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Multifaceted chemical behaviour of metallocene (M = Fe, Os) quinone methides. Their contribution to biology

Introduction

Bioorganometallic chemistry is a multidisciplinary field focused on the bioactivity of molecules with at least one metal-carbon bond [START_REF] Jaouen | Bioorganometallic chemistry: a future direction for transition metal organometallic chemistry[END_REF][START_REF] Jaouen | Organometallics targeted to specific biological sites: The development of new therapies[END_REF][3][START_REF]Medicinal Organometallic Chemistry[END_REF][START_REF] Barry | Exploration of the medical periodic table: towards new targets[END_REF][START_REF] Weigand | Bioorganometallic Chemistry[END_REF]. This unifying neologism, coined by us in the mid-1980's [START_REF] Top | Chromium tricarbonyl complexes of estradiol derivatives-diffentiation of alpha-diastereoisomer and beta-diastereoisomer using one-dimensional and two-dimensional NMR-spectroscopy at 500MHZ[END_REF], arose as a response to the need to extend the range of efficacy and mitigate the side-effects of the available metal-based medications, such as the widely-used coordination complexes of platinum. Initially, we chose to focus on potential treatments for breast cancer, which affects one woman in eight in the Western world. However, this continually burgeoning domain now encompasses some aspects of environmental science, toxicology, metallomics, energy, biosensors, radiopharmaceuticals, natural and artificial enzymes, bioanalysis, and medicinal chemistry [START_REF]Bioorganometallic Chemistry: Applications in Drug Discovery, Biocatalysis and Imaging[END_REF].

Bioorganometallics and breast cancer

Following the famous mantra of Sir James Black, "The most fruitful basis for the discovery of a new drug is to start with an old drug" [START_REF] Raju | The Nobel chronicles[END_REF][START_REF] Wermuth | Selective optimization of side activities: Another way for drug discovery[END_REF], our initial approach involved the incorporation of judiciously selected organometallic moieties into hydroxytamoxifen, 1, the active metabolite of tamoxifen, 2, the drug classically prescribed to treat hormone-dependent breast cancer [START_REF] Jordan | Tamoxifen (ICI46,474) as a targeted therapy to treat and prevent breast cancer[END_REF][START_REF] Shagufta | Tamoxifen a pioneering drug: An update on the therapeutic potential of tamoxifen derivatives[END_REF]. Gratifyingly, replacement of the phenyl group adjacent to the ethyl substituent in 1 by a cyclopentadienyl ring bearing an organometallic fragment yielded molecules exhibiting antiproliferative activity on both hormone-dependent and hormoneindependent cancer cells. Although a wide range of molecules of this type has been prepared, containing metals such as Mn, Re, Ru, Os, Co, Pt, Ti, or W (Figure 1) [START_REF] Hillard | Organometallic diphenols: the importance of the organometallic moiety on the expression of a cytotoxic effect on breast cancer cells[END_REF][START_REF] Nikitin | Organometallic SERMs (selective estrogen receptor modulators): Cobaltifens, the (cyclobutadiene)cobalt analogues of hydroxytamoxifen[END_REF][START_REF] Pigeon | Selective estrogen receptor modulators in the ruthenocene series. Synthesis and biological behavior[END_REF][START_REF] Top | Decomplexation of cyclopentadienylmanganese tricarbonyl under very mild conditions: a novel route to substituted cyclopentadienes and their application in organometalllic synthesis[END_REF][START_REF] Top | The first titanocenyl dichloride moiety vectorised by a selective estrogen receptor modulator (SERM). Synthesis and preliminary biochemical behavior[END_REF][START_REF] Top | Tamoxifen derivatives for delivery of the antitumoral DACH-Pt group : Selective synthesis by McMurry coupling, and biochemical behaviour[END_REF][START_REF] Top | Selective estrogen receptor modulators (SERMs) in the cyclopentadienyl rhenium tricarbonyl series. Synthesis and Biological behaviour[END_REF][START_REF] Lee | Synthesis, Characterization, and Biological Properties of Osmium-Based Tamoxifen Derivatives -Comparison with Their Homologues in the Iron and Ruthenium Series[END_REF], it has become apparent that ferrocenyl derivatives of hydroxytamoxifen and their corresponding mono and diphenols (3-5, Scheme 1) now branded as ferrocifen-type molecules [START_REF] Hillard | Ferrocene-mediated proton-coupled electron transfer in a series of ferrocifen-type breast cancer drug candidates[END_REF], exhibited the greatest potential for bioactivity. The antiproliferativity of the ferrocifens against hormone-dependent breast cancer cells, e.g. MCF-7, may be attributed not only to their structural similarity to tamoxifen, with their dimethylaminoalkoxy chain and ability to bind to the same estradiol receptor site [START_REF] Top | Synthesis, biochemical properties and molecular modelling studies of organometallic specific estrogen receptor modulators (SERMs), the ferrocifens and hydroxyferrocifens: evidence for an antiproliferative effect of hydroxyferrocifens on both hormone-dependent and hormone-independent breast cancer cell lines[END_REF], but also by the reversible Fe(II) ↔ Fe(III) redox character of the ferrocenyl moiety that leads to formation of Reactive Oxygen Species (ROS) [START_REF] Jaouen | Transition metal carbonyl estrogen receptor assay[END_REF][START_REF] Jaouen | Ferrocifen type anti cancer drugs[END_REF]. However, these properties cannot alone account for their remarkable behaviour against hormone-independent cancers, such as MDA-MB-231. It has now been established that the formation of ferrocenyl quinone methides (QMs) plays a crucial role, as we describe herein.

Synthetic aspects

Ferrociphenols and Ferrocifens

As exemplified in Scheme 1, ferrociphenols, 3 and 4, were readily synthesized by McMurry coupling of the appropriate ferrocenyl ketone and a suitable benzophenone; subsequent incorporation of the dimethylaminoalkyl basic chain furnished the corresponding ferrocifens. We note that the ferrocifens are formed as E/Z mixtures (generally around 50/50) that interconvert very readily in the presence of acids, even in trace quantities and also in aqueous biological medium, and so are used as such for biological purposes [START_REF] Jaouen | The first organometallic selective estrogen receptor modulators (SERMs) and their relevance to breast cancer[END_REF].

Scheme 1. Preparation of ferrociphenols and tamoxifen-like ferrocifens.

This approach has since been extended to include systems in which the ethyl substituent has been modified so as to form hydroxyalkyl [START_REF] Wang | Organometallic Antitumor Compounds: Ferrocifens as Precursors to Quinone Methides[END_REF][START_REF] Wang | Synthesis and antiproliferative evaluation of novel hydroxypropyl-ferrociphenol derivatives, resulting from the modification of hydroxyl groups[END_REF] and imidoalkyl derivatives [START_REF] Pigeon | A New Series of Succinimido-ferrociphenols and Related Heterocyclic Species Induce Strong Antiproliferative Effects, Especially against Ovarian Cancer Cells Resistant to Cisplatin[END_REF][START_REF] Wang | Atypical Lone Pair-pi Interaction with Quinone Methides in a Series of Imido-Ferrociphenol Anticancer Drug Candidates[END_REF]. Analogously, ansa ferrocifens, whereby the ethyl substituent has instead been incorporated into a bridge between the cyclopentadienyl rings, were prepared from the corresponding cyclic ketones [START_REF] Beaupérin | The length of the bridging chain in ansa-metallocenes influences their antiproliferative activity against triple negative breast cancer cells (TNBC)[END_REF][START_REF] Görmen | Synthesis, cytotoxicity, and COMPARE analysis of ferrocene and [3]ferrocenophane tetrasubstituted olefin derivatives against human cancer cells[END_REF][START_REF] Görmen | Side-Chain Effects on the 1-(Bis-aryl-methylidene[END_REF][START_REF] Plazuk | A [3]Ferrocenophane Polyphenol Showing a Remarkable Antiproliferative Activity on Breast and Prostate Cancer Cell Lines[END_REF]. It is noteworthy that these McMurry couplings also yield pinacolone rearrangement products; typically, [3]ferrocenophanone and 4hydroxybenzo-phenone gave the ansa-ferrociphenol 6 (62%) and the corresponding pinacolone, 7, (11%) whose structures are shown in Figure 2 [START_REF] Görmen | Synthesis and Antiproliferative Effects of 3 Ferrocenophane Transposition Products and Pinacols Obtained from McMurry Cross-Coupling Reactions[END_REF]. 

