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A B S T R A C T

The new monometallic RAPTA complex [RuCl2(η6-p-cym)(dmPTA-κP)](CF3SO3)2 (1) and novel heterobimetallic 
complexes [RuCl2(η6-p-cym)-μ-(dmoPTA)-(1κP:2κ2N,N′-M(L)Cl2)] (M = Cu (3); M ¼ Cu, L = DMF (3⋅3DMF); M =
Pd (4)) have been synthesized and characterized (dmPTA = N,N′-dimethyl-1,3,5-triaza-7-phosphaadamantane; 
dmoPTA = 3,7-dimethyl-1,3,7-triaza-5-phosphabicyclo[3.3.1]nonane). The synthesized complexes have been 
fully characterized by elemental analysis and spectroscopic techniques. The crystal structure of the complexes 2, 
3⋅3DMF and 4 were determined by single-crystal X-ray diffraction. The stability of complexes was studied in water 
and DMSO at room temperature and 37 ◦C. The anticancer activity against intestinal Caco-2/TC7 cells was 
studied.

1. Introduction

Organometallic complexes based on ruthenium have received 
increased attention as potential anticancer drugs and catalysts [1–4]. 
Numerous organometallic ruthenium complexes have been reported and 
reviewed in several comprehensive reviews, which provide further in
sights into their structural and functional properties [5,6]. Among these, 
ruthenium-arene-PTA, also known as RAPTA (PTA = 1,3,5-triaza-7- 
phosphaadamantane) complexes are particularly well-known for their 
versatility and biological relevance [7].

The ligand PTA is a widely used water-soluble phosphine, first re
ported in 1974 by Daigle [8], which is characterized by its amphiphilic 
character. The attractiveness of such ligand with one soft phosphorus 
and three hard nitrogen atoms, arises from its strong binding capability 
and variable denticity, which enables it to serve as a versatile building 
block for the synthesis of coordination polymers [9–11]. Functionali
zation of PTA by N,N′-dimethylation affords the dicationic ligand N,N′- 

dimethyl-1,3,5-triaza-7-phosphaadamantane (dmPTA) [12], which re
acts with protic solvents under mild conditions to give rise to the ligand 
3,7-dimethyl-1,3,7-triaza-5-phosphabicyclo[3.3.1]nonane (dmoPTA). 
This ligand can coordinate by the soft P and the two hard NCH3 atoms, 
allowing the synthesis of monometallic and, more interesting, of a va
riety of different Ru-dmoPTA-M heterobimetallic complexes. Recently we 
have reported a variety of heterobimetallic complexes containing this 
ligand, such as [RuCp(PPh3)2-μ-dmoPTA-1κP:2κ2N,N′-MCl2](CF3SO3) 
(M = Zn, Co), showing that the presence of a second metal improves 
significantly the antiproliferative activity (up to 200 times that of 
cisplatin for T-47D and WiDr human solid tumor cell lines) with respect 
to the starting monometallic Ru-dmoPTA complex [13–15].

In 2017 Dyson and co-workers synthesized a new series of bimetallic 
RAPTA complexes through amide-forming reactions between mono
nuclear ruthenium arene carboxylic acid and diamine compounds with 
diverse substituents linking the amine groups. These bimetallic com
plexes displayed a different mechanism of action than the monometallic 
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starting complexes against cancer cells [16]. Nevertheless, bimetallic 
RAPTA complexes in which two monometallic units are linked through 
an arene group present certain limitations, such as restricted ability to 
incorporate different metals within the same molecule, as well as issues 
related to the size and solubility of the resulting complexes. Very 
recently we presented a new series of heterobimetallic RAPTA complexes 
of general formula [RuCl2(η6-p-cym)-μ-dmoPTA-1κP:2κ2N,N′-MCl2] (M 
= Zn, Co, Ni), in which the ligand dmoPTA is coordinated to Ru through 
its P atom while the NCH3 atoms chelate the heterometallic centre M 
[17]. Also in this case, the incorporation of a second metal significantly 
enhanced the antiproliferative activity against human adenocarcinoma 
colon cancer cell line Caco-2/TC7 in comparison with the monometallic 
starting complex [RuCl2(η6-p-cym)-(κP-HdmoPTA)](CF3SO3), and also 
with cisplatin and RAPTA-C. These complexes exhibit different mecha
nism of action against the evaluated colon cancer cell line, and none of 
them displayed toxicity towards intestinal normal cells. Therefore, 
varying the nature of the second metal may increase the cytotoxicity of 
monometallic RAPTA complexes, maintaining limited effects on intes
tinal normal cells.

The aim of this work was to synthesize new heterometallic com
plexes based on the [RuCl2(η6-p-cym)(dmoPTA-κP)] scaffold to gain 
deeper insight into the structural requirements necessary for this class of 
compounds to act as effective antiproliferative agents. With this objec
tive, complexes incorporating Pd and Cu as the second metal were 
synthesized, and their stability was evaluated along with their anti
proliferative activity against the colon cancer cell line Caco-2/TC7. The 
choice of metal combinations was dictated by the fact of the high bio
logical activity and low toxicity of previously published heterometallic 
complexes containing Ru [18–29], Cu [30–32] and Pd [33–36] metals.

2. Experimental

2.1. Materials

All chemicals were reagent grade and, unless otherwise specified, 
were used as received from commercial suppliers. The solvents were all 
degassed and distilled according to standard procedures. All reactions 
and manipulations were routinely performed under a dry nitrogen at
mosphere using standard Schlenk-tube techniques. The hydrosoluble 
phosphine PTA [8] and dmPTA(CF3SO3)2 [12] and the complex [Ru(η6- 
p-cym)Cl2]2 [37] and [RuCl2(η6-p-cym)(HdmoPTA-κP)](CF3SO3) [17] 
were prepared as described in the literature.

2.2. Physical measurements

All complexes were characterized by FT-IR, 1H, 13C{1H}, 31P{1H}, 
19F NMR, elemental analysis (C, H, N, S) and single crystal X-ray 
diffraction analysis. Complexes 3/3⋅3DMF were also studied by ther
mogravimetric analysis. FT-IR spectra have been carried out on a Bruker 
ECO-ATR ALPHA spectrometer and the intensity of the bands has been 
indicated as: strong (s), medium (m), weak (w). 1H, 13C{1H}, 31P{1H} 
and 19F NMR spectra were recorded on a Bruker DRX500 spectrometer 
operating at 500.13 MHz, 125.76 MHz, 202.46 MHz and 470.59 MHz 
respectively. Peak positions are relative to tetramethylsilane and were 
calibrated against the residual solvent resonance (1H) or the deuterated 
solvent multiplet (13C). Chemical shifts for 31P{1H} NMR were measured 
relative to external 85 % H3PO4 with downfield values taken as positive. 
Elemental analysis (C, H, N, S) were performed on a Fisons Instruments 
EA 1108 elemental analyser. TGA measurements were run on a TGA 
Q50, TA Instruments, under nitrogen with a temperature ramp of 1 ◦C/ 
min from 25 to 600 ◦C under nitrogen atmosphere.

