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Introduction

The interest towards N-heterocyclic carbenes (NHCs) is continuously growing driven by their application either as organocatalysts [1][START_REF] Biju | Carbenes Organocatalysis[END_REF][START_REF] Flanigan | [END_REF] or as ligands in functional organometallics. [4- 7] NHC-metal complexes have shown indeed excellent performances in homogeneous catalysis, medicinal chemistry and material science. [START_REF] Mercs | [END_REF][9][10][11] Consequently, there is a very intense research effort toward the design of novel NHC architectures with different moieties. In this view, a very common approach is the introduction of a second functionality at nitrogen wingtip group(s) or as a dangling substituent in the backbone of the heterocyclic ring. To date, several examples of backbone functionalized NHCs that feature neutral (like for example -OR, -NR2, -PR2, -SR, -SeR groups), anionic (like -O -, -NR -, -S -, -SO3 -, -COO -groups) or even cationic (like -NR3 + , -PR3 + groups) moieties have been described. [12][13][14][15][16][17][18][19][20][21][22][23][24][25][26][27] The exploitation of the second functionality allows for example to obtain polynuclear complexes, [28,29] the anchoring of the complex to polymers, [30] surfaces or nanoparticles. [31] This also increases the robustness of the whole molecular system in the case of catalytic activity. It can also provide additional functionality, especially in medicinal chemistry, by seeking specific targeting. [32] In the series of functionalized NHCs, those bearing a phosphonium group have recently been extensively investigated by Canac and co-workers with particular interest towards palladium(II) and rhodium(I) centres. [33][34][35][36][37][38][39][40] Importantly, this type of compounds can act as bidentate chelating ligands through the formation of a phosphonium ylide in addition to the NHC donor. Although phosphonium ylides are known since the early 20 th century, there is now a renaissance in the study of their coordination properties. [41,42] They formally have a negatively charged carbon atom directly attached to a positively charged phosphorus atom and behave as σ-donor ligands, stronger than NHCs. [43,44] A second benefit of the positive charge present on the phosphonium group is related to the possibility of using the obtained metal complexes in medicinal chemistry. Indeed since late 60s, triphenylphosphonium moieties have been shown to act perfectly as a delocalized lipophilic cation (DLC), allowing the functionalized compound to efficiently penetrate and accumulate in the mitochondria. [45,46] In addition, the higher membrane potentials of cancer cells compared to normal cells, selectively promote the accumulation of DLCs in carcinoma cells. Considering both these aspects related to the use of phosphonium-functionalized NHC ligands, we report here a study on their coordinating properties towards gold. In particular, we show that the simple addition of LiBr salt in the reaction media allows the formation of a NHC gold(I) mononuclear complex, instead of a dinuclear complex, the two compounds having been characterized by X-ray diffraction studies. Gold(III) species were also isolated and fully characterized. Preliminary results of the biological effects on MCF7 cancer cells are also reported.

Results and Discussion

Synthesis of phosphonium functionalized NHC proligands

A convenient access to the phosphonium functionalized NHC proligands 1 and 2 is the quaternization of the proper Nsubstituted imidazole via nucleophilic substitution using (3bromopropyl)triphenylphosphonium bromide (Scheme 1). [35] Scheme 1. Synthesis of the phosphonium functionalized NHC proligands 1 (89% yield) and 2 (91% yield).

The 31 P NMR spectra of the phosphonium salts in deuterated acetonitrile show a singlet at d = 24.0 and 24.1 ppm for 1 and 2, respectively. The successful synthesis of these compounds was supported in the 1 H NMR spectra by the presence of a singlet at d around 9.3-9.6 ppm associable to the acidic C2-H. Moreover, the molecular structure of compound 2 was determined by X-ray diffraction (Figure 1). 

