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Abstract

Three ferrocene complexes vectorized with estrogens and vitamin D2 were synthesized and fully 

characterized by spectroscopic, electrochemical and computational methods. The synthesis of 

these esters was accomplished by reacting ferrocenoyl chloride with the corresponding ROH 

groups (R = ergocalciferol, estradiol, estrone). The cytotoxicity of these complexes in HT-29 

colon cancer and MCF-7 breast cancer cell lines was investigated in vitro. Only ferrocenoyl 17β-

hydroxy-estra-1,3,5(10)-trien-3-olate showed good cytotoxic activity in both cell lines, exceeding 

those of ferrocenium and ferrocene. In MCF-7, ferrocenoyl 17β-hydroxy-estra-1,3,5(10)-trien-3-

olate exhibited remarkable IC50, in the low micromolar range. This may be attributed to the 

presence of the estradiol vector. Docking studies between alpha-estrogen receptor ligand binding 

site and ferrocenoyl 17β-hydroxy-estra-1,3,5(10)-trien-3-olate revealed some key hydrophobic 

interactions that might explain the cytotoxic activity of this ester.

Introduction

Metals have a long story of being used as therapeutic agents in the treatment of fungal 

diseases, arthritis, ulcers and other ailments. However, the interest of metals in medicine was 

awakened by the accidental discovery of cis-platin, Pt(NH3)2Cl2, as a potential anticancer 

agent in 1970.1 Many coordination compounds, mainly derivatives of cis-platin, were 

investigated but the use of transition metal organometallic compounds in biology was 

basically unexplored. It was surprising that ferrocene (I) was not investigated as a potential 

drug since it had many applications in organic synthesis, catalysis and material science.2–5 

Its thermodynamic and kinetic stabilities as well as the redox properties makes ferrocene an 

excellent candidate to be investigated in the biological arena.
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In 1984 Köpf–Maier and co-workers reported for the first time the anticancer properties of 

ferrocenium in Ehrlich ascite tumor.6 Subsequently, ferrocenium, ferrocene and 

functionalized-ferrocenes have been studied in biological and medicinal applications.7–10 

While initially the ferrocenium complex was reported to be the active species responsible for 

the formation of oxygen free radical species, inducing oxidative damage to DNA,11,12 on a 

recent report ferrocene was found to possess anticancer activity due to the metabolic 

formation of ferrocenium.13,14 As a consequence, functionalized ferrocene has become an 

area of interest for many investigators in cancer research.7–10

We have recently reported the cytotoxic activity of ferrocenyl ester derivatives in HT-29 

colon cancer and MCF-7 breast cancer cell lines.15 Our in vitro cytotoxicity study showed 

that as we increase the lipophilic character of the functionalized ferrocene, the cytotoxicity 

improves, approaching the cytotoxic activity of ferrocenium.15 In order to continue our 

assessment on the role of the pendant groups on the cyclopentadienyl (Cp) ligand, herein we 

report our finding on vectorized ferrocenoyl esters with functional groups of biological 

importance.

2. Results and discussion

2.1 Synthesis and structure

The synthesis of ferrocenyl esters was achieved using ferrocenoyl chloride as the starting 

material and by reaction of this species with the corresponding ROH groups (R = 
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ergocalciferol, estradiol, estrone, Scheme I), eqn (1). This is a well-known route for the 

synthesis of ferrocenyl esters.16 The selection of the pendant groups is based on the 

following criteria. Estradiol and estrone are estrogens which can be recognized by the 

estrogen receptors and potentially make the ferrocenyl group selective for hormone 

dependent breast cancer. Ergocalciferol is vitamin D2.17 Ergocalciferol undergoes enzymatic 

hydroxylation to yield active vitamin D.17 Recently, it has been reported that vitamin D can 

help to prevent colon, breast and ovarian cancers.18,19 In addition, vitamin D receptor 

(VDR), as well as glucocorticoids (GR), mineralocorticoids (MR), progesterone (OR), 

androgen (AR) and estrogen (ER) receptors, belong to the nuclear hormone receptor 

superfamily.20 Thus, in principle this complex can lead to a receptor specific drug.

The new species were characterized by analytical and spectroscopic methods. The structures 

of these new species, ferrocenoyl (3β,5Z,7E,22E)-9,10-secoergosta-5,7,10(19),22-tetraen-3-

olate (ergocalciferol ferrocenoylate), ferrocenoyl 17β-hydroxy-estra-1,3,5(10)-trien-3-olate 

(estradiol ferrocenoylate) and ferrocenoyl 3β-estra-1,3,5(10)-trien-17-one-3-olate (estrone 

ferrocenoylate), have been determined by NMR methods. The 3D structure of ferrocenoyl 

17β-hydroxy-estra-1,3,5(10)-trien-3-olate has been determined by DFT calculations using 

GAUSSIAN 03.21 The lowest energy structure of the ferrocenoyl is depicted in Fig. 2a and 

will be discussed in the next section.

