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Conjugates of ferrocene with steroidal estrogens as selective antiproliferative

agents against hormone-dependent breast cancer cells are believed to be

limited by the inherent estrogenicity of the conjugates. Motivated by a

significant cytotoxicity of the ester of ferrocenecarboxylic acid and the phe-

nolic group of estradiol toward such a cell line, we decided to explore other

A-ring-tethered ferrocene–estra-1,3,5(10)-triene conjugates; in this study,

ferrocenylmethylation of estradiol and estrone with (ferrocenylmethyl)

trimethylammonium iodide in the presence of potassium carbonate yielded

five new compounds (1–5). In dimethylformamide, only O-alkylated products

formed (1 and 3), while a mixture of O- and C-alkylated products was

obtained when methanol was used (2, 4, and 5 in addition to 1 and 3). All

compounds were characterized using 1D and 2D NMR, IR, UV–Vis, and

high-resolution mass spectrometry. Two of the conjugates, a 3-O- and a 4-C-

alkylated derivative of estrone (3 and 4, respectively), were also analyzed

using single-crystal X-ray diffraction. A cyclic voltammetric investigation of

the electrochemical properties of 1–5 was performed. While some of the

compounds were shown to have a slight-to-moderate antiproliferative activ-

ity against at least one of the six tested human tumor cell lines and were

nontoxic to (the noncancerous) fetal human fibroblasts, compound

2 (4-(ferrocenylmethyl)estra-1,3,5(10)-triene-3,17β-diol) with an IC50 value of

0.34 μM was found to be more active against the hormone-dependent breast

cancer cell line MCF-7 than doxorubicin. These results suggest that A-ring

substitution of steroidal estrogens is a plausible strategy for preparing other

ferrocene–steroid conjugates acting against tumor cells.
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1 | INTRODUCTION

Breast cancer is the most common cancer among
women worldwide and a major cause of mortality,[1]

where the prevailing number of cases of breast cancer
is hormone-dependent.[2] The proliferation of such
tumors is promoted by naturally occurring estrogens,
most notably estradiol (E2) and estrone (E1). These
compounds activate estrogen receptor alpha (ERα), a pro-
tein expressed in all hormone-dependent breast cancer
cells.[3] The long-established drug tamoxifen, a selective
estrogen receptor modulator, is currently the treatment
of choice for this condition.[4,5] However, it is prone to
acquired resistance and may cause a variety of serious
side effects, including endometrial cancer, blood clotting,
and stroke.[6] Consequently, the development of alterna-
tive agents has been under way for some time.[5,7]

Although the accidental discovery of ferrocene in
1951 sparked the development of modern organometallic
chemistry,[8] it was not until the 1980s that its com-
pounds captured the interest of medicinal chemists as
potential anticancer drugs. Particularly important was
the discovery that ferrocenium salts inhibited the growth
of the Ehrlich ascites tumor,[9] presumably via oxygen
radical species that form in Fenton-type reactions when
the ferrocenium cation degrades in aqueous media.[10]

Subsequently, neutral ferrocene–containing compounds
exhibiting cytotoxicity were also synthesized; it was
suggested that oxidation of these ferrocene derivatives
to the corresponding ferrocenium species in biological
systems could be causing the cytotoxic effect.[11–13] This
seminal work was published in this very journal[12]

almost 30 years ago and put forward the idea that
potential advantages of neutral molecules relative to
ferrocenium salts include increased stability and bioavail-
ability.[14] Currently many ferrocene derivatives are
known to possess antiproliferative properties.[14,15]

With this in mind, it was reasonable to advance a
hypothesis that incorporating a ferrocene moiety into
the structure of an ERα bioligand could provide the
means to transport and concentrate potentially cyto-
toxic compounds in hormone-dependent breast cancer
cells.[16] This was first explored by Jaouen's group; in a
series of publications, 17α- or 7α-substituted ferrocene–
E2 conjugates were prepared (I–III, Figure 1), with or
without the presence of a linker between ferrocene and
the steroid backbone.[17] However, all of these com-
pounds were found to behave as estrogens, inducing
in vitro proliferation of a hormone-dependent breast
cancer cell line (MCF-7), and having high binding
affinities for ERα. Several ferrocene–steroid estrogen
conjugates, including ferrocenecarboxylic acid esters
and 16-(ferrocenylmethylidene) derivatives of E2 (IV)

or E1 (V), were synthesized by Wenzel's group
(Figure 1).[18] These studies aimed to prepare radio-
pharmaceuticals based on Ru-103 and Tc-99m to study
organ distribution of estrogens, and the ferrocene–
steroid conjugates only served as precursors. The
16-(ferrocenylmethylidene) derivatives of E2 and E1
were also subsequently reported by Manosroi[19] and
Mélendez[20]; the latter paper also reported IV as being
cytotoxic to hormone-dependent breast cancer cell lines
MCF-7 and T-47D in medium micromolar IC50 range.

The affinity of steroidal estrogens toward ERα is
known to be strongly affected by A-ring substituents.[21]

To date, some estra-1,3,5(10)-trienes bearing a ferrocene-
containing group at ring A have been prepared.
Apart from a 3,17-disubstituted derivative designed as
an amphiphile precursor,[22] these compounds are
limited to the previously mentioned hydrolysis-prone
ferrocenecarboxylic acid phenolic esters.[23,24] Although
one would expect A-ring derivatives to have difficulty
binding to the ERα active site, the outcome of such
hybridization is not easily predictable. Expectedly, the
ester of ferrocenecarboxylic acid and E1 (VII, Figure 1)
was found to lack substantial cytotoxicity; however,
the ester of this acid and the phenol of E2 (VI, Figure 1)
was significantly more effective in lowering the prolifera-
tion of MCF-7 cells.[24] The authors proposed that
the onset of cytotoxicity came from a non-active site
binding of the E2–ferrocene conjugate.[24] As we believe
that the redox chemistry of the ferrocene core also
plays an important role in the cytotoxic potential of
such estrogen-ferrocene hybrids, an electron-donor
tether, a methylene group, as opposed to a carbonyl

FIGURE 1 Some conjugates of estra-1,3,5(10)-trienes

with ferrocene
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would make the metallocene more prone to oxidation
to the cytotoxic ferrocenium ion. Prompted by these
considerations and as part of our efforts to synthesize
steroidal compounds acting as antiproliferative agents
and biologically active ferrocene derivatives,[25] we
prepared five new ferrocene–steroid conjugates by A-ring
ferrocenylmethylation of E2 and E1. Herein we report the
synthesis of these conjugates, their spectral characteriza-
tion, molecular structure by single-crystal X-ray diffrac-
tion, as well as electrochemical and antiproliferative
properties that revealed that A-ring substitution can be a
promising strategy for the future development of
antiproliferative agents.