Gold(I) complexes bearing phosphonium functionalized NHC ligands

Starting from proligands 1 and 2, two mononuclear gold(I) complexes were synthesized without by-products formation via the so-called weak base route (Scheme 2). Complexes 3 and 4 were isolated by using the proper proligand, 5 equiv. of K2CO3 and 5 equiv. of LiBr to avoid the formation of the bis(NHC) complex and heating the mixture in acetonitrile at 40 °C for ca. 5 hours. [19] The benzyl-substituted gold(I) complex 4 is stable and was isolated in excellent yield (86%). The successful coordination of the carbene to the gold(I) centre was confirmed by means of 1 H NMR with the disappearance of the singlet assigned to the acidic C2-H of the imidazolium as well as by the presence of a signal at 173.1 ppm in the 13 C NMR spectrum, which is the signature of the C2 carbene coordinated to the gold(I) centre. [47] The chemical shift of the other functional groups both in the 1 H and 13 C NMR spectra are similar to those observed in the starting imidazolium salt. The 31 P NMR spectrum presents a signal at d 23.5 ppm slightly shifted (Dd +0.6 ppm) in comparison with the analogous signal in the ligand precursor 2. The ESI-MS spectrum shows a fragment at 737.20 m/z associable to the loss of the bromide, counter ion of the phosphonium moiety. The analogous methyl-substituted gold(I) complex 3 was more difficult to isolate. The complex appeared stable in the reaction mixture (i.e. in the presence of LiBr and K2CO3), so that for example, colourless crystals of 3 suitable for single-crystal X-ray diffractometric (SC-XRD) analysis formed directly in the NMR tube containing a sample of the reaction mixture. The molecular structure of complex 3 together with selected bond distances and angles is shown in Figure 2 (see below for discussion). However, the complex undergoes decomposition after filtration of the inorganic salts and evaporation of the solvent under vacuum. In fact, during evaporation of the solvent, the colour of the solution turned yellow and a brown residue, attributed to the formation of metallic gold, formed at the bottom of the reaction flask. This residue was treated with deuterated acetonitrile, transferred into an NMR tube and the 1 H NMR spectra of this sample mixture were recorded after 1, 3, 5 and 8 days (Figure S7). A second set of signals, slightly downfield shifted with respect to the analogous set of the gold(I) complex, increases with time. The ESI-MS spectrum of the sample after 8 days displays two main fragments, one associable as the cation of the pristine gold(I) complex (fragment at 661.14 m/z, corresponding to loss of one bromide ion) and one to the species [AuBr3(L)] + (822.83 m/z, attributed to the corresponding gold(III) complex with L=NHC ligand) (Figure S8). The partial formation of the gold(III) complex 7 and its characterisation were also confirmed by direct oxidative bromine addition experiments to the mixture, with the aim of isolating only the gold(III) species (see later in the text the section on gold(III) complexes). The partial oxidation of gold(I) to gold(III) could be the result of a partial disproportionation of the gold(I) complex. This type of reactivity has already been reported in the literature. [48][49][50][51][52] Scheme 2. Synthesis of the mononuclear gold(I) complexes 3 and 4 (86% yield), and of the dinuclear ones 5 (73% yield) and 6 (82% yield).

Complex 3 presents a linear coordination geometry, as expected for a metal center in a d 10 electronic configuration, with one NHC and a bromide ligand coordinated to the gold(I) (C-Au-Br angle of 177.54°, see Figure 2). The Au-C and Au-Br bond distances are in agreement with literature data (1.984 Å and 2.3976 Å, respectively). [19,53] Interestingly, we found that the result of the complexation on gold(I) strongly depends on the presence of LiBr. In fact, when the synthesis is carried out without an excess of bromide ions, two novel gold(I) complexes, 5 and 6, could be isolated rather than the mononuclear ones 3 and 4. Complexes 5 and 6 are dinuclear species, characterized by the coordination of two C,C-bridging NHC-phosphonium ylide ligands. The deprotonation of the methylene group in alpha position to the phosphonium group has been already reported in the literature for palladium(II) complexes with similar ligands. [33][34][35]39] In our case, the formation of an ylidemetal bond was indeed suggested on the basis of the 31 P NMR spectrum, which exhibited two resonances around d 29 ppm (29.6 (minor) and 29.5 (major) ppm for complex 5; 29.6 (major) and 28.8 (minor) ppm for complex 6) shifted of ca. 5 ppm to lower fields relative to phosphonium precursors or the gold(I) complexes 3 and 4. The presence of two signals in the 31 P NMR spectrum can be justified by the occurrence of two conformational isomers in solution, [54] characterised by different orientation of the bridge between the two donors or of two diasteroisomersd due to the presence of the stereogenic ylidic carbon atoms. [35,36,[38][39][40] Finally, the molecular structure of dinuclear complex 6 was definitively established by X-ray diffraction analysis on colourless crystals isolated by slow diffusion of diethyl ether into an acetonitrile solution of 6 (Figure 3). Complex 6 is a dinuclear species with a head-to-tail bridging coordination of the two NHC-phosphonium ylide ligands. The stereochemical structure of complex 6 found in the crystal is the meso isomer. The gold(I) centres present an almost linear coordination geometry (Ccarbene-Au-Cylide of 176.78 °). The Au-Ccarbene and Au-Cylide bond distances (2.017 and 2.085 Å, respectively) are in agreement with literature data, with the Au-Cylide bond slightly longer than the Au-Ccarbene one. [34,55] The Au•••Au distance (3.2265 Å) suggests the presence of aurophilic interactions, since the distance is shorter than the sum of van der Waals of two gold atoms (i.e. 3.32 Å from the 1.66 Å radii). [56] When crystals of complex 6 are dissolved in deuterated DMSO a singlet is observed (Figure S15) in the 31 P NMR spectrum at d 28.8 ppm. The spectrum changes with time and after 72 h, it becomes superimposable to the one registered for the isolated solid at the end of the synthesis reaction (two signals at d 29.6 and 28.8 ppm). This confirms the possibility of two isomers in equilibrium in solution. A change is also observed in the 1 H NMR spectrum (Figure S14), in which the most striking difference is the benzylic CH2 group: in the just-dissolved sample an AB system is observed, whereas it becomes a singlet with time, suggesting an increase in mobility of the benzyl substituent.