2.3. Synthesis of [RuCl2(η6-p-cym)(dmPTA-κP)](CF3SO3)2 (1)

Into a solution of [Ru(ƞ6-p-cym)Cl2]2 (100 mg, 0.163 mmol), in 4 mL 
of dichloromethane, silver trifluoromethanesulfonate (167.8 mg, 0.653 

mmol) was added under inert atmosphere. A white precipitate quickly 
formed, and the resulting mixture was stirred during 3 h at room tem
perature covered from light. The white precipitate was filtered under an 
inert atmosphere through a pad of Celite and a solution of dmPTA 
(CF3SO3)2 (158.5 mg, 0.327 mmol) in 6 mL of dry acetone was slowly 
added into the red solution. The resulting mixture was stirred for about 
1 h at room temperature, during which it turned orange. To this solu
tion, tetrabutylammonium chloride (181.5 mg, 0.653 mmol) was added, 
resulting in an orange-red coloration. After 1 h, the solution was filtered 
and totally evaporated under reduced pressure. The addition of 5 mL of 
ethanol to the oily solid formed led to the formation of a pale-orange 
precipitate, which was collected by filtration, washed with ethanol (3 
× 5 mL), Et2O (3 × 5 mL) and dried under vacuum.

Yield: 188.7 mg, 73.0 %. S25◦C,H2O = decomposition in 30 min, S25◦C, 

DMSO = 110.4 mg/cm3. Anal. for C20H32Cl2F6PN3O6RuS2 (791.56 g/ 
mol): Calcd. C, 30.35 %; H, 4.07 %; N, 5.31 %; S, 8.10 %. Found: C, 
29.88 %; H, 4.09 %; N, 5.22 %; S, 7.46 %. IR (ATR, cm− 1): 3025 (w), 
2985 (w), 2934 (w), 1467 (w), 1249 (s), 1163 (m), 1102 (m), 1053 (w), 
1029 (s), 952 (w), 913 (w), 873 (w), 775 (m), 760 (m), 638 (s). 1H NMR 
(500.13 MHz, Acetone‑d6, 25 ◦C) δ (ppm): 1.23 (d, 3JHH = 6.9 Hz, 6H, 
(CH3)2CHPhp-cym), 2.11 (s, 3H, CH3Php-cym), 2.76 (sp, 3JHH = 6.9 Hz, 1H, 
CHPhp-cym), 3.64 (s, 6H, CH3NdmPTA), 4.52 (s, 2H, NCH2PdmPTA), 4.92 +
5.23 (d + d, 2JHH = 14.7 Hz, 2H + 2H, CH3NCH2PdmPTA), 5.50 + 5.77 (d 
+ d, 2JHH = 12.3 Hz, 2H + 2H, NCH2NdmPTA), 5.90 (s, 2H, 
CH3NCH2NdmPTA), 6.03 (d, 3JHH = 6.0 Hz, 2H, ortho-Hp-cym), 6.08 (d, 
3JHH = 6.0 Hz, 2H, meta-Hp-cym). 13C{1H} NMR (125.76 MHz, Ace
tone‑d6, 25 ◦C) δ (ppm): 17.54 (s, 1C, CH3Php-cym), 21.31 (s, 2C, 
(CH3)2CHPhp-cym), 30.70 (s, 1C, CHPhp-cym), 45.17 (d, 1JPC = 21.6 Hz, 
1C, NCH2PdmPTA), 51.78 (s, 2C, CH3NdmPTA), 55.31 (d, 1JPC = 14.1 Hz, 
2C, CH3NCH2PdmPTA), 78.51 (s, 1C, CH3NCH2NdmPTA), 78.81 + 78.84 (s 
+ s, 1C + 1C, NCH2NdmPTA), 87.02 (d, 2JPC = 5.8 Hz, 2C, ortho-CHp-cym), 
90.25 (d, 2JPC = 5.6 Hz, 2C, meta-CHp-cym), 99.48 (s, 1C, CH3Cp-cym), 
108.74 (s, 1C, (CH3)2CHCp-cym), 120.89 (c, 1JFC = 320.1 Hz, 2C, 
CF3SO3

− ). 31P{1H} NMR (202.46 MHz, Acetone‑d6 25 ◦C) δ (ppm): 
− 15.99 (s, 1P, dmPTA). 19F NMR (470.59 MHz, Acetone‑d6, 25 ◦C,) δ 
(ppm): − 79,08 (s, CF3SO3

− ).

2.4. Reviewed synthesis of [RuCl2(η6-p-cym)(dmoPTA-κP)]⋅ 
(C6H5CH3)0.5 (2Tol)

To a solution of [RuCl2(η6-p-cym)(HdmoPTA-κP)](CF3SO3) (50 mg, 
0.079 mmol) in 2 mL of dry methanol cooled to − 20 ◦C, t-BuOK (8.9 mg, 
0.079 mmol) was added. The resulting solution was stirred for about 15 
min and then totally evaporated under reduced pressure. The addition of 
0.5 mL of dry chloroform and 1.5 mL of toluene led to the precipitation 
of a triflate salt. After cooling to − 20 ◦C, the resulting mixture was 
filtered through a pad of Celite, and the solution was concentrated under 
reduced pressure to 0.5 mL, resulting in the formation of a bright orange 
microcrystalline precipitate which was collected by filtration, washed 
with cold (< 5 ◦C) toluene (3 × 1 mL), Et2O (3 × 3 mL) and dried under 
vacuum. Single crystals were obtained by slow evaporation from a 
CHCl3/toluene (1:3) solution at 5 ◦C.

Yield: 16.4 mg, 43.2 %.

