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Novel phthiocol-based organometallics with in situ formed triden-
tate N,O,0-coordination motif were established via three-com-
ponent microwave assisted one-pot reaction. These complexes
exhibited enhanced stability in aqueous solution compared to the
parental compound KP2048 and showed unexpected cytotoxic
behaviour and selectivity in 2D and 3D cell cultures.

Ruthenium arene complexes have shown promising anticancer
activities in vitro and in vivo and numerous examples with
different coordination motifs with various mono or bidentate
ligand scaffolds, arenes and leaving groups have been reported
in the literature.'™ Attaching bioactive ligands to metal
centres is an interesting approach for the development of
metallodrugs with different modes of action compared to the
‘classical’ platinum-based anticancer agents.” Quinones,
especially 1,4-naphthoquinones, feature several intriguing
characteristics, such as antibacterial, antiallergic, antifungal
and antiviral, and thus were studied intensively over the last
decades.® The antitumor activity of naphthoquinones arises
from the participation in cellular redox cycling and the gene-
ration of reactive oxygen species (ROS), which can lead to the
oxidation of proteins, lipids, DNA or activate signalling path-
ways.® We have recently shown that coordination of quinones
(lapachol or phthiocol) with transition metals (Ru(u), Os(u) or
Rh(m)) provided coordination compounds with enhanced cyto-
toxicity in several cancer cell lines.””® In particular, the phthio-
col-based ruthenium complex 1 (KP2048; Fig. 1) showed prom-
ising results in vitro and in vivo. However, intraperitoneal treat-
ment of mice with KP2048 led to severe side effects, such as
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stiff and swollen intestines, growth of the liver, spleen and
stomach, due to the local extensive reactivity.” UV-Vis measure-
ments of compound 1 in phosphate-buffered saline (PBS) solu-
tion revealed that this complex is prone to decomposition
under physiological conditions (see Fig. S28 and S297t). These
findings explain the extensive reactivity of this species as the
complex is hydrolysed quickly, followed by ligand cleavage.

Consequently, its lack of stability is responsible for its
undesired local reactivity. Hence, the complex stability was
improved by insertion of a pH-dependent leaving group
coupled to poly(organo)phosphazenes.” Thereby, an improved
cellular uptake and accumulation into tumour cells could be
achieved. Promising results in in vivo experiments substantiated
the necessity of more stable leaving groups, in order to improve
the complex stability and its activity in tumour cells. Within this
work various primary amines (e.g., n-propylamine), secondary
amines (morpholine, diisopropylamine), pyridines (pyridine,
picoline), 1,3-diazoles (1H-imidazole, 1-methyl-1H-imidazole,
1H-benzimidazole) and 1,2-diazoles (1H-pyrazole (HPz), 1H-
indazole (HInd), 4-methyl-1H-pyrazole (4-MeHPz), 4-amino-1H-
pyrazole (4-NH,-HPz)’ and 6-amino-1H-indazole (6-NH,-HInd))
were attempted to replace the labile chloride leaving group.