2 | EXPERIMENTAL

2.1 | Materials and methods

(Ferrocenylmethyl)trimethylammonium iodide was pre-
pared according to a published procedure.[26] All other
chemicals were used as obtained from commercial
suppliers unless stated otherwise. Thin layer chromatogra-
phy was performed onMerck (Darmstadt, Germany) silica
gel 60 plates (layer thickness 0.2 mm) with F254 indicator.
Plate visualizations were accomplished with UV light, and
by color reactions, after spraying with 50% (v/v) aqueous
H2SO4, followed by brief heating on a hotplate. Flash col-
umn chromatography was carried out on neutralized silica
gel prepared in a manner similar to that reported by
Nagy,[27] except that silica gel 60(0.04–0.063 mm, Merck)
was suspended in 0.1 M aqueous NaOH and stirred for
30 min at room temperature. Sephadex LH-20 (Merck)
was swollen in a 1:1 (v/v) mixture of chloroform andmeth-
anol. Melting points were determined on a Büchi Melting
Point B-540 apparatus (Büchi Labortechnik AG, Flawil,
Switzerland) and were uncorrected. IR measurements
were carried out on thin films deposited on a KBr plate
from solutions of compounds 1, 3, 4, and 5 in CH2Cl2 on a
Spectrum Two spectrometer (PerkinElmer, Waltham,
MA, USA), or as a KBr pellet on a Thermo Nicolet NEXUS
670 FTIR spectrometer (Thermo Scientific, Waltham, MA,
USA) for compound 2. The UV–Vis. spectra were recorded
in acetonitrile on a T80 + UV/Vis Spectrophotometer
(PG Instruments, Ltd., Lutterworth, UK). 1H and 13C{1H}
NMR spectra were recorded on a Bruker Avance III spec-
trometer (Bruker, Rheinstetten, Germany) equipped with
a CryoProbe Prodigy probe-head, operating at 400 and
100.6 MHz, respectively. 2D experiments (gradient 1H–

1H
COSY, HSQC, and HMBC, and NOESY) were run on the
same instrument utilizing the built-in Bruker pulse
sequences. All NMR spectra were measured at 25 �C in
deuterated chloroform with either tetramethylsilane or

residual CHCl3 (δH 7.26) and 13CDCl3 (δC 77.16) as the
internal reference standards. Matrix-assisted laser
desorption/ionization-time of flight mass spectrometry
was performed on a Micromass TofSpec 2E Time-of-Flight
mass spectrometer (Waters Corporation, Milford, MA,
USA). Spectra and additional supporting information may
be found online in the Supporting Information section at
the end of this article.

2.2 | Synthesis and characterization of
ferrocene–steroid conjugates 1–5

2.2.1 | Ferrocenylmethylation in DMF

A suspension of K2CO3 (152 mg, 1.10 mmol), E1 or E2
(0.55 mmol), and (ferrocenylmethyl)trimethylammonium
iodide (425 mg, 1.10 mmol) was heated at 100 �C for 12 h
in DMF (10 ml) under an atmosphere of argon. The mix-
ture was cooled to room temperature, diluted with brine,
and extensively extracted with diethyl ether (5 × 25 ml).
The pooled ether solution was then washed with brine
(5 × 30 ml), dried over anhydrous sodium sulfate, and
evaporated to dryness. The crude product was subjected
to flash column chromatography on neutralized silica gel
(eluent: benzene for E1, benzene/ethyl acetate 25:1, v/v,
for E2).

2.2.2 | Ferrocenylmethylation in MeOH

A suspension of K2CO3 (152 mg, 1.10 mmol), E1 or E2
(0.55 mmol), and (ferrocenylmethyl)trimethylammonium
iodide (425 mg, 1.10 mmol) in methanol (10 mL) was
refluxed for 20 h under an atmosphere of argon. The mix-
ture was concentrated in vacuo and cooled to room tem-
perature, and the suspension was extracted with diethyl
ether (25 ml). After filtration, the resulting solid was
washed with a small amount of diethyl ether. The com-
bined ethereal solution was then washed with brine
(3 × 10 ml), dried over anhydrous sodium sulfate, and
evaporated to dryness. The product mixture was sepa-
rated by flash column chromatography on neutralized sil-
ica gel (eluent: benzene for E1, benzene/ethyl acetate
25:1, v/v, for E2).

2.2.3 | 3-(Ferrocenylmethoxy)estra-1,3,5
(10)-trien-17β-ol (1)

Yield: 63% in DMF, 32% in MeOH; orange solid;
m. p. 144 �C (from chloroform, decomposes); IR
(CH2Cl2 film) νmax cm−1: 3401 (O–H), 2923, 2868, 1607,
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1498, 1249, 1053; UV–Vis. (MeCN) λmax nm (log ε):
236 (3.74), 278sh (3.46), 286sh (3.34), 323 (2.00),
437 (2.05) (sh, shoulder); 1H NMR: see Table 2; 13C
NMR: see Table 3; HRMS: Calcd. for C29H34FeO2:
470.1908, found: 470.1909.

2.2.4 | 4-(Ferrocenylmethyl)estra-1,3,5(10)-
triene-3,17β-diol (2)

Yield: 0% in DMF, 9% in MeOH; orange solid; m. p. 138 �C
(from chloroform, decomposes); IR (KBr) νmax cm−1:
3434 (O–H), 2924, 2867, 1635, 1446, 1279, 1058; UV–Vis.
(MeCN) λmax nm (log ε): 233 (3.84), 278sh (3.58), 286sh
(3.51), 323 (2.37), 438 (2.16); 1H NMR: see Table 2; 13C
NMR: see Table 3; HRMS: Calcd. for C29H34FeO2:
470.1908, found: 470.1910.

2.2.5 | 3-(Ferrocenylmethoxy)estra-1,3,5
(10)-trien-17-one (3)

Yield: 66% in DMF, 33% in MeOH; orange solid;
m. p. 155 �C (from chloroform, decomposes); IR (CH2Cl2
film) νmax cm−1: 2927, 2862, 1738 (C=O), 1608, 1499,
1247, 1053; UV–Vis. (MeCN) λmax nm (log ε): 237 (3.81),
277sh (3.50), 285sh (3.36), 316 (2.22), 435 (2.09); 1H NMR:
see Table 2; 13C NMR: see Table 3; HRMS: Calcd. for
C29H32FeO2: 468.1752, found: 468.1752.

2.2.6 | 4-(Ferrocenylmethyl)-
3-hydroxyestra-1,3,5(10)-trien-17-one (4)
and 2-(ferrocenylmethyl)-3-hydroxyestra-
1,3,5(10)-trien-17-one (5)

A mixture of 4 and 5 in 7:3 ratio; total yield: 0% in DMF,
10% in MeOH; orange solid; IR (CH2Cl2 film) νmax cm

−1:
3401 (O–H), 2927, 1723 (C=O), 1610, 1452, 1280, 1033;
UV–Vis. (MeCN) λmax nm (log ε): 231 (3.78), 279sh (3.51),
325sh (2.25), 439 (2.06); 1H NMR: see Table 2; 13C NMR:
see Table 3; HRMS: Calcd. for C29H32FeO2: 468.1752,
found: 468.1755.