Formation of Quinone Methides by Chemical Oxidation of Ethyl Ferrociphenols

Ferrocenyl QMs 8-11 were first obtained by chemical oxidation of their corresponding ferrocenyl derivatives using silver oxide in acetonitrile (Scheme 2), and were unequivocally characterized spectroscopically ( 1 H and 13 C NMR, UV-Vis, IR), and also by mass spectrometry. 2D NMR analysis revealed that only the E isomers are obtained [START_REF] Hamels | Ferrocenyl Quinone Methides as Strong Antiproliferative Agents: Formation by Metabolic and Chemical Oxidation of Ferrocenyl Phenols[END_REF], an observation further discussed in Section 3.9.

Scheme 2. Chemical oxidation of 3-5 leads to formation of quinone methides 8-11.

Quinone methides 8 and 10, obtained from mono-phenolic and tamoxifen-like ferrocifens, can be isolated in pure form as solids and, as such, are stable for at least two months. In contrast, 9, the QM obtained from the ferrocenyl-diphenol 4 was identifiable by NMR spectroscopy but could not be isolated in its pure form. This can be attributed to the presence of two phenol substituents leading to uncontrollable overoxidation. We emphasise that the ferrocenyl QMs 8 and 10 are significantly more stable than the QMs of their organic counterparts derived from hydroxytamoxifen, 1, whose stability in biological medium is limited to 3 -4 hours [START_REF] Fan | Bioactivation of tamoxifen to metabolite E quinone methide: Reaction with glutathione and DNA[END_REF][START_REF] Fan | 4-hydroxylated metabolites of the antiestrogens tamoxifen and toremifene are metabolized to unusually stable quinone methides[END_REF]. Further confirmation of this quinone methide structure was provided by X-ray crystallography for the quinone methide, 11, in which the carbonyl group derived from the ferrociphenol 12 is flanked by two stabilizing methyl substituents [START_REF] Hamels | Ferrocenyl Quinone Methides as Strong Antiproliferative Agents: Formation by Metabolic and Chemical Oxidation of Ferrocenyl Phenols[END_REF]; the alternating long and short bonds in the quinone ring and beyond are illustrated in Figure 3. 

Fe

Electrochemical Route to a Quinone Methide

The conversion of a precursor ferrociphenol to a quinone methide requires the overall loss of two hydrogens, and this process was investigated in a cyclic voltammetry/EPR study on the dimethylferrociphenol 12 to form the corresponding QM, 11, the results of which are summarized in Scheme 3 [START_REF] Messina | Deciphering the activation sequence of ferrociphenol anticancer drug candidates[END_REF]. In the absence of imidazol, 12 exhibits a reversible one-electron wave at 0.39 V, entirely typical for a ferrocenyl system, corresponding to the oxidation of Fe(II) to Fe(III).

OH

Formally this process generates a radical cation, 13, with a 17-electron configuration at iron; EPR data revealed that the free electron resides primarily at iron, but some delocalization onto a phenolic oxygen is readily envisaged. Deprotonation using imidazole yields the radical 14 for which EPR data indicate that the unpaired electron density is mostly on the carbon adjacent to the ferrocenyl substituent. A second oxidation (0.22 V) leads to the ferrocenylstabilized cation 15, and a final deprotonation furnishes the observed QM, 11 [START_REF] Messina | Deciphering the activation sequence of ferrociphenol anticancer drug candidates[END_REF].

Formation of Quinone Methides by Chemical Oxidation of Hydroxyalkylferrociphenols

The electrochemical data provide a rationale for the products observed upon oxidation the THF-containing ferrocenyl quinone methide, 21.
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Formation of Quinone Methides by Chemical Oxidation of Imidoalkyl-ferrociphenols

The imidoalkyl-ferrociphenols (imido = succinimido, glutarimido or phthalimido) that were prepared as in Scheme 5 and characterized by X-ray crystallography, were also oxidized by silver oxide to their corresponding quinone methides [START_REF] Pigeon | A New Series of Succinimido-ferrociphenols and Related Heterocyclic Species Induce Strong Antiproliferative Effects, Especially against Ovarian Cancer Cells Resistant to Cisplatin[END_REF][START_REF] Wang | Atypical Lone Pair-pi Interaction with Quinone Methides in a Series of Imido-Ferrociphenol Anticancer Drug Candidates[END_REF]. Typically, in the succinimidopropyl-ferrociphenol, 22, the imido and aryl ring planes are almost parallel and separated by 3.84 Å (Figure 5, left). This phenomenon also obtains in the glutarimido and phthalimido analogues. We note, however, that such an interaction is viable only in molecules possessing a propyl chain. Figure 5 (right) depicts the situation observed in the analogous succimidobutyl-ferrociphenol 23, in which the longer chain can no longer fold round so as to lie closely parallel to the adjacent phenol ring, and indeed is directed away from it. Chemical oxidation of the succinimidopropyl-ferrocidiphenol, 24, with Ag 2 O gave the corresponding quinone methide, 25, (Scheme 6) that was also characterized X-ray crystallo-graphically (Figure 6, left). Here the imido group has rotated such that the carbonyl oxygen now lies only 3.25 Å from the aryl ring (i.e. closer than 3.84 Å found between the imido and aryl ring planes in its precursor). The structure of the analogous glutarimidopropyl quinone methide, 26, also shows this same feature (Figure 6, right) [START_REF] Wang | Atypical Lone Pair-pi Interaction with Quinone Methides in a Series of Imido-Ferrociphenol Anticancer Drug Candidates[END_REF]. These molecules, whereby an oxygen of an imido carbonyl is oriented so as to be proximate to a neighbouring aryl ring, provide examples of the increasingly invoked lone pair-π (lp-π) interaction, a phenomenon involving a stabilizing association between a lone pair of electrons and the face of a π system [START_REF] Egli | Lone pair-aromatic interactions: To stabilize or not to stabilize[END_REF]. Although perhaps counterintuitive, and rather weak (1.5 -2 kcal mol -1 ), it is now recognized as a new supramolecular bond and has been observed in biological macromolecules [START_REF] Kozelka | Lone pair-pi interactions in biological systems: occurrence, function, and physical origin[END_REF] and host-guest systems [START_REF] Wang | Molecular Barrel by a Hooping Strategy: Synthesis, Structure, and Selective CO2 Adsorption Facilitated by Lone Pair-pi Interactions[END_REF]. The half-lives of these QMs are markedly lengthened. Typically, at pH 5, the vinylferrocifenyl-QM, 9, decays to its inactive indene with t 1/2 around 10 min, whereas for 25 its half-life is now approximately 40 min. For further comparison, the imidoalkyl-ferrocifenyl-QMs with butyl or pentyl chains can survive in acetone for a few hours before decaying to the corresponding indenes, whereas the imidopropyl systems exhibit half-lives of at least a week before finally forming multiple products [START_REF] Wang | Atypical Lone Pair-pi Interaction with Quinone Methides in a Series of Imido-Ferrociphenol Anticancer Drug Candidates[END_REF].

Scheme 5. Preparation of imidopropyl-and imidobutyl-ferrociphenols

Chemical Oxidation of Ansa Ferrociphenols

Addition of Ag 2 O to a solution of the ansa-ferrociphenols 6 or 27 brought about the characteristic colour change from yellow-orange to red; however, it was not possible to detect the QM product, 28, by NMR spectroscopy, whereas such is the case for its open-chain analogues 8 and 9. This may be rationalizable in terms of the ring strain associated with the introduction of a double bond into the shorter bridge. However, when the bridging link was extended to three or four methylenes, as in 29 or 30, the resulting quinone methides, 31 and 32, are isolable as stable solids (Scheme 7) [START_REF] Beaupérin | The length of the bridging chain in ansa-metallocenes influences their antiproliferative activity against triple negative breast cancer cells (TNBC)[END_REF]. 