2.5. Synthesis of [RuCl2(η6-p-cym)-μ-dmoPTA-1κP:2κ2N,N′-CuCl2] (3) 
and [RuCl2(η6-p-cym))-μ-dmoPTA-1κP:2κ2N,N′-CuCl2](DMF)⋅ 
[RuCl2(η6-p-cym)-μ-dmoPTA-κP:2κ2N,N′-CuCl2(DMF-κO)] (3⋅3DMF)

Into a solution of [RuCl2(η6-p-cym)(dmoPTA)] (100 mg, 0.2 mmol) 
in 5 mL of dried MeOH, CuCl2 ⋅2H2O (35.5 mg, 0.2 mmol) was added 
under inert atmosphere. A brown precipitate formed slowly, and the 
resulting mixture was stirred for 5 h at room temperature. The precip
itate was filtered, washed with cold (< 5 ◦C) MeOH (3 × 1 mL) and Et2O 
(3 × 1 mL) and dried under vacuum. Single crystals of 3⋅3DMF were 
obtained by vapor diffusion of Et2O into a DMF solution of the 
compound.
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Yield: 0.09 g, 70 %. S25◦C,H2O = 9.5 mg/cm3, S25◦C,DMF = 41.2 mg/ 
cm3, S25◦C,DMSO = 49.5 mg/cm3. Anal. for powder sample 
C17H30Cl4PN3RuCu⋅H2O (3) (631.85 g/mol): Cald: C, 32.31 %; H, 5.10 
%; N, 6.65 %. Found: C, 31.87 %; H, 5.23 %; N, 6.60 %. Anal. for crystal 
sample C37H67Cl8P2N7ORu2Cu2⋅DMF (3⋅3DMF) (1373.87 g/mol): Cald: 
C, 34.97; H, 5.43; N, 8.16 %. Found: C, 34.85 %; H, 5.79 %; N, 8.46 %. IR 
of 3 (ATR, intense bands, cm− 1): 2968 (w), 2903 (w), 1629 (w), 1455 
(m), 1380 (w), 1357 (w), 1256 (w), 1209 (w), 1134 (w), 1110 (w), 1065 
(s), 1028 (w), 975 (m), 919 (w), 875 (w), 834 (s), 794 (w), 759 (w) 717 
(w), 614 (m). IR of 3⋅3DMF (ATR, intense bands, cm− 1): 2969 (w), 2911 
(w), 1675 (s), 1656 (s), 1571 (w), 1501 (w), 1455 (m), 1418 (w), 1383 
(m), 1359 (w), 1257 (w), 1209 (w), 1134 (w), 1110 (w), 1090 (w), 1064 
(s), 1029 (w), 976 (m), 874 (w), 836 (w), 798 (s), 717 (w), 699 (w), 666 
(w), 614 (m). 1H NMR of 3 (500.13 MHz, 25 ◦C, DMSO‑d6): 1.27–2.28 
(m, 10H, H p-cym), 5.86–6.39 (m, 4H, H aromatics). 1H NMR of 3⋅3DMF 
(500.13 MHz, 25 ◦C, DMSO‑d6): 1.02–2.39 (m, 10H, H p-cym), 2.73 (s, 
3H, (CH3)2NDMF), 2.89 (s, 3H, (CH3)2NDMF), 5.63–6.80 (m, 4H, H aro
matics), 7.96 (s, 1H, NCHODMF)⋅13C{1H} NMR (125.76 MHz, 25 ◦C, 
DMSO‑d6): no signals were observed. 31P{1H} NMR of 3 (202.46 MHz, 
25 ◦C, DMSO‑d6): δ(ppm) -9.09 (s, dmoPTA-CuCl2). 31P{1H} NMR of 
3⋅3DMF (202.46 MHz, 25 ◦C, DMSO‑d6): δ(ppm) -9.86(s, dmoPTA- 
CuCl2DMF).

2.6. Synthesis of [RuCl2(η6-p-cym)-μ-dmoPTA-1κP:2κ2N,N′-PdCl2] (4)

To a solution of [RuCl2(η6-p-cym)(dmoPTA)] (100 mg, 0.2 mmol) in 
5 mL of dry chloroform, Pd(COD)Cl2 (59.5 mg, 0.2 mmol) was added 
under inert atmosphere. A yellow precipitate quickly formed, and the 
resulting mixture was stirred for 2 h at room temperature. The precip
itate was filtered, washed with cold (< 5 ◦C) chloroform (3 × 1 mL) and 
Et2O (3 × 1 mL) and dried under vacuum. Single crystals were obtained 
by slow evaporation of a DMSO solution of the compound.

Yield: 0.11 g, 80 %. S25◦C,H2O = 7.8 mg/cm3, S25◦C,DMF = 35.3 mg/ 
cm3, S25◦C,DMSO = 40.5 mg/cm3. Anal. for C17H30Cl4PN3RuPd (656.71 g/ 
mol): Cald: C, 31.09 %; H, 4.60 %; N, 6.40 %. Found: C, 31.23 %; H, 4.11 
%; N, 6.46 %. IR (ATR, intense bands, cm− 1): 3054 (w), 2966 (w), 2920 
(w), 2847 (w), 1458 (m), 1448 (m), 1434 (w), 1380 (m), 1359 (w), 1271 
(w), 1210 (w), 1133 (m), 1057 (s), 1037 (m), 972 (m), 913 (w), 879 (w), 
833 (s), 764 (w), 728 (m), 617 (s). 1H NMR (500.13 MHz, 25 ◦C, DMF- 
d7): δ(ppm) 1.21 (d, 3JHH = 6.9 Hz, 6H, (CH3)2CHPhp-cymene), 2.08 (s, 
3H, CH3Php-cym), 2.58 + 2.59 (s + s, 3H + 3H, CH3NdmoPTA), 2.72 
(septet, 3JHH = 6.9 Hz, 1H, CHPhp-cym), 3.41 (bs, 2H, PCH2NdmoPTA), 
3.48 + 4.44 (m + m, 2H + 2H, CH3NCH2PdmoPTA), 3.89 + 4.65 (d + d, 
2JHH = 12.6 Hz, 2H + 2H, NCH2NdmoPTA), 6.06 (m, 3JHH = 5.5 Hz, 4H, 
aromatics p-cym); 13C{1H} NMR (125.76 MHz, 25 ◦C, DMF-d7): δ(ppm) 
18.36 (s, CH3Php-cym), 21.53 (s, (CH3)2CHPhp-cym), 31.47 (s, CHPhp-cym), 
42.73 (d, 1JPC = 6.89 Hz, NCH2PdmoPTA), 54.20 (bs, CH3NdmoPTA), 55.11 
(bd, CH3NCH2PdmoPTA), 75.03 (s, NCH2NdmoPTA), 80.33 (s, ortho-CHp- 

cym), 89.73 (s, meta-CHp-cym), 120.35 (s, CH3Cp-cym), 122.91 (s, 
(CH3)2CHCp-cym); 31P{1H} NMR (202.46 MHz, 25 ◦C, DMF-d7): δ(ppm) 
-11.15 (s, dmoPTA-PdCl2).

