well. The cells were 

reated with vehicle and ½ IC 50 , IC 50 concentrations of the com- 

ounds 1a (MDA-MB-231) and 4 (MCF-7), respectively. Cells were 

reated with 10 μL of mitomycin C (M4287; Sigma Aldrich) to in- 

ibit proliferation. Light microscopic images were recorded at 0, 3, 

, and 9 h post wound formation and image J (version 2.0.0-rc- 

9/1.52p) was used to calculate the area of the scratch. The total 

reas migrated was determined by subtracting the area for a spe- 

ific time point from the area measured at 0 h [ 19 , 21 , 22 ]. 

3. Western blotting 

The MCF-7 and MDA-MB-231 breast cancer cells were treated 

ith vehicle and IC 50 concentrations of compounds 4 and 1a for 

4 and 48 h. Following treatment the cells were lysed in whole- 

ell lysis buffer and western blotting was carried out as previously 
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escribed [19] . The primary antibody used in this study was PARP 

#9542) from Cell signaling technologies (Massachusetts, USA). Fol- 

owing the primary antibody incubation, membranes were incu- 

ated with goat ant-rabbit HRP-conjugated secondary antibodies 

Bio-Rd Laboratories, California, USA) and p38 was used as a load- 

ng control. Image J software version 2.0.0-rc-69/1.52p was used for 

btaining the densitometric readings. The protein expression levels 

re represented as a ratio of protein of interest/p38 normalized to 

he vehicle control sample. 

4. Statistical analysis 

Statistical analysis was conducted with the acquisition of the 

ata represented as mean values and SEM (standard error of the 

eans) of three independent experiments. The t-test (a student’s 

tatistical hypothesis test) was used to compare the two experi- 

ental frames and a value of p < 0.5 was accepted as statistically 

ignificant. 

Supporting Information: Supplementary information contain- 

ng all spectral data, X-ray data with bond angles and bond lengths, 

ynthesis of known complexes, and tables of cartesian coordi- 

ates with additional information on the DFT calculations is avail- 

ble. The X-ray structure of 4-D is available at the CSD (Deposi- 

ion Number 2049254). These data can be obtained free of charge 

rom The Cambridge Crystallographic data Center via the link http: 

/www.ccdc.cam.ac.uk/data _ request/cif 
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