2.3 | X-ray crystallography

The single-crystal X-ray diffraction data were collected
using a Bruker Kappa APEX II diffractometer
(for compound 3) and an Oxford Diffraction Gemini S
diffractometer (for compound 4). Diffraction data for
compounds 3 and 4 were processed using Bruker APEX
3 (APEX 3, Bruker AXS Inc., 2016, Madison, WI, USA)

and CrysAlisPro software (CrysAlisPro Software System,
Rigaku Oxford Diffraction, 2015, Rigaku Corporation,
Oxford, UK), respectively. The structures were solved
using SHELXT,[28] refined by SHELXL-2018[29] using
SHELXLE[30] as a graphical user interface. The structure
of 4 showed positional disorder in the non-substituted
cyclopentadienyl ring. A highly constrained disorder
model was preferred over a “static” model with
elongated anisotropic displacement parameters (ADPs)
based on the evaluation of Rcomplete values[31] for both
models. Absolute structures have been assigned by both
references to several unchanging chiral centers in the
synthetic procedure, and by anomalous-dispersion
effects in diffraction measurements on the crystals.
PLATON[32] and Mercury CSD[33] were used to validate
and analyze the crystal structures. Crystallographic data
associated with this publication are deposited with the
Cambridge Crystallographic Data Centre under the
CCDC Numbers 1,989,147–1,989,148. They are available
for free at https://www.ccdc.cam.ac.uk/structures. Crys-
tallographic and refinement details are listed in Table 1.
Hirshfeld surface analysis[34] was performed with Crystal
Explorer.[35] Intermolecular interaction energies, calcu-
lated for all intermolecular pairs surrounding the
Hirshfeld surface of the central molecule using CE-
B3LYP model energies,[36] were used to construct energy
frameworks.[37]

2.4 | Cyclic voltammetry

Cyclic voltammetry experiments were performed at
room temperature on a VoltaLab PST050 (Radiometer
Analytical, Lyon, France) with a glassy carbon-disk
(GC) working electrode (3 mm in diameter), a platinum
wire counter electrode, and a reference saturated calomel
electrode (SCE). All potentials are reported against
this electrode. The measurements were carried out in
analytical-grade DMF, which was doubly distilled after
being dried according to a published procedure.[38] The
supporting electrolyte was 0.1 M tetrabutylammonium
perchlorate recrystallized prior to solution preparation.
The experiments were carried out under an inert atmo-
sphere of nitrogen.

2.5 | Cell lines and cell culture

Seven human cell lines were used in this study: estro-
gen receptor-positive breast adenocarcinoma MCF-7
(American Type Culture Collection, ATCC HTB22),
estrogen receptor-negative breast adenocarcinoma
MDA-MB-231 (ATCC HTB26), prostate cancer PC-3
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(ATCC CRL-1435), cervical carcinoma HeLa (ATCC
CCL-2), colon adenocarcinoma HT-29 (ATCC HTB-38),
lung adenocarcinoma A549 (ATCC CCL-185), and nor-
mal fetal lung fibroblasts MRC-5 (ATCC CCL-171).
Cells were grown in Dulbecco's modified Eagle medium
(DMEM) containing 0.45% (w/v) glucose, supplemented
with 10% fetal calf serum (Sigma Aldrich, St. Louis,
MO, USA) and an antibiotics/antimycotic solution
(Sigma Aldrich). Cells were cultured in flasks (size
25 cm2, Costar, Sigma Aldrich) at 37 �C in 100%
humidity with 5% (v/v) CO2. Cell viability was deter-
mined by trypan blue exclusion assay.

2.6 | Antiproliferative activity assay

Compounds 1–5 were evaluated for antiproliferative
activity using the tetrazolium colorimetric MTT assay.[39]

Cells were exposed to test compounds for 72 h in concen-
trations ranging from 10−8 to 10−4 M. Doxorubicin
(DOX) is a nonselective antiproliferative agent used as a
general cytotoxicity control. Exponentially growing cells
were harvested, counted by trypan blue exclusion, and
plated onto 96-well microtiter plates (Costar, Sigma
Aldrich) at an optimal seeding density of 5000 cells per
well to assure a logarithmic growth rate throughout the
assay period. Viable cells were plated in a volume of 90 μl
per well and pre-incubated in the complete medium at
37 �C for 24 h to ensure cell stabilization before the addi-
tion of test compounds. All of the test compounds were
dissolved in DMSO and diluted with the growth medium
to obtain solutions possessing 10 times higher concentra-
tions than the required final concentrations. Such solu-
tions (10 μl per well) were added to all wells, and the
microplates were incubated for 24 h. Wells containing
cells without the tested compounds were used as a
reference. MTT was dissolved in the medium at 5 mg ml−1

and filter sterilized to remove a small amount of
insoluble residue present in some batches of MTT. Three
hours before the end of the incubation period, 10 μl of
MTT solution was added to each well. Acidified iso-
propanol (100 μl of 0.04 M HCl in aqueous isopropanol)
was added to each well and mixed thoroughly to dissolve
the dark-blue crystals. After a few minutes of incubation
at room temperature (to ensure that all MTT dissolved),
plates were read on a spectrophotometric plate reader
(Multiskan MCC340, Labsystems, Thermo Scientific,
Waltham, MA, USA) at 540 nm with background correc-
tion at 690 nm. Wells without any cells, containing the
complete medium and MTT only, were used as the blank.
Mean values and standard deviations were calculated for
each concentration. Two independent experiments were
conducted in quadruplicate for each concentration of the

TABLE 1 Crystallographic and refinement details of 3 and 4

3 4

Chemical
formula

C29H32FeO2 C29H32FeO2

Mr 468.39 468.39

Crystal system Orthorhombic Orthorhombic

Space group P212121 P212121

Temperature
(K)

140 293

a (Å) 6.7898 (10) 7.4416 (3)

b (Å) 12.1966 (18) 13.1083 (7)

c (Å) 27.257 (4) 23.9139 (13)

V (Å3) 2257.3 (6) 2332.7 (2)

Z 4 4

Radiation type Mo Kα Mo Kα

μ (mm−1) 0.69 0.67

Crystal size
(mm)

0.10 × 0.05 × 0.02 0.37 × 0.20 × 0.12

Diffractometer Bruker Kappa APEX
II

Oxford
Diffraction
Gemini S

Absorption
correction

Multiscan Analytical

Tmin, Tmax 0.816, 1.000 0.820, 0.929

Measured
reflections

16,708 16,258

Independent
reflections

5150 5381

Observed
reflections
[I > 2σ(I)]

3581 4394

Rint 0.132 0.049

(sin θ/λ)max

(Å−1)
0.649 0.682

R[F2 > 2σ(F2)] 0.053 0.099

wR(F2) 0.114 0.268

S 0.92 1.10

No. of
reflections

5150 5381

No. of
parameters

290 338

No. of restraints 0 179

H-atom
treatment

Constrained Constrained

Δρmax, Δρmin (e
Å−3)

0.43, −0.30 1.16, −0.83

Absolute
structure

Flack x determined
using 1070 quotients

Refined as an
inversion twin

Flack x −0.03 (2) 0.10 (7)
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tested compound. The antiproliferative activity was
expressed as IC50 (50% inhibitory concentration), deter-
mined by median effect analysis.