2.7. Single crystal X-Ray diffraction

Single crystal X-ray diffraction was performed with a Bruker APEX-II 
CCD diffractometer at 100 K for 2Tol, 3⋅3DMF and 4 using MoKα radia
tion. Data was integrated (SAINT, Bruker) an scaled (SADABS, Bruker) 
and finally the structure was solved with SHELXT [38] using intrinsic 
phasing and refined with SHELXL [39] by least squares. Solution and 
refinement procedures were accomplished by Olex2 software [40]. The 
crystal structures have been deposited at CSD with CCDC numbers 
2475961 (2Tol), 2475963 (3⋅3DMF), 2475962 (4) Crystallographic and 
structural data are given in tables S1-S7.

2.8. Stability tests

All experiments were performed by a similar procedure: the complex 
(0.005 g) was introduced into a 5 mm NMR tube and dissolved in 0.4 mL 
of degassed solvent (D2O or DMSO). Into the resulting solution, filtered 
air was gently bubbled throughout for 2 min. The solutions were left at 
room temperature and monitored by 31P{1H} NMR first every 30 min 
and later in longer time periods. A similar experiment was performed 
but the final temperature was set at 37 ◦C.

2.9. ESI-MS measurements

Stock solutions of 3.5 mg of complexes 1, 3 and 4 in 0.4 mL of D2O 
were prepared. The solutions were left at 37 ◦C for up to 72 h. From the 
dissolutions, 10 μL were taken and diluted to 10 mL with MS-grade 
MeOH prior to direct injection into an AB Sciex QTRAP 4500 mass 
spectrometer operating in positive or negative mode.

2.10. Biological studies

2.10.1. Cell culture
This study was carried out in the human enterocyte-like cell line 

Caco-2/TC7 [41]. This cell line undergoes in culture a process of spon
taneous differentiation that leads to the formation of a monolayer of 
cells, expressing the morphological and functional characteristics of 
mature enterocytes. This differentiation process is growth-dependent, 
where the cells undergo differentiation from undifferentiated prolifer
ative crypt-type cells’ in exponential phase of growth, to differentiated 
enterocyte-type cells’ in stationary phase [42]. The cell culture of Caco- 
2/TC7 cells (passages 30–50) were carried out according to a previously 
reported method [43,44]. Caco-2/TC7 cells were cultured at 37 ◦C in an 
atmosphere of 5 % CO2 and maintained in high glucose DMEM sup
plemented with 2 mM glutamine, 100 U/mL penicillin, 100 μg/mL 
streptomycin, 1 % nonessential amino acids, and 20 % heat-inactivated 
fetal bovine serum (FBS) (Life Technologies, Carlsbad, CA, USA). Thus, 
experiments in undifferentiated and differentiated cells (considered as 
cancer and normal cells, respectively) were performed on day 5 and day 
15 post-seeding, respectively. For cell viability assays, cells were seeded 
in 96-well plates at a density of 2 × 104 or 4 × 103 cells per well, and 
measurements were carried out 5 or 15 days after seeding, respectively. 
For apoptosis and cell cycle analyses at 3 × 104 cells/cm2; and for cas
pase assays at 103 cells per well in 96-well plates. Stock solutions of the 
complexes (in DMSO) were diluted in the complete medium to the 
required concentration. DMSO at similar concentrations did not show 
any cytotoxic effects. The culture medium was replaced with fresh me
dium (without FBS) containing the complexes at concentrations varying 
from 0 to 20 μM, and with an exposure time of 72 h for cell viability 
assays. For all the other studies, the cells were incubated at 20 μM for 24 
h.

2.10.2. Cell viability assay
Cell survival was measured using the MTT test [45]. The assay de

pends on the cellular reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide (MTT, Sigma-Aldrich, Madrid, Spain) by 
the mitochondrial dehydrogenase of viable cells to a blue formazan 
product that can be measured spectrophotometrically, as it was previ
ously described [10,11]. After 72 h of incubation with or without the 
metallic complexes, MTT (5 mg mL− 1) was added to each well in an 
amount equal to 10 % of the culture volume. Cells were incubated with 
MTT at 37 ◦C for 3 h. After that, the medium and MTT were removed and 
100 μL of DMSO was added to each well. The plate was gentle stirred in a 
shaker. Finally, the cell viability was determined by measuring the 
absorbance with a multiwell spectrophotometer SPECTROstar Nano 
Absorbance Reader (BMG LabTech) at a wavelength of 560 nm and 
compared with the values of control cells incubated in the absence of the 
complexes. IC50 values were calculated using a conventional 
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concentration − response curve with variable slope. Experiments were 
conducted in quadruplicate wells and repeated at least three times.

3. Results and discussion

3.1. NMR characterization of complexes 1, 3/3⋅3DMF and 4

The monometallic complex [RuCl2(η6-p-cym)(dmPTA-κP)](CF3SO3)2 
(1) was prepared by a three-step reaction via the initial [Ru(η6-p-cym) 
Cl2]2 chloride abstraction by an molar excess of AgCF3SO3 in dichloro
methane, followed by the addition of an equivalent of the ligand dmPTA 
(CF3SO3)2 in dry acetone, and the reaction with [(n-Bu)4N]Cl, which 
provided the chloride needed to complete the coordination geometry 
around the metal (Scheme 1). All efforts to obtain the complex without 
using AgCF3SO3 and [(n-Bu)4N]Cl, required heating the reaction at 
reflux temperature, which gave rise to a mixture of compounds 1 and a.