(1)

The IR spectral data showed v(C=O) broad bands in the 1710–1726 cm−1 range, 

corresponding to the carbonyl groups of the esters. In the 13C NMR spectra, the ferrocenoyl 

esters showed a signal at about 170 ppm, attributed to the carbonyl carbons of the ester 

groups. In the 1H NMR spectra, the complexes showed one signal (singlet) at about 4.1–4.3 

ppm, corresponding to the unsubstituted Cp rings. The functionalized Cp ring showed two 

sets of multiplets between 4.4 to 5 ppm, corresponding to an AA′BB′ splitting pattern of the 

four Cp protons. In general, the proton signals of the pendant groups shifted downfield when 

compared to the free hormones. In particular, the proton signals of the ferrocenoyl 17β-

hydroxy-estra-1,3,5(10)-trien-3-olate (estradiol ferrocenoylate) was assigned using 

previously published assignments on estradiol.22

2.2 Calculated structure by density functional theory

In the absence of a single crystal for X-ray structure analysis, we calculated the optimum 

structure for ferrocenoyl 17β-hydroxy-estra-1,3,5(10)-trien-3-olate using GAUSSIAN 03.21 

The purpose of calculating the optimum structure (conformation) is to compare it with the 

structure adopted in the estrogen receptor ligand binding domain (ER LBD). For β-estradiol, 

we used the X-ray structure of β-estradiol found in the ERα (code: 1A52 pdb) and created a 

separate file with its coordinates and then the hydrogen at C-3 was replaced by ferrocenoyl. 
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The resulting structure was energy minimized using density function theory (DFT) with the 

B3LYP hybrid functional and the 6–31G** basis set. Once the optimum structure was 

calculated (Fig. 2a), single point energies for nine conformations at different torsion angles 

(a and b angles) were calculated, see Table 1. Torsion angles are depicted in Fig. 1 and are 

defined as follows. Torsion angle a is the angle between the Cp ring and the C=O group 

while torsion angle b is between the C–O (of the ester group) and the phenyl ring. Fig. 2a 

depicts the lowest energy conformation while Fig. 2b is the conformation adopted inside the 

estrogen receptor, ERα. The selected bond distances and angles of 2a are presented in Table 

2.

The ferrocenoyl 17β-hydroxy-estra-1,3,5(10)-trien-3-olate structure (Fig. 2a) showed that 

the two Cp rings of ferrocene are eclipsed and the angles between the substituted Cp and the 

C=O group of the estradiol are co-planar with a torsion angle of only 0.4°. This is not very 

different from what has been observed for ferrocene-1-1′-dicarboxylic acid, which has tilt 

angles of 0.4° and 4.1° between the Cp plane and the carboxy plane.23 This co-planarity 

between the Cp and the C=O groups is favored to allow efficient overlap between the two π-

systems.23 The torsion angle between the C–O (CO2 group) and the phenyl ring is almost 

co-planar, with a deviation from planarity of 2.6°. Delocalization of electrons between the 

Cp and aromatic ring through the CO2 group is not observed since the Cp–C(CO2) bond 

distance is 1.459 Å whereas the C–O(CO2) and O–C(phenyl) bond distances are 1.389 Å 

and 1.418 Å respectively, all corresponding to single bonds. The last two bond distances are 

important since the estradiol can rotate around these bonds, potentially leading to different 

conformations. However, the conformation of ferrocenoyl 17β-hydroxy-estra-1,3,5(10)-

trien-3-olate inside the LBD is represented by Fig. 2b which has higher energy than the one 

in Fig. 2a, with a difference of 2.26 eV (3.7 × 10 −22 kJ). Thus, the hydrophobic interactions 

in the LBD between the protein and ferrocenoyl ester might be responsible for this change in 

the ferrocenoyl conformation, as discussed later.

2.3 Cytotoxic studies on HT-29 and MCF-7 cell lines

In order to elucidate and develop structure–activity relationships, the cytotoxicity properties 

of the ferrocenyl esters were determined on hormone-dependent breast cancer MCF-7 and 

colon cancer HT-29 cell lines using the MTT cell viability assay.24 Table 3 shows the IC50 

values on both cell lines after 72 h of drug exposure.

In the MCF-7 cell line, the ferrocenoyl esters proved more cytotoxic than ferrocene and 

ferrocenium, except for ferrocenoyl (3β,5Z,7E,22E)-9,10-secoergosta-5,7,10(19),22-

tetraen-3-olate which demonstrated poor cytotoxic properties. Substantial improvement is 

evident on ferrocenoyl 17β-hydroxy-estra-1,3,5(10)-trien-3-olate with IC50 values in the 

micromolar range, about two orders of magnitude more cytotoxic than ferrocenium 

tetrafluoroborate. The introduction of this type of hormone vector appears to be a convenient 

strategy to develop highly active target specific species in breast cancer.

