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Ru(arene) compounds have many desirable features making them promising candidates for further devel-
opment in anticancer drug research. While a lot of emphasis has been placed on the modification of the
ancillary ligands, there are not many examples of arene ligands bearing functional groups. Herein, we
report the preparation of [Ru(arene)(8-oxyquinolinato)Cl] complexes with the arene being a protected
form of the amino acid L-phenylalanine and 8-oxyquinolinato ligand substituted with halogens. With this
approach we aimed to alter the pharmacological properties of the complexes and address issues with the
aqueous solubility of the analogous p-cymene complexes. The complexes were shown to be stable in
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DMSO and water and reacted readily with L-histidine and 9-ethylguanine as protein and DNA models,
respectively. Assaying the antiproliferative activity in cancer cells gave ICsq values in the low pM range.
While the lipophilicity of the p-cymene analogues correlated well with their in vitro cytotoxicity, the
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Introduction

Metallopharmaceuticals have flourished since the discovery of
the antineoplastic properties of cisplatin. However, despite their
major impact as anticancer agents, the observed side effects as
well as intrinsic or acquired resistance call for the development
of novel platinum and non-platinum compounds.'” This has
led to the development of complexes featuring a range of metal
ions,"” and Ru compounds are at the forefront with different
drug candidates studied in clinical trials.***

Ru"'(arene) complexes based on the half-sandwich “piano-
stool” scaffold may be equipped with unique structural
features to form specific interactions with biomolecules and have
revealed promising anticancer activity.">>° RAPTA-type com-
plexes are one of the most widely investigated classes of this com-
pound type and have the general formula [Ru(arene)(PTA)X,]
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potency of the complexes with the L-phenylalanine-derived arene was independent of lipophilicity.

(PTA = 1,3,5-triaza-7-phosphatricyclo-[3.3.1.1]decane; X =
halido or biscarboxylato ligands). RAPTA-C (arene = n°p-
cymene [cym]) displayed antimetastatic activity both in vitro
and in vivo.*" While RAPTA complexes were initially considered
as cisplatin analogues to modify DNA through bifunctional
modification, recent investigations showed that they tend to
preferentially interact with proteins over DNA.">?? In contrast
to the RAPTA derivatives, the RAED compound class with the
general formula [Ru(arene)Cl(en)]" (en = 1,2-ethylenediamine)
showed inhibition of primary tumour growth, and were
effective in cisplatin-resistant tumour models.*”** Unlike
RAPTA-C, this compound class preferentially binds to DNA
and the co-ligands impact both the cytotoxicity and reactivity
toward biological targets.>*>*

The arenes most commonly found in Ru(arene) complexes
are cym and other related structures. Usually they are simple
hydrocarbons and do not feature functional groups. Sadler
and co-workers have shown that an expanded n-system leads to
higher anticancer activity of RAED complexes, probably
through intercalation between the DNA bases. In the case of
the RAPTA compounds, the arene had only a minor impact on
the biological activity.'®*® More recently a few reports have
been published where the arene was further functionalised
providing the compounds with additional features.'**1927729

Both RAED and RAPTA organometallics are simple struc-
tures and do not have a means incorporated that leads necess-
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arily to selectivity and therefore lower side effects. The use of
bioactive ligands in complexes is a promising approach
towards multifunctional compounds, ideally resulting in
synergistic effects between the metal centre and the ligands.
Examples of biomolecules that were coordinated to metal
centres include flavonols,*® 8-oxyquinoline,®" quinolones,*?
curcumin derivatives,® chlorambucil,’* non-steroidal antiin-
flammatory drugs,"*?** and ethacrynic acid.>*?° This concept
has gained considerable attention in the design of new
organoruthenium antitumour drugs and is currently widely
applied.

One of the structures often observed in natural products is
the quinoline framework. Quinolines (and also quinolones)
have been widely investigated in recent years and are known
for their broad biological activities that include anticancer,
anti-HIV, antifungal, antileishmanial, antischistosomal, anti-
oxidant, antibacterial, and neuroprotective properties.*®*” The
8-oxyquinoline clioquinol (5-chloro-7-iodoquinolin-8-ol) is
effective against Parkinson’s and Alzheimer’s diseases.*®*°

In addition to their biological properties, such structures
have been shown to be good ligands to many different metal
centres.”® One important example is the Ga™ anticancer
complex KP46 [tris(8-oxyquinolinato)gallium(u)] which has
been investigated in clinical trials.*"*> These observations have
sparked interest in the design of anticancer agents based on
bioactive quinolines and their metal complexes. We and others
have developed ruthenium compounds of 8-oxyquinoline-
derived ligands.***"*” Organoruthenium compounds of 8-oxy-
quinoline derived from clioquinol have shown promising anti-
proliferative activities, but they have poor aqueous solubility.

