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Systematic Study on the Cytotoxic Potency of Commonly
Used Dimeric Metal Precursors in Human Cancer Cell Lines

Heiko Geisler’,” Sophia Harringer*,” Dominik Wenisch,” Richard Urban,”

Michael A. Jakupec,** " Wolfgang Kandioller,

The cytotoxicities of seven dimeric metal species of the general
formula [M(arene)Cl,],, commonly used as precursors for
complex synthesis and deemed biologically inactive, are
investigated in seven commonly employed human cancer cell
lines. Four of these complexes featured a ruthenium(ll) core,
where p-cymene, toluene, benzene and indane were used as
arenes. Furthermore, the osmium(ll) p-cymene dimer, as well as
the Cp* dimers of rhodium(lll) and its heavier analogue
iridium(lll) were included in this work (Cp*=1,23,4,5-
pentamethylcyclopentadienide). While the cytotoxic potencies

Introduction

A wide range of different metal-based drug candidates have
gained interest as alternatives to classic platinum(ll) anticancer
agents." Historically, pioneer ruthenium complexes, structurally
derived from cisplatin, were evaluated for their anticancer
potency by M. J. Clarke et al. in the 1980s.”! In later years, BOLD-
100 (formerly KP1339, NKP-1339, IT-139) and NAMI-A showed
promising activity profiles in preclinical and clinical studies.”!
From further investigations, the so-called piano-stool complexes
emerged as a viable class of antitumor ruthenium compounds.
These organometallics are composed of an arene moiety,
stabilizing the metal center in its active oxidation state, as well
as of mono-, bi- or tri-dentate ligands, constituting the stool’s
legs. Amongst the many advantages of working with these
compounds, the easy modification of their pharmacokinetic and
pharmacodynamic parameters through ligand variation is one
of the most important.”™ This enabled the fast generation of
different series and libraries of piano-stool complexes, which
have been characterized and evaluated invitro and in vivo
(Figure 1).1¢
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of the ruthenium(ll) and osmium(ll) dimers are very low (or not
even detectable at applicable concentrations), surprising activ-
ity, especially in cells from ovarian malignancies (with one or
two-digit micromolar 1Cs, values), have been found for the
rhodium(lll) and iridium(lll) representatives. This publication is
aimed at all researchers using synthetic procedures based on
functionalization of these dimeric starting materials to ration-
alize changes in biological properties, especially cytotoxicity in
cancer cells.
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Figure 1. The structures of two well-studied piano stool complexes, RAPTA-C
(A) and RM175 (B).

Many synthetic procedures are based on dimeric organo-
metallic precursors by reaction with the ligands of choice,
such as those developed by Dyson’s,®*” and Sadler’s
group,”®® Siiss-Fink’s trithiolato diruthenium compounds,®
or those from Hartinger’s,’®'” Marchetti’s,"" Turel’s"? as well
as Therrien’s lab,!"” and several works from the authors of
this publication.

It is advisable that the biological investigation of new
complexes includes a comparison with the individual build-
ing blocks to differentiate between biological properties that
are already inherent to the latter and those arising from their
incorporation into the final product. Knowledge of the
biological properties of building blocks and starting materials
as reference compounds is essential for assessing the
potential benefits of the final product. It is already common
practice to determine the cytotoxic potencies of the free
ligands, even if they are not a priori expected to be
biologically active themselves.* However, the dimeric pre-
cursors for the synthesis of many organometallic complexes
have not been sufficiently evaluated for their in vitro cytotox-
icity in our opinion. So far, most publications are based on
the assumption that the dimeric metal precursors show no
relevant anticancer activity; however, there are also examples
where remarkable ICs, values were observed (e.g., in MCF-7
cells)." Overall, systematic studies where the ICs, values
were determined, are scarce, and finding the respective

© 2022 The Authors. Published by Wiley-VCH GmbH
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values is laborious (Table 1). Another issue becomes apparent
when considering incubation times, which lack standardiza-
tion, and upper limits of tested concentration ranges, thus
impeding comparison.

Table 1. Cytotoxicity values of dimeric metal precursors reported in the
literature. ICs, values (in um) in commonly employed human cancer cell
lines. Values are means 4 SDs obtained from the respective assay (with
exposure times given in the footnotes).