On the HT-29 colon cancer cell line, the response was somewhat similar. Ferrocenoyl 17β-

hydroxy-estra-1,3,5(10)-trien-3-olate exhibited better cytotoxicity than ferrocene and 

ferrocenium, whereas the ergocalciferol substituent yielded an ester with lower cytotoxic 

activity than ferrocenuim. The low solubility of ferrocenoyl 3β-estra-1,3,5(10)-trien-17-
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one-3-olate hindered us to determine the IC50 values on HT-29 cell line. Notably, 

ferrocenoyl (3β,5Z,7E,22E)-9,10-secoergosta-5,7,10(19),22-tetraen-3-olate has better 

cytotoxicity in the colon cancer HT-29 than in the breast cancer MCF-7 cell line.

2.4 Molecular modeling – docking studies

In order to explain the cytotoxic effect of ferrocenoyl 17β-hydroxy-estra-1,3,5(10)-trien-3-

olate on the MCF-7 breast cancer cell line, we performed docking studies between the ERα 

and the above complex using VINA program.25 It is known that the receptor agonist must fit 

the ligand binding pocket of the receptor, whereas the antagonist may reside either in the 

pocket or in another location, but must induce a conformational change in the protein 

structure, inactivating the receptor. Thus to elucidate this, docking studies were appropriate 

to understand the structural factors involved in this interaction.

As a starting point, the ERα structure (code: 1A52 pdb) initially occupied by β-estradiol was 

selected. This is a dimeric structure, thus only half of it was used for the studies. The β-

estradiol inside the binding pocket was replaced by ferrocenoyl 17β-hydroxy-

estra-1,3,5(10)-trien-3-olate with the most stable conformation (Fig. 2a). As stated before, 

this structure has lengths in the Cp–C(CO2), O–C(CO2) and O–C(phenyl) bonds 

corresponding to single bonds. Thus, the estradiol is able to rotate around these bonds, 

forming different conformations. In order to establish the ideal position for the ferrocenoyl 

17β-hydroxy-estra-1,3,5(10)-trien-3-olate complex, two sets of calculations were performed: 

a) with the amino acids lining the ligand binding domain (LBD) fixed but the ferrocenoyl 

ester flexible; b) the amino acids lining the (LBD) as well as the ferrocenoyl ester were set 

flexible, allowing them to move freely in the ligand binding domain (LBD). The initial 

structure was the ferrocenoyl ester inside the β-estradiol binding pocket. This structure was 

found to be unstable and did not reach a minimum in energy. Instead, ferrocenoyl 17β-

hydroxy-estra-1,3,5(10)-trien-3-olate moved away from this pocket apparently due to steric 

hindrance of the Cp rings inside the pocket. Several structures were calculated, but the 

minimum energy structure of the ligand–receptor obtained is depicted below, as shown in 

Fig. 3.

Our docking studies demonstrated that our lowest energy structure (conformation) is when 

ferrocenoyl 17β-hydroxy-estra-1,3,5(10)-trien-3-olate moves away from the β-estradiol 

binding pocket. It docks between helix 1 and helix 5 and cannot fit into the pocket due to the 

steric hindrance with the ferrocenoyl moiety. The structure where the ferrocenoyl 17β-

hydroxy-estra-1,3,5(10)-trien-3-olate is residing in the β-estradiol binding pocket is highly 

energetic. For comparison, E2 (17β-estradiol) docks between helix 3 and helix 5.26 The 

amino acids surrounding the ferrocenoyl 17β-hydroxy-estra-1,3,5(10)-trien-3-olate are 

different to those of the β-estradiol binding pocket, as described below. Particularly 

important is that the conformation adopted by ferrocenoyl 17β-hydroxy-estra-1,3,5(10)-

trien-3-olate (Fig. 2b) inside the LBD is not the lowest energy conformation calculated in 

the previous section with Gaussian 3.0.21

The ferrocenoyl Cp rings get involved in hydrophobic interactions with PRO 324, PRO 325, 

ILE 326, GLU 353, MET 357, ILE 386, GLY 390 and ARG 304 but the 17β-hydroxy-
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estra-1,3,5(10)-trien-3-olate group is not sitting in the typical E2 ligand binding pocket 

(LBP), see Fig. 3.