Herein we report the replacement of the cym ligand in
[Ru(cym)(8-oxyquinolinato)Cl|Cl complexes with a natural
compound, ie., i-phenylalanine, to alter its pharmacological
properties and aqueous solubility. We discuss the synthesis of
the new organoruthenium dimeric precursor and its use to
prepare a range of 8-oxyquinolinato complexes. The synthesis
was complemented with studies on the physicochemical and
biological properties to elucidate the potential of the com-
pounds as anticancer agents.

Results and discussion

The design of anticancer drugs requires a good balance
between hydrophilicity and lipophilicity to make them
sufficiently soluble in aqueous media but still allow for
efficient cell membrane penetration in order to exert their
tumour-inhibiting potential. Several studies have shown that
[Ru(cym)(8-oxyquinolinato)Cl] complexes are highly potent in
cancer cells with ICs, values in the low pM range.*"*?
However, their aqueous solubility is poor which has also been
found for other promising anticancer organoruthenium com-
plexes of bioactive ligands like flavones.*®*° Therefore, we
introduced here r-phenylalanine (Phe) as a biologically rele-
vant arene ligand to replace cym. We expected that this
approach would increase the solubility of the compound and
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Scheme 1 Preparation of the Ru complexes la—5a from 8-oxyquino-
line 1 or its derivatives 2—5 and Ru precursor B. The numbering scheme
was used to assign the peaks observed in the NMR spectra.

in addition it would provide functional groups for further
modification in future.

To prepare the target compounds, the acetyl-protected Phe
was converted to its 1,4-cyclohexadiene analogue A by Birch
reduction. Diene A was refluxed with RuCl;-xH,O in ethanol
over night to give [(n°-N-acetyl-i-phenylalanine ethyl ester)
Ru"Cl,], B as a red solid (Scheme 1). To the best of our knowl-
edge, B is the first organoruthenium dichlorido bridged
dimeric compound bearing phenylalanine as the arene co-
ligand, although Phe was introduced as an arene co-ligand to
ruthenocenes such as [(n’-Cp)Ru(n®-N-acetyl-.-phenylalanine
ethyl ester)]PFs°° and [(n°-C¢H;Me,)Ru(n®-N-acetyl-L-phenyl-
alanine ethyl ester)|PFe.>" In the latter cases, the compounds
were studied for applications in the labelling of amino acids
and peptides. Both A and B were characterised by 'H and
Bc{"H} NMR spectroscopy and the 'H NMR spectrum of
B showed the typical signals for the CH; protons of ethyl ester
and the acetyl group at 1.14 and 1.80 ppm, respectively.

Single crystals of B were obtained by slow diffusion of ethyl
ether into a methanol solution and they were analysed by X-ray
diffraction (Fig. 1). The compound crystallised in the mono-
clinic space group P2,. The molecular structure of the dimer
shows ‘piano-stool’ geometry around the Ru atom, where three
chlorido ligands act as the legs of the chair and the seat is
formed from the n°-coordinated arene ring of Phe to the Ru"
centre. The individual molecules form hydrogen bonds with
each other through the amide NH and the acetyl O atoms with
bond lengths for N2H---O3 of 2.027(7) and N1H---O6 of
2.153(5) A.

The dimeric Ru structure was found to be not symmetrical
with regard to the substituents on the n°-coordinated phenyl

Dalton Trans., 2018, 47, 2192-2201 | 2193


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7dt04451h

Open Access Article. Published on 12 January 2018. Downloaded on 4/1/2026 3:23:04 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Fig. 1 Molecular structure of B given at 50% probability level.

moiety. The [Ru(p-Cl,)Ru] moiety is virtually planar and com-
parison of the bond lengths around the Ru centre with those
observed for [Ru(cym)Cl,], revealed that the bond lengths were
slightly shorter compared to the same bonds in [Ru(cym)Cl,],
(Table 1).