The first experiments were performed according to litera-
ture procedures: firstly, the well-established synthesis of a di-
substituted precursor complex followed by complexation with
phthiocol L and a base (see Schemes S1 and $27),">*" and sec-
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Fig. 1 2-Hydroxy-1,4-naphthoquinone L and phthiocol-based ruthe-
nium cymene complex KP2048 (1).
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ondly, the use of silver salts to form the aqua complex, and
introduction of the desired N-containing ligand.'> However,
successful complexation was only observed with 1,2-diazoles.
Unexpectedly, formation of a new tridentate ligand scaffold co-
ordinated to the organometallic fragment took place, where a
hemiaminal bond connects the naphthoquinone and the N1
nitrogen of the azole moiety (see Scheme 1). Thus, these com-
plexes feature an additional five-membered ring between the
metal centre, the oxygen (O1), the quaternary carbon (C1) and
the two nitrogens of the 1,2-diazole moiety. Furthermore,
these complexes exhibit two chirality centres, one at the C1
carbon which connects the pyrazole ring, the metal centre and
the naphthoquinone and the second one at the metal centre
itself. Due to the prevalent structure of these complexes, only
two enantiomers can be formed (Rgi,Rry, and Sci,Sgu)-
Moreover, this in situ formation also appeared in the case of
Os(un) as metal centre; however, Rh(m) and Ir(m) did not
provide complexes with this tridentate coordination motif.
After the preferential formation of a tridentate ligand was
observed, it was possible to establish a straightforward three-
component microwave synthesis. The improved stability due to
the lack of a labile chlorido leaving group allows purification
by column chromatography. All complexes (1a-e, 2a—c) could
be synthesised via this one-pot reaction, where the respective
dimer ([RuCl,(p-cymene)],™* or [OsCly(p-cymene)],),"* phthio-
col (L)*>'® and 1,2-diazole (HPz, HInd, 4MeHPz, 4-NH,-HPz,’
6-NH,-HInd) were stirred in the presence of a base (NaOMe or
NEt;) under microwave irradiation for 6-12 minutes at
50-60 °C and purified via column chromatography using a
ternary eluent system (EtOAc/n-hex/NEt; or EtOAc/MeOH/
NH,OH) in moderate to good yields (41-84%).

Formation and purity of the complexes were confirmed by
2D-NMR spectroscopy and elemental analysis (see Fig. S1-177).
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The '"C-NMR spectra of the complexes contain a signal
around 90 ppm with low intensity, which approves the hemi-
aminal bond of the tridentate ligand. Additionally, single crys-
tals of all complexes were obtained by vapour-diffusion (1¢, d,
2a and 2c) or liquid-liquid-diffusion (1a,b and 2b) from di-
chloromethane/diethyl ether or ethyl acetate/n-hexane (see
Fig. S18-S27 and Tables S1-S177). Complexes 1b, 1c and 2b
crystallised in the triclinic space group P1. Complexes 1a
(Fig. 2), 1d, 1e, 2a and 2c crystallise in the monoclinic space
groups C2/c, P2,/n and P2,/c. Complexes containing tridentate
ligands feature decreased bond lengths between O1 and the
metal centre (0.05-0.090 A), compared to compound 1,
whereas the bond length of O2-M elongated slightly (max.
0.04 A). The bond length between the metal centre and the
chlorido leaving group of complex 1 is 2.403 A, which is con-
siderably longer than the nitrogen-metal bond (2.078-2.116 A)
for these novel complexes.

Fig. 2 Molecular structure of complex 1a (M = Ru, R = HPz) at a 50%
probability level. Hydrogens and solvent molecules were omitted for clarity.
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1¢c: M = Ru; R = 4-Methyl-1H-pyrazole (84%)
1d: M = Ru; R = 4-Amino-1H-pyrazole (55%)
M = Ru; R = 6-Amino-1H-indazole (45%)

M = Os; R = 1H-Pyrazol (65%)
(56%)

Scheme 1 Synthetic pathway for complex synthesis; R = N-containing ligand; M = Ru, Os; (i) i-PrOH, R, microwave, 2 minutes, 60 °C; (i) MeOH,
40 °C, phthiocol L, NaOMe, (iii) MeOH, 40 °C, phthiocol L, NaOMe; (iv) MeOH, AgPFe, r.t.; (v) MeOH, R, phthiocol L, NaOMe/NEts, microwave,

50-60 °C, 6—-12 minutes.
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The stability of the organometallic complexes in aqueous
solution (PBS, pH = 7.4, 25 °C) was determined by UV/Vis spec-
troscopy. Due to their poor solubility in aqueous media, 1%
DMF (1) or DMSO (1a-e, 2a-c) was used as solubilizer. Minor
changes in the absorption curve of compound 1 and sub-
sequent comparison to the free ligand (L) spectrum revealed a
rapid degradation of complex 1 in aqueous solution (see
Fig. S28 and S29f). Nevertheless, complexes la-2c possess
improved stability at pH 7.4, which is indicated by only small
changes of the respective absorption curves over time (see
Fig. S30-35t) compared to the immediate cleavage of KP2048
under these conditions. Due to presence of the hemiaminal
structural feature, experiments were performed to elucidate
the impact of the pH value on the aquation rate of these com-
plexes. However, only minor changes with regard on the reac-
tion kinetics were observed for complex 1a under these con-
ditions (pH 5.8-7.9, see Fig. 3 and Fig. S36-5407).

