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We have recently reported the synthesis and powerful antiproliferative effects on breast and prostate cancer cells of the diphenolic [3]ferrocenophane 1. 1 This compound is considerably more potent than its non-cyclic analog 2, 2 with respective IC50 values of 0.09 and 0.6 µM on hormone-independent MDA-MB-231 breast cancer cells. The point of attachment of the olefin was shown to be critical; when it was transposed from the 1 to the 2 position of the bridge, the cytotoxic properties declined by an order of magnitude. This could be a result of breaking the conjugation between the ferrocene group and the phenol groups, as it has been shown that conjugated molecules in this class are more toxic than their unconjugated analogs. 3 Ferrocene has been widely used in experimental medicinal chemistry, [START_REF] Metzler-Nolte | Ferrocenes Ligands Materials and Biomolecules[END_REF][5][6] including a [3]ferrocenophane created from the coordination of the 1,1'bis(diphenylphosphino)ferrocene with gold, which was active against a panel of cancer cells. 7 We have also examined the influence of changing the hydroxyl group for other functionalities, such as amines and halogens. 8 The presence of a protic substituent is crucial for activity, and toxicity can be enhanced by replacement of the hydroxy group by NH2 or NHC(O)CH3. 8 This is consistent with our proposed mechanism that quinoid compounds generated in situ are responsible for the toxicity of these compounds. 9 We here show that, in this system, the [3]ferrocenophane motif is more toxic than the ferrocene moiety, via the comparison of the ferrocene compounds 3a-c (Fig. 1) with the analogous [3]ferrocephanes 4a-c on hormone-independent breast cancer cells (MDA-MB-

231).

Compounds 3a-c have been previously prepared by our group. 8a,10 1-[(p-R-phenyl)phenyl-methylidenyl]- [3]ferrocenophane derivatives 4a-b were prepared in good yield via a

McMurry cross-coupling reaction between [3]ferrocenophan-1-one 11 and the appropriately substituted benzophenones, 8a Scheme 1. [START_REF]Compound 4a: 74% yield; 81/19 isomer ratio; 1 H NMR (300 MHz, acetone-d6): δ 2[END_REF] Compound 4c was synthesized by the acetylation of the ferrocenophane aniline 4a using acetyl chloride in THF/pyridine. 8,[START_REF]c: 75% yield; 80/20 isomer ratio; 1 H NMR (300 MHz, CDCl3): δ 2.11[END_REF] The E and Z isomers could not be separated by semi-preparative HPLC. The two isomers (E + Z) were co-crystallised in a 50:50 ratio, thus the hydroxyl groups have been modeled as disordered over the two phenyl rings, with an occupancy at each position of 50%. The ferrocenyl moiety is oriented away from the phenyl group linked to the opposite carbon atom of the olefinic bond, presumably to minimize steric interactions. Similarly, there is a slight narrowing of the bond angle between the ethyl substituent and the ferrocene group connected to the same carbon atom of the double bond; and likewise for the two phenyl groups connected to the other carbon atom of the double bond. The ethylenic skeleton is moderately distorted with torsion angles of 11.2° and 12.8°. The two phenyl moieties are tilted about 55° with respect to the olefinic plane, while a corresponding twist angle of 37° is observed for the ferrocene moiety. Our previous studies of non-cyclic tetra-substituted ferrocenyl olefins show that parasubstitution of one or more of the phenyl rings with OH, NH2, and NHC(O)CH3 yield the most toxic compounds. Thus we have tested the ferrocene and ferrocenophane derivatives with such substitution on the hormone-independent MDA-MB-231 breast cancer cell line, which does not respond to estrogenic or anti-estrogenic properties of molecules. Table 1 shows that IC50 values for the ferrocene-based compounds ranges from 1.1 to 0.65 µM. The ferrocenophane compounds are more toxic in each instance, with IC50 values ranging from 0.47 to 0.21 µM. Compounds 4c and 4a showed about a two-fold improvement, while 4b, with NH2 substitution, was significantly more potent than its non-cyclic analog.

It should also be noted that the presence of two phenol groups versus one enhances the toxicity of compounds in both the ferrocene and [3]ferrocenophane series. In the ferrocene series the IC50 decreased from 1.13 to 0.6 µM for the monophenol and diphenol; 11 for the ferrocenophanes the corresponding decrease is from 0.47 to 0.09 µM. 1 Therefore, the next logical step is to prepare compounds with two identical or mixed substituents, particularly incorporating the NH2 group. With some nuances regarding the magnitude of the antiproliferative effect observed as a function of the substituents, NH2, OH, and NHC(O)CH3, it is clear that the rigid [3]ferrocenophane permits an increase in the cytotoxic efficacy of the Fc-alkene-phenyl-R motif.

Supplementary data

Crystallographic data (excluding structure factors) for the structure in this paper have been deposited with the Cambridge Crystallographic Data Centre as supplementary publication no. 748334. Copies of the data can be obtained, free of charge, on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK, (fax: +44(0)1223 336033 or email: deposit@ccdc.cam.ac.uk).

Figure 1 .

 1 Figure 1. Numbers following 1 and 2 are the IC50 values after 5 days of incubation with MDA-MB-231 hormone-independent breast cancer cells: (a) OH; (b) NH2; and (c) NHC(O)CH3.

Figure 2 .

 2 Figure 2. ORTEP diagram of 3a; thermal ellipsoids shown at 50% probability level. Bond distances (Å) and angles (°): Fe-C (mean) 2.065(2), C12-C19 1.371(2), C12-C13 1.507(2), C12-C7 1.505(2), C19-C24 1.490(3), C19-C3 1.533(3); C3-C19-C24 116.6(2), C13-C12-C7 113.5(2), C7-C12-C19-C24 11.2(2), C3-C19-C12-C13 12.8(2).
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