The structure of B was also confirmed by electrospray ionisation
mass spectrometry in the positive ion mode. The base peak at m/z
371.9944 was assigned to the singly-charged cation [IB — CI]"
(Miheor = 371.9935). In addition peaks of lesser intensity were
assigned to the ions [IJB — 2Cl — H]" (m/z 336.0180, Meor =
336.0172) and [B — CI]" (m/z 780.9566, Mpeor = 780.9559).

Ru dimer B was then used to prepare a series of organo-
metallic compounds of the general formula of [Ru(arene)(L)Cl]
(arene = n°-N-acetyl-L-phenylalanine ethyl ester) with L = 8-oxy-
quinoline 1 and its derivatives 2-5 with different halogen sub-
stitution pattern on the quinoline ring. The 8-oxyquinoline
derivatives were deprotonated using NaOMe and then dimer B
was added in MeOH. The reaction mixture was stirred at room
temperature for about 5-6 h and 1a-5a were then precipitated
by addition of diethyl ether and n-hexane after transferring the
compounds into dichloromethane.

The complexes were characterised by elemental analysis,
NMR spectroscopy and electrospray ionisation mass spec-

Table 1 Key bond lengths (A) for the structure of B as compared to
[Ru(cym)Cl,l,

B [Ru(cym)CL,], “
Ru-arenecentroid 1.645 1.647
Ru-Clayerage 2.431 2.443
C1-C2 1.423(12) 1.389(11)
C1'-C2' 1.416(12)
C1-C6 1.435(11) 1.391(10)
C1'-Ceé’ 1.397(12)

“Taken from ref. 52 (CCDC 192375).
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trometry (ESI-MS). The presence of the Phe chiral centre in
combination with the chiral Ru™ centre resulted in the for-
mation of diastereomers, as shown by NMR spectroscopy. Both
'H and "C{'H} NMR spectra featured two sets of signals
(Fig. 2 for the "H NMR spectra of 2a and 4a). We used the sing-
lets assigned to the amide proton and H19, neighbouring the
halogen substituents, to determine the ratios between the two
diastereomers. The diastereomers were found to be present at
different ratios depending on the size of the halogen substitu-
ents at the 8-oxyquinolinato ligand. While for the 8-oxyquinoli-
nato a ratio of 1:1 was determined, the diiodo derivative 4a
featured in a 3.2:0.8 ratio. The clioquinol derivative 5a with a
iodo and a chloro substituent was found in the middle
between the two extremes at 2.2 : 1.8 (Table 2).

Fig. 2 Aromatic region of the *H NMR spectra of 2a and 4a showing
two sets of signals due to presence of the chiral centres at the arene
ligand and the ruthenium centre. The two sets of diastereomers are
colour-labelled. The peaks of H15 and H16 for the two diastereomers
overlap in the NMR spectra.

Comparison of the chemical shifts observed in the "H NMR
spectra reveals a dependence of the peaks assigned to H19 on
the halogen substitution pattern. The peaks shift gradually
from 1a-4a towards lower field while for the mixed halogen
compound 5a the resonance was detected close to the one for the
dibromo derivative (at around 7.8 ppm for both diastereomers).
All the other protons resonate at approximately the same
frequencies and are substitution independent.

The nature of the compounds was confirmed by ESI-MS
studies in positive mode. All mass spectra for 1a-5a featured
the [M — CI]" base peak.

Stability in DMSO and aqueous solution

The stability in DMSO and water was determined for 1a as a
representative example for the presented compound class.
Stability under these conditions is a prerequisite for biological
studies and it was determined with "H NMR spectroscopy over
a time span of 3 days. The complexes were very stable in water
(Fig. 3) and only after 24 h minor peaks around 6.2 ppm were
observed in the "H NMR spectra. Addition of 1 eq. of AgNO;
induced abstraction of the chlorido ligand and formation of
the aqua complex which resulted in a clear change in the NMR
spectrum, especially in the region were the Ru(arene) protons

This journal is © The Royal Society of Chemistry 2018
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Table 2 Ratio of diastereomers detected for compounds 1la—5a based
on *H NMR spectroscopy data

