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Abstract 

The synthesis and chemical oxidation profile of a new generation of ferrocifen derivatives with strong 

antiproliferative behavior in vitro is reported. In particular, the hydroxypropyl derivative 

HO(CH2)3C(Fc)=C(C6H4OH)2, 3b, exhibited exceptional antiproliferative activity against HepG2 and 

MDA-MB-231 TNBC cells with IC50 values of 0.07 and 0.11 μM respectively. Chemical oxidation of 3b 

yielded an unprecedented tetrahydrofuran-substituted quinone methide (QM) via internal cyclization of 

the hydroxy-alkyl chain, whereas the corresponding alkyl analog CH3CH2-C(Fc)=C(C6H4OH)2 merely 

formed a vinyl QM. The ferrocenyl group in 3b plays a key role not only as an intramolecular reversible 

redox “antenna” but also as a stabilized carbenium ion “modulator”. The presence of the oxygen 

heterocycle in 3b-QM enhances its stability and leads to a unique chemical oxidation profile, thus 

revealing crucial clues towards deciphering its mechanism of action in vivo. 
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In the search for antitumor organometallics with behavior differentiated from the primary targeting of 

DNA, an approach based on common metals such as Fe has already proved of interest.[1] Many 

ferrocenyl species showing contrasting antiproliferative effects,[2] in particular the family of acyclic or 

ansa ferrocifens (Chart 1) are seen as innovative drug candidates.[3] At low concentrations they 

operate principally via a mechanism of senescence,[4] although in some cases apoptosis is possible[4a] 

through at least partially targeting enzymes of a redox system, for example, thioredoxin reductase 

(TrxR),[5] that are over expressed in cancer cells, while leaving healthy cells untouched.[3c, 3d] They 

possess IC50 values around 0.6 µM for acyclic systems to 0.09 µM for ansa molecules with triple-

negative MDA-MB-231 cancer cells, and have been formulated for in vivo studies on breast and 

glioma.[3d, 6] These products are of great potential interest since senescence could be an alternative 

route for cancers resistant to proapoptotic stimuli, which play a major role in the incidence of mortality 

due to this type of pathology.[4b] 

Ideally, to allow the establishment of a new mechanism of action, a new generation of products is 

required. These products should involve an unequivocally characterized primary metabolite and they 

must also exhibit lower IC50 values than those of the acyclic series. Previously, the molecules in Figure 

1 were modified by changing metals and functional groups, and attaching various chains.
[7]

 With 

replacement of the alkyl chain by a hydroxypropyl group, we present the first observations on what 

may become a new generation of ferrocifen derivatives (Figure 2A) with strong antiproliferative 

potential. Moreover, they yielded a novel quinone methide (QM) that is key to new behavior. 

 

 

Figure 1. Acyclic and ansa organometallic compounds derived from the ferrocifen family (R=H or OH), 

and the key acyclic quinone methide (QM). 

 

Figure 2. A) The new hydroxypropyl series, 3, derived from the acyclic ferrocifen family, and the novel 

tetrahydrofuran-substituted 3-QM. B) The purely organic equivalent 4b and the acyclic vinyl 4b-QM. 
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Scheme 1. Syntheses of the ferrocenyl compounds in series 2 and 3. 

 

Efficient syntheses of the desired hydroxypropyl-alkenes, 3, proceeded via McMurry cross-

coupling
[8] 

to give compounds 2a-c and LiAlH4 reduction of the esters to the corresponding alcohols 3 

(Scheme 1). Monophenol analogs 2a, 2c, 3a, and 3c were obtained as mixtures of Z and E isomers. 

The corresponding tamoxifen organic derivatives (series 4) were prepared analogously. X-ray crystal 

structures of 3a and 3b are shown in Figure S1 in the Supporting Information. 

Lipophilicity values and antiproliferative effects against the estrogen-receptor-negative (ER-) MDA-

MB-231 breast cancer cells are reported in Table 1, together with the values obtained for the acyclic-

diphenol compound, Fc(Et)C=C(C6H4OH)2. Compared to the organic compound, 4b, the ferrocenyl 

moiety increases the lipophilicity of the new molecules, while the presence of polar groups decreases 

their lipophilicity. Compound 3b shows an exceptional antiproliferative effect on the hormone-

independent MDA-MB-231 cell line with an IC50 value around 0.11 μM, which is markedly superior to 

that of its ester precursor 2b and to the acyclic diphenol compound. The tamoxifen derivative 4b, the 

organic analogue of 3b, shows limited cytotoxicity against MDA-MB-231 (IC50 ≈ 50 μM), a result that 

underlines the key role played by the ferrocenyl substituent in the generation of antiproliferative effects; 

tamoxifen itself has an IC50 value of 40 M.
[9]