Formation of Quinone Methides by Enzymatic Oxidation Using HRP/H 2 O 2

Quinone methides can also be obtained from ferrociphenols when incubated with the system horseradish peroxidase/H 2 O 2 (HRP/H 2 O 2 ) in a phosphate buffer at pH 8.1. Typically, tamoxifen-like ferrocifen 5 and HRP/H 2 O 2 yield the QM 10, previously obtained by chemical oxidation with silver oxide (Scheme 2). This oxidation is easily followed by UV-Vis spectroscopy thanks to the strong absorbance of 10 at 402 nm. The reaction is fast (k = 0.4 min -1 ) and the product is stable in biological media [START_REF] Citta | Evidence for targeting thioredoxin reductases with ferrocenyl quinone methides. A possible molecular basis for the antiproliferative effect of hydroxyferrocifens on cancer cells[END_REF][START_REF] Scalcon | Tamoxifen-like metallocifens target the thioredoxin system determining mitochondrial impairment leading to apoptosis in Jurkat cells[END_REF]. Analogously, enzymatic oxidation of the ferrociphenol 3 furnishes the corresponding quinone methide 8.

Under the same conditions (pH 8.1), the ferrocidiphenol 4, yields the phenolate quinone methide 33, characterized by its bright-pink colour, while at pH 5 the yellow neutral QM, 9, is obtained (Scheme 8, Figure 7) [START_REF] Tonolo | Small Structural Differences between Two Ferrocenyl Diphenols Determine Large Discrepancies of Reactivity and Biological Effects[END_REF]. This bright pink colour is associated with conjugation analogous to that found in the pH indicator phenol red. As noticed previously for its chemical oxidation with Ag 2 O, this QM is quite unstable (t ½ = 12 min at pH 8.1). Of particular interest, however, is the behaviour of the ansa-ferrocidiphenol, 27, when compared to that of its open-chain counterpart, 4. Analogous to the behaviour observed earlier with 4, enzymatic oxidation of 27 leads to 34, the QM in its phenolate form at pH 8.1, and to 28, the QM in its neutral form at pH 5 (Scheme 9) [START_REF] Scalcon | Osmocenyl-tamoxifen derivatives target the thioredoxin system leading to a redox imbalance in Jurkat cells[END_REF]. However, the rate of formation of 34 at pH 8.1 (k = 2.5 min -1 ) is much higher than for the open-chain system 9 (k = 0.12 min -1 ); this may be rationalized in terms of the ring strain caused by the introduction of a double bond in the bridge (Scheme 7). Indeed, UV-Vis and EPR data supported by calculations at the DFT level reveal that the delocalized radical 35 has a short but detectable lifetime [START_REF] Scalcon | Enzymatic oxidation of ansa-ferrocifen leads to strong and selective thioredoxin reductase inhibition in vitro[END_REF]. This may be a consequence of the limited ability of the ansa-ferrocenyl moiety to stabilize the cation analogous to 15 in Scheme 3. Interestingly, as shown earlier in Scheme 7, chemical oxidation of 27 failed to yield the ansa-QM 28; this is in accordance with the low stability observed for the QM-phenolate 34, since gradual conversion of its pink colour to brownish was observed after 105 min with the appearance of insoluble species. 

Formation of Quinone Methides by Enzymatic Oxidation Using CYP450

Cytochromes P450 (CYP450) are a family of enzymes that play a major role in drug metabolism, accounting for about 75% of total metabolism. Thus, an in vitro study of the oxidation of molecules with CYP450 gives a preliminary indication of their in vivo metabolism.

When the complexes 3-5 were incubated in a phosphate buffer (pH 7.4) with a suspension of liver microsomes, used as a source of CYP450, containing NADPH (nicotinamide adenine dinucleotide phosphate) at 37°C, they gave, in each case three metabolites (Scheme 10): their QMs, 8-10, and the corresponding indenes 36-38, resulting from the transformation of QMs in a protic medium (see Section 4.1); the corresponding allylic alcohols 39-41 were also formed [START_REF] Richard | Oxidative metabolism of ferrocene analogues of tamoxifen: characterization and antiproliferative activities of the metabolites[END_REF]. The tamoxifen-like ferrocifen 5 yielded metabolic products that retained the aminoalkoxy basic chain (38a and 38b), as well as the diphenol 4, and DesMe-5.

Scheme 10. Formation of the three main metabolites from phenols 3-5. DesMe-5 is an additional metabolite of 5.

Importance of the Ferrocenyl-ene-p-phenol Motif

As revealed by the electrochemical study of the conversion of a ferrociphenol to a QM, the redox-active ferrocenyl substituent plays a key role, not only as an intramolecular reversible redox ″antenna" but also as a stabilised carbocation ″modulator". We emphasise, however, that the particular structural motif ferrocenyl-ene-p-phenol [START_REF] Hillard | The influence of phenolic hydroxy substitution on the electron transfer and anti-cancer properties of compounds based on the 2-ferrocenyl-1-phenyl-but-1-ene motif[END_REF][START_REF] Pigeon | Atypical McMurry Cross-Coupling Reactions Leading to a New Series of Potent Antiproliferative Compounds Bearing the Key Ferrocenyl-Ene-Phenol Motif[END_REF] and the E geometry of the system are crucial for the generation of antiproliferative quinone methides. A change in position of either the OH or the ferrocenyl group leads to diminished cytotoxicity.

For example, in 42 whereby the ethyl and phenol substituents have exchanged positions relative to that in the ferrocifens, chemical oxidation yields initially the rather unstable bluegreen diquinone, 43, that was characterized only by NMR spectroscopy; eventually, however, tautomerization yields the stable green phenol-quinone, 44 (Scheme 11). Most importantly, however, cyclic voltammetry revealed successive oxidation waves at 0.4 V and at 0.8 V clearly demonstrating that 42 does not follow the behaviour of ferrociphenol 27, but instead resembles that of diethylstilbestrol (DES) which also yields a diquinone before rearranging into the diphenol 45 [START_REF] Tan | Synthesis, oxidation chemistry and cytotoxicity studies on ferrocene derivatives of diethylstilbestrol[END_REF]. A possible rationale for the exclusive formation of E quinone methides invokes the preference for an almost coplanar, orientation of a cyclopentadienyl ring with the central double bond and the phenol so as to optimize π overlap, and facilitate delocalization of the initially generated radical cation, as depicted in Scheme 3. A planar transition state with Z geometry would undoubtedly engender steric problems between the ferrocenyl moiety and the adjacent phenolic ring [START_REF] Tonolo | Small Structural Differences between Two Ferrocenyl Diphenols Determine Large Discrepancies of Reactivity and Biological Effects[END_REF].