Compound R, R, Ratio
1a H,H 1.0:1.0
2a cl, cl 2.1:1.9
3a Br, Br 2.4:1.6
4a L1 3.2:0.8
5a cl, 1 2.2:1.8
1leq AgNO;
72h

T T T T T T

7.6 7:2 6.8 6.4 6.0 5.6
6 (ppm)

Fig. 3 *H NMR spectroscopic study on stability of 1a in D,O monitored
over 3 d. After a 3 d-incubation period 1 eq. of AgNO3 was added to
induce abstraction of the chlorido ligand and formation of the aqua
complex.

would be expected (Fig. 3). Complex 1a was also found to be
stable in Ds-DMSO for at least 24 h (Fig. S17), after which
another set of signals appeared in the "H NMR spectra, poss-
ibly due to DMSO coordination.

Biomolecule interaction

The formation of covalent bonds with DNA is the foundation
of the anticancer activity of cisplatin. Likewise, in the blood
stream metal complexes are prone to undergo ligand exchange
and coordinate to donor atoms of proteins or other blood com-
ponents. In order to understand the nature of interactions
between the organoruthenium compounds and biomolecules,
1a was studied for its reactions with small biomolecules such
as r-cysteine (Cys), L-methionine (Met), t-histidine, and 9-ethyl-
guanine (EtG), which were monitored by "H NMR spectroscopy
in 10% Dg-DMSO/D,0.

The reaction of 1a with His at a molar ratio of 1:1 was
monitored over a period of 3 days and resulted in the for-
mation of a dative bond between the imidazole-N and the
ruthenium centre by exchange of a chlorido ligand. Within the
first hours of reaction, significant changes occurred in the 'H
NMR spectra (Fig. 4). The peaks assigned to His and some of
those attributed to 1a disappeared over time, while new
species were forming as indicated by the appearance of

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 'H NMR spectroscopic study of the reaction between 1a and His
in 10% De-DMSO/D,0O, monitored for a period of 3 d. The disappearing
peaks assigned to imidazole-CH of His are highlighted in grey.

additional signals in the "H NMR spectra. One example of a
pair of disappearing peaks was found at about 9.6 ppm (Fig. 4
and S2f). While the original peak assigned to H14 of the
complex, which neighbours the Ru-coordinating quinoline
nitrogen atom, decreases over time, a new signal forms at about
9.5 ppm. Similar observations were made for a series of other
peaks (compare Fig. 4). Notably, while initially the signals in
the "H NMR spectrum were quite broad, after 72 h of reaction
the peaks of the His adduct were sharp and well defined.

The adduct formation of His with 1a was also confirmed by
ESI-MS which helped to identify a His adduct in the samples
used for the NMR studies and after dilution with acetonitrile.
All samples featured as the base peak [1a — CI]', in which
proton(s) had partly been exchanged with deuterium
(Fig. S31). In addition, two ions were detected in which His
was coordinated to the Ru centre. The signal at m/z 637.1445
was assigned to [1a + His — Cl]" (meor = 637.1461; partly H/D
exchanged), while the peak at m/z 441.0718 was identified as
[1a + His + 2 D,O — Cl — arene]" (Meor = 441.0649). The latter
two species increased in relative intensity over time and after
48 h of incubation, they were detected at about 1/3 and 2/3
relative intensity to the [1a-Cl]" base peak, respectively.

The reaction of 1a with Cys (1:1) resulted in the quick
decomposition of the complex (Fig. S471), while it did not react
with Met under the same conditions. The decomposition of
Ru(arene) complexes in the presence of Cys has been observed
before and is also indicated by a release of the arene ligand
from the metal centre. This results in the disappearance of the
typical Ru(arene) signals in the range of 5.5-6.5 ppm and the
appearance of additional peaks in the aromatic region of the
"H NMR spectrum. The low reactivity with Met was confirmed
by ESI-MS which indicated that [1a — Cl]" was by far the major
species in solution, followed by a transesterification product
with MeOH, which was used in the MS experiment for
dilution, and an unidentified dimeric compound.