 

Table 1. IC50 values with MDA-MB-231 and log Po/w results for selected ferrocenyl compounds 

Compound IC50 (μM)
 a

 logPo/w 

1 (R = OH)
b
 0.64 ± 0.06 5.0 

4b 50.78 ± 1.33 3.6 

2a 4.09 ± 1.67 5.0/5.3 

2b 0.44 ± 0.09 4.4 

2c 1.50 ± 0.17 5.4/6.2 

3a 1.16 ± 0.02 4.5/4.9 

3b 0.11 ± 0.02 4.2 

3c 1.23 ± 0.05 5.0/5.6 

a
 Measured after 5 days of culture (mean of two independent experiments ± SD). 

b
 Values from ref. 

[1a]. 

Compound 3b was selected for further tests on human tumor cell lines, which revealed that it could 

prevent the growth of pancreatic carcinoma cell Mia-PaCa with an IC50 value of 1.23 μM and shows 

excellent antiproliferative activity against liver hepatocellular carcinoma with an IC50 value of 0.07 μM 
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on HepG2 cells. This exceptional antiproliferative behavior led to further exploration of its framework to 

try to decipher the active motif. 

We find that 1-QM (Figure 1) are the key metabolites upon metabolism of the acyclic alkyl chain 

series 1 by rat liver microsomes and can also be prepared via chemical oxidation.[3e-f] To help unravel 

the reasons for the excellent antiproliferative effect of 3b, chemical oxidation was used to prepare 

selected putative metabolites (Scheme 2). NMR and X-ray data confirmed their structures as novel 

tetrahydrofuran-substituted 3-QM systems, involving cyclization of the hydroxyalkyl chain rather than 

the previously reported behavior of acyclic 1-QM which contains a conjugated trans double bond.[3e]  

The QM structure of 3c-QM was established by X-ray (Figure 3) and the cyclic ether confirms the 

intramolecular reaction of the hydroxyl function on the carbon adjacent to the ferrocenyl group. 

 

 

Figure 3. Molecular structure of 3c-QM with thermal ellipsoids shown at 50% proability. 

 

For the diphenol 1 (R = OH), an archetypical example of the first generation of ferrocifen acyclic 

species (Figure 1), the corresponding QM proved to be quite unstable and exhibited evidence of 

decomposition before oxidation was complete. In contrast, 3b-QM derived from the hydroxypropyl-

diphenol precursor showed reasonable stability, at least 4 weeks when kept at −20 °C in the solid 

state. Moreover, its stability in solution was also significantly improved (Figures S2-S3), except in the 

weakly acidic solvent chloroform in which it started to decompose. The half-life in acetone was 

approximately 30 h, but was even longer in DMSO where it remained unchanged for at least two days 

with a half-life of around six weeks. 

 

Scheme 2. Synthesis of the quinone methides. 
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The formation of the quinone ring was entirely consistent with the mechanism already proposed for 

acyclic species, whereby the ferrocenyl unit acts as a kind of intramolecular oxidation “antenna” such 

that oxidation of the phenol group leads to a carbenium ion.
[10]

 However, from this point the process 

can vary owing to the presence of the terminal hydroxyl function, such that the carbenium ion 

undergoes nucleophilic attack to form a heterocycle rather than a double bond (Scheme 3). Oxidation 

of compounds 4, the purely organic analogues of the ferrocenyl alcohol derivatives 3 yielded only the 

acyclic vinyl QM systems (Chart 2B). The absence of a significant NMR peak between 3.5 and 4.5 

ppm, which is characteristic of OCH2 in a tetrahydrofuran ring, indicated that oxidation of 4 did not 

yield a QM heterocycle. NMR peaks characteristic of the acyclic QM appeared transiently, but 

decomposition prior to complete oxidation prevented isolation of the QM, even for compound 4c in 

which the ferrocenyl group of 3c was replaced by phenyl group. Thus, for the organic analogue, 4, 

oxidation predominantly gives the vinyl QM, whereas in the ferrocenyl series, 3, oxidation furnishes the 

novel QM that bears a tetrahydrofuran ring. These quite distinct results, together with the well-known 

fact that organometallic complexes adjacent to a double bond favor the stabilization of α-carbenium 

ions, let us deduce that the ferrocenyl group not only plays the role of intramolecular oxidation 

“antenna” but also acts as a “modulator” and facilitates trapping of the hydroxyl function by the 

carbenium ion, thereby leading to tetrahydrofuran ring formation. To the best of our knowledge, the 3-

QM species is the first tetrahydrofuran-substituted QM, which may indicate the potential for structural 

diversity in quinone chemistry. 

