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Two ethylene linked binuclear mixed ferrocene/ruthenium complexes were biologically investigated in
comparison to structurally related mononuclear ferrocene or ruthenium species with styryl substituents
or ligands. Results indicated that the electron distribution (but not the redox potential), cellular uptake
and (to some minor extent) anti-estrogenic effects were the key contributors to antiproliferative effects
observed in tumor cell lines.

� 2010 Elsevier Ltd. All rights reserved.
Fe

HO

OR
In the search for new anticancer drugs transition metal com-
plexes have been playing a prominent role based on the tremen-
dous success of the platinum tumor therapeutics. Innovative
strategies to overcome inherent disadvantages of the established
platinum drugs (e.g., nephrotoxicity or resistance development) in-
clude the following strategies: exchange of the platinum atom
against other metal centers, the development of multinuclear com-
pounds, the targeting of protein targets instead of DNA, and the
development of organometallic drugs.1–4

Recently, several ferrocene derivatives with promising biologi-
cal properties have been described.5–7 The presence of a mecha-
nism related to cellular redox chemistry and/or the activation of
reactive oxygen species (ROS) formation in tumor cells has been
suggested for ferrocenes and may be a general property at least
contributing to antiproliferative effects of this type of organome-
tallic species.8–10 Thus, Jaouen and co-workers reported about ferr-
ocenyl phenols (also called ferrocifenes), which are ferrocene
derivatives that are structurally related to the breast cancer thera-
peutic tamoxifene (see Fig. 1).9,10 Tamoxifene is used due to its
anti-estrogenic properties against breast cancer.11 Ferrocene phe-
nols, however, seem to trigger antiproliferative effects not exclu-
sively by this mode of action but also based on their redox
properties. With the complex Fc-diOH (in nanocapsule form)
promising in vivo activity was observed in rats.12
All rights reserved.

r15@wp.pl (K. Kowalski).
Recently, some of us described the mixed ferrocene ruthenium
organometallic species 1 and 2 (see Fig. 2) with the main focus on
measuring the degree of electron delocalization in mixed-valent 2
and its medium dependence.13 It was shown that both, the ferro-
cene and the vinyl ruthenium moieties of radical cation 2 carry a
significant portion of the spin density and the overall unipositive
charge, and that 2 is best described as Fcd+{–(CH@CH) RuCl(CO)-
(PiPr3)2

(1�d)+ (Fc = (g5-C5H5)Fe(g5-C5H4) with d � 0.6 in solution
and d � 0.8 in the solid state.

Based on these results and also on recent reports about the bio-
logical activity of other ruthenium complexes and of mixed ferro-
cene/ruthenium organometallic compounds14,15 we evaluated the
biological properties of the above mentioned compounds 1 and 2
R = -O(CH2)3N(CH3)2 (E+Z)
       - OH : Fc-diOH

Figure 1. Ferrocene phenol derivatives.
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Table 2
Voltammetric data for compounds 1–8

Compound E1/2 (V)a

113 �0.235
213 +0.580
3 +0.025
4 +0.065
5 +0.275
6 +0.400
7 �0.190
8 +0.420

a Data in CH2Cl2/NBu4PF6 (0.1 M) at rt; potentials are referenced to the Cp2Fe/
Cp2Fe0/+ couple.
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Figure 2. Compounds under study.
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in comparison to the closely related styryl ferrocene analogue 3
and the styryl ruthenium complexes 4–8. This series of eight com-
plexes16 (see Fig. 2) was investigated for their antiproliferative
properties in two tumor cell lines in order to clarify if the ruthe-
nium center, the ferrocene structure or a combination of both
would lead to bioactive compounds. Additionally, the cellular up-
take and hormonal activity of the mixed ferrocene ruthenium orga-
nometallic species was studied to give a more detailed picture on
their biological profile.

The complexes were investigated for their antiproliferative
effects in HT-29 colon carcinoma and MCF-7 breast cancer cells
(Table 1).17 For the mixed binuclear derivatives 1 and 2 indeed
promising IC50 values between 4.8 lM and 16.8 lM were deter-
mined. This is within the range of established cytostatics such as
cisplatin or 5-fluorouracil investigated in the same assay (IC50 val-
ues in the range of 1–10 lM18,19). The higher activity of 2 com-
pared to 1 agrees well with the previously reported high degree
of charge delocalization of this complex, which might lead to an in-
creased cellular ROS formation.13

The inactivity in the HT-29 cell line and the minor activity in the
MCF-7 cell line displayed by the ferrocene analogue 3 indicated
that the presence of the ruthenium center might be important
for the triggering of cell growth inhibitory effects. However, this
conclusion could not be confirmed by ruthenium complexes 5 to
7, which were devoid of any activity in both tumor cell lines.