Au I -NHC complexes and their multi-metallic assemblies are known to display interesting and sometimes intense luminescence properties, [57][58][59][60][61] in particular when short Au•••Au are present. Regrettably, complexes 5 and 6 display virtually absent photoluminescence very close to the detection limit of the in the solid state and no mechanochromic behavior.

Gold(III) complexes bearing phosphonium functionalized NHC ligands

Mononuclear gold(III) complexes 7 and 8 were isolated by oxidative addition of molecular bromine to gold(I) complexes (Scheme 3). We used complex 4 in its isolated pure form and complex 3 in solution and not purified because of its instability (vide supra). The 1 H NMR spectra of the two synthesized gold(III) complexes are similar to those observed for the pristine gold(I) complexes, except for a slight shift to higher ppm for all signals.

In contrast, the 13 C NMR spectra show a signal for the carbene carbon around 136 ppm, in agreement with values reported in the literature, but high-field shifted by about 40 ppm from the carbene carbon coordinated to a gold(I) centre. [53] The ESI-MS spectra shows a fragment at 822.80 m/z and 896.82 m/z for complex 7 and 8, respectively, associable to the loss of the bromide counterion of the phosphonium moiety. This behaviour is similar to that observed for gold(I) complexes and could be easily justified given the cationic nature of the ligand. 

Antiproliferative activity of the mononuclear gold(I) and gold(III) complexes

As mentioned in the introduction, one of the possible applications of phosphonium functionalized complexes is their use as antitumoral agents. The synthesised mononuclear gold(I) and gold(III) complexes (except for complex 3, which demonstrated to be unstable in solution), were tested on breast cancer cells MCF7 and their activity compared with that of the well-known anti-cancer drug cisplatin. The stability of complexes 4 and 8 was assessed by UV-vis spectroscopy in a mixture of water/dmso 95/5 v/v (for 8) or NaCl (0.9%)/dmso 95/5 v/v solution (for 4, concentration of about 0.15 mM), observing a decrease in absorbance, but no change in band position for 24 h. The determined half-inhibitory concentrations, IC50 values, are reported in Table 1 and they are in the same order of magnitude of the values measured for cisplatin and for the analogous Au(I) complexes bearing unfunctionalized NHC ligands. [19,62] The antiproliferative activity does not strongly depend on the oxidation state of the metal, but this is not surprising considering that gold(III) complexes of the type [AuBr3(NHC)] are well known to be reduced to the corresponding gold(I) complex under physiological conditions. 

Conclusion

The coordinating properties of two phosphonium-functionalized NHC ligands towards gold(I) and gold(III) metal centres have been explored. The mononuclear gold(I) complexes of general formula [AuBr(NHC)] were isolated by base-assisted metalation only if a large excess of LiBr is added in the reaction mixture. In the absence of added bromides, dinuclear gold(I) complexes with bridging NHC-phosphonium ylide ligands are isolated. This possibility to obtain NHC-phosphonium ylide bidentate ligand was already reported for palladium(II) complexes; in that case the chelating coordination of the ligand was observed while we reported here for the first time a bridging coordination for the NHC-phosphonium ylide ligand. Finally, the mononuclear gold(III) complexes [AuBr3(NHC)] were isolated by oxidative addition of bromine to the gold(I) centres.

The mononuclear complexes displayed moderate antiproliferative activity, within the usual range observed for this type of compounds. Although these studies show activity in the same range as non-functionalized gold complexes, it would be interesting to conduct mechanistic studies to see if mitochondrial function is altered. Future studies will aim to extend this study to the preparation of complexes featuring phosphonium moieties with different substituents from phenyl groups. The reactivity of the phosphonium ylide group coordinated to the gold(I) centres will be investigated as well.