2.7 | Statistical analysis

In antiproliferative tests, statistically significant differ-
ences were determined by one-way analysis of variance
(ANOVA) followed by Tukey's post-hoc test for multiple
comparisons (GraphPad, Prism version 5.03, San Diego,
CA, USA). Probability values (P) ≤ 0.05 were considered
to be statistically significant.

3 | RESULTS AND DISCUSSION

3.1 | Synthesis

We chose (ferrocenylmethyl)trimethylammonium iodide
(VIII, Scheme 1) as the reagent for ferrocenylmethylation
of E2 and E1; this salt was reported to react with various
nucleophiles, effecting alkylation by the loss of trimethy-
lamine.[40] It was suspected that the steroid phenolate
would likewise yield a ferrocenylmethyl ether-type conju-
gate. The reactions with the two steroidal estrogens were
assayed in two different solvents, one aprotic (N,N-
dimethylformamide) and one protic (methanol), in both
cases in the presence of potassium carbonate as the base.
The reaction outcomes are summarized in Scheme 1.

The reactions of E2 and E1 in DMF with the
methiodide VIII expectedly yielded exclusively prod-
ucts of O-ferrocenylmethylation, producing ethers
1 and 3 in moderate yields (63% and 66%, respec-
tively). Though in more modest yields (32% and 33%,
respectively), these two compounds were also isolated
from the product mixtures obtained when the reactions
were conducted in methanol. However, in addition to
the ether products, the reactions in methanol resulted

in the formation of C-ferrocenylmethylation products.
While 4-(ferrocenylmethyl) derivative 2 was the sole C-
alkylation product obtained in a 9% yield from E2, a
7:3 mixture of 4- and 2-(ferrocenylmethyl) derivatives
4 and 5 was obtained starting from E1 in a similar
total yield (10%). This regioisomeric mixture proved
inseparable by preparative column chromatography
on normal-phase silica gel. In the case of chromatogra-
phy on Sephadex LH-20, some separation was observed
(Figure S9), but insufficient pure material was obtained
after successive separations to allow additional
chemical characterization and biological tests of pure
4 and 5; therefore, the data of 4 and 5 were either
inferred from mixtures or relate to the mixture of the
two isomers.

It is known that α-metallocenyl carbocations are
thermally stable species; while it remains to be defini-
tively proved, indirect experimental data offer support
for an SN1 mechanism of alkylation with VIII.[40] While
O-ferrocenylmethylation of phenols (phenol itself and
2-naphthol) with VIII was previously reported,[41] C-
alkylated products have not yet been observed as prod-
ucts of this reaction. It is known, however, that in protic
solvents the nucleophilicity of the phenoxide oxygen
is decreased as a consequence of hydrogen bonding,
which in turn promotes C-alkylation. This could account
for the formation of products 2, 4, and 5 when the
ferrocenylmethylation is carried out in methanol. Prod-
uct yields indicate that in this case C-alkylation prefer-
entially occurs at position 4 of the steroid core. An
alternative explanation would involve a single-electron
transfer reaction that would become faster than the
conventional SN1 due to the aforementioned hydrogen
bonding, that is, the electron transfer between the
electron-rich phenoxide and the ferrocenylmethyl
cation would yield two stable radicals. The inherent
C-reactivity is more pronounced in the case of the
phenoxide radical compared to the anion, leading to
C-alkylation. To probe this mechanistic assumption,

SCHEME 1 Ferrocenylmethylation of E2 and E1
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when the reaction was conducted in the absence of the
protective atmosphere, oxygen most probably impeded
the radical mechanism, lowering the yields of C-alkylated
products (less than 5%). At this point, we believe that the
two mechanisms are both viable and that reaction
conditions dictate which of the two prevails.

3.2 | Spectral characterization

The structures of compounds 1–5 were confirmed using
high-resolution mass spectrometry (HRMS), IR, UV–
Vis., 1D (1H and 13C{1H}) and 2D (NOESY, and gradi-
ent 1H–

1H COSY, multiplicity-edited HSQC, and
HMBC) NMR spectroscopy. The molecular formulas of
the synthesized compounds were confirmed by the
results of high-resolution mass spectrometric measure-
ments (Δ for 1–5 + 0.1, +0.2, 0, +0.3 mmu, respec-
tively). The presence or absence of hydroxyl groups
(�3400 cm−1) was routinely inferred from IR. The UV–
Vis. spectra of compounds 1–5 were quite mutually sim-
ilar, and each contained a very broad, weak band at
�440 nm arising from two unresolved electron transi-
tions in ferrocene, 1A1g ! a1E1g and 1A1g ! 1E2g.

[42]

This absorption band is the cause of the ferrocene-like
orange color of the compounds. A weak but narrower
band from the 1A1g ! b1E1g transition was found at
�320 nm. There were two maxima in the 210–300 nm
range, one at 280 nm corresponding to π ! π* transi-
tions of the estra-1,3,5(10)-triene aromatic A ring, and
another maximum at �230 nm, possibly resulting from
a superposition of ferrocene and A-ring end absorptions.

The complete 1H and 13C NMR spectral assignments
for compounds 1–5 are presented in Tables 2 and 3. The
general numbering scheme is illustrated for compound
1 in Figure 2. The 1H NMR spectra of all compounds con-
sisted of three main regions: the A-ring protons resonated
at 6.5–7.25 ppm, ferrocene protons at 4.0–5.0 ppm, pro-
tons bound to sp3-carbons of the steroid skeleton at
0.5–3.0 ppm. The key HMBC and NOESY correlations
supporting the A-ring substitution patterns of the struc-
tures are shown in Figure 3.

The 1H NMR spectra of compounds 1 and 3 con-
tained a spin system of three signals characteristic of a
1,3,4-trisubstituted aromatic core: an ortho-coupled dou-
blet (8.5 Hz, H-1), a meta-coupled doublet (2.6 Hz, H-
4), and the corresponding doublet of doublets (H-2).
Accordingly, compounds 2 and 4 possessed only two
ortho-coupled doublets in the aromatic region of their
1H NMR spectra. The downfield signal corresponding to
H-1 exhibited an nOe interaction with a proton later
assigned to H-11α; the upfield proton was assigned to
H-2. The 1H NMR spectrum of compound 5 displayed

two singlets in this region, and these were assigned in
a similar manner.