The 17β-hydroxy-estra-1,3,5(10)-trien-3-olate group (pendant group) is surrounded by LEU 

320, GLU 323, TRP 393, ARG 394, and LYS 449. The amino acids mentioned above are 

the closest to the ferrocenoyl ester complex, at a distance of 3.5 Å. In contrast, in β-estradiol 

(E2, natural estrogen ligand) the phenol gets involved in hydrogen bonding with GLU 353 

and ARG 394, whereas the C-17 hydroxyl group hydrogen bonds with HIS 524. In addition, 

β-estradiol is surrounded by LEU 346, LEU 349, ALA 350, LEU 354, LEU 387, MET 388, 

LEU 391, PHEN 404, GLU 419, LEU 428, LEU 525 and LEU 540.26 Thus, the ferrocenoyl 

17b-hydroxy-estra-1,3,5(10)-trien-3-olate complex gets involved in hydrophobic 

interactions using a different set of amino acids to β-estradiol and does not involve hydrogen 

bonding with GLU 353 and ARG 394 or HIS 524. This suggests that since ferrocenoyl 17β-

hydroxy-estra-1,3,5(10)-trien-3-olate docks in a different place on the receptor, the position 

of the ferrocenoyl complex in the LBD causes changes in the protein conformation. This 

may inactivate the estrogen receptor and explain the high cytotoxic activity of this 

ferrocenyl ester complex in the MCF-7 cell line, if indeed it behaves as an antagonist. But 

the genotoxic properties of these species due to the redox behavior of ferrocene group (see 

next section) cannot be ignored.

To put in perspective ferrocenoyl 17β-hydroxy-estra-1,3,5(10)-trien-3-olate and in order to 

explain its docking interactions, we compared it with other metal complexes containing 

estradiol as a pendant group.27 Docking studies on 17α-ruthenocenylethyleneestradiol and 

17α-ruthenocenylmethyleneestradiol have been performed with ERα to explain why the 

former complex has an affinity to the estrogen receptor and not the 17α-

ruthenocenylmethyleneestradiol. They determined that 17α-ruthenocenylethyleneestradiol 

can fit into the E2 binding pocket, allowing the ruthenocenyl group passing through the 

bottleneck of the pocket. In contrast, 17a-ruthenocenylmethyleneestradiol exhibits steric 

hindrance between the ruthenocenyl group and the aminoacids in the bottleneck of the 

receptor.27

Our result is somewhat different, as is the structure of ferrocenoyl 17β-hydroxy-

estra-1,3,5(10)-trien-3-olate. In ferrocenoyl 17β-hydroxy-estra-1,3,5(10)-trien-3-olate the 

hydrogen of the hydroxyl group in position C-3 (in β-estradiol) is substituted by a 

ferrocenecarbonyl group and the hydrogen bonds with GLU 353 and ARG 394 are absent. 

As a result, the ferrocenenoyl group encounters steric hindrance with the amino acids lining 

the LBD and do not allow the complex to fit into the ligand binding pocket. In fact, the 

steroid is rotated by about 180° (as compared to E2) but the position of the C-17 hydroxyl 

group is not close enough to the GLU353 and ARG 394 amino acids to be able to engage in 

hydrogen bonding.

2.5 Electrochemical characterization

The redox behavior of functionalized ferrocenes is of fundamental importance since the 

facile oxidation to ferrocenium is attributed to be a key step inducing genotoxicity. Thus, the 

subject complexes were investigated by cyclic voltammetry. Epa and Epc are presented in 
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Table 4 and compared to the Fc/Fc+ redox couple. The cyclic voltammograms are depicted 

in Fig. 4.

Upon examination of Table 4 it is evident that all three functionalized ferrocenoyls undergo 

reversible redox processes with an ipa/ipc ratio close to one and demonstrate oxidation 

potentials, Epa, higher than ferrocene. This is the result of the electrowithdrawing (inductive) 

effect of the ester groups on the Cp rings. In principle, the ferrocenoyl esters should generate 

Fc+ radical species but less readily than ferrocene. The Fc+ radical is a key species which 

generates oxo radicals, inducing oxidative stress in the cell and causing cell death. 

Interestingly, ferrocenoyl (3β,5Z,7E,22E)-9,10-secoergosta-5,7,10(19),22-tetraen-3-olate has 

the lower oxidation potential but it is not the most cytotoxic complex, which may suggest 

that the cytotoxic activity of these functionalized ferrocenes, in particular ferrocenoyl 17β-

hydroxy-estra-1,3,5(10)-trien-3-olate (estradiol ferrocenoylate), does not rely only on its 

redox behavior but in a greater extent on the vector (E2 hormone). However, our 

electrochemical data was obtained under non-physiological conditions (organic solvent) 

thus, the redox behaviors of the ferrocenoyl esters and the amount of ROS formed under 

physiological conditions cannot be ruled out. In any event and very importantly, we can 

envision that the role of the vector is important in two ways, most likely targeting the 

receptor as well as increasing the lipophilic character of the ferrocene.