The 31P{1H} NMR spectrum of 1 (Fig. S4) shows a unique singlet at 
− 15.99 ppm in acetone‑d6, ca. 10 ppm shifted to upfield with respect to 
the deprotonated analogue opened-cage complex [RuCl2(η6-p-cym) 
(dmoPTA-κP)] (− 5.99 ppm) [17]. The 1H NMR spectrum of 1 displays 
the protons of dmPTA at downfield and in a wider range (3.64–5.90 
ppm, Fig. S2) than the range observed for the dmoPTA (2.30–3.84 ppm) 
[17] with two additional protons corresponding to the signal of CH2 
group between the quaternary nitrogen atoms (5.90 ppm, Fig. S2). The 
p-cymene signals do not suffer significant variations except for the 
inequivalent aromatic protons which give rise to two coupled doublets 
(6.03–6.08 ppm, Fig. S2). The 13C{1H} NMR spectrum of 1 (Fig. S3) 
displays also the expected signals for the CH2 group between the qua
ternary nitrogen atoms (78.51 ppm, Fig. S3) assigned by means of 
1H–13C HSQC NMR (Fig. S7). The presence of the CF3SO3

− anion was 
supported by 19F NMR (− 79.08 ppm; Fig. S5) and FT-IR (νSO = 1249 
cm− 1) (Fig. S1). Finally, the elemental analysis of complex 1 agrees with 
its proposed structure.

Despite the synthesis of the complex [RuCl2(η6-p-cym)(dmoPTA-κP)] 
(2) has been published previously [17], a reviewed synthesis was carried 
out to obtain crystals for the determination of its structure by single 
crystal X-ray diffraction, that will be discussed later. Reaction of com
plex [RuCl2(η6-p-cym)(HdmPTA-κP)](CF3SO3) (a) with t-BuOK in dry 
MeOH at − 20 ◦C affords the deprotonation of the HdmoPTA ligand. 
Removal of the KCF3SO3 by dissolving the complex in a CHCl3/toluene 

(1:3) mixture afforded complex [RuCl2(η6-p-cym) (dmoPTA-κP)]⋅ 
(C6H5CH3)0.5 (2Tol).

The heterobimetallic complexes [RuCl2(η6-p-cym)-μ-dmoPTA- 
1κP:2κ2N,N′-MCl2] (M = Cu (3), Pd (4)) were synthesized by reaction 
(Scheme 1) of the starting complex [RuCl2(η6-p-cym)(dmoPTA-κP)] (2) 
[17] with CuCl2 and [Pd(COD)Cl2] in dry MeOH and CHCl3, respec
tively. The 31P{1H} NMR spectra of the heterobimetallic complexes 3 and 
4 show a unique singlet at − 9.09 (DMSO‑d6) and − 11.15 ppm (DMF-d7) 
respectively (Fig. S12, S18), which arise at higher field than in the 
starting complex 2 (− 5.99 ppm). [17] This behaviour was observed also 
in the similar heterobimetallic complexes [RuCl2(η6-p-cym)-μ-dmoPTA- 
1κP:2κ2N,N′-ZnCl2] [17] and [RuCp(PPh3)2-μ-dmoPTA-1κP:2κ2N,N′- 
ZnCl2](CF3SO3) [14].

Recrystallization of complex 3 from DMF resulted in the formation of 
crystals of 3⋅3DMF, which were constituted with two different Ru–Cu 
dimetallic complexes. Both of them are constituted by a {RuCl2(η6-p- 
cym)-μ-dmoPTA-1κP:2κ2N,N′} moiety that is linked by the CH3NdmoTA 
atoms to a Cu, which is a distorted tetrahedral Cu center coordinated to 
two chloride (complex 3). One DMF molecule is located nearby but is 
not coordinated to the metal. The other complex (3DMF) consists of a 
five-coordinated Cu(II) bonded to two chloride and one DMF molecule 
by its O atom, exhibiting a distorted trigonal-bypiramidal geometry 
(Fig. 1).

The 1H NMR spectra of complexes 3 and 3⋅3DMF (Fig. S10, S11) are 
influenced by the paramagnetic nature of the Cu(II) centre, which 
particularly affects the CH3NdmoPTA protons, rendering them undetect
able in the recorded spectra. This observation supports the coordination 
of these atoms to the metal centre. The influence of the metal is signif
icantly reduced but still observable in the p-cymene protons, which 
appear as a broad signal in the range 5.63–6.80 in both complexes. The 
FT-IR spectrum (Fig. S9) is in agreement with the presence of a coor
dinated and a solvate DMF molecules, given that two bands at 1675 and 
1656 cm− 1 (νc=o) are observed in agreement with the bibliography 
[46,47]. It is important to highlight that these bands are not observed in 
the IR spectrum of complex 3 (Fig. S8). Finally, the elemental and 
thermogravimetric analysis of complexes 3 and 3⋅3DMF agree with their 
structure (Fig. S14).

In contrast, the 1H NMR spectra of the Ru–Pd complex 4 (Fig. S16) 
shows signals corresponding to the p-cymene and dmoPTA ligands at the 
expected chemical shift [6,48]. In comparison with starting complex 2, 

Scheme 1. Synthesis of 1–4.
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the 1H NMR spectrum of 4 shows the dmoPTA protons shifted to 
downfield (3.56–4.83 ppm) while not any significant change is observed 
for the p-cymene protons, supporting the coordination of CH3NdmoPTA 
atoms by a diamagnetic metal such as Pd(II). The 31P{1H} (Fig. S18) and 
13C{1H} NMR (Fig. S17) of 4 displays the expected signals for the pro
posed structure as well as its elemental analysis and IR (Fig. S15).

3.2. Crystal structures of complexes 2Tol, 3⋅3DMF and 4

Although the synthesis of the complex [RuCl2(η6-p-cym)(dmoPTA- 
κP)] has been previously reported [17], its characterization was pro
posed by spectroscopic methods, as suitable single crystals for X-ray 
diffraction could not be obtained at that time. The crystal structure of 
this complex is significant, as this compound serves as the starting point 
for synthesis of the subsequent heterometallic complexes. Thus, 
comparing their crystal structures the complex may provide key infor
mation into the factors underlying their structure-activity relationship. 
After multiple attempts, suitable single crystals were obtained by slow 
evaporation of a solution of the complex in CHCl3/toluene (1:3) at 5 ◦C. 
Multiple attempts were also required to obtain single crystals of 3⋅3DMF 
and 4. Brown single crystals of 3⋅3DMF were obtained by vapor diffusion 
of diethyl ether into a DMF solution of the complex, whereas single 
crystals of 4 were grown by slow evaporation of its solution in DMSO. 
Selected bond distances and angles for complex 2Tol, 3⋅3DMF and 4 are 
summarized in Table 1.