The pattern of signals corresponding to the magneti-
cally inequivalent protons of the monosubstituted ferro-
cene ring was identical in all five compounds; H-30 and
H-60 were isochronous, as were H-40 and H-50, owing to
the remoteness of the chiral centers at C-8 and C-9. In
addition, in the 1H NMR spectra of compounds 1 and 3,
the signals of H-40 and H-50 overlapped with H-100–500.
The diastereotopic methylene hydrogens of C-10 were
accidentally isochronous in all compounds except com-
pound 4, where they appear as an AB quartet.

As with many other steroid molecules, a region of sig-
nificant signal overlap at 1.0–2.5 ppm in the 1H NMR
spectrum hinders multiplet analysis and assignment. This
difficulty can be overcome by relying on correlations of
the resolved 1H signals (e.g., the protons of ring A and the
angular methyl group) with 13C NMR signals. There is
usually no significant overlap in the 13C NMR spectra of
steroids, and the chemical shift of the overlapped hydro-
gen signals can be inferred from known carbon signals
by the analysis of HSQC spectra. The orientation of dia-
stereotopic hydrogens of the steroid skeleton can be dis-
cerned by multiplet analysis and/or NOESY. Using this
algorithm, the signals of the steroid skeleton of com-
pounds 1–5 were assigned; the chemical shifts were in
good agreement with previously published assignments
of estra-1,3,5(10)-triene resonances.[43]

3.3 | X-ray crystallography

Compound 3 readily crystallized from chloroform by
slow evaporation of the solvent, forming suitable single
crystals. Although attempts to resolve the mixture of
4 and 5 by recrystallization from chloroform failed, they
produced a minute quantity of single crystals that proved
to be those of compound 4. The molecular structures of
compounds 3 and 4 are depicted in Figure 4. All struc-
tural parameters of both molecules fall within the
expected range found by comparison with libraries of
chemically similar fragments using Mogul.[44]

Insight into the structure of the steroid backbone of
compounds 3 and 4 was acquired by determining the
parameters of ring pucker,[45] which are given in
Table S1. The direction of calculation is clockwise in all
cases, starting from the lowest-numbered carbon of the
steroid skeleton, as per rules of preference given by
Boeyens.[46] Ring A is essentially planar in both struc-
tures, so the puckering analysis of it was not performed.
The puckering parameters of ring B in compound 3 indi-
cate that its conformation is closest to a 7α,8β-half-chair
(4H5), while in compound 4, this ring approximately
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adopts an 8β-envelope (4E) conformation, but also
with a significant half-chair character. This difference
might be a consequence of the sterically demanding
ferrocenylmethyl group position. Ring C has a nearly per-
fect 8β,12α-chair conformation (1C4) in both molecules.
Similarly, the five-membered ring D was shown to be in a
14α-envelope conformation (E5).

To understand the intermolecular interactions pre-
sent in the crystal structures of 3 and 4, their respective
Hirshfeld surfaces were computed (Figure S14) and
decomposed into fingerprint plots (Figure 5). Characteris-
tic “wings” can be recognized on the fingerprint plot of 3,
corresponding to C–H���π interactions, realized by C2A–
H2A and the planar steroid A ring of a neighboring

molecule. The appearance of the “wings” in the finger-
print plot is reminiscent of an element present in the
benzene crystal structure fingerprint plot,[34] as here a
hydrogen atom is pointing toward the center of the ste-
roid A ring. The calculation of the enrichment ratios
(Table S2)[47] of intermolecular contacts reveals that
C���H and O���H contacts are enriched (ECH = EOH = 1.18),
H���H contacts are slightly disfavored (EHH = 0.97), and
C���O and O���O contacts are completely avoided in the
crystal structure (ECO = EOO = 0).

The inspection of the fingerprint plot corresponding
to 4 reveals spikes characteristic of hydrogen bonds. They
correspond to O3–H3���O17i hydrogen bond (O3–
H3 = 0.82 Å, H3���O17i = 2.21 Å, O3���O17i = 2.862(11) Å,

TABLE 2 1H chemical shifts (ppm) of compounds 1–5 in CDCl3; coupling constants in Hertz given in parentheses

Position 1 2 3 4 5

1 7.21 d (8.6) 7.05 d (8.4) 7.21 d (8.5) 7.03 d (8.4) 6.95 s

2 6.75 dd (8.6, 2.6) 6.63 d (8.4) 6.77 dd (8.5, 2.6) 6.61 d (8.4) –

3–OH – 4.92 m – 4.99 s 4.90 s

4 6.68 d (2.6) – 6.70 d (2.6) – 6.48 s

6α 2.81–2.93 2.92 dd (17.1, 5.0) 2.88–2.93 2.98 dd (17.1,
5.5)

2.79–2.85l

6β 2.74 ddd (17.1, 11.4, 6.7) 2.78l

7α 1.32c 1.29g 1.48j 1.40n 1.40n

7β 1.88 dddd (12.6, 5.7, 2.6,
2.6)

1.93f 2.04i 2.06m 1.98m

8 1.44c 1.37g 1.61j 1.49n 1.55n

9 2.19b 2.17e 2.27 ddd (10.6, 10.6, 4.1) 2.23m 2.23m

11α 2.32 dddd (13.1, 3.7, 3.7,
3.3)

2.28 dddd (13.2, 3.8, 3.8,
3.4)

2.42 dddd (11.9, 3.7, 3.7,
3.1)

2.35m 2.35m

11β 1.48c 1.46g 1.53j 1.44n 1.44n

12α 1.28c 1.27g 1.52j 1.49n 1.49n

12β 1.95 ddd (12.6, 3.3, 3.3) 1.93f 1.98i 2.00m 2.00m

14 1.18c 1.15g 1.56j 1.50n 1.50n

15α 1.70 dddd (12.4, 9.8, 6.9,
3.0)

1.70 dddd (12.4, 10.0, 7.3,
3.1)

2.09i 2.04m 2.04m

15β 1.37c 1.35g 1.65j 1.61n 1.61n

16α 2.11b 2.12e 2.16i 2.13m 2.13m

16β 1.48c 1.48g 2.51 dd (18.8, 8.5) 2.50 dd (18.8,
8.6)

2.50 dd (18.8,
8.6)

17 3.74 m 3.73d – – –

18 0.78 s 0.76 s 0.91 s 0.89 s 0.89 s

10 4.75 s 3.72 sd 4.75 s 3.71 d (15.5)
3.76 d (15.5)

3.66 s

30, 60 4.31 m 4.20 m 4.32 m 4.32 m 4.22k

40, 50 4.19a 4.03 m 4.19h 4.13 m 4.15 m

100–50 4.19 sa 4.15 s 4.19 sh 4.25 s 4.22 sk

Note. Superscripts a–n refer to groups of overlapped signals.
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O3–H3���O17i = 136.9� (symmetry operation (i) x, y + 1,
z), which connects the molecules into chains running
parallel to the crystallographic axis b. Enrichment ratios
reveal an enrichment of C���H and O���H contacts
(ECH = 1.11, EOH = 1.12, Table S2), only a slight dis-
favoring of H���H contacts (EHH = 0.98), while C���O and
O���O contacts are actually avoided in the crystal struc-
ture (ECO = 0.43, EOO = 0).