Formation of Quinone Methides Derived from Osmocene

Ferrocifen-type derivatives of ruthenocene and osmocene, the heavier metallocenes of the iron triad, have both been studied, but more focus has been placed on the latter [START_REF] Lee | Synthesis, Characterization, and Biological Properties of Osmium-Based Tamoxifen Derivatives -Comparison with Their Homologues in the Iron and Ruthenium Series[END_REF][START_REF] Scalcon | Tamoxifen-like metallocifens target the thioredoxin system determining mitochondrial impairment leading to apoptosis in Jurkat cells[END_REF][START_REF] Scalcon | Osmocenyl-tamoxifen derivatives target the thioredoxin system leading to a redox imbalance in Jurkat cells[END_REF] Osmium complexes 46-48 (Figure 8) were prepared via the analogous McMurry crosscoupling of propionylosmocene with the appropriate benzophenone, but require higher temperatures and a stronger acylating agent, and the yields are lower (40-50%; quantitative for Fe [START_REF] Lee | Synthesis, Characterization, and Biological Properties of Osmium-Based Tamoxifen Derivatives -Comparison with Their Homologues in the Iron and Ruthenium Series[END_REF][START_REF] Top | Synthesis, biochemical properties and molecular modelling studies of organometallic specific estrogen receptor modulators (SERMs), the ferrocifens and hydroxyferrocifens: evidence for an antiproliferative effect of hydroxyferrocifens on both hormone-dependent and hormone-independent breast cancer cell lines[END_REF]. Osmium, unlike iron, is a heavy metal not present in the body and, as such, is a very good marker for imaging studies of cells by using techniques such as X-ray spectrofluorescence. Indeed, it has been used to determine the intracellular distribution of hydroxyosmocifen, 48 in MDA-MB-231 cell [START_REF] Fus | Intracellular Localization of an Osmocenyl-Tamoxifen Derivative in Breast Cancer Cells Revealed by Synchrotron Radiation X-ray Fluorescence Nanoimaging[END_REF]. However, the rates of formation for the osmium complexes are significantly lower than those of the corresponding iron ones (0.48 x10 -3 s -1 for 51 versus 1.6 x 10 -3 s -1 for 10) [START_REF] Lee | Synthesis, Characterization, and Biological Properties of Osmium-Based Tamoxifen Derivatives -Comparison with Their Homologues in the Iron and Ruthenium Series[END_REF]. In contrast, enzymatic oxidation of osmium complexes by the HRP/H 2 O 2 system is different from that of their iron counterparts. In the case of 46 and 48, the oxidation process stops at the carbenium ion precursors (analogous to 15 in Scheme 3) of the quinone methides; moreover, these carbocations can be precipitated by the addition of NaBPh 4 and characterized by their UV-Vis and mass spectra [START_REF] Scalcon | Osmocenyl-tamoxifen derivatives target the thioredoxin system leading to a redox imbalance in Jurkat cells[END_REF]. Failure to obtain the neutral quinone methide is rationalizable in terms of the greater stabilization of the osmocenyl carbocation relative to that of the corresponding ferrocenyl system, presumably because of better overlap between the vacant p orbital on carbon with a filled d orbital on the metal [START_REF] Rybinskaya | On the problem of stabilization of alpha-carbocationic centers in metallocene series-related interconversions of permethylated alpha-metallocenylcarbocations and metallicenium cation-radicals of the iron sub-group[END_REF]. Electrochemical oxidation of the osmium complexes, 46 and 48 led to irreversible oxidation without the need for addition of base [START_REF] Lee | New mechanistic insights into osmium-based tamoxifen derivatives[END_REF], whereas this is necessary for their ferrociphenyl counterparts [START_REF] Hillard | Ferrocene-mediated proton-coupled electron transfer in a series of ferrocifen-type breast cancer drug candidates[END_REF]. This indicates a clear difference in acidity of the phenol in the iron and osmium complexes.

Chemical Reactivity of Ferrocifenyl Quinone Methides

Quinone methides (QMs) are normally encountered as short-lived intermediates but the transient stability of these species can be modulated depending on substituents [START_REF] Toteva | The generation and reactions of quinone methides[END_REF]. These organic species are fairly powerful electrophiles obtained chemically by oxidation of alkyl phenols, such as 1, with Ag 2 O or MnO 2 . They are likely to be of interest in oncology [START_REF] Dufrasne | Quinone Methides and their Prodrugs: A Subtle Equilibrium Between Cancer Promotion, Prevention, and Cure[END_REF] through their addition reactions with nucleophiles present in biological media (DNA, proteins) [START_REF] Weinert | Substituents on quinone methides strongly modulate formation and stability of their nucleophilic adducts[END_REF].

Protonation of Quinone Methides Derived from Ethyl Ferrociphenols

In acidic media (1N HCl in acetone), or in the presence of an electrophile such as ZnCl 2 , the QMs 8-10, are transformed into indenes 36-38 (Scheme 12). Protonation generates the cation 52 which undergoes cyclization to form the ferrocenyl-stabilized species 53, and ultimately yields the indenes, that are more stable than their corresponding QMs. For 10, the tamoxifen-like QM, a mixture of indenes 38a and 38b (ratio 7:3) is obtained [START_REF] Richard | Oxidative metabolism of ferrocene analogues of tamoxifen: characterization and antiproliferative activities of the metabolites[END_REF].

Scheme 12.

Rearrangement of QMs into indenes upon protonation.

Protonation of a Tetrahydrofuranyl-ferrocifen Quinone Methide

Protonation of the tetrahydrofuranyl-QM 54 by HCl in acetone generates the doubly benzylic carbocation, 55, that can undergo two molecular rearrangements (Scheme 13).

Migration of the ferrocenyl substituent and subsequent loss of a proton yields the dihydrofuran 56, whereas ring expansion to form 57 furnishes the dihydropyran 58, both of which were unambiguously characterized by X-ray crystallography (Figure 9) [START_REF] Wang | Organometallic Antitumor Compounds: Ferrocifens as Precursors to Quinone Methides[END_REF][START_REF] Wang | A new generation of ferrociphenols leads to a great diversity of reactive metabolites, and exhibits remarkable antiproliferative properties[END_REF]. 

Reactions of Ferrocifenyl-QMs with Thiols

The susceptibility of QMs to attack by nucleophiles, such as peptides or proteins bearing thiols or selenols, could lead to cell death by interference with oxidative stress or inactivation of enzymes. Accordingly, generation of QMs by chemical oxidation with Ag 2 O followed by reaction with a range of thiolsmercaptoethanol (ME), N-acetyl-L-cysteine methyl ester (NACM), glutathione (GSH)yielded 1,8-Michael adducts 59-62 (Scheme 14), that were fully characterized spectroscopically or by X-ray crystallography [START_REF] Wang | Ferrocenyl Quinone Methide-Thiol Adducts as New Antiproliferative Agents: Synthesis, Metabolic Formation from Ferrociphenols, and Oxidative Transformation[END_REF], as typified by the mercaptoethanol adduct, 59, shown in Figure 10. In contrast, however, the THF isomer, 20, forms 1,6-adducts such as 65 and 66 [START_REF] Wang | A new generation of ferrociphenols leads to a great diversity of reactive metabolites, and exhibits remarkable antiproliferative properties[END_REF]. 

Reactions of Ferrocifenyl-QMs with Thioredoxin Reductase

Thioredoxins (Trx), are small (12 kD) proteins that are ubiquitous in cells, and which act as antioxidants. They possess vicinal cysteines that undergo intramolecular dithioldisulfide exchange when they react with ROS; for example, with hydroxyl they form water and sulfur-based radicals that couple to form the corresponding disulfide. Recovery of the dithiol structure is catalysed only by thioredoxin reductase (TrxR) in conjunction with NADPH. Thioredoxin reductases (TrxRs) are enzymes which, together with the glutathione system, are responsible for maintaining thiol redox balance in cells [START_REF] Lu | The thioredoxin antioxidant system, Free Rad[END_REF]. TrxRs possess an Nterminal redox center characterized by a dithiol motif (Cys-XXXX-Cys) and a C-terminal active site with a -Gly-Cys-Sec-Gly motif (Sec = selenocysteine). The Sec residue is characterized by a low pKa (5.24 for the selenol/selenate couple compared to 8.25 for the thiol/thiolate couple) resulting in enhanced nucleophilic character [START_REF] Johansson | Selenocysteine in proteins -properties and biotechnological use[END_REF]. TrxRs are often overexpressed in cancer cells and their inhibition brings about cell death [START_REF] Hickey | Mitochondria-targeted chemotherapeutics: The rational design of gold(I) Nheterocyclic carbene complexes that are selectively toxic to cancer cells and target protein selenols in preference to thiols[END_REF]. Consequently, molecules able to inhibit TrxRs are considered as potential anti-cancer drugs and have been extensively studied recently [START_REF] Scalcon | Significance of the mitochondrial thioredoxin reductase in cancer cells: An update on role, targets and inhibitors, Free Rad[END_REF], in particular with ferrocifens, osmocifens and their corresponding quinone methides.