Experimental Section

Materials and methods

Reagents were purchased from Sigma-Aldrich as high-purity products and used as received. MCF7 cells were provided by Imagif, Gif sur Yvette (France). All manipulations were carried out using standard Schlenk techniques under an atmosphere of argon. NMR spectra were recorded on a Bruker Avance 300 MHz operating at 300. 

Synthesis of the imidazolium salts 1 and 2

In a flame dried Schlenk, the (3-bromopropyl) triphenylphosphonium bromide (2.00 g, 4.31 mmol, 1 equiv.) and the proper 1-alkylimidazole (1.5 equiv.) were heated at 120 ˚C in dry chlorobenzene (ca. 15 mL) under argon for 15 h. After this time, the solvent was evaporated via a «trap-totrap» technique. The crude residue was suspended in Et2O (20 mL) then sonicated for 10 min; this action was repeated three times, to remove the excess of 1-alkylimidazole, to afford after filtration a white powder. 

Synthesis of the mononuclear gold(I) complexes 3 and 4

The proper imidazolium salt 1 or 2 (1 equiv.), the Au(I) precursor AuCl(SMe2) (1.05 equiv.), LiBr (5 equiv.) and an excess of K2CO3 (5 equiv.) were introduced into a two-or three-neck round bottom flask. Acetonitrile (15 mL) was then added via a syringe under inert atmosphere.

The mixture was stirred at 40 °C for 5 hours, then filtered. Finally, the solvent was removed under vacuum giving a white solid. For complex 3, the reported 1 H and 31 P NMR, as well as the ESI-MS, characterizations are based on a withdrawal from the reaction mixture, before the work-up for isolation of the solid, which causes decomposition of the compound.

The most important 13 C signals were extrapolated from the 2D NMR spectrum of the mixture isolated after work-up. 

Synthesis of complexes 5 and 6

The proper imidazolium salt 1 or 2 (1 equiv.), the Au(I) precursor AuCl(SMe2) (1.05 equiv.) and an excess of K2CO3 (5 equiv.) were introduced into a two-or three-neck round bottom flask. Acetonitrile (15 mL) was then added via a syringe under inert atmosphere. The mixture was stirred at 40 °C for 5 hours, then filtered. Finally, the solvent was removed under vacuum giving a white solid. 

Synthesis of complexes 7 and 8

The proper gold(I) complex was dissolved in acetonitrile (ca. 10 mL) under Argon atmosphere. A solution of bromine in acetonitrile was added to the solution of the gold(I) complex with a syringe (Au:Br2 ratio 1:1.2). The solution was left under stirring at room temperature for 2 hours. Finally, the solvent and the excess of bromine were removed at reduced pressure. The methyl-substituted gold(III) complex 7 was synthesised starting from the mixture of gold(I) and gold(III) complexes, isolated in the work-up reaction of 3. 7. 1 

X-ray crystal structure determination

Data were collected using an Oxford Diffraction Gemini E diffractometer, equipped with a 2K × 2K EOS CCD area detector and sealed-tube Enhance (Mo) and (Cu) X-ray sources. A suitable single crystal was fastened on a nylon loop and measured at room temperature. Detector distance has been set at 45 mm. The diffraction intensities have been corrected for Lorentz/polarization effects as well as with respect to absorption. Empirical multi-scan absorption corrections using equivalent reflections have been performed with the scaling algorithm SCALE3 ABSPACK. Data reduction, finalization and cell refinement were carried out through the CrysAlisPro software. Accurate unit cell parameters were obtained by least squares refinement of the angular settings of strongest reflections, chosen from the whole experiment. The structures were solved with Olex2 [63] by using ShelXT [64] structure solution program by Intrinsic Phasing and refined with the ShelXL [65] refinement package using leastsquares minimization. In the last cycles of refinement, non-hydrogen atoms were refined anisotropically. Hydrogen atoms were included in calculated positions, and a riding model was used for their refinement. The structure of complex 6 contains a mixture of chloride and bromide anions occupying the same positions due to substitutional disorder. These atoms were split and modelled through EXYZ and EADP constrains. The unit cell contains circa 3 chloride and 1 bromide (Cl 2.9; Br 1.1). Details for each structure refinement are reported in the crystallographic table (Table S1). Deposition Numbers 2221949 (for 3), 2221950 (for 6) and 2221951 (for 2) contain the supplementary crystallographic data for this paper. These data are provided free of charge by the joint Cambridge Crystallographic Data Centre and Fachinformationszentrum Karlsruhe.