To better understand what determines the crystal
packing, a qualitative ranking of specific intermolecular
interactions is necessary, as relying solely on geometric
parameters can sometimes lead to overlooking stronger
and more important interactions.[48] Therefore, we applied
the “whole-of-molecule approach” for crystal structures of
3 and 4, calculating the pairwise intermolecular energies
using CE-B3LYP model energies.

The results of the calculations point to a single domi-
nant interaction in the crystal structure of 3. Namely, the
interaction between the closely packed molecules equiva-
lent by translation (symmetry operation x + 1, y, z) is
dispersion-dominated and stabilizing by −76 kJ mol−1.

TABLE 3 13C chemical shifts (ppm) of compounds 1–5 in CDCl3

Position 1 2 3 4 5

1 126.29 124.16 126.33 124.16 127.21

2 112.23 112.92 112.35 113.02 131.91

3 156.83 151.59 156.99 151.69 151.41

4 114.64 133.08 114.76 132.47 115.56

5 137.95 136.02 137.74 135.81 135.80

6 29.82 27.12 29.71 26.97 29.07

7 27.27 27.39 26.61 26.69 26.55

8 38.86 37.99 38.41 37.53 38.39

9 43.98 44.32 44.03 44.34 43.97

10 132.72 125.76 132.13 125.86 125.00

11 26.32 26.54 25.96 26.14 25.97

12 36.72 36.73 31.63 31.59 31.59

13 43.27 43.16 48.05 47.94 48.03

14 50.05 50.09 50.44 50.46 50.40

15 23.13 23.10 21.63 21.57 21.57

16 30.62 30.64 35.92 35.92 35.89

17 81.94 81.94 220.99 221.09 221.09

18 11.06 11.03 13.90 13.83 13.87

10 66.48 25.58 66.52 25.58 30.45

20 82.98 87.42 82.91 87.89 87.53

30, 60 69.11 68.80 69.13 69.10 68.83

40, 50 68.57 67.19/67.08 68.60 67.45/67.31 67.89/67.84

100–50 68.62 68.87 68.64 69.22 69.05

FIGURE 2 The numbering scheme used for NMR assignment

(stereochemistry omitted for clarity)

FIGURE 3 Selected HMBC (in red) and NOESY correlations

(in blue) of compounds 1–5
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This interaction stacks molecules into infinite chains run-
ning along the crystallographic a-axis, which is the basic
structural unit of the crystal structure. Also, it is this
interaction in which the already-mentioned short C–H���π
contacts are observed (Figure S15). Apart from this
interaction, there are several other significantly weaker
interactions, the energies of which range from −11 to
−25 kJ mol−1. All of these are also dominated by disper-
sion (a total of 18 molecules surround the central one
based on Hirshfeld surface analysis). The energetic

architecture of the crystal structure of 3 is displayed in
Figure 6 through the respective energy framework (a and
b). Intermolecular interactions present in the crystal
structure of 3 are summarized in Table 4.

The analysis of molecular packing in the crystal struc-
ture of 3 indicates the presence of ferrocene–ferrocene
dimers,[49] depicted in Figure 7. The central molecule
participates in the formation of four such dimers. Mole-
cules I and II are related to the central molecule by trans-
lations, and their intermolecular interaction energies are

FIGURE 5 Fingerprint plots of 3 (a–c) and 4 (d–f) crystal structures

FIGURE 4 Molecular structures of 3 and 4 with atom labeling schemes
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equal in magnitude. These interactions correspond to the
strongest in the crystal structure as already discussed
(labeled as 1 in Table 4), but the electrostatic complemen-
tarity of ferrocene fragments is not likely to be the major
factor contributing to this stabilizing interaction. Namely,
apart from the ferrocene moieties, steroid backbones con-
stitute a significant part of the contact surface. As already
mentioned, this interaction is dominated by the disper-
sion term, while its electrostatic term is still the largest
among all pairwise interactions of the first coordination
shell, due to relatively good pairing of the electrostatic
potential on the bordering Hirshfeld surface patches
(Figure S16). However, matching is best (largest contact
surface area and the absolute value of molecular electro-
static potential [MEP]) between positive MEP patches lat-
eral to the ferrocene moiety and negative MEP patches
on the α-side of the ring A of the neighboring molecule.

Dimers formed with molecules III and IV are related
to the central molecule by 21 screw rotations, and their

intermolecular interaction energies are also equal in
magnitude. Contrary to the situation for dimers with
molecules I and II, here the contacts between neighbor-
ing Hirshfeld surfaces are achieved only by patches in the
vicinity of ferrocene moieties. However, energy consider-
ations reveal that this interaction is relatively weak
(−15 kJ mol−1) and clearly dominated by dispersion,
meaning that the matching between MEP on the
Hirshfeld surfaces in contact is not significant.

The calculation of intermolecular interactions in the
crystal structure of 4 reveals that the interaction medi-
ated by O3–H3���O17i hydrogen bond is one of the four
most dominant. Its energy amounts to −37 kJ mol−1, and
it is the only one in which the electrostatic and dispersion
terms contribute equally to its stabilizing character. This
is a consequence of the good complementarity in electro-
static potentials mapped on Hirshfeld surfaces of the
adjoining molecules in the vicinity of hydrogen bonding
interacting atoms, as well as the fact that matching

FIGURE 6 Energy frameworks of 3 (a, b) and 4 (c, d)
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patches of the Hirshfeld surfaces accumulate the highest
absolute values of the electrostatic potential present on
the Hirshfeld surfaces, as visualized in Figure S17. The
other three interactions are dispersion-dominated and
comparably strong (−37 to −46 kJ mol−1), and in addi-
tion to these, there are four considerably weaker interac-
tions (−2 to −14 kJ mol−1). Therefore, no single motif
can be selected as the basic structural unit of the crystal
structure of 4, and it can be seen from the corresponding
energy framework (Figure 6c,d) that interactions are iso-
tropically distributed in the crystal structure. Inter-
molecular interactions between the central molecule and
neighbors comprising the first coordination shell, present
in the crystal structure of 4, are summarized in Table 4.