1Cso [um]
Cancer cell line  [RuCl,(p-cym)], (1) [RhCL,(Cp*)], (6)  [IrCl,(Cp*)], (7)
MCF-7 5274905 100 + 2408
> 25[b,91 [16]
> -Ioolei.g] N7
184+ 3[d,g] 18]
Hela > Sola,g] (9] > So[a,g] [19]
A549 > 50[319] nal > 50[a,g] [19]
HT-29 198 £ 5149108l 92 441908l
A2780 _ 95+ 2[d.g] [20] 309+ 0.4[d,g] [20]
HL-60 400.86 + 46,2292V
NALM-6 378.89440.7891 21
WM-115 > 1000911
MDA-MB-453 > 25bae
SW480 > 25kalliel
IM9 > 25[b,g] [1el
PC3 21346.90922
HT-29 > 100[& 11171
B16 >1 OO[BJ] 23]
c6 > —IoolaJ][ 3]
L929 > 1002
HL-60 > 100023
K562 > 100 &)
REH > ‘IOO[aJ] 23]
HCT-116 433 428N
NCI-H460

[
441 + 46[: ,h] [24]
SiHa 394 470"
SW480 346 = 481N 23]

Exposure time: [a] 24 h, [b] 48 h, [c] 72 h, [d] 5 days, [e] no exposure time
given; [f] no+SD given; [g] MTT-assay, [h] sulforhodamine B assay,
[i] crystal violet assay, [j] acid phosphatase assay.

R
% o 2 Q
RuClj x H,0 + @ __ajorb) N / R
Q cf \ o

MeOH or EtOH

0504+ NHoNH, * 2 HCl—CSL =  H,0sClg 9L~

MC|3 X Hzo +

Scheme 1. Reaction scheme of dimer syntheses (1-7):
e) =reflux, 24-48 h.
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We wanted to provide the scientific community with a
summary of ICs, values in a panel of commonly employed
cancer cell lines. This communication is directed at all transition
metal chemists searching for a source for the anticancer activity
of their dimeric metal precursors. For this purpose, seven
compounds of the general formula [M(arene)Cl,], have been
synthesized, and their 1Cs, values have been determined in a
panel of seven different human cancer cell lines by means of
the MTT assay.

Results and Discussion

The organometallic dimers 1-7 were synthesized according to
literature (syntheses and minor modifications are described in
the Supporting Information).”® The ruthenium, rhodium and
iridium dimers (1-4, 6, 7) were synthesized by the treatment of
the corresponding metal chlorides (MCl;; M=Ru, Rh, Ir) with
dienes (a-terpinene, cyclohexa-1,4-diene, 1-methylcyclohexa-
1,4-diene, 2,3,4,7-tetrahydro-1H-indene, 1,2,3,4,5-pentameth-
ylcyclopentadiene =Cp*H), which provided good to excellent
yields (52-98%) (Scheme 1). OsO, was treated with hydrazine
dihydrochloride, yielding H,0sCl,, which was used without
further purification. Afterwards, o-terpinene was used as
reducing agent to obtain the desired dimeric osmium(ll)
precursor (5) in good yield (75%) over two steps (Scheme 1).
Formation of the desired organometallic dimers was confirmed
by NMR spectroscopy and the recorded shifts are in good
agreement with reported literature data. Purity of the com-
plexes was confirmed by elemental analysis.

To give the broadest overview in literature yet, the
antiproliferative activity of all seven described dimeric
precursors has been determined in exponentially growing
monolayer cultures of seven adherent human cancer cell
lines by means of the colorimetric MTT assay with 96 h

(1) R = p-cymene ( )
(2) R = toluene ( )
(3) R =benzene (98 %)
(4) R = indane ( )

cl.  Cl
N O\
05 /03/\ (5) (75 %)
{ cl
\ 7 (6) M = Rh (64 %)
/\/\ MM=1r (52%)

a) =reflux, 4-26 h; b) =microwave, 120°C, 3 min; c) =room temperature, 14 days; d) =reflux, 6 days;
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exposure of cells to the compounds (plus 24 h tests to
complement those settings which were studied further in the
apoptosis/necrosis assay) (Table 2, Figure 2, Figure S8-S9; for
experimental details, see the Supporting Information). Since
many metal-based compounds (including those firmly estab-
lished in cancer chemotherapy) are rather slow-acting due to
their partial dependence on cell cycle progression, this long
exposure time was preferred to avoid any potential cytotoxic
activity going unnoticed. The chosen cell lines were A2780
(ovarian carcinoma), CH1/PA-1 (ovarian teratocarcinoma),
MCF-7 (breast ductal carcinoma), A549 (lung adenocarcino-
ma), HCT-116, HT29 and SW480 (all colon carcinoma). While
the 1Cs, values of some complexes were determined precisely
from concentration-effects curves even though a high micro-
molar range was required (e.g., 4, 5), others can only be
given as >100 um (1-3). These differences arise due to
biophysical factors, mainly limited solubility.