Cytotoxicity tests of NHC-gold(I/III) complexes

Cytotoxicity tests have been carried out at the "Institut de Chimie des Substances Naturelles CNRS -UPR2301, Gif-Sur-Yvette, France". Samples were prepared by dissolution of the compounds in DMSO (except for cisplatin that was dissolved in water since it rapidly decomposes in DMSO) at stock concentrations of 10 mM. MCF7 (breast cancer cells) cell lines were maintained as monolayers in RPMI 1640 medium supplemented with 10% fetal calf serum, in the presence of penicilline, streptomycine and fungizone in 75 cm 2 flask under 5% CO2. Cells were plated in 96-well tissue culture plates in 200μl complete medium at a density of 1000-2500 cells per well and treated 24h later with 2μl of compounds using a Biomek 3000 automation workstation (Beckman-Coulter). Controls received the same volume of the appropriate vehicle (DMSO, EtOH or water, 1% final volume). After 72 h exposure, MTS reagent (CellTiter 96 ® Aqueous One, Promega) was added and incubated for 3 h at 37 °C: the absorbance was monitored at 490nm and results expressed as the inhibition of cell proliferation calculated as the ratio [(1-(OD490 treated/OD490 control))×100] in triplicate experiments after subtraction of the blank without cells. Positive controls (cells incubated with a reference drug at its IC50 concentration) were routinely added to check the responsiveness of cells. For IC50 determination [50% inhibition of cell proliferation], cells were incubated for 72 h following the same protocol with compound concentrations ranged 5 nM to 100 μM in separate duplicate experiments. Values are given as means ± SD from at least three independent experiments performed in triplicate.

Figure 1 .

 1 Figure 1. Crystal structure of 2. Colour code: C, grey; P, purple; N, blue. H atoms, anions and solvent molecules omitted for clarity. Two carbon atoms in the imidazole ring are affected by positional disorder. Disordered moiety with minor occupation is displayed as translucent atoms.

Figure 2 .

 2 Figure 2. Crystal structure of complex 3. Colour code: C, grey; Au, dark blue; P, purple; N, blue. H atoms and uncoordinated anions omitted for clarity. Selected bond lengths (Å) and angles (°): Au1-Br1 2.3976(5), Au1-C1 1.984(4); C1-Au1-Br1 177.54(9).

Figure 3 .

 3 Figure 3. Crystal structure of complex 6. Colour code: C, grey; Au, dark blue; P, purple; N, blue. H atoms and anions omitted for clarity. Selected bond lengths (Å) and angles (°): Au1-Au1' 3.2265(4), Au1-C1 2.017(5), Au1-C13' 2.085(4); C1-Au1-C13' 176.78(16). Symmetry operation: ' 1-x,1-y,1-z.

Scheme 3 .

 3 Scheme 3. Synthesis of the mononuclear gold(III) complexes 7 and 8 (67% yield), by Br2 oxidative addition to the corresponding gold(I) complexes 3 and 4.

Table 1 .

 1 Half-inhibitory concentrations IC50 (in µM) values against MCF7 cancer cells for selected gold(I) and gold(III) complexes.[a] 

	Complex	IC50 (in µM)
	4	12.3 ± 2.1
	7	20.0 ± 5.4
	8	18.3 ± 1.7
	cisplatin	11.9 ± 0.7

[a] After 72h of incubation; stock solutions in DMSO for all complexes; stock solutions in H2O for cisplatin.

  2.17 ppm.31 P{ 1 H} NMR (121 MHz, CD3CN, 298 K, ppm) d: 24.1 ppm.

	1. Yield 89%. mp: 269 °C. 1 H NMR (300 MHz, CD3CN, 298 K, ppm) d: 3.66
	(m, 2H, CH2P), 3.86 (s, 3H, CH3), 4.56 (t, J = 6.8 Hz, 2H, CH2N), 7.35 (m,

1H, CH), 7.58 (m, 1H, CH), 7.65 -7.92 (m, 15H, Ph), 9.36 (s, 1H, NCHN), the signal of one CH2 group is superimposed with the water peak at 2.17 ppm.

31 

P{ 1 H} NMR (121 MHz, CD3CN, 298 K, ppm) d: 24.0 ppm. 2. Yield 91%. mp: 174 °C. 1 H NMR (300 MHz, CD3CN, 298 K, ppm) d: 3.63 (m, 2H, CH2P), 4.53 (t, J = 6.9 Hz, 2H, CH2N), 5.40 (s, 2H, CH2Ph), 7.33 -7.50 (m, 6H, Ph + CH), 7.58 (m, 1H, CH), 7.66 -7.91 (m, 15H, Ph), 9.59 (s, 1H, NCHN), the signal of one CH2 group is superimposed with the water peak at
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