3.4 | Electrochemistry

As our current understanding of the cytotoxicity of ferro-
cene compounds bases itself on the hypothesis that ulti-
mately oxidation to ferrocenium must occur in biological
systems, we found it important to investigate the redox

TABLE 4 Summary of intermolecular interaction energies of the unique molecular pairs constituting the first coordination sphere for 3
and 4 calculated using the CE-B3LYP energy model

Label N Symmetry operation R/Å

E/kJ mol−1

E ele E pol E dis E rep E tot

3

1 2 x, y, z 6.79 −25.5 −5.3 −106.3 77.0 −75.9

2 2 x, y, z 18.25 −3.3 −0.6 −16.1 10.0 −11.8

3 2 −x, y + ½, −z + ½ 9.81 −1.7 −0.2 −11.6 2.7 −10.4

4 2 x + ½, −y + ½, −z 12.37 −5.1 −0.5 −21.7 15.1 −15.3

5 2 x, y, z 13.96 −3.8 −0.7 −26.0 17.3 −16.6

6 2 x + ½, −y + ½, −z 7.87 −3.0 −1.5 −18.8 6.0 −17.0

7 2 −x, y + ½, −z + ½ 9.86 −10.1 −3.9 −27.0 19.8 −24.9

8 2 x + ½, −y + ½, −z 12.42 −3.7 −0.5 −15.4 10.3 −11.3

9 2 −x, y + ½, −z + ½ 13.79 −3.0 −1.9 −15.6 5.0 −15.1

4

1 2 −x, y + ½, −z + ½ 9.20 −11.5 −3.3 −53.7 26.6 −44.9

2 2 x + ½, −y + ½, −z 6.96 −10.6 −2.1 −63.2 36.0 −45.6

3 2 x, y, z 7.44 −8.5 −3.2 −51.0 29.7 −37.4

4 2 x, y, z 13.11 −30.4 −5.6 −27.2 36.6 −37.4

5 2 −x, y + ½, −z + ½ 12.57 −3.8 −2.0 −14.4 8.2 −12.9

6 2 x, y, z 15.07 −5.0 −2.1 −17.0 12.0 −14.3

7 1 x + ½, −y + ½, −z 16.32 −0.3 −0.1 −1.8 0.0 −1.9

8 2 x + ½, −y + ½, −z 12.62 −0.4 −0.0 −2.0 0.0 −2.2

Note. N is the number of interactions; R is the distance between molecular centroids. The relevant space group symmetry operation is
reported without translation. Etot = keleEele + kpolEpol + kdisEdis + krepErep, where kele = 1.057, kpol = 0.740, kdis = 0.871, and krep = 0.618.[36]

FIGURE 7 Two types of ferrocene–ferrocene dimers in the

crystal structure of 3. Dashed lines connecting centroids of the

molecules are labeled with calculated interaction energies in

kilojoule per mole. Symmetry operations employed to generate

molecules: x + 1, y, z for I; x − 1, y, z for II; x + ½, −y + ½, −z + 1

for III, x − ½, −y + ½, −z + 1 for IV
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properties of the newly synthesized ferrocene–steroid
conjugates. The parent steroids (E2 and E1) and the
ferrocene–steroid conjugates 1–5 were electrochemically
studied in DMF at a GC electrode. As previously
mentioned, pure samples of compounds 4 and 5 were
unavailable; the 7:3 mixture of 4 and 5 was studied. The
available potential range was −2.0 to +1.5 V; the applied
scan rates varied from 0.01 to 5 V s−1.

To understand the electrochemical properties of the
conjugates more completely, it was necessary to first
investigate the redox properties of E2 and E1 under the
same experimental conditions. The electrochemical
behavior of E2, E1, and other phenols was previously a
subject of a number of studies.[50] It was shown that the
oxidation process involving this group might proceed
through the release of usually 2e− in total accompanied
by chemical steps, mainly following two reaction path-
ways and involving the reversible formation of either
phenoxide radical, and eventually, irreversibly, their
dimers, or quinoidal structures. All the processes were
greatly dependent on the nature of the solvent, pH, and,
to some extent, the working electrode.[50]

The oxidation of E2 and E1, which displayed similar
voltammograms, occurred in one irreversible peak (E,
Figure 8) at potentials of about +1.1 V. The current func-
tion Ip/cv

1/2 was about two times larger than that of the
molecule of ferrocene alone. Other parameters were:
ΔEp/Δlog v � 40 mV dec−1 at v < 100 mV s−1 reaching
70 mV dec−1 at v � 1 V s−1; half-peak width varied from
� 65 mV at v = 20 mV s−1 to � 130 mV at 500 mV s−1.
These characteristics correspond to an irreversible oxida-
tion process composed of two closed 1-e− steps coupled

to a chemical reaction. The product of this reaction,
reducible at � −0.3 V, was not identified. The repetitive
cycling of the potential in the range from −0.6 to +1.5 V
led to a 10%–20% current decrease of the main peak at
higher scan rates, which was not observed at the lower
ones. This suggests that the reactant at −0.3 V is only an
intermediate that can be converted to the starting com-
pound. This might be a phenoxide radical (dimer), as
suggested in some studies[50] at different experimental
conditions. However, for an explicit conclusion, more
experiments are needed.

Compounds 1–5 have a pair of peaks located at about
+0.5 V corresponding to redox processes at the ferrocenyl
moiety (peaks F/F0). The other oxidation peak E at
potentials of about +1.1 V appears in voltammograms
of 2 and the mixture of 4 and 5 and belongs to the
process described earlier. In contrast to that, cyclic
voltammograms of 1 and 3 lack this peak due to
the absence of the phenol group. To illustrate this,
typical cyclic voltammograms of 1 and 2 are shown in
Figure 9. The voltammograms of the mixture of 4 and
5 appeared similar to those of compound 2 (Figure S18),
suggesting that there are no drastic differences in the
electrochemical properties of the ferrocenyl cores among
the regioisomers. Peak potentials and their current func-
tions for all of these compounds are given in Table 5. An
interesting difference can be observed regarding the peak
currents for the E peaks in E1 and E2, and their ferrocene
conjugates 2, 4, and 5. In the latter compounds, the peak
current ratio of ferrocenyl and phenolic moieties is about
1:3. Obviously, the current functions are higher for the
conjugates than for E2 and E1 alone. Although the

FIGURE 8 Cyclic voltammograms for E2 (1.2 mM) in

DMF + 0.1 M TBAP at two different potential ranges (― and - - -);

GC electrode, v = 0.10 V s−1
FIGURE 9 Cyclic voltammograms for 1 (0.65 mM) and

2 (0.52 mM) in DMF + 0.1 M TBAP; GC electrode, v = 0.10 V s−1
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general appearance and potentials of these peaks are sim-
ilar to those of the parent compounds, the currents sug-
gest a different reaction mechanism leading to a
presumption of a one-step 2-e− transfer. A more detailed
study must be done to achieve a thorough insight into
the processes that are out of the scope of the
present work.