Initial results have been obtained for 3 and 5, and their QMs, 8 and 10, respectively, that were produced by chemical oxidation (Scheme 2) since their stability is sufficient to allow them to be isolated. The data presented in Figure 11 revealed that both QMs are good inhibitors of TrxR (IC 50 = 2.6 and 2.2 µM) while their precursors are significantly less so (IC 50 ~15 µM) [START_REF] Citta | Evidence for targeting thioredoxin reductases with ferrocenyl quinone methides. A possible molecular basis for the antiproliferative effect of hydroxyferrocifens on cancer cells[END_REF]. [START_REF] Scalcon | Tamoxifen-like metallocifens target the thioredoxin system determining mitochondrial impairment leading to apoptosis in Jurkat cells[END_REF][START_REF] Tonolo | Small Structural Differences between Two Ferrocenyl Diphenols Determine Large Discrepancies of Reactivity and Biological Effects[END_REF][START_REF] Scalcon | Enzymatic oxidation of ansa-ferrocifen leads to strong and selective thioredoxin reductase inhibition in vitro[END_REF]. These IC 50 values found for the QMs are similar to those found for gold complexes which are considered to be very good inhibitors of TrxR [START_REF] Johansson | Selenocysteine in proteins -properties and biotechnological use[END_REF][START_REF] Hickey | Mitochondria-targeted chemotherapeutics: The rational design of gold(I) Nheterocyclic carbene complexes that are selectively toxic to cancer cells and target protein selenols in preference to thiols[END_REF]. The IC 50 values found for the osmium QMs 49 and 51 are higher (IC 50 = 3.6 and 5.4 µM) [START_REF] Scalcon | Osmocenyl-tamoxifen derivatives target the thioredoxin system leading to a redox imbalance in Jurkat cells[END_REF], whereas the purely organic quinone methide derived from hydroxytamoxifen 1, is the least effective molecule in the series (IC 50 = 8.7 µM) [START_REF] Tonolo | Small Structural Differences between Two Ferrocenyl Diphenols Determine Large Discrepancies of Reactivity and Biological Effects[END_REF].

These results revealed that QM 8 and 10 give adducts resulting from 1,8 Michael addition on the selenol residue Sec498 at the C-terminus of TrxR [START_REF] Citta | Evidence for targeting thioredoxin reductases with ferrocenyl quinone methides. A possible molecular basis for the antiproliferative effect of hydroxyferrocifens on cancer cells[END_REF], whereas with QM 28

(from ansa-diphenol) the Cys and Sec residues of TrxR are both alkylated [START_REF] Scalcon | Enzymatic oxidation of ansa-ferrocifen leads to strong and selective thioredoxin reductase inhibition in vitro[END_REF].

Production and Bioactivity of Reactive Oxygen Species (ROS)

The biological activities of iron in cells are essentially associated with its reversible transformation from Fe(II) to Fe(III) mediated by the Fenton and Haber-Weiss reactions [START_REF] Prousek | Fenton chemistry in biology and medicine[END_REF].

This catalytic transformation cycle, shown in Scheme 17, is accompanied by the production of ROS known for their bioreactivity.

Scheme 17.

The Fenton and Haber-Weiss reactions.

The involvement of ROS, in particular the hydroxyl radical, in the rather weak cytotoxicity of ferrocenium salts has been demonstrated by Osella [START_REF] Tabbi | Water stability and cytotoxic activity relationship of a series of ferricinium derivatives. ESR insights on the radical production during the degradation process[END_REF]. Subsequently, ROS production was measured, in MDA-MB-231 cells, for a representative selection of ferrocifens and revealed that they all generate significant ROS production after 10 min incubation [START_REF] Jaouen | Ferrocifen type anti cancer drugs[END_REF][START_REF] Lu | Quantitative Analyses of ROS and RNS Production in Breast Cancer Cell Lines Incubated with Ferrocifens[END_REF]. It was found that the tamoxifen-like complex 5, and 67 the complex with no phenol function (Scheme 19), are those producing the highest quantity of ROS, thus demonstrating that ROS production does not require the presence of a phenol. Whereas, with ferrocene or hydroxytamoxifen the yield of intracellular ROS is less than that of the controls [START_REF] Lu | Quantitative Analyses of ROS and RNS Production in Breast Cancer Cell Lines Incubated with Ferrocifens[END_REF]. The production of ROS is essential for expression of the cytotoxicity of the complexes. This is clearly demonstrated by the observation that addition of antioxidants, such as N-acetyl cysteine or ascorbic acid, causes a marked decrease in the antiproliferativity of ferrocifens (4, 5, 17) on cancer cells [START_REF] Tonolo | Small Structural Differences between Two Ferrocenyl Diphenols Determine Large Discrepancies of Reactivity and Biological Effects[END_REF][START_REF] Nguyen | Nanoparticles loaded with ferrocenyl tamoxifen derivatives for breast cancer treatment[END_REF][START_REF] Vessières | A ferrocenyl derivative of hydroxytamoxifen elicits an estrogen receptor-independent mechanism of action in breast cancer cell lines[END_REF]. This quantification made for short incubation times (10 -120 min) measures the production of ROS associated with oxidative stress following the entry of the complexes into the cells, and is different from that recorded after 24 hours of incubation, which is associated with depolarization of the mitochondrial membranes [START_REF] Jaouen | Ferrocifen type anti cancer drugs[END_REF].

It is the base level of ROS in cancer cells that initiates the oxidation of Fe(II) to Fe(III), thereby triggering the sequence of reactions leading to the stepwise synthesis of quinone methides illustrated in Scheme 18. Actually, the ROS generated in cancer cells by ferrocifens and ferrociphenols could in turn interact with them and cause cell death or inactivation by creating organometallic quinone methides that interact with selected nucleophiles or evolve toward other bioactive species. The formation of QMs therefore appears to enhance the cytotoxic potential of ROS, which themselves, at certain concentrations and in certain cell lines, are toxic to the cell. To describe this novel effect, we propose the term kronatropic, an adjective formed from Kronos the Greek deity who devoured his offspring, and Atropos (the eldest of the three Fates) who cuts the thread of life [START_REF] Hillard | Ferrocene Functionalized Endocrine Modulators as Anticancer Agents[END_REF].

Scheme 18. Illustration of the kronatropic effect in cancer cells.

The involvement of redox processes and ROS in the cytotoxicity of numerous platinum, gold, ruthenium and rhodium metallodrugs has also been extensively studied [START_REF] Jungwirth | Anticancer Activity of Metal Complexes: Involvement of Redox Processes[END_REF].

We note, however, that in those cases activation is achieved by a reduction process, for example Pt(IV) to Pt(II) [START_REF] Ravera | A view on multi-action Pt(IV) antitumor prodrugs[END_REF], while in the ferrocifens it proceeds by oxidation of Fe(II) to Fe(III)

6 Bioactivity of ferrocifenyl quinone methides

Antiproliferativity of Ferrocifenyl Quinone Methides

The IC 50 values on cancer cells (MDA-MB-231) have been determined for most of the complexes described here (Table S1) for example for the stable QMs 8, 10 and 25, derived from the ferrociphenol 3, the tamoxifen-type ferrocifen 5, and the succinimido-propylferrocidiphenol 24. These values (7.2, 1.8, and 0.56 µM respectively) were found to be 4 to 16 times higher than those of their precursors (1.5, 0.5, and 0.035 µM, respectively) [START_REF] Richard | Oxidative metabolism of ferrocene analogues of tamoxifen: characterization and antiproliferative activities of the metabolites[END_REF]. This result may appear surprising since quinone methides are considered to be involved in the toxicity of complexes in cellulo. However, one must appreciate that quinone methides are highly reactive species and are more likely to reach their targets when they are synthesized in cellulo than when they have to cross the cell membrane and the cytosol before joining the lipophilic compartments of the cell (nuclei, endoplasmic reticulum, mitochondria, etc.) in which they appear to exert their effect [START_REF] Scalcon | Tamoxifen-like metallocifens target the thioredoxin system determining mitochondrial impairment leading to apoptosis in Jurkat cells[END_REF][START_REF] Tonolo | Small Structural Differences between Two Ferrocenyl Diphenols Determine Large Discrepancies of Reactivity and Biological Effects[END_REF][START_REF] Fus | Intracellular Localization of an Osmocenyl-Tamoxifen Derivative in Breast Cancer Cells Revealed by Synchrotron Radiation X-ray Fluorescence Nanoimaging[END_REF].