3. Concluding remarks

We have synthesized three functionalized ferrocenes with estrogens and vitamin D2 as 

vectors intended to be potentially target and receptor specific drugs. The ferrocenoyl 17β-

hydroxy-estra-1,3,5(10)-trien-3-olate showed the highest cytotoxic activity, in particular to 

the hormone dependent MCF-7 breast cancer cell line. There are few ferrocenes reported 

with high cytotoxic activity against breast cancer.28–30 In particular, Jaouen and co-workers 

synthesized a series of ferrocenes with selective receptor modulator (SRM) as a pendant 

group to yield antagonist to estrogen hormone receptor.28,29 For instance, ferrocifens 

(ferrocene containing tamoxifen) have IC50 values in the micromolar range as a result of 

binding the estrogen receptor and serving as antagonists.28,29 Thus, the ferrocenoyl 17β-

hydroxy-estra-1,3,5(10)-trien-3-olate could potentially bind the estrogen receptor and 

behave as an antagonist. To investigate this possibility, we performed docking studies 

between ERα and ferrocenoyl 17β-hydroxy-estra-1,3,5(10)-trien-3-olate as well as 

determining the lowest energy conformation of the ferrocenoyl ester. The ferrocenoyl 17β-

hydroxy-estra-1,3,5(10)-trien-3-olate does not fit into the E2 binding pocket and the 

conformation adopted in the LBD (Fig. 2b) is not the lowest energy conformation calculated 

by using DFT methods. The difference in energy between 2a and 2b is 2.26 eV. This 

indicates that conformation 2b is adopted inside the protein, although it is not the most 

stable conformation, as a result of the hydrophobic interactions between the amino acids 

surrounding the LBD and the ferrocenoyl 17β-hydroxy-estra-1,3,5(10)-trien-3-olate. These 

hydrophobic interactions provide sufficient energy to the ferrocenoyl ester to overcome this 

energy barrier and change the conformation.

Other functionalized ferrocenes with diphenols have been prepared and reported to have 

good antiproliferative activity against hormone dependent MCF-7 and hormone independent 
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MDA-MB231 breast cancer cells with IC50 values of 0.7 and 0.6 μM, respectively.30 It is 

hypothesized that the high cytotoxic activity of these ferrocenes is attributed to the facile 

oxidation to yield ferrocenium radical cations, activating the redox process in the cell. While 

this possibility cannot be ruled out, our electrochemical studies strongly suggest that the 

cytotoxic activity of the ferrocenoyl 17β-hydroxy-estra-1,3,5(10)-trien-3-olate does not rely 

only on redox behavior, but in the capacity of the vector (E2 hormone) to target most likely 

the estrogen receptor. Thus, ferrocenoyl 17β-hydroxy-estra-1,3,5(10)-trien-3-olate showed 

good antineoplastic activity probably due to the hormone vector making this species 

potentially a target specific drug.

4. Experimental section

4.1 General procedure

All reactions were performed under an atmosphere of dry nitrogen using schlenk glassware 

or a glovebox, unless otherwise stated. Reaction vessels were flame dried under a stream of 

nitrogen, and anhydrous solvents were transferred by oven-dried syringes or cannula. 

Tetrahydrofuran was dried and deoxygenated by distillation over K-benzophenone under 

nitrogen. Infrared spectra were recorded on a Brucker Vector-22 spectrometer with the 

samples as compressed KBr discs. The NMR spectra were obtained on a 500 MHz Bruker 

spectrometer. Elemental analyses were obtained from Atlantic Microlab Inc. Silica gel was 

heated at about 200 °C while a slow stream of dry nitrogen was passed through it.

The colon cancer cell line HT-29 and the breast adenocarcinoma cell line MCF-7 were 

purchased from American Type Culture Collection and were maintained at 37 °C and 95% 

Air–5% CO2. Growth medium for HT29 was McCoy’s 5A complete medium supplemented 

with 10% (v/v) fetal bovine serum and 1% (v/v) antibiotic/antimycotic. Growth medium for 

MCF7 was Eagle’s Minimum Essential Media supplemented with 10% (v/v) fetal bovine 

serum, 1% (v/v) antibiotic/antimycotic, non-essential amino acids and 0.01 mg mL−1 bovine 

insulin. MTT and Triton X-100 used for the cytotoxic assay were obtained from Sigma. All 

MTT manipulations were performed in a dark room.

4.2 Synthesis

General synthesis of ferrocenoyl esters—In a 50 mL three necked round bottom 

flask and under nitrogen atmosphere, 1 mmol of ferrocenecarboxylic acid was dissolved in 

15 mL of dry dichloromethane at room temperature. To this solution, 170–200 μL of oxalyl 

chloride was added dropwise and stirred overnight. The solution changed from orange to 

dark red. The reaction mixture was filtered in a fritted funnel and the filtrate collected. In a 

separate 100 mL three necked round bottom flask under nitrogen, 1.0 mmol of the hormone, 

and 1.0 mmol of pyridine were dissolved in 10–15 mL of dichloromethane. To this solution, 

the ferrocenecarbonyl chloride solution prepared previously was added dropwise. The 

solution was stirred for 6–12 h in the dark under a nitrogen atmosphere and at room 

temperature. Thin layer chromatography (TLC) was used to monitor the reaction. After the 

reaction was finished, the mixture was filtered in a fritted funnel with a pad of celite. The 

filtrate collected was washed with 3 × 5 mL 1 N HCl to remove pyridine and other by-

products. The organic layer containing the compound was purified by column 
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chromatography, using Silica gel and eluted with dichloromethane and isolated in 40–45% 

yield.