DNA was identified as the cellular target for anticancer
platinum drugs and also the ruthenium anticancer agent

Dalton Trans., 2018, 47, 2192-2201 | 2195
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RAED with its bidentate en ligand. Therefore, we assayed the
reaction between 1a and 9-ethylguanine (EtG) as a DNA model
base to estimate the ability of the complex to form DNA
adducts. Incubation mixtures of molar ratios of 1:1 and 1:2
(1a: EtG) were analysed immediately after mixing by "H NMR
spectroscopy (Fig. 5). The reaction occurred very quickly, as
shown by following the H8 signal, and the NMR spectra con-
tained an additional peak with only a minor highfield shift
compared to that of H8 in 9-EtG. Addition of a second equi-
valent of EtG, which cannot coordinate to the Ru centre as
there is only a single labile ligand that can be substituted,
resulted in an increase of the minor peak of unreacted EtG in
the reaction mixture. The formation of the adduct was con-
firmed by the presence of a peak at m/z 663.1691 in the ESI-
mass spectrum which was assigned to [1a + EtG — CI]" (Mneor =
663.1715; partly H/D exchanged, compare Fig. S5t). The
base peak in the spectrum was however again assigned to the
[1a - CI]" ion.

These studies show that the compounds have a clear prefer-
ence for the reaction with nitrogen donors, while both DNA
and proteins could be targets for coordinative bond formation.

In vitro anticancer activity and lipophilicity

The in vitro antiproliferative activity of complexes 1a-5a was
studied in HCT116 human colorectal, NCI-H460 non-small cell
lung, SiHa cervical carcinoma, and SW480 colon adeno-
carcinoma cells (Table 3) and compared to the cytotoxic
activity of the analogous cym complexes 1a'-5a’ as well as
dimeric precursor B. While B was non-cytotoxic, all the 8-oxy-
quinolinato complexes were potent antiproliferative agents
with ICs, values in the low micromolar range. The cytotoxicity
was virtually independent of the cell line used in these studies.
The ICs, values increased gradually in the order 1a < 2a < 3a < 4a,
much in line with the addition of larger halogens. The
mixed Cl,I-substituted 5a showed ICs, values between those of
the Br,Br and I,I derivatives 3a and 4a. This follows the trend
of the calculated logP (clogP) values for the ligands 1-5
(Table S1t). It is, however, in contrast to the p-cymene ana-

1la+9-EtG (2 eq) J

1a + 9-EtG (1 eq)

9-EtG

R e

i

11 10 9

6 (ppm)
Fig. 5 Aromatic region of the *H NMR spectra recorded for the reaction
of 1a with 1 and 2 eq. 9-EtG, as well as 9-EtG for comparison. The grey

box indicates the region that features the H8 signal for coordinated and
free 9-EtG.
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Table 3 In vitro cytotoxic activity of compounds 1a—5a in the human
cancer cell lines HCT116 (colon), NCI-H460 (non-small cell lung), SiHa
(cervix), and SW480 (colon) given in pM. The data of complexes 1a'-5a’
was taken from ref. 31

IC5, values (pM)

Compound

HCT116 NCI-H460 SiHa SW480
B 152 £ 24 317 £ 63 132 £17 196 + 40
la 2.5+0.3 3.6 0.5 5.7+0.5 3.8+0.2
2a 4.7 £0.8 4.2+0.1 14 +1 9.0 £1.0
3a 7.5+1.1 7.1+1.0 20 £ 0.1 14 +1
4a 16 £2 14 +1 27 £0.2 26+1
5a 12+3 11 £0.3 25+4 21+0.4
1a’ 12+1 11+2 19+2 n.d.
2a’ 5.0+0.7 4.0+ 0.7 7.6 +1.3 n.d.
3a’ 6.3 £0.9 5.8+ 0.6 8.2+0.9 n.d.
4a’ 52+1.9 4.6 £1.3 7.3+£0.9 n.d.
5a’ 7.7 £0.6 5.6 +0.3 8.5+0.4 n.d.

n.d., not determined.

logues for which the non-halogenated compound was less
active than the other derivatives which showed very similar
ICs, values considering the standard deviations.

Comparison with the cym analogues 1a’-5a’ shows that
introduction of the protected Phe group as the arene has not
much impact on the cytotoxicity and there is no clear trend
between the two series of compounds. This is an interesting
observation given the fact that the novel arene ligand impacted
the solubility of some of the compounds, especially those
which were found to be very cytotoxic in our previous studies
and had the lowest solubility (Table 4).>" This suggests that in
some cases the introduction of a more hydrophilic arene
ligand could make the compounds more accessible for studies
in aqueous environment, while only a minor impact on the
biological activity is achieved.