The Role of Quinone Methides in the Cytotoxicity of Ferrocifens

Comparison of the cytotoxicity of three complexes in each of the three series (A-C) bearing zero, one or two phenol groups underlines the role played by the formation of QMs in the cytotoxicity of ferrocifens (Scheme 19).

Scheme 19.

Series of ferrocenyl complexes with zero, one or two OH groups. IC 50 values (µM) on MDA-MB-231 shown in square brackets are from Table S1.

Indeed, the complexes bearing one or two phenols (

QMs, are significantly more cytotoxic than their counterparts with no phenol (67 -69); for the three series, the ratios of the IC 50 values of complexes with two phenols or no phenol are 13, 10, and 22, respectively. In series C, the same high cytotoxicity is observed for the mono and di-phenolic complexes 22 and 24 (IC 50 = 0.035 µM). This can be rationalized by the fact that, even though relatively weak, the lone-pair interaction with the quinone methide helps to stabilize its E conformation [START_REF] Wang | Atypical Lone Pair-pi Interaction with Quinone Methides in a Series of Imido-Ferrociphenol Anticancer Drug Candidates[END_REF]. For the same reason, very similar IC 50 values are also found for the analogous mono and diphenolic glutarimido complexes (IC 50 = 0.09 and 0.07 µM) [START_REF] Wang | Atypical Lone Pair-pi Interaction with Quinone Methides in a Series of Imido-Ferrociphenol Anticancer Drug Candidates[END_REF]. The factor of two observed between the IC 50 values of the di-and monophenol complexes of series A and B underlines the importance, for the cytotoxicity of the complexes, of the trans configuration in the ferrocenyl-double bond-phenol motif. This arrangement is present in all the diphenol complexes (4 and 27) but in only half of the mono-phenol complexes (3 and 6) which are a 50/50 mixture of trans (active) and cis (inactive) species, thus accounting for their lower cytotoxicity [START_REF] Tonolo | Small Structural Differences between Two Ferrocenyl Diphenols Determine Large Discrepancies of Reactivity and Biological Effects[END_REF].

All the ferrocenyl QMs studied are capable of very effectively inhibiting purified thioredoxin reductases in vitro. They function via Michael addition to the QM by the selenocysteine, in some cases also by the cysteine, located in the active site of TrxR, thus counteracting the ability of the cell to defend itself against attack by ROS. However, it is difficult to establish a correlation between the in vitro inhibition efficiency of TrxR and the cytotoxicity of the products on cancer cells. This is particularly highlighted in the case of the ansa ferrocidiphenol, 27, which is one of the most cytotoxic complexes on cancer cells (IC 50 = 0.089 µM), whereas its quinone methide, 28, is only an average inhibitor of TrxR (IC 50 = 0.15 µM). This lack of correlation has previously been found in other systems, such as NHC-gold complexes [START_REF] Oehninger | N-Heterocyclic carbene metal complexes in medicinal chemistry[END_REF][START_REF] Truong | Potent Inhibition of Thioredoxin Reductase by the Rh Derivatives of Anticancer M(arene/Cp*)(NHC)Cl-2 Complexes[END_REF]. In addition, it has been shown that, in cancer cells, 8 the QM derived from the monophenol complex 3, is transformed into the indene 36a via the rearrangement process depicted in Scheme 12 [START_REF] Citta | Evidence for targeting thioredoxin reductases with ferrocenyl quinone methides. A possible molecular basis for the antiproliferative effect of hydroxyferrocifens on cancer cells[END_REF]. These indenes are unable to inhibit TrxR via Michael addition.

However, we have recently demonstrated that this indene 36a is an inhibitor of cathepsin B [74], a protease overexpressed in cancer cells [START_REF] Bergamo | Linking the future of anticancer metal-complexes to the therapy of tumour metastases[END_REF], thus becoming a possible target for ferrocifens. Other targets have been previously identified, for example, the estrogen receptor, transcription factors such as AP1 and cytokines [START_REF] Bruyère | Ferrocifen derivatives that induce senescence in cancer cells: selected examples[END_REF]. However, the nature of the molecular interactions associated with these mechanisms, thus the possible involvement of QMs, has not been established.

In vivo studies

The transition between in vitro and in vivo studies still represents an important challenge in the development of a molecule, and is particularly true in the case of ferrocifens, the administration of which in vivo must overcome two specific problems. Their high lipophilicity is an advantage during in vitro tests since it allows molecules to easily cross the cell membrane, itself lipophilic, but becomes problematic in vivo. The low solubility of the ferrocifens in physiological environments prevents their administration by the intravenous route frequently used for anticancer drugs; furthermore, the phenol, whose half-life in the bloodstream is very short, is very quickly eliminated by the body.

To overcome these difficulties, two types of lipid nanocapsule (LNC) formulation have been developed [START_REF] Nguyen | Nanoparticles loaded with ferrocenyl tamoxifen derivatives for breast cancer treatment[END_REF][START_REF] Allard | Lipid nanocapsules loaded with an organometallic tamoxifen derivative as a novel drugcarrier system for experimental malignant gliomas[END_REF] : one consists of a lipid core (oil or triglycerides) in which the active principle is soluble, surrounded by a lipid surfactant (Lipoïd®) and a layer of PEG-HS (functionalised polyethylene glycol) which provides the interface between the lipid phase and the aqueous phase. The LNCs thus obtained can be injected into physiological saline; moreover, judicious choice of PEG makes it possible to obtain stealth LNCs which are not detected by macrophages and thus remain longer in the bloodstream [START_REF] Bruyère | Ferrocifen derivatives that induce senescence in cancer cells: selected examples[END_REF][START_REF] Lainé | The in vivo performance of ferrocenyl tamoxifen lipid nanocapsules in xenografted triple negative breast cancer[END_REF].

The first in vivo results on rat glioblastoma 9L cells (brain cancer) by intravenous injection of LNCs of the ferrocidiphenol 4 led to a 75-80% reduction in size of tumours implanted in rat flank (ectopic tumours) [START_REF] Allard | Lipid nanocapsules loaded with an organometallic tamoxifen derivative as a novel drugcarrier system for experimental malignant gliomas[END_REF]. Addition of a second PEG (DSPE-mPEG2000)

to increase the stealth and efficiency of LNCs brought about the virtual disappearance of tumours after intravenous injection of 4, or the ansa-hydroxyferrocifen, 27 [START_REF] Huynh | Treatment of 9L Gliosarcoma in Rats by Ferrociphenol-Loaded Lipid Nanocapsules Based on a Passive Targeting Strategy via the EPR Effect[END_REF][START_REF] Lainé | Inhibition of ectopic glioma tumor growth by a potent ferrocenyl drug loaded into stealth lipid nanocapsules[END_REF]. When MDA-MB-231 breast cancer cells implanted in nude mice were treated with stealth nanocapsules loaded with the tamoxifen-like ferrocifen 5, significant tumour decrease was observed [START_REF] Lainé | The in vivo performance of ferrocenyl tamoxifen lipid nanocapsules in xenografted triple negative breast cancer[END_REF]. The combination of radiotherapy, and LNCs loaded with 4, on 9L orthotopic brain tumours in rats led to increased survival from 25 days in untreated rats, to 40 days, and in two cases to 100 days [START_REF] Bruyère | Ferrocifen derivatives that induce senescence in cancer cells: selected examples[END_REF]. Normally, the brain is protected from ROS formation by the high concentration of antioxidants such as ascorbic acid, thus preventing the key oxidation of Fe(II) to Fe(III) with consequent QM formation; however, ionizing radiation facilitates this step, thereby allowing expression of the cytotoxic effect in the brain [START_REF] Allard | Local Delivery of Ferrociphenol Lipid Nanocapsules Followed by External Radiotherapy as a Synergistic Treatment Against Intracranial 9L Glioma Xenograft[END_REF]. Finally, mice injected with B16F10 cells (mouse melanoma) in the presence of LNCs loaded with 4 or 27 exhibited significantly extended survival rates, that were explained by the inactivation, by complexes, of pluripotent stem cells [START_REF] Allard | Local Delivery of Ferrociphenol Lipid Nanocapsules Followed by External Radiotherapy as a Synergistic Treatment Against Intracranial 9L Glioma Xenograft[END_REF].