The crystal structure of complexes 2–4 (Fig. 1) fully supported their 
proposed composition. Bright-orange single crystals of complex 
[RuCl2(η6-p-cym)(dmoPTA-κP)]⋅(C6H5CH3)0.5 (2Tol) crystalized in the 
space group P212121. The asymmetric unit is constituted by one neutral 
ruthenium complex [RuCl2(η6-p-cym)(dmoPTA-κP)] and half disordered 
molecule of toluene solvate. The distorted pseudo-octahedral coordi
nation sphere around the Ru atom is constituted by one η6-coordinated 
p-cymene, two chloride ions and one dmoPTA ligand coordinated by the 
phosphorus atom. The bond distances and angles in the dmoPTA ligand 
are in agreement with those found in analogue complexes [49]. The 
Ru1-p-cymene-centroid bond distance and p-cymene-Ru1-L (L = P, Cl) 
angles (Ru1-p-cymcent: 1.694 Å; mean p-cym-Ru1-L angles: 85.19(5)◦) 
are similar to those found in analogue complexes [17]. The absence of 
the hydrogen between the CH3NdmoPTA atoms leads to a dealignment of 
the methyl groups (C6-N1-N2-C7 dihedral angle: 6.68◦) with respect to 
complex [RuCl2(η6-p-cym)(HdmoPTA-κP)](CF3SO3) (C6-N1-N2-C7 
dihedral angle: 2.48◦), as well as an elongation of 0.241 Å of the distance 
between the CH3N atoms (2: 2.954(1) Å, [RuCl2(η6-p-cym)(HdmoPTA- 
κP)](CF3SO3): 2.713(1) Å) [17]. This behaviour already shows that the 
dmoPTA ligand is a better chelator for a second metal centre than the 
HdmoPTA ligand [48].

The heterobimetallic complexes 3⋅3DMF crystallized in the space group 
P21. As indicated previously, the compound 3⋅3DMF is constituted by two 
different Ru–Cu complex units. The first molecule (3) is constituted by 
the complex unit of 2, the {RuCl2(η6-p-cym)(dmoPTA-κP)} moiety, 
bonded by its CH3NdmoPTA atoms to a distorted tetrahedral Cu coordi
nate to two chloride ions. Nearby to the complex there is one DMF 
molecule at a distance (Cu1-ODMF = 2.241 Å) shorter than the sum of 
their Van der Waals radii [50]. The second molecule in the crystal is 
made by the same pseudo-octahedral Ru moiety bonded by the 
CH3NdmoPTA atoms to a distorted trigonal-bypiramidal Cu(II) that com
pletes its coordination geometry by two chlorides, as complex 3, but also 
to a DMF molecule by the O atom, which is trans to one of the 
CH3NdmoPTA atoms. The Cu1-O1 bond length (Cu1-ODMF: 2.001 Å) is in 
concordance with those found in the literature for Cu-ODMF complexes 
(Cu-ODMF: 1.988(10) Å) [46]. There are only few examples of DMF-Cu 
(II) complexes containing a DMF solvate [47], but to the best of our 
knowledge none of them containing two similar complexes differing 
only in the coordination of the DMF molecule.

Some interesting structural features of 3⋅3DMF include bond angles 
similar to those observed for tetranuclear Ru2-Cu2 complex [{RuCp 

Fig. 1. Crystal structure of 2, 3⋅3DMF and 4 (ellipsoids at 50 % probability. Hydrogen atoms, anions and solvent molecules were omitted for clarity).

Table 1 
Selected bond lengths and angles for complexes 2, 3⋅3DMF and 4.

2 3⋅3DMF 4

Length (Å) ​ ​ ​
Ru1-Cl1 2.411(2) 2.407(2)/2.410(2) 2.414(8)
Ru1-Cl2 2.412(2) 2.406(2)/2.411(2) 2.412(9)
Ru1-P1 2.309(3) 2.291(2)/2.301(2) 2.300(8)
Ru1-pcymcent 1.694 1.704/1.697 1.718
N1-N2 2.954 2.864/2.894 2.946
Mb-Cl3 ​ 2.215(5)/ 2.323(3) 2.305(9)
Mb-Cl4 ​ 2.257(3)/2.351(4) 2.294(9)
Mb-N1 ​ 1.994(7)/2.034(7) 2.095(3)
Mb-N2 ​ 2.024(7)/ 2.105(7) 2.101(3)
Mb-O1DMF ​ 2.241(8)/2.001(9) ​
Angle (◦) ​ ​ ​
Cl1-Ru1-Cl2 90.21(9) 86.83(9)/ 86.23(9) 87.38(3)
P1-Ru1-Cl1 83.03(9) 87.92(8)/88.24(8) 85.03(3)
P1-Ru1-Cl2 82.34(9) 84.62(8)/85.61(8) 84.96(3)
P1-Ru1-pcymcent 132.27 129.39/128.28 129.91
Cl3-Mb-Cl4 ​ 117.42(16)/123.58(14) 85.66(3)
N1-Mb-N2 ​ 90.9(3)/88.7(3) 89.18(10)
N1-Mb-Cl3 ​ 108.65(2)/95.2(2) 92.29(8)
N1-Mb-Cl4 ​ 116.9(2)//95.6(2) 177.46(8)
N2-Mb-Cl3 ​ 117.7(3)/121.6(2) 174.92(8)
N2-Mb-Cl4 ​ 102.5(2)/113.9(2) 92.73(8)
Mb-N1-C6 ​ 105.4(5)/108.7(5) 115.4(2)
Mb-N2-C7 ​ 110.3(5)//113.9(5) 115.7(2)
Dihedral angle 6.68 0.35/1.92 1.79
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(PPh3)2-μ-dmoPTA-1κP:2κ2-N,N′-CuCl}2-μ-Cl-μ-OCH3](CF3SO3)2⋅(
CH3OH)4 in which the metals display also a trigonal-bypiramidal ge
ometry [51]. The bond angle of the axial N1-Cu1-O1 is 174.07◦, the 
average for equatorial bonds is 119,7(5,8)◦ (N2-Cu1-Cl3 = 121.60(2)◦; 
N2-Cu1-Cl4 = 113.85(2)◦; Cl3-Cu1-Cl4 = 123.58(14)◦), being 93.1 
(4.4)◦ (N1-Cu1-N2 = 88.68(3)◦; N1-Cu1-Cl3 = 95.17(2)◦; N1-Cu1-Cl4 =
95.61(2)◦) the average axial-equatorial angles. The different coordina
tion geometries of the Cu in both complexes lead to significant differ
ences not only in the bond angles but also in the bond lengths between 
the metal and the ligands. The average of Cu1–Cl bond lengths in 3 
(2.236(21) Å) is significant shorter than in 3DMF (2.337(14) Å), tendency 
that is also observed for the Cu1-NdmoPTA bond distances (3: 2.009 Å; 
3DMF: 2.070 Å).