To validate the observations, we also determined the
n-octanol-water partition, expressed as the octanol-water par-
tition coefficient (logP), using the shake flask method. The
log P value is used to give an estimation of the lipophilicity of
a compound, which has a major impact on cell membrane
penetration and therefore cellular accumulation, as well as

Table 4 Comparison of the solubility and lipophilicity (log P) of 1la—5a
with the analogous cym complexes 1a'-5a’, the latter were taken from
ref. 31

Complex Solubility (mM) LogP

la 5.625 -1.33 £0.131
2a 3.501 —0.43 £ 0.06
3a 2.778 —0.20 £ 0.02
4a 0.135 —0.15 £ 0.01
5a 0.125 —0.47 £ 0.01
1a’ 0.458 0.46 + 0.01
2a’ 0.450 0.43 + 0.07
3a’ 0.222 0.61 + 0.02
4a’ 0.026 0.85 + 0.09
5a’ 0.028 0.24 + 0.02

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7dt04451h

Open Access Article. Published on 12 January 2018. Downloaded on 4/1/2026 3:23:04 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

oral bioactivity of drugs. The log P values of 1a-5a were found
to be in the range of —1.33 to —0.15 which is significantly
lower than those found for 1a'-5a’ (Table 4).>' This would be
expected based on the introduction of a more hydrophilic
n-bound arene ligand. The trend found for the log P values
also matches the clogP values for the ligands 1-5 well
(Table S17), taking into consideration the standard deviations,
and being found in the negative log P range. Compound 1a
with the unsubstituted 8-oxyquinolinato ligand had the lowest
log P value. In contrast the diiodo derivative 4a has the highest
log P values while the mixed halogen compound 5a gave a
log P similar to that of 2a. This again confirms the impact of
the size of the halogen substituent on the properties of the
compounds. Interestingly, the correlation is inverse to the cyto-
toxic activity, which is a noteworthy observation as most com-
monly cytotoxic activity goes hand in hand with lipophilicity.>®
However, we speculated for anthracene-derivatised compounds
that the lipophilicity may shadow effects such as cellular
accumulation and target interaction.*”

Conclusions

In recent years we and others have reported the high cytotoxic
activity of [Ru(cym)(8-oxyquinolinato)Cl] complexes.*>** In
order to alter their pharmacological properties and improve
their limited aqueous solubility, we report here the introduc-
tion of an r-phenylalanine-derived arene ligand to replace the
commonly used cym and vary the halogen substituents on the
8-oxyquinolinato ligand. The complexes were thoroughly
characterised and the molecular structure of the dimeric pre-
cursor was determined by X-ray diffraction analysis.

The organometallic compounds were found to be less lipo-
philic than their cym counterparts. The novel arene ligand had
only a significant impact on the solubility of the compounds
which were found to be very cytotoxic in our previous study.*!
The complexes were demonstrated to have sufficient stability
in aqueous solution and in DMSO. While they did not react
with Met and decomposed in the presence of Cys, His and
9-EtG reacted readily with 1a after a ligand exchange reaction
with the chlorido ligand.

In general, the replacement of cym with the protected Phe
ligand did not alter the in vitro anticancer activity of the com-
plexes significantly, which was found in the low pM range.
Notably, the most active compounds featuring cym as the
arene were not the most antiproliferative agents with the Phe-
derived ligand. The most potent derivative was complex la
with the unsubstituted 8-oxyquinolinato ligand, as also found
in the clinically tested Ga complex KP46.

Experimental

All reactions were performed in Schlenk flasks with dry
solvents under nitrogen atmosphere. Chemicals acquired from
commercial supplier were used without any prior purification.
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Dry solvents were prepared according to literature pro-
cedures.’® Ruthenium(m) chloride hydrate (99%) was obtained
from Precious Metals Online. N-Acetyl-.-phenylalanine (99%),
5,7-dibromo-8-hydroxyquinoline (98%) and 8-hydroxyquinoline
(99%) were purchased from AK Scientific. N-Octanol, 5,7-
diiodo-8-hydroxyquinoline (97%), and (1S)-(+)-10-camphor-
sulfonic acid were obtained from Sigma-Aldrich. 5-Chloro-7-
iodo-8-hydroxyquinoline (ultrapure) was bought from OFC
Inc., 5,7-dichloro-8-hydroxyquinoline (99%) from Acros, and
sodium methoxide from Fluka.