The cytotoxic behaviour of the complexes 1la-2¢ was exam-
ined with the obtained mixture of stereoisomers (R¢;, Ry and
Sci, Sm) by the colorimetric MTT assay in the human cancer
cell lines CH1/PA-1 (ovarian teratocarcinoma), SW480 (colon
carcinoma) and A549 (non-small cell lung carcinoma). The
building blocks of the complexes, phthiocol L, azoles (see
Table S181) and dimeric metal precursors showed no relevant
cytotoxic activities. Compound 1 with chlorido as leaving
group exhibited increased cytotoxicity compared to the free
ligand phthiocol L. However, introduction of the tridentate
N,0,0 coordination motif dramatically changed the cytotoxic
properties of the complexes. Overall the developed complexes
exhibited cytotoxic potencies down to the low nanomolar
range in SW480 (ICs, values: 0.057-5.5 pM) and A549 (ICs,
values: 0.91-47 uM) cancer cells, with ruthenium compounds
being slightly more active than their osmium analogues
(Table 1, Fig. S41 and S42+).

Conversely, cytotoxic potencies of these compounds are sur-
prisingly reduced in the cancer cell line CH1/PA-1 (ICs, values:
40-119 pM), although these cells have shown to be highly sen-
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Fig. 3 Left: Absorption curves of compound 1a over 48 h in PBS (pH =
7.2; 25 °C). Right: Absorption vs. time at 363 nm at different pH values
(5.8-7.9).
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Table 1 In vitro anticancer activity (mean ICsq values + standard devi-

ations from the MTT assay, exposure time: 96 h) of complexes la—2c
compared with compound 1, phthiocol L, cisplatin and KP1339/

BOLD-100 in monolayer cultures of three human cancer cell lines

ICso/pM

A549 SW480 CH1/PA-1
L 210 + 32 116 + 37 129 + 29
1 (KP2048)’ 47 + 4 15+3 31+10
1a 1.2+0.2 0.094 + 0.031 >50
1b 0.91 + 0.10 0.057 £ 0.008  40+4
1c 2.1+0.6 0.17 + 0.04 119 + 25
1d 47 + 10 5.5+1.5 62+4
1e 5.4+1.0 0.62 + 0.06 102 + 16
2a 7.4+0.3 0.26 + 0.03 >100
2b 3.2+0.3 0.16 + 0.03 61+7
2¢ 13+3 0.49 +0.13 117 + 3
Cisplatin'’ 6.2 £1.2 3.3+£0.2 0.077 + 0.006
KP1339/BOLD-100"# 156 + 11 88 +19 62+9

sitive to many coordination compounds of, e.g., Ru(u), Ru(u),
0s(11), Rh(m), Au(1), Ag(1), Cu(m), Pt(n), Pt(v) and Fe(u).”® 19722
In contrast, the activity in the rather insensitive SW480 cells of
ruthenium compounds 1a-c is increased by at least two orders
of magnitude compared to the CH1/PA-1 cell line. These
results may portend to a pronounced selectivity for SW480
cells. Amino functionalised ruthenium arene complexes 1e, 1d
revealed improved aqueous solubility; however, cytotoxicity
was lowered up to 60 times depending on the cell line.
Therefore, it can be assumed that the antiproliferative activity
critically depends on the azole moiety. The cytotoxic potencies
of 1a,b in the cancer cell line SW480 are comparable with the
currently most active organoruthenium complexes reported by
Siiss-Fink and co-workers (with ICs, values down to 30 nM in
A2780 and A2780cisR cells).>>** The only other reported Ru(ir)
arene complexes bearing a tridentate ligand scaffold were
based on a N,N,N coordination motif (diethylenetriamine) and
found to be nearly inactive. It was assumed that this behaviour
arises from the lack of a labile leaving group, which leads to
inertness against ligand exchange reactions such as aquation
and therefore prevents biomolecule interactions.>