Complex 4 crystallized in the space group P21/c, displaying a 
structure similar to complex 3 but with a Pd instead of a Cu. In complex 
4, the Ru moiety, exhibits a distorted pseudo-octahedral coordination 
sphere around the Ru atom, comprising an η6-coordinated p-cymene, 
two chlorides and one dmoPTA ligand coordinated through the phos
phorus atom. Additionally, the dmoPTA ligand coordinates a palladium 
atom via the CH3NdmoPTA atoms, resulting in a distorted but nearly ideal 
square-planar geometry around Pd, with average bond angles of 90.0 
(±4.3)◦. The bond angles and length are in agreement with those 
observed for the analogue Ru–Pd complex [RuCp(PPh3)2-μ-dmoPTA- 
1κP:2κ2-N,N′-PdCl2](CF3SO3) in which the palladium centre also adopts 
a square-planar geometry [48]. The coordination of a {MCl2} moiety in 
3⋅3DMF and 4 through the NCH3 atoms leads to a better alignment be
tween the methyl groups (C6-N1-N2-C7 dihedral angle: 0.35/1.92 (3/ 
3DMF), 1.79◦ (4)) with respect to complex 2 (6.68◦). Also, the bigger Pd 
metal centre leads to some distortion of the dmoPTA ligand, thus a 
longer N1-N2 distance is observed for complex 4 with respect to 3⋅3DMF 
(mean 3⋅3DMF: 2.879(15) Å, 4: 2.946 Å).

Finally, distances among molecules are longer than the half of the 
sum of their Van der Waals radii, both in complexes 2, 3⋅3DMF and 4, 
indicating that there are not significant interactions among them.

3.3. Stability studies of complexes 1, 3 and 4 in solution

Evaluation of the cytotoxic activity of the complexes in the cellular 
culture medium requires their dissolution. Tumor cell culture medium is 
mainly constituted by water, but when the complex is not soluble 
enough, it is previously dissolved in DMSO. It is important to determine 
if these complexes are the real active antiproliferative species in solu
tion, so the study of the stability was performed at room temperature 
and 37 ◦C and monitored by 31P{1H} NMR. Complex 1 is soluble in 
water by quick decomposition while is more stable in DMSO. The 
complexes 3 and 4 are enough soluble in water and DMSO to study the 
stability of their dissolutions in both solvents.

Complex 1 in water at room temperature transformed into new 
species within just 5 min. A deeper study of the evolution of complex 1 
was carried out but at 37 ◦C (Fig. S21), which is the physiological 
temperature. After dissolution, three species were observed at δ31P =
− 10.21 ppm (71 %), − 9.08 ppm (19 %), and that corresponding to 1 at 
δ31P = − 15.12 ppm (10 %) that disappeared after 30 min, remaining 

only the two other signals in a proportion of 25 % and 75 % up to 12 h. 
The most intense signal at δ31P = − 10.21 ppm is due to the complex 
[RuCl2(η6-p-cym)(HdmoPTA-κP)]+ that is obtained from 1 by elimina
tion of the methylene group between the CH3N atoms of the dmPTA 
ligand by reaction with water, which leads to the formation of the ligand 
dmoPTA and formaldehyde (Scheme 2) [17]. The presence of formal
dehyde in the reaction was confirmed by a singlet at 4.75 ppm in the 1H 
NMR of the reaction corresponding to its hydrated form (CH2(OH)2). It is 
important to point out that the signal at δ31P = − 9.08 ppm (25 %) 
disappeared when four equivalents of NaCl were introduced in the 
dissolution, supporting that this signal is due to mono-aquo complex 
[RuCl(η6-p-cym)(OH2)(HdmoPTA-κP)]2+. This equilibrium between the 
complex and water molecules was also observed for mono and hetero
bimetallic RAPTA complexes in water [16,17]. In DMSO at room tem
perature, a similar behaviour can be observed but over longer periods of 
time (Fig. S22). After 30 min, it is possible to observe the signal cor
responding to the complex [RuCl2(η6-p-cym)(HdmoPTA-κP)]+ at − 8.97 
ppm (7 %), which increased to reach 40 % after 72 h. Unlike what was 
observed in water, there is no sign of the presence of the mono-aquo 
complex.

Complex 3 is soluble in water (S25◦C,H2O = 9.5 mg/cm3) and DMSO 
(S25◦C,DMSO = 49.5 mg/cm3). The dissolution of this complex in water 
leads to the almost immediate releasing of CuCl2 and the complex 
[RuCl2(η6-p-cym)(HdmoPTA-κP)]+, which remained stable in D2O at 
room temperature and 37 ◦C and after 24 h, as only one singlet at δ31P =
− 10.23 ppm (Fig. S23, S24) ascribable to this complex was observed. 
This complex is not active against the cells studied as it was shown in a 
precedent paper [17], and therefore this is the reason for the lack of 
antiproliferative activity of 3. In DMSO the complex 3 is also quite stable 
as the 31P{1H} NMR in this solvent after 12 h at room temperature 
displays a main peak at − 9.09 ppm (97 %) and another in quite minor 
proportion at − 20.2 ppm (3 %) (Fig. S25), while at 37 ◦C the same 
pattern of signals is observed when the dissolution is just prepared, but 
the signal at δ31P = − 20.2 ppm increased up to 12 % after 24 h 
(Fig. S26).

Complex 4 is well soluble in DMSO (S25◦C,DMSO = 40.5 mg/cm3) but 
also enough soluble in water (S25◦C,H2O = 7.8 mg/cm3) to study its dis
solutions by NMR. The 31P{1H} NMR spectra in water at both room 
temperature and 37 ◦C show two peaks with similar intensity at − 10.11 
ppm and − 10.9 ppm (Fig. S27, S28). To determine if this particular 
pattern was produced by the formation exchange of the Ru–Cl atom by 
a water molecule to give rise to a Ru-OH2 complex, four equivalents of 
NaCl were introduced into the dissolution of 4 in water. The 31P{1H} 
NMR spectra of the resulting solutions displayed only a singlet at 
− 10.11 ppm, which supports that the observed signal at − 10.9 ppm 
observed in the dissolution of 4 in water, is probably due to the complex 
[RuCl(η6-p-cym)(OH2)-μ-(dmoPTA-1κP:2κ2N,N′-PdCl2]. The signals and 
their proportion remain unvaried after 12 h, both at room temperature 
and 37 ◦C. The 31P{1H} NMR spectra of 4 in DMSO displays a singlet at 
− 10.44 ppm that remains unchanged after 12 h at room temperature 
(Fig. S29), while at 37 ◦C minor signals at − 9.06 ppm (7 %), − 7.63 ppm 
(3 %) and 8.05 ppm (3 %) were observed after 24 h (Fig. S30).