Studies to enhance the effectiveness of these systems are continuing, and some are currently undergoing clinical trials.

Cytotoxicity of Iron Complexes Compared to those of other Group 8 Metals

Comparison of the biological effects of Group 8 (Fe, Ru, Os) metal complexes derived from tamoxifen reveals the greater cytotoxicity of iron complexes relative to those of Ru and Os. This is particularly true for their mono and diphenolic complexes (IC 50 values of the diphenolic complexes of Fe, Os and Ru: 0.5, 27, 29 µM, respectively) [START_REF] Lee | Synthesis, Characterization, and Biological Properties of Osmium-Based Tamoxifen Derivatives -Comparison with Their Homologues in the Iron and Ruthenium Series[END_REF]. One can readily envisage that the quinone methides play a role in this difference since it has been shown that, in the case of osmium, enzymatic oxidation stops at the carbenium ion stage whose reactivity is not comparable to that of a quinone methide [START_REF] Scalcon | Osmocenyl-tamoxifen derivatives target the thioredoxin system leading to a redox imbalance in Jurkat cells[END_REF], and that inhibition of TrxR in vitro by the QMs of osmium is less than that induced by iron complexes [START_REF] Tonolo | Small Structural Differences between Two Ferrocenyl Diphenols Determine Large Discrepancies of Reactivity and Biological Effects[END_REF][START_REF] Scalcon | Osmocenyl-tamoxifen derivatives target the thioredoxin system leading to a redox imbalance in Jurkat cells[END_REF]. Moreover, one must also take into consideration the redox potentials of the three metallocenes (+0.4 V for ferrocene, +0.6 V for osmocene, +0.8 V for ruthenocene) and note that, according to Kovacic, only the metallocenes having a redox potential between +0.4 and -0.4 V display anticancer activity since this range of potential is favorable for in vivo electron transfer and redox cycling [START_REF] Kovacic | Unifying mechanism for anticancer agents involving electron transfer and oxidative stress: Clinical implications[END_REF].

Only iron complexes meet this criterion; on the other hand, osmium derivatives have shown their usefulness in allowing the study of the localization of complexes within the cell [START_REF] Fus | Intracellular Localization of an Osmocenyl-Tamoxifen Derivative in Breast Cancer Cells Revealed by Synchrotron Radiation X-ray Fluorescence Nanoimaging[END_REF].

Conclusions and Perspectives

Of all the complexes of ferrocene with antitumoral potential [START_REF] Abubakar | Organometallic-tamoxifen hybrids: a chronology of the search for new selective estrogen receptor modulator[END_REF][START_REF] Chellan | Enhancing the activity of drugs by conjugation to organometallic fragments[END_REF][START_REF] Ismail | Organometallic nucleoside analogues: effect of the metallocene metal atom on cancer cell line toxicity[END_REF][START_REF] Patra | The medicinal chemistry of ferrocene and its derivatives[END_REF][START_REF] Singh | Ferrocene-appended pharmacophores: an exciting approach for modulating the biological potential of organic scaffolds[END_REF][START_REF] Wang | Ferrocene-containing hybrids as potential anticancer agents: Current developments, mechanisms of action and structure-activity relationships[END_REF], the ferrocifens and ferrociphenols have a privileged position owing to their strong anti-proliferative properties against a wide panel of cancer cells. They also benefit from the fact that their mechanism of action is now becoming well understood. Thus, access to their first metabolite, which is key to a succession of biologically significant events, has been closely studied and has revealed a novel chemistry. It has been shown that, starting from a metal-containing tamoxifen-like precursor, chemical or enzymatic oxidation gives rise to a new functional group, namely an organometallic quinone methide (OM-QM), that exhibits previously unknown behaviour.

The initial role of the ferrocenyl redox antenna, the metallocene moiety stabilizing an Fe(II) unit sandwiched between cyclopentadienide rings, is to be converted into its oxidized Fe(III) form as the ferricenium ion, whereupon electronic delocalization is possible along the (E)-ferrocenyl-ene-p-phenol framework. Subsequent deprotonation, a second oxidation to generate a ferrocenyl-stabilized carbocation, and a final deprotonation, allows the iron to regain its initial +2 state; the resulting quinone methide is a new bioorganometallic entity that behaves as a selective electrophile. The redox potential of the iron is particularly suitable for biology [START_REF] Vessières | Iron Compounds as Anticancer Agents, in Metal-Based Anticancer Agents[END_REF][START_REF] Basu | Recent advances in the chemistry of iron-based chemotherapeutic agents[END_REF], such that on cancer cells the ferrocifens initially produce Reactive Oxygen Species (ROS) that unlock the above-mentioned sequence of reactions. Moreover, the ability of the OM-QM to undergo nucleophilic addition of cellular thiols or selenols, that normally control oxidative stress, plays a crucial role in its bioactivity.

In the presence of an antioxidant the sequence no longer operates. Indeed, one OM-QM acts as an antiproliferative amplifier of oxidative stress that we have designated as the kronatropic effect (see Section 5) [START_REF] Hillard | Ferrocene Functionalized Endocrine Modulators as Anticancer Agents[END_REF]. The chemical and biological reactivity of the OM-QMs is highly dependent on the identity of the substituents, giving these very versatile scaffolds a wide range of options according to their microenvironment. If ferrocene is the redox metallocene best suited to biology, osmocene is an alternative tool particularly suitable as a tracer for cell imaging. For example, it was possible to characterize the presence of hydroxyosmocifen 48 on MDA-MB-231 cells at the level of the endoplasmic reticulum in the initial phase of the process [START_REF] Fus | Intracellular Localization of an Osmocenyl-Tamoxifen Derivative in Breast Cancer Cells Revealed by Synchrotron Radiation X-ray Fluorescence Nanoimaging[END_REF].

Besides apoptosis, these systems can also operate via senescence, offering additional options especially for the ferrociphenols. A number of biological targets, such as thioredoxin reductase, cathepsin B, the estrogen receptor, and the AP1 pathway, provide access to inhibition activities in stem cells. Antiproliferative effects and activity on suppression of metastasis have been used so far as principal selection criteria for anticancer-drugs [START_REF] Bergamo | Linking the future of anticancer metal-complexes to the therapy of tumour metastases[END_REF], but this list is not yet exhaustive. For example, Berger has postulated the role of certain metallodrugs in immunogenic cell death [START_REF] Terenzi | Anticancer metal drugs and immunogenic cell death[END_REF]. The ferrocifens appear to be good potential candidates to activate this pathway, but this is still in the process of verification. It is already clear that the potential for multisite activity shown by these compounds is of significance in preventing and/or circumventing the phenomena of resistance. Repurposing of drugs is an emerging area in the field of medicine. There is currently much attention given towards repositioning earlier drugs for new therapy. In the ferrocifen family, bactericidal and fungicidal activities have been identified [START_REF] Arbi | Evaluation of bactericidal and fungicidal activity of ferrocenyl or phenyl derivatives in the diphenyl butene series[END_REF], while ferrocenyl chalcone difluroborates inhibited HIV-integrase [START_REF] Monserrat | Ferrocenyl chalcone difluoridoborates inhibit HIV-1 integrase and display low activity towards cancer and endothelial cells[END_REF].