The compounds were also tested for their anticancer
activity in four different human cancer cell lines grown as mul-
ticellular spheroids with an exposure time of 96 h (Fig. 4).
These 3D models provide more information about the cyto-
toxic behaviour of the compounds, since spheroids are able to

HCT-15

Untreated

HCT-116

1a 1b 1c 2a 2b 2c

Fig. 4 Representative images of HCT-15 and HCT-116 multicellular
spheroids treated with novel complexes at about the respective ICsq for
96 h, compared to untreated controls.
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mimic the main properties of human solid tumours.*® It is
known from the literature that the enhanced in vitro activity of
some metal-based compounds in 2D monolayers is dramati-
cally reduced when the experiments are performed using 3D
models.”” They displayed varying cytotoxic potencies depend-
ing on the cell line. Interestingly, all compounds were very
active in the usually more ‘resistant’ cell lines A-549, HCT-15
and HCT-116. The surprisingly low ICs, values obtained in the
three-dimensional in vitro model are listed in Table 2. These
results are in good agreement with the obtained 2D data and
confirm the unexpected activity in more chemo-resistant
human cancer cell lines. Further studies are necessary and
ongoing to explain the mechanisms underlying the resistance
of the CH1/PA-1 cell line to these compound class, which lead
to the major differences in the ICs, values compared to the
other three cell lines. Additionally, the CH1/PA-1 cell line
might represent a valuable tool, which might support the
understanding of the actual mode of action of this compound
class.

To the best of our knowledge we report on the first
examples of highly cytotoxic tridentate N,0,0-coordinated
M(arene) complexes, which were synthesised via a three-com-
ponent one-pot reaction under microwave conditions. The for-
mation and purity of the compounds was confirmed by stan-
dard analytical methods. The improved stability compared to
the parental complex KP2048 was proved by UV/Vis measure-
ments under physiologically relevant conditions. Besides the
enhanced stability, the introduction of the 1,2-diazole moiety
allows further fine-tuning of pharmacokinetic properties, due
to the broad range of feasible modifications at this site. It was
found that this compound class, although designed as pro-
drugs for KP2048, is not activated by transformation to this
species under acidic conditions and this reflects in a different
cytotoxicity profile in vitro. The complexes displayed a remark-
ably high activity in the usually rather insensitive human
cancer cell lines SW480 and A549 with ICs, values down to
57 nM, which is in the same range as the most potent
organoruthenium complexes reported so far. Surprisingly,
these organometallics show no relevant cytotoxicity in the
chemo-sensitive cell line CH1/PA-1. The same trend was
observed in a variety of multicellular tumour spheroid models,

Table 2 Comparison of ICsg values (means + standard deviations from
the AlamarBlue assay) of compounds 1a—c and 2a—c after 96 h of incu-
bation in multicellular tumour spheroids grown from four human cancer
cell lines

ICs0/uM

A549 HCT-15 HCT-116 CH1/PA-1
1a 4.6 +3.1 0.97 + 0.43 0.67 + 0.27 50+8
1b 51+3.1 0.74 +0.45 0.95 + 0.28 118+ 9
1c 1.4+0.2 0.99 + 0.09 1.4+0.3 95 + 10
2a 15+1 1.8 0.5 21+3 >400
2b 8.2+1.2 1.6+ 0.5 15+1 135 + 10
2¢ 17 2 45+1.1 31+4 >400
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where also pronounced cytotoxic activities were observed in
those grown from more chemo-resistant cell lines.

However, further experiments are necessary and currently
ongoing to clarify the observed highly unexpected cytotoxic
behaviour.
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