Ferrocenoyl 3β-estra1,3,5(10)-trien-17-one-3-olate—1H NMR (500 MHz, CDCl3) δ 

(ppm): 7.34 (d, 1H, 3J = 8.44 Hz, 1H), 6.96 (d, 1H, 3J = 8.57 Hz, 2H), 6.92 (s, 1H, 4H), 

4.96 (s, 2H; Cp), 4.50 (s, 2H; Cp), 4.31 (s, 5H; Cp), 2.96 (m, 2H, 6Hαβ), 2.53 (dd, 3J = 

18.92, 1H, 3J = 8.69, 16-βH), 2.44 (m, 1H, 11Hα), 2.33 (t, 1H, 9H), 2.19−1.98 (m, 4H, 

16Hα, 12Hβ, 7Hβ, 15Hα), 1.65−1.49 (m, 6H, 11Hβ, 8H, 15Hβ, 7Hα, 12Hα, 14H), 0.94 (s, 

3H, 18-CH3). 13C NMR (125 MHz, CDCl3), δ (ppm): 220.9 (C=O), 170.7, 149.0, 138.2, 

137.3, 126.6, 121.9, 119.1, 72.1, 70.9, 70.5, 70.2, 50.7, 48.2, 44.4, 38.3, 36.1, 31.8, 29.7, 

26.6, 26.0, 21.8, 14.1. IR (KBr, cm−1): 3104, 2939, 2869, 1726, 1707, 1494, 1454, 1376, 

1269, 1221, 1107. Anal. Calc. for C29H30O3Fe*1/8(CH2Cl2): C, 69.61; H, 6.44. Found: C, 

70.90; H, 6.54.

Ferrocenoyl 17β-hydroxy-estra-1,3,5(10)-trien-3-olate—1H NMR (500 MHz, 

DMSO-d6) δ (ppm): 7.33 (d, 1H, 3J = 8.55 Hz, 1H), 6.93 (dd, 1H, 3J = 6.27, 4J = 2.07 Hz, 

2H), 6.87 (s, 1H, 4H), 4.89 (s, 2H; Cp), 4.59 (s, 2H; Cp), 4.52 (d, 1H, OH), 4.34 (s, 5H; 

Cp), 3.54 (m, 1H, 17H), 2.83 (m, 2H, 6Hαβ), 2.32 (dd, 1H, 11Hα), 2.18 (dt, 1H, 9H), 

1.90−1.81 (m, 3H, 16Hα, 12Hβ, 7Hβ), 1.60 (q, 1H, 15Hα), 1.34 (m, 1H, 16Hβ), 1.31 (m, 

1H, 11Hβ), 1.29−1.10 (m, 5H, 8H, 15Hβ, 7Hα, 12Hα, 14H), 0.66 (s,3H, 18H (CH3)). 13C 

NMR (125 MHz, DMSO-d6), δ (ppm): 169.7 (C=O), 148.2, 137.8, 137.5, 126.2, 121.5, 

118.9, 80.0, 71.9, 70.2, 69.8, 69.6, 49.5, 43.7, 42.8, 40.0, 38.2, 36.5, 29.9, 28.9, 26.6, 25.9, 

22.8, 11.2. IR (KBr, cm−1): 3427, 3098, 2924, 2867, 1724, 1453, 1267, 1108. Anal. Calc. for 

C29H32 O3Fe: C, 71.9; H, 6.65. Found: C, 71.76; H, 6.11.

Ferrocenoyl (3β,5Z,7E,22E)-9,10-secoergosta5,7,10(19),22-tetraen-3-olate—1H 

NMR (500 MHz, CDCl3) δ (ppm): 6.28 (d, 1H, 3J = 11.25 Hz, 6H), 6.08 (d, 1H, 3J = 11.22 

Hz, 7H), 5.20 (m, 2H, 22/23H), 5.13 (m, 1H, 3-βH), 5.10 (s, 1H, 19H), 4.88 (s, 1H, 19′H), 

4.81 (s, 1H; Cp), 4.78 (s, 1H; Cp), 4.37 (s, 2H; Cp), 4.19 (s, 5H; Cp), 2.81 (dd, 1H, H9), 