To elucidate how the conjugation with E2 and E1
affects the redox process at the ferrocene moiety, we lim-
ited the potential scan only to the first oxidation process.
This is illustrated in Figure 10 where the effects of the
two modes of ferrocene attachment to the steroid core in
1 and 2 are compared to the behavior of ferrocene itself.
The characteristics of these processes are given in
Table 6. In comparison to ferrocene, compounds 2, 4, and
5 have about 40–55 mV less anodic peaks, while 1 and
3 have about 60 mV more anodic peaks. Interestingly,
not only are the potentials affected, but also the

reversibility is improved in all of these cases (judging
from the ΔEp

a/c for ferrocene and the conjugates). We
found it interesting to illustrate this effect by calculating
the heterogeneous rate constants for ferrocene and com-
pounds 1–5 using the well-known Nicholson equation for
quasireversible processes.[51] To calculate this, we applied
a diffusion coefficient D value for ferrocene in DMF of
9.5 × 10−10 m2 s−1.[52] For these calculations, we did not
determine D values for our compounds experimentally
but used their estimated values from a comparison of
the current functions of oxidation peaks for each com-
pound and ferrocene alone, recorded under the same
voltammetric conditions. It appeared that the ratio of
these currents was �40:60 μA mM−1 V–1/2 s1/2, which led
us to conclude that D coefficients are lower for the
conjugates, and are � 4.2 × 10−10 m2 s−1. Finally, for the
scan rates of 20– 200 mV s−1, the calculated values of k0’

are given in Table 6. It appears that the oxidation
process of ferrocene in compounds 1–5 is more reversible
than that of ferrocene itself. In addition, all of the values
lay at the lower limit for quasireversible processes,[53]

which is a very favorable feature, especially for the fact
that no IR compensation was carried out in these
measurements.

3.5 | Antiproliferative activity

The synthesized compounds were tested against a panel
of cancer cell lines that included estrogen receptor-posi-
tive breast adenocarcinoma MCF-7, estrogen receptor-
negative breast adenocarcinoma MDA-MB-231, prostate
cancer PC-3, cervical carcinoma HeLa, colon adenocarci-
noma HT-29, and lung adenocarcinoma A549. In addi-
tion, normal fetal lung fibroblasts MRC-5 were used as a
human noncancerous cell line. As in the electrochemistry
experiments, the 7:3 mixture of compounds 4 and 5 was
used for the antiproliferative activity assays. The in vitro
antiproliferative activity was determined after a 72-h cell

TABLE 5 Cyclic voltammetric peak potentials and current

functions for E1, E2, and 1–5; GC electrode, v = 0.10 V/s

Compound E p
Fa I p/cv

1/2b E p
E I p/cv

1/2

E1 – – 1.15 87.1

E2 – – 1.18 84.2

1 0.59 43.1 – –

2 0.49 40.3 1.18 120.4

3 0.59 44.6 – –

4 + 5 0.47 38.4 1.17 106.0

aIn V vs. SCE.
bIn μA/mM(V/s)1/2.

FIGURE 10 Cyclic voltammograms of ferrocene (Fc, 1.0 mM)

and the ferrocenyl moiety of 1 (0.65 mM) and 2 (0.52 mM) in

DMF + 0.1 M TBAP; GC electrode, v = 0.10 V/s

TABLE 6 Electrochemical data of ferrocene peak potentials

and apparent heterogeneous rate constant

Compound E p
aa E p

c E 0’ ΔEp
b k 0’ × 104c

Fc 0.532 0.447 0.490 85 1.0 ± 0.2

1 0.589 0.515 0.552 74 1.3 ± 0.1

2 0.486 0.414 0.450 72 1.4 ± 0.3

3 0.588 0.516 0.552 72 1.4 ± 0.3

4 + 5 0.470 0.398 0.434 72 1.4 ± 0.3

aIn V vs. SCE.
bIn mV.
cIn ms−1.
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treatment by the MTT assay. The chemotherapeutic DOX
was used as a positive control.

The results of the experiments are presented in
Table 7. All of the ferrocene–steroid conjugates did not
exhibit cytotoxicity against MRC-5 cells. Except in two
cases, these compounds showed no significant antip-
roliferative activity against PC-3, HeLa, HT-29, and A549,
with their IC50 values being greater than 100 μM. One
exception was the antiproliferative activity of 4 and
5 toward PC-3 (IC50 = 27 μM), and the other was the
activity of 2 toward A549 (84 μM).

As expected, MCF-7 and MDA-MB-231 were most
sensitive to the ferrocene-estrogen conjugates. Com-
pound 2 with its submicromolar IC50 value of 0.34 μM for
MCF-7 showed the strongest antiproliferative effect.
Against this cell line, it was even somewhat more potent
than DOX; to the best of our knowledge, this result
makes compound 2 the most cytotoxic ferrocene–steroid
conjugate reported to date. Compound 1 also displayed a
notable effect on MCF-7 (20 μM), while MDA-MB-231
cells were moderately affected (�50–60 μM, statistically
insignificant differences in the activity) by all compounds
except compound 2.

Unlike the previously reported 7α- and 17α-deriva-
tives, not one of these compounds was found to possess a
proliferative effect on MCF-7, suggesting that, in all prob-
ability, functionalizing the steroid A ring with a bulky fer-
rocene residue rids the molecule of most of its
estrogenicity, allowing the intrinsic cytotoxicity of ferro-
cene to be manifested. This is consistent with the hypoth-
esis set out by Jaouen and coworkers[54] that the
antiproliferative activity of steroidal androgen–ferrocene
conjugates is influenced both by the proliferation-
inducing androgenicity of the molecule and by the cyto-
toxic properties caused by ferrocene. However, as some
compounds were significantly more active against MCF-7
than others, it remains reasonable to attribute a portion
of the activity to the steroid core and substitution mode.
In other words, estrone derivatives possessed only a weak
activity, while estradiol derivatives showed a medium or

very strong response, depending on whether it was the
product of 3-O- (1) or 4-C-alkylation (2), respectively.
Despite the observation that 4-C-alkylation results in con-
jugates that are more easily oxidized compared to the
products of 3-O-alkylation, no definitive conclusions
about the influence of the redox potential on the antip-
roliferative activity could be drawn from the results of
this work.

4 | CONCLUSIONS

Five new ferrocene–estra-1,3,5(10)-triene conjugates
(1–5) were synthesized by ferrocenylmethylation of E2
and E1. All of the conjugates were fully spectrally
characterized (NMR, IR, UV–Vis., HRMS), while
single-crystal X-ray diffraction analysis was performed
on conjugates 3 and 4. The redox properties of the
conjugates were investigated by cyclic voltammetry.
The conjugates were screened for in vitro antip-
roliferative activity against six human cancerous cell
lines. While a wide range of activities were observed,
the activity of compound 2 on the hormone-dependent
breast cancer cells stood out; its IC50 value of 0.34 μM
was lower than that of DOX, or for that matter, any
other previously reported value for a ferrocene–steroid
conjugate. None of the compounds were toxic to fetal
human fibroblasts, a noncancerous cell line. These
results point to A-ring substitution of steroidal estro-
gens as a plausible strategy for preparing other
ferrocene–steroid conjugates acting against tumor cells.
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L. D. Aleksi�c, E. A. Djurendi�c, Bioorg. Med. Chem. 2015, 23,
1557. (b) S. Bjedov, D. Jakimov, M. Poša, O. R. Klisuri�c,
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