Interestingly, the methoxy and formyl substituted mononuclear
ruthenium complexes 4 and 8 again exhibited antiproliferative ef-
fects close to 1 and 2. This result might be related to differences in
the electron distribution of the respective species. Thus, the delo-
calization of electrons in 4 and 8 is supposedly facilitated if com-
pared to 5 and 6, which carry different substituents that likely
not contribute to electron delocalisation. For 7 supposedly reso-
nance stabilisation effects play an important role. In order to study
Table 1
Antiproliferative effects of compounds 1–8

IC50 (lM) HT-29 IC50 (lM) MCF-7

1 16.8 (±7.0) 16.5 (±1.2)
2 9.2 (±0.4) 4.8 (±0.2)
3 >100 54.8 (±14.5)
4 16.7 (±3.1) 12.9 (±1.7)
5 >100 >100
6 >100 >100
7 >100 >100
8 21.6 (±1.5) 14.2 (±1.5)
Cisplatin18,19 7.0 2.0
the possible influence of the redox potentials of the compounds on
their bioactivity the complexes 1–8 were subjected to voltammet-
ric analysis.13 However, these experiments did not reveal any
immediate relation between the redox potentials of 1–8 with cyto-
toxic activity (see Table 2).

Besides the direct interaction with cellular molecular targets
the activity of drugs is also influenced by their uptake into tissues
and the subsequent biodistribution. Comparing the structures of 1
and 2 the most relevant difference affecting these parameters is
the cationic character of 2 in comparison to the neutral nature of
1. In this context it should be noted that we had observed signifi-
cant differences in cellular accumulation for certain ruthenium
polypyridyl complexes indicating a significant influence of com-
plex overall charge and lipophilicity on cell growth inhibitory effi-
cacy.19 Consequently, we studied here the cellular uptake of 1 and
2 and used 4 as a reference.

Cellular uptake was determined by measurement of the ruthe-
nium content of cells exposed to the complexes by atomic absorp-
tion spectroscopy (see Fig. 3).17,19,20 Unexpectedly, the cellular
ruthenium levels obtained with the cationic 2 exceeded those of
neutral 1 and were comparable to those found with 4. Thus, it
can be speculated that for these complexes the positive charge
might enable an enhanced membrane passage probably related
to the presence of active transporter systems, which are crucial fac-
tors for cellular metal biodistribution. For example, proteins rele-
vant in copper or iron homeostasis also play a role in the
transport of platinum and ruthenium metallodrugs and might
therefore be involved in the distribution of the presented com-
plexes in a similar manner.21–23

Finally, we evaluated 1, 2, 3 and 4 for their hormonal activities
based on their structural analogy to hormonal stilbene derivatives
and the ferrocifenes. In the assay for estrogenic activity the hor-
monal activity is reflected by the ability of a compound to trigger
luciferase expression in stably transfected MCF-7-2a cells contain-
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Figure 3. Cellular uptake of compounds 1, 2, and 4 into HT-29 and MCF-7 cells
(exposure concentration: 10 lM, exposure period: 6 h).
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Figure 4. Left: estrogenic activity, right: anti-estrogenic activity; RLU: relative light units.
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ing an estrogen receptor response element. In the assay for anti-
estrogenic activity those compounds are termed as anti-estrogenic,
which reverse the effect of the natural ligand estrogene.17,24

In an initial screening, 1 did not show any effects in both assays
whereas minor effects were noted for the other complexes, which
were investigated in a concentration dependent manner (see
Fig. 4). Thus, 2 and 3 displayed some minor estrogenic activity,
which was however significantly lower than that of the positive
reference estrogen (see Fig. 4, left). Anti-estrogenic effects could
be noted in the highest investigated concentration corresponding
to 10 lM (see Fig. 4, right). This needs to be interpreted carefully
as this concentration was already sufficient to trigger antiprolifer-
ative effects as described above. However, the hormonal assay uses
shorter exposure periods and is (in contrast to the proliferation as-
say) performed in an almost confluent cell layer. Indeed, an evalu-
ation of the cytotoxic effect of 2 and 3 at 10 lM against MCF-7-2a
cells cultured under the same experimental conditions as in the
setup for anti-estrogenic activity revealed that the cell biomass
was reduced only by less than 5% (data not shown). This indicates
that the observed effects can not be explained by a termination of
MCF-7-2a cells.

In conclusion the mixed ferrocene/ruthenium bioorganometal-
lics 1 and 2 displayed promising antiproliferative effects in two tu-
mor cell lines. Comparison with structurally related mononuclear
ruthenium complexes and a related ferrocene derivative indicated
that an enhanced electron delocalisation (but not the redox poten-
tial) might be of high relevance for the bioactivity. Further influ-
ences on bioactivity were related to the cellular uptake and some
anti-estrogenic effects at higher dosage.
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