The dissolutions of 1, 3 and 4, proceeding from the stability tests, 

Scheme 2. Elimination of the CH2 group between CH3NdmoPTA atoms by reaction with water, giving rise to the ligand HdmoPTA and formaldehyde.
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were also evaluated by ESI-MS (Fig. S31-S46). The analysis of the re
sults shows that in these dissolutions; the main component is the com
plex [RuCl2(η6-p-cym)(dmoPTA-κP)], but other species, such as adducts 
in various aquation states of this complex, were also observed (assign
ment in SI). Also, it is important to point out that minoritarian species 
ascribable to bimetallic systems Ru–Cu and Ru–Pd were observed in 
the dissolutions of 3 and 4, respectively (assignment in SI).

3.4. Studies of antiproliferative activity

Complexes were evaluated against the human colon adenocarcinoma 
cell line Caco-2/TC7 using the MTT assay [41,45]. The assessment time 
was 72 h. This cell type is advantageous for studying anticancer effects 
in cells (5 days post-seeding) and observing cells that naturally and 
uniformly differentiate into enterocytes [52,53]. The resulting differ
entiated state, which is obtained 15 days post-seeding, forms a distinc
tive brush border on the apical surface along with tight junctions. As a 
monolayer, these cells closely resemble the absorptive cells of the small 
intestine in morphology, enabling evaluation of the complexes’ cyto
toxicity and selectivity in normal epithelial-like cells [54]. Cancer and 
normal cells were treated with increasing concentrations of the metallic 
derivatives (0–20 μM). Fig. 2 shows that complexes 1, 3, 4 and RAPTA-C 
neither affect the viability of normal cells nor exhibit antiproliferative 
activity against cancer cells. These results are apparently contradictory 
with our previous conclusions in which the heterobimetallic complexes 
[RuCl2(η6-p-cym)-μ-dmoPTA-1κP:2κ2N,N′-MCl2] (M = Zn, Co, Ni) [17] 
were found to be significantly more active that starting ruthenium 
complexes [RuCl2(η6-p-cym)(HdmoPTA-κP)](CF3SO3) and 2, and 
RAPTA-C against the same cell line. Excellent antiproliferative activity 
found for the parent complex [{RuCp(PPh3)2-μ-dmoPTA-1κP:2κ2-N,N′- 
CuCl}2-μ-Cl-μ-OCH3](CF3SO3)2⋅(CH3OH)4 [51], in which also a Ru atom 
is linked by the dmoPTA to a {CuCl2} moiety, showed a very high 
antiproliferative activity (e.g. IC50 = 20 ± 7.8 nM against T-47D breast 
cells). These findings suggested that the combination of the Ru complex 
moiety containing p-cymene and dmoPTA with Cu but also with Pd 
should be significantly active against cancer cells.

Nevertheless, the antiproliferative results showed that complexes 3 
and 4 are not active against this cell line. These compounds are stable in 
water, which being the most evident property that distinguishes them 
from previously studied active heterobimetallic Ru-M complexes. Previ
ously published results on parent complexes containing p-cymene and 

dmoPTA clearly showed that the presence of a second metal plays a 
crucial role in inducing significant antiproliferative activity, being bet
ter than those for cisplatin and RAPTA-C. Stability experiments revealed 
that these bimetallic complexes are not stable enough in water and 
DMSO to be considered the active species interacting with the cells. In 
contrast, the heterometallic complexes presented in this paper are stable 
and do not exhibit significant antiproliferative activity against colon 
cancer cells. Therefore, these results suggest that the antiproliferative 
active species is generated by the transformation of the heterometallic 
complexes in cellular culture medium.

4. Conclusions

The new monometallic RAPTA-type complex [RuCl2(η6-p-cym) 
(dmPTA-κP)](CF3SO3)2 (2) and novel heterobimetallic complexes 
[RuCl2(η6-p-cym)-μ-dmoPTA-1κP:2κ2N,N′-M(L)Cl2] (M = Cu (3); M =
Cu, L = DMF (3DMF); M = Pd (4)) have been synthesized and fully 
characterized by spectroscopic techniques. The structure of complex 
2Tol, 3⋅3DMF and 4 have been determined by single-crystal X-ray 
diffraction. The crystal structure of the complex [RuCl2(η6-p-cym) 
(dmoPTA-κP)] (2) confirmed that deprotonation of the HdmoPTA ligand 
involves a lengthening of the distance between the CH3NdmoPTA atoms, 
making the resulting dmoPTA ligand able to chelate metal atoms. The 
crystal structures of the heterobimetallic complexes 3⋅3DMF and 4 
confirmed the ability of the {RuCl2(η6-p-cym)(dmoPTA-κP)} moiety to 
be coordinated to a second metal through their CH3N atoms. It is 
important to stress that in the crystal cell of the compound 3⋅3DMF there 
is two different Ru–Cu complex, with formula [RuCl2(η6-p-cym)- 
μ-dmoPTA-1κP:2κ2N,N′-CuCl2](DMF) and [RuCl2(η6-p-cym)-μ-dmoPTA- 
κP:2κ2N,N′-CuCl2(DMF-κO)]. There are only few examples of DMF-Cu 
(II) complexes containing a DMF solvate, but to the best of our knowl
edge none of them containing two similar complexes differing only in 
the coordination of the DMF molecule.

Complexes 3 and 4 are sufficiently soluble and stable in water at 
37 ◦C to allow NMR analysis. The high stability of these complexes in 
both water and DMSO may explain their lack of antiproliferative ac
tivity, suggesting that the active antiproliferative species are not the 
heterometallic complexes, but rather the products formed from their 
transformation in solution. These considerations encourage us to 
continue synthesizing new heterometallic complexes with tuned stabil
ity in aqueous solution, which could display a significant 

Fig. 2. Cell viability of cancer and normal Caco-2 cells (5 and 15 days after seeding, respectively) treated with complexes 1, 3, 4 and RAPTA-C for 72 h. All the results 
are expressed as mean ± SEM (n ≥ 4 different experiments).
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antiproliferative activity against colon cancer cells. The final aim being 
to identify the composition of the potentially active species formed in 
solution and to elucidate their mechanism of action.
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