Elemental analyses were conducted on a vario EL cube
(Elementar Analysensysteme GmbH, Hanau, Germany). 1D
and multinuclear 2D (*H-"*C HSQC, and HMBC) NMR spectra
were recorded on Bruker Avance AVIII 400 MHz NMR spec-
trometer at ambient temperature at 400.13 MHz (‘H) or
100.57 MHz ("’ C{"H}).

High resolution mass spectra were recorded on a Bruker
microOTOF-Q II ESI-MS in positive ion mode.

X-ray diffraction measurements of single crystals of [(n®
ethyl 2-acetamido-3-phenylpropanoate)Ru”Cl,], B were per-
formed on a Siemens/Bruker SMART APEX II single-crystal
diffractometer with a CCD area detector using graphite-mono-
chromated Mo Ka radiation (1 = 0.71073 A; Table S2%). The
data were processed with the SHELX2016 software packages.>”
All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were inserted at calculated positions and
refined with a riding model or without restrictions. Mercury
3.9. was used to visualise the molecular structure.

Syntheses

2-Acetamido-3-(cyclohexa-1,4-dien-1-yl)propanoic acid (A).
A solution of N-acetyl--phenylalanine (5.0 g, 24 mmol) in
100 mL dry methanol was mixed with 300 mL of NH; at
—70 °C. Sodium (10.0 g, 434 mmol) was added in small por-
tions. The colour of the solution changed to dark blue, which
changed to white after an hour. The reaction was stirred for
3 h, after which ammonium chloride (50.0 g, 935 mmol) was
added to the mixture to quench the reaction. The mixture was
stirred for 20 min. By leaving the reaction open overnight the
ammonia evaporated, giving a white residue. The white
residue was dissolved in a minimal amount of water and
extracted with diethyl ether. The product remained in the
aqueous phase which was evaporated to dryness. The white
precipitate was dissolved in 250 mL ethanol and refluxed for
3 h with (15)-(+)-10-camphorsulfonic acid (2.2 g, 9.5 mmol).
Ethanol was evaporated under reduced pressure and the
residue was dissolved in water and extracted with ethyl acetate.
The product crystallised after evaporation of the solvent under
vacuum and was immediately used for the next reaction step.
It was dissolved again in 100 mL of ethanol and (1S)-(+)-10-
camphorsulfonic acid (2.0 g, 8.6 mmol) was added and the
mixture was refluxed for 3 h. Ethanol was evaporated under
reduced pressure and the residue was dissolved in water and
extracted with ethyl acetate. Ethyl acetate was evaporated
under reduced pressure and the product A was crystallised as a
white solid inside the flask (1.7 g, 35%). ESI+: m/z 260.1258
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[M + NaJ" (Mgeor = 260.1257). "H NMR (400.13 MHz, CDCl,):
8 1.28 (t, *Juronnn = 7 Hz, 6H, H11), 2.02 (s, 3H, H13),
2.31-2.54 (m, 2H, H7), 2.56-2.76 (m, 4H, H3/H6), 4.13-4.26
(m, 2H, H10), 4.62-4.72 (m, 1H, H8), 5.50 (s, 1H, H2), 5.69 (m,
2H, H4/H5), 5.88 (d, Yxuns = 8 Hz, 1H, NH) ppm. “C{'H}
NMR (100.57 MHz, De-DMSO): § 14.05 (C11), 22.3 (C13), 26.3
(C3), 28.1 (C6), 39.0 (C7), 50.2 (C8), 59.7 (C10), 120.9 (C2),
123.7 (C4), 134.1 (C5), 130.6 (C1), 169.1 (C12), 173.6 (C9) ppm.