2.66 (dd, 1H, H4), 2.52 (m, 1H, H1,1′), 2.29 (m, 1H, H4′), 1.02 (d, 3H, 3J = 6.62 Hz, 21-
CH3), 0.927 (d, 3H, 3J = 6.84 Hz, 24′-CH3), 0.840 (t, 3J = 7.31 Hz, 27,26-CH3), 0.572 (s, 

3H, 18-CH3). 13C NMR (125 MHz, CDCl3), δ (ppm): 171.24 (C=O), 145.1, 142.5, 135.8, 

134.7, 132.2, 122.7, 117.7, 112.8, 71.9, 71.4, 71.3, 70.4, 70.3, 69.9, 56.7, 46.0, 43.0, 42.6, 

40.6, 40.6, 33.3, 32.5, 32.4, 29.9, 29.3, 28.0, 23.8, 22.5, 21.3, 19.9, 17.8, 12.47. IR (KBr, 

cm−1): 3023, 2954, 2925, 2869, 2851, 1712, 1459, 1274, 1138. Anal. Calc. for C38H52O2Fe: 

C, 76.96; H, 8.61. Found: C, 77.38; H, 8.89.

4.3 Cytotoxic assay

Biological activity was determined using the MTT assay originally described by 

Mossman24a but using 10% Triton in isopropanol as a solvent for the MTT formazan 

crystals.24b HT29 and MCF7 cells were maintained at 37 °C and 95% Air–5% CO2 in 

McCoy’s 5A (ATCC) complete medium, which had been supplemented with 10% (v/v) fetal 

bovine serum (ATCC) and 1% (v/v) antibiotic/antimycotic (Sigma). Asynchronously 

growing cells were seeded at 1.5 × 104 cells per well in 96-well plates containing 100 μL of 

complete growth medium, and allowed to recover overnight. Various concentrations of the 

Vera et al. Page 9

Dalton Trans. Author manuscript; available in PMC 2015 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



complexes (10–1300 μM) dissolved in 5% DMSO–95% medium were added to the wells 

(eight wells per concentration; experiments performed in quadruplicate plates). The complex 

solutions were prepared first by dissolving the corresponding ferrocene in DMSO and then 

medium was added to a final composition of 5% DMSO–95% medium. In addition to the 

cells treated with the ferrocenes, two controls experiments were run: one without any 

addition of solvent mixture (5% DMSO–95% medium) and one adding 5% DMSO–95% 

medium to the cells. Both control experiments behaved identically, showing that 5% of 

DMSO in the medium did not render toxic to these types of cells. The cells were incubated 

for an additional 70 h. After this time, MTT dissolved in complete growth medium was 

added to each well to a final concentration of 1.0 mg mL−1 and incubated for two additional 

hours. After this period of time, all MTT containing medium was removed, cells were 

washed with cold PBS and dissolved with 200 μL of a 10% (v/v) Triton X-100 solution in 

isopropanol. After complete dissolution of the formazan crystals, absorbances were recorded 

in triplicate on a 340 ATTC microplate reader (SLT Lab Instruments) at 570 nm with 

background subtraction at 630 nm. Concentrations of compounds required to inhibit cell 

proliferation by 50% (IC50) were calculated by fitting data to a four-parameter logistic plot 

by means of SigmaPlot software from SPSS.

4.4 Electrochemistry

Cyclic voltammetric experiments were performed in deoxygenated CH3CN solution of 

ferrocene complexes with 0.1 M of [NBun
4]PF6 as supporting electrolyte and ferrocene 

complex concentration of 2 × 10−3 M. The three electrodes used were platinum disk as the 

working electrode, Ag/AgCl as a reference electrode, and Pt wire as an auxiliary electrode. 

The working electrode was polished with 0.05 mm alumina slurry for 1–2 min, and then 

rinsed with double-distilled and deionized water. This cleaning process is done before each 

cv experiment and a sweep between 0 and 2000 mV is performed on the electrolyte solution 

to detect any possible deposition of ferrocene on the electrode surface.

4.5 Docking studies

Docking studies between the ERα and the complex were performed using VINA program. 

The ERα dimeric structure (code: 1A52 pdb) initially occupied by β-estradiol was selected 

but only half of it was used for the studies. The β-estradiol inside the binding pocket was 

replaced by ferrocenoyl 17β-hydroxy-estra-1,3,5(10)-trien-3-olate with the most stable 

conformation (Fig. 2a). Several structures were calculated to obtain the minimum energy 

structure of the ligand–receptor by adjusting the following parameters. The rotation of the 

ester group relative to the Cp ring was either fixed (restricted) or flexible, as well as the 

amino acids lining the ligand binding domain. The amino acids in the ligand binding pocket 

were flexible. Among these possibilities, either flexible or fixed amino acids in the LBD 

with flexible ferrocenoyl complex yielded the same lowest energy structure.

The initial search with the VINA docking calculation was done on the active pocket where 

β-estradiol binds. To get a better sampling of all possible binding sites on the ERα, the 

search was expanded to include the whole protein. This resulted in a different conformation 

with a higher ligand–receptor binding energy. Exhaustiveness was set to the default value. 