Other derivatives of ferrocene scattered throughout the literature have also shown themselves to be particularly active, as for example when a ferrocenyl is adjacent to a naphthyl-dipeptide group [START_REF] Mooney | Structure-Activity Relationship and Mode of Action of N-(6-Ferrocenyl-2-naphthoyl) Dipeptide Ethyl Esters: Novel Organometallic Anticancer Compounds[END_REF], or with certain chiral ferrocenyl-nucleosides [START_REF] Nguyen | Organometallic Nucleoside Analogues with Ferrocenyl Linker Groups: Synthesis and Cancer Cell Line Studies[END_REF], iron(II)

cyclopentadienyl benzonitrile [START_REF] Pilon | A New Family of Iron(II)-Cyclopentadienyl Compounds Shows Strong Activity Against Colorectal and Triple Negative Breast Cancer Cells[END_REF], and multi-iron complexes with vinyl-iminium ligands [START_REF] Agonigi | Mono-, Di-and Tetra-iron Complexes with Selenium or Sulphur Functionalized Vinyliminium Ligands: Synthesis, Structural Characterization and Antiproliferative Activity[END_REF], while ferroquin has been remarkably active against malaria [START_REF] Dive | Ferrocene Conjugates of Chloroquine and other Antimalarials: the Development of Ferroquine, a New Antimalarial[END_REF][START_REF] Xiao | Current scenario of ferrocene-containing hybrids for antimalarial activity[END_REF]. Other organometallic series such as those bearing metallacycles also show promise. Examples include certain chiral cyclometalated Pt structures that inhibit cathepsin B [START_REF] Albert | Neutral and ionic platinum compounds containing a cyclometallated chiral primary amine: synthesis, antitumor activity, DNA interaction and topoisomerase I-cathepsin B inhibition[END_REF], highly cytotoxic derivates of Ru that induce a pathway via endoplasmic reticulum stress [START_REF] Chow | Induction of the Endoplasmic Reticulum Stress Pathway by Highly Cytotoxic Organoruthenium Schiff-Base Complexes[END_REF], cyclometalated complexes of Au(III) [START_REF] Reddy | Potent and Selective Cytotoxic and Antiinflammatory Gold(III) Compounds Containing Cyclometalated Phosphine Sulfide Ligands[END_REF], and cyclic tamoxifens of Mo [START_REF] Schwarze | 2,2'-Bipyridine-Modified Tamoxifen: A Versatile Vector for Molybdacarboranes[END_REF]. Many of these compounds are still at the preliminary stage but look likely to lead to further development. This widening of the field is welcome as it provides a new impetus towards the resolution of some socially very important issues.

All of our compounds are lipophilic and require suitable formulations for administration in vivo. This has already been done using lipid nanocapsules [START_REF] Nguyen | Nanoparticles loaded with ferrocenyl tamoxifen derivatives for breast cancer treatment[END_REF][START_REF] Allard | Lipid nanocapsules loaded with an organometallic tamoxifen derivative as a novel drugcarrier system for experimental malignant gliomas[END_REF][START_REF] Huynh | Treatment of 9L Gliosarcoma in Rats by Ferrociphenol-Loaded Lipid Nanocapsules Based on a Passive Targeting Strategy via the EPR Effect[END_REF][START_REF] Lainé | Inhibition of ectopic glioma tumor growth by a potent ferrocenyl drug loaded into stealth lipid nanocapsules[END_REF].

However, the currently exponential growth in drug delivery options suggests that here also considerable further progress is likely to be made in the near future for example with cyclodextrins [START_REF] Plazuk | A [3]Ferrocenophane Polyphenol Showing a Remarkable Antiproliferative Activity on Breast and Prostate Cancer Cell Lines[END_REF][START_REF] Najlaoui | Phthalimido-ferrocidiphenol cyclodextrin complexes: Characterization and anticancer activity[END_REF]. All these developments need to be pursued jointly to achieve the benefits of cross-fertilization. In light of the feasibility of the new approaches demonstrated here, it appears that this may lead to a new bioorthogonal chemistry [START_REF] Li | Ortho-Quinone Methide Finds Its Application in Bioorthogonal Ligation[END_REF]. With the confidence of its recent achievements, and the level of interest it attracts, bioorganometallic chemistry has clearly moved beyond the diffidence of its early days and is emerging more and more fully as an innovative field with the promise of still much more to come.

Figure 1 .

 1 Figure 1. A selection of organometallic fragments incorporated into tamoxifen-type molecules.
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 2 Figure 2. Molecular structures of (left) [3]ferrociphenol, 6, and (right) its pinacolone rearrangement product, 7.
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 3 Figure 3. X-ray crystal structure of the ferrocenyl quinone methide E-11; distances in Å.
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 3 Scheme 3.Stepwise oxidation/deprotonation sequence to form a quinone methide.
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 4 Scheme 4. Chemical oxidation of hydroxypropyl-ferrociphenols yields two different QMs.
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 4 Figure 4. Molecular structures of (left) the hydroxypropyl-ferrocidiphenol, 17, and (right)
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 5 Figure 5. Structures of (left) the imidopropyl-ferrociphenol, 22, and (right) the imidobutylferrociphenol, 23, showing the different orientations of the imido group and the aryl ring.
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 6 Scheme 6. Chemical oxidation of the succinimidopropyl-ferrocidiphenol 24 to form QM 25.
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 6 Figure 6. Molecular structures of (left) the succinimidopropyl-ferrocenyl QM, 25, with a stabilized lone pair-π interaction, and (right) the glutarimido analogue, 26.
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 7 Scheme 7. Chemical oxidation of ansa-ferrocifens yielded QMs only for n = 2 or 3.
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 8 Scheme 8. Enzymatic oxidation of ferrocidiphenol 4 with HRP/H 2 O 2 yields, at pH 8.1, the QM in its phenolic form, 33, and in its neutral form, 9, at pH 5.
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 7 Figure 7. UV-Vis spectrum of ferrocidiphenol 4 after 2 min of incubation with HRP/H 2 O 2 at different pH values: phenolate 33, 553 nm at pH 8.1; neutral phenol 9, 406 nm at pH 5.
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 19 Scheme 9. Intermediacy of the short-lived, but detectable, ansa-QM radical 35.
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 4411 Scheme 11. Oxidation of ferrociphenol 42, via diquinone 43, to 44.
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 8 Figure 8. Osmocifens and their corresponding quinone methides.
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 13 Scheme 13. Rearrangement of a protonated THF-quinone methide.
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 9 Figure 9. Molecular structures of (left) the dihydrofuran 56 and (right) the dihydropyran 58.
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 1418 Scheme 14. 1,8-Michael additions of thiols, mercaptoethanol (ME), glutathione (GSH), N-acetyl-L-cysteine methyl ester (NACM), to a vinyl-ferrocifenyl-QM.
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 1015 Figure 10. Molecular structure of the 1,8-mercaptoethanol adduct 59.
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  Scheme 16. 1,6-and 1,8-Michael additions of thiols to ferrocifenyl quinone methides.

Figure 11 .

 11 Figure 11. Thioredoxin reductase (TrxR1) inhibition by ferrociphenol 3 and hydroxyferrocifen 5, and by their QMs 8 and 10, respectively, when generated by chemical oxidation.
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  of the hydroxypropyl-ferrociphenols 16 and 17 with Ag 2 O that each yield two QMs (Scheme 4). The metal-stabilized cationic intermediate 18 (analogous to 15 in Scheme 3) can either

	undergo deprotonation in the side chain to form 19, or cyclize to yield the novel
	tetrahydrofuran 20 (in the ratio 1:9, respectively) [26]. The structure of the corresponding
	derivative, 21, in which the carbonyl group is flanked by methyl substituents, was
	characterized by X-ray crystallography and the envelope conformation of the THF moiety is
	clearly apparent (Figure 4, right).
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