Freshly synthesized 3a-QM, 3b-QM and 3c-QM were also cytotoxic against MDA-MB-231 cells (IC50 

values of 1.89, 4.39 and 6.00 μM, respectively). The IC50 values of stable 3a-QM and 3c-QM were the 

same as those of their parent molecules 3a and 3c. The higher value for 3b-QM, relative to 3b, could 

be due to its relatively better chemical reactivity, since strong nucleophiles may be present in the 

incubation medium. Nevertheless, this behavior suggests that 3b should have remarkable intrinsic 

antiproliferative properties and motivated us to explore the chemical oxidation profiles of 3b and 3b-

QM. 

 

 

Scheme 3. Proposed mechanism for the formation of the novel heterocyclic ferrocenyl QM species. 

The oxidative evolution of 3b-QM is more complex than that of 1-QM (Scheme 4).[3e, 5] Its half-life in 

acetone was around 30 h, and all its derivatives were stable enough to be isolable upon complete 

decomposition. The four products, 3b-A, 3b-B, 3b-C and 3b-D, which had not previously observed in 

the metabolic processes of the 1-QM series,[5] were identified by NMR or X-ray (3b-A, Figure S1). For 

the acyclic ferrocifen derivatives, the major byproduct in each case, during or after oxidation, was an 

indene product resulting from acid-mediated cyclization,[3e, 5] but the presence of the tetrahydrofuran 

ring leads to different species resulting from involvement of the oxygen atom of the alkyl chain. 
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Scheme 4. Metabolic Stability Profile of 3b-QM. 

As shown in Scheme S1, under the slightly acidic conditions in acetone, protonation of the quinone 

3b-QM can form a carbenium ion that evolves through several pathways. The first is ring expansion by 

migration of the adjacent oxygen, which places the carbocation adjacent to the ferrocenyl group; and 

subsequent proton loss to yield 3b-A; secondly, a pinacol rearrangement can give compound 3b-B.
[11]

 

Finally, the carbenium ion can react with traces of water giving a pinacol-type intermediate that gives 

3b-C and 3b-D on further oxidation. This radical oxidation parallels a previous report on [3]-

ferrocenophane derivatives.
[11]

 

The cytotoxicity of 3b-QM against MDA-MB-231 cells was consistent with its chemical derivatives 

3b-A and 3b-B (IC50 values of 2.03 and 4.14 μM, respectively). Compounds 3b-QM, 3b-A, 3b-B, 3b-C 

and 3b-D were the major products during the chemical oxidation and subsequent decomposition of 3b. 

The cytotoxic values obtained from the precursor 3b strongly suggest that, when incubated with live 

cancer cells, 3b should generate a remarkable intrinsically electrophilic metabolite which is probably 

native 3b-QM. The evolution of 3b proposed above occurred via chemical methods without the 

involvement of other nucleophiles. It provides some clues that prodrug 3b could generate several 

possible carbenium ions in vivo which could be captured by nucleophiles, such as thiols or selenols, 

inside the cells.[5] Thus possible cross-coupling with reactive nucleophiles or a related protein can lead 

to cell death. Another pathway could be relevant to cytotoxicity is oxidative cleavage of pinacol-type 

analogues.[11]  

In summary, modification of the alkyl chain in the original acyclic derivatives, yielded 3b, which 

bears a terminal hydroxy-alkyl group and exhibits exceptional antiproliferative activity against liver 

hepatocellular carcinoma cells (HepG2) and ER- breast cancer cells (MDA-MB-231) with IC50 values 

of 0.07 and 0.11 μM respectively. Chemical oxidation of 3b yielded an unprecedented tetrahydrofuran-

substituted QM via internal cyclization of the alkyl chain, identified as a possible key primary 

metabolite. The ferrocenyl group not only plays the role of intramolecular reversible redox “antenna” 

but also acts as a stabilized carbenium ion “modulator”. Resulting from these structural changes, 3b-

QM exhibits moderate stability and a unique chemical oxidation profile, revealing crucial clues that 

may help us decipher its mechanism of action in vivo. Future work will focus on gaining insight into the 

mechanism of action of these novel species, especially in the presence of healthy cells and selected 

nucleophiles, thus opening the way to a new generation of unique potential drug candidates.  
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COMMUNICATION 

Bifunctional role of ferrocenyl as both 

intramolecular reversible redox 

“antenna” and stabilized carbenium ion 

“modulator” encouraged the oxidation of 

3b toward an unprecedented 

tetrahydrofuran-substituted QM via 

an internal cyclization of the hydroxy-

alkyl chain. Subsequent chemical 

metabolic profile reveals crucial clues 

that may help us to decipher the 

mechanism of action for exceptional 

antiproliferative activity of 3b. 
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