The grid box was centred on the ERα macromolecule and the size of the grid box adjusted to 
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completely include the macromolecule. All rotatable bonds on the ligand were allowed to 

rotate during the molecular simulation. Regarding the ERα receptor, flexibility in the 

residues that bind the β-estradiol or the residues that surround the ferrocenoyl 17β-hydroxy-

estra-1,3,5(10)-trien-3-olate ligand did not create significant changes in the ligand–receptor 

binding energy compared to the situation where the macromolecule is completely rigid.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Torsion angles a and b in ferrocenoyl 17β-hydroxy-estra-1,3,5(10)-trien-3-olate structure.
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Fig. 2. 
Conformations of ferrocenoyl 17β-hydroxy-estra-1,3,5(10)-trien-3-olate a) lowest energy 

conformer b) conformation inside the receptor.
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Fig. 3. 
Representation of the interaction of ferrocenoyl 17β-hydroxy-estra-1,3,5(10)-trien-3-olate in 

the ERα LBD. The complex structure is colored violet.
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Fig. 4. 
Cyclic voltammograms of estradiol (1), ergocalciferol (2) and estrone (3) ferrocenoylates in 

CH3CN with 0.1 M of [NBun
4]PF6 as supporting electrolyte and ferrocene complex 

concentration of 2 × 10−3 M at room temperature. The working electrode was a platinum 

disk, the reference electrode was Ag/AgCl and the scan rate was 100 mv s−1.
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Scheme 1. 

Vera et al. Page 17

Dalton Trans. Author manuscript; available in PMC 2015 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Vera et al. Page 18

Table 1

Single point energies for nine conformations at different a and b torsion angles of ferrocenoyl 17β-hydroxy-

estra-1,3,5(10)-trien-3-olate

Complex ferrocenoyl 17β-hydroxy-estra-1,3,5(10)-trien-3-olate
Torsion angle between Cp 
and (C=O) group, a (°)

Torsion angle 
between C–O and 
phenyl ring, b (°) Energy (eV)

1 (most stable 2a) 0.4 2.6 −7.11118 × 104

2 (conformation in the receptor 2b) 90.0 62.6 −7.110954 × 104

3 0 62.6 −7.110951 × 104

4 90 (below Cp ring) 62.6 −7.110990 × 104

5 40 (below Cp ring) 62.6 −7.110981 × 104

6 0 62.6 −7.110973 × 104

7 7.7 62.7 −7.110815 × 104

8 180 62.7 −7.110822 × 104

9 90 (below Cp ring) 90 −7.110811 × 104

10 0 90 −7.110826 × 104
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Table 2

Selected bond distances and torsion angles of 2a.

Bonds Bond distance (Å)

C(Cp)–C(CO2) 1.459

C=O 1.238

C–O (CO2) 1.389

O(CO)–C(Ph) 1.418

Fe–C(Cp) average 2.081

Fe–C*(Cp–CO2) 2.064

Fe–C(substituted Cp) average 2.077

Groups Torsion angle (°)

Cp and (C=O) group a 0.4

C–O and phenyl ring b 2.6

*
indicates substituted Cp ring
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Table 3

Cytotoxicities of the ferrocenoyl esters studied on MCF-7 breast cancer and HT-29 colon cancer cell lines, as 

determined by MTT assay after 72 h of drug exposure. IC50 values based on quadruplicate experiments and 

standard deviation in parenthesis. n/a is non-active

Complex IC50 × 10−6 M, MCF-7 IC50 × 10−6 M, HT-29

Ferocenoyl (3β,5Z,7E,22E)-9,10-secoergosta5,7,10(19),22-tetraen-3-olate 1326(110) 346(50)

Ferrocenoyl 17β-hydroxy-estra-1,3,5(10)-trien-3-olate 9(2) 24.4(6)

Ferrocenoyl 3β-estra1,3,5(10)-trien-17-one-3-olate 108(7) n/a

Ferrocene 1500 360

Ferrocenium tetrafluoroborate 150 180
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Table 4

Redox potential of ferrocenoyl esters in CH3CN 0.1 M [NBun
4]PF6 at a scan rate of 100 mV s−1, using Ag/

AgCl saturated as standard electrode. The Ferrocenoyl concentration was 2 × 10−3 M

Complex: Ferrocenoyl − Epa(mV) Epc(mV) ΔE(mV) E1/2(mV)

17b-hydroxy-estra-1,3,5(10)-trien-3-olate 801 711 90 756

3β-estra1,3,5(10)-trien-17-one-3-olate 827 735 92 781

(3β,5Z,7E,22E)-9,10-secoergosta5,7,10(19),22-tetraen-3-olate 770 656 90 713

Fc/Fc+ 494 414 84 452
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