For the dimeric ruthenium compounds (1-4), the results
constitute a proof of principle, as these complexes show 1C;,
values higher than 100 um in almost all of the investigated
cell lines. The only exceptions to this trend were observed in
A2780 cells where ruthenium benzene and indane dimers 2
and 4 showed IC;, values of 65 and 33 um after 96 h,
respectively. A similar pattern was observed for osmium p-
cymene complex 5, which can be considered inactive in most

of the cell lines, except for CH1/PA-1 teratocarcinoma cells,
where activity was observed in concentrations around 50 um.

In the case of rhodium (6) and iridium (7) Cp* dimers,
unexpected observations can be reported, as they showed
moderate cytotoxicity in A549 and CH1/PA-1 cells and turned
out to be highly active in A2780 cells at an exposure time of
96 h (Figure 2).

In the four cell lines where these two dimers showed low
potency (high ICs, values), rhodium compound 6 was more
active, whereas this trend was reversed in the more sensitive
cells. In other words, iridium dimer 7 was more active in
A549, CH1/PA-1, and A2780 cells compared to rhodium 6.
Their surprisingly high activity may be attributed to the
slower ligand exchange rates,””” which might also explain
why 24 h exposure is insufficient for any relevant and
superior cytotoxicity. In the case of the ruthenium precursors,
hydrolysis rates are comparably fast; thus, inactivation steps
(e.g., formation of hydroxy-bridged dimers, amino acid
interactions) may take place considerably faster than for their
rhodium and iridium counterparts. In an attempt to study
apoptosis and necrosis induction in A2780 cells, no values
markedly exceeding those of negative controls were found
for 1-5 and 7 after 24 h of treatment. Only compound 6
induced necrosis in up to 9% of the cells, depending on the
concentration (Figure S10).

Table 2. Cytotoxicity of dimeric metal precursors (1-7). ICs, values in seven human carcinoma cell lines. Values are means 4 SDs obtained by the MTT assay
(exposure time: 96 h unless stated otherwise).
1Cso [m]
A2780, 24 h A2780, 96 h CH1/PA-1 MCF-7 A549 HCT-116 HT29 SW480
1 n.d. > 100 > 100 >100 >100 >100 >100 > 100
2 >100 65112 >100 >100 >100 >100 >100 >100
3 n.d. > 100 >100 >100 >100 >100 >100 >100
4 306+56 33+8 156 +43 208+9 223429 314435 303443 215432
5 264425 108+13 51+13 251+19 257 +66 229412 229453 166+ 35
6 267+10 73+1.5 73+6 237+11 81+14 162+3 129+2 127+8
7 >400 42411 29+1 279143 47 +14 205433 142+5 202428
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Figure 2. Concentration—effect curves of active compounds 2 and 4-7 in A2780 cells, obtained by the MTT assay (exposure time: 96 h). Values are means & SDs
from at least three independent experiments.
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In this context, ruthenium complexes are an excellent
example where the dimeric precursors lack activity, while their
final products often show activities in the low micromolar
range.” In contrast, it is possible that some of the reported
cytotoxicities of organorhodium or -iridium complexes may
derive from the metal arene moiety. However, the other
building blocks of the ligand scaffolds have a more pronounced
impact on pharmacokinetics and pharmacodynamics.

Conclusion

Seven commonly used dimeric metal precursors (1-7) were
synthesized and their purity was confirmed by standard
analytical methods (NMR spectroscopy and elemental analysis).
The half maximal inhibitory activity of all compounds was
determined in seven frequently investigated human cancer cell
lines. The p-cymene, toluene, and benzene organoruthenium
dimers (1-3) were almost inactive in all tested cancer cell lines,
while organorhodium and its heavier homologic iridium
compound (6, 7) revealed noteworthy cytotoxicity in several
cell lines, especially in A2780. These findings showed that
rhodium(lll) and iridium(lll) Cp* dimer exhibited notable activity
in invitro experiments and should be considered in future
studies when the cytotoxicity of organorhodium and organo-
iridium metallodrugs are evaluated.
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