[(m®-Ethyl 2-acetamido-3-phenylpropanoate)Ru”CL,], (B).
A mixture of RuCl;-xH,O (100 mg, 0.48 mmol) in ethanol was
refluxed for 3 h, A (200 mg, 0.84 mmol) was added to the
mixture and the reaction was continued at reflux overnight.
The red solution was filtered hot through a glass sinter and
then B formed as a red precipitate in the filtrate (126 mg,
37%). Single crystals suitable for X-ray diffraction analysis were
obtained by diffusion of diethyl ether in a solution of B in
methanol. Anal. caled for C,¢H;,CI;N,O¢Ru,-0.25H,0: C,
38.13; H, 4.25; N, 3.42%. Found: C, 38.34; H, 4.17; N, 3.23.
ESI+: m/z 371.9944 [1/2 B — 2C1*" (Mueor = 371.9938). "H NMR
(400.13 MHz, Dg-DMSO): 6 1.14 (t, *Ju10u11 = 7 Hz, 6H, H11),
1.79 (s, 6H, H13), 2.61-3.90 (m, 4H, H7), 4.02-4.15 (m, 4H,
H10), 4.46-4.56 (m, 2H, H8), 5.76-5.90 (m, 6H, H2, H4, H6),
5.92-6.05 (m, 4H, H3, H5), 8.39 (d, */yun, = 8 Hz, 2H, NH)
ppm. *C{*H} NMR (100.57 MHz, De-DMSO): § 14.5 (C11), 22.7
(C13), 35.2 (C7), 52.5 (C8), 61.3 (C10), 85.4 (C6), 87.4 (C2), 87.9
(C4), 88.2 (C5), 88.2 (C3), 101.4(C4), 169.9 (C12), 171.3 (C9)

General procedures for the synthesis of (8-oxyquinolinato)Ru
complexes

Two different methods were used to prepare the complexes:

Method 1. Compound B (0.45 equiv.) was added to a stirred
solution of sodium methoxide (1.1 equiv.) and 8-oxyquinoline
derivative (1.0 equiv.) in methanol. The reaction mixture was
refluxed for 1.5-4 h under a nitrogen atmosphere. The solvent
was evaporated, the residue was dissolved in dichloromethane,
the solution was filtered, and the complex was precipitated
with n-hexane.

Method II. An 8-oxyquinoline derivative (1.0 equiv.) and
sodium methoxide (1.1 equiv.) were added to a mixture of
chloroform (8 mL) and methanol (15 mL). Compound B (0.45
equiv.) was added to the reaction mixture. The reaction
mixture was stirred for 1 h at room temperature under a nitro-
gen atmosphere. The formed precipitate was collected by fil-
tration, washed with n-hexane, and dried under vacuum.

Chlorido(8-quinolinolato-k>N,0)(n°-ethyl-2-acetamido-3-
phenylpropanoate)ruthenium(u) (1a)

The reaction was performed following method I and using
8-oxyquinoline 1 (50 mg, 0.34 mmol) and B (130 mg,
0.16 mmol) to afford a dark green solid (122 mg, 69%). Anal.
caled for C,,H,;Cl N,O,Ru-H,0-0.2CH,Cl,: C, 48.27; H, 4.34;
N, 5.39%. Found: C, 48.40; H, 4.65; N, 5.08. ESI+: m/z 481.0714
[M — CI]" (Miheor = 481.0780). The reaction gave a mixture of
diastereomers in a ratio of 1.0: 1.0, indicated as d1 and d2 in
the NMR data. "H NMR (400.13 MHz, De-DMSO): § 1.15 (t,
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*Juoms = 7, 6H, H11), 1.80 (s, 3H, H134,), 1.81 (s, 3H, H13,),
2.69-3.97 (m, 4H, H7), 4.03-4.14 (m, 4H, H10), 4.49-4.58 (m,
2H, H8), 5.58-5.72 (m, 6H, Hayom), 5.87-5.97 (m, 4H, Harene),
6.64-6.71 (m, 2H, H18), 6.80 (d, *Jaz0m10 = 5 Hz, 1H, H2044),
6.82 (d, *Jrzom10 = 5 Hz, 1H, H204,), 7.20-7.26 (M, *Juio p1s =
8 Hz, *Juiomo = 8 Hz, 2H, H19), 7.46 (d, *Jmems = 9 Hz,
3]H14,H15 =9 Hz, 1H, H15d1)y 7.48 (d, 3]H16,H15 =9 Hz, 3JH14,H15 =
9 Hz, 1H, H154,), 8.20-8.26 (d, *Ju16 115 = 9 Hz, 2H, H16), 8.42
(d, *Je17nu = 8 Hz, 1H, NHy,), 8.53 (d, *Ja17nu = 8 Hz, 1H,
NHyg,), 9.21-9.28 (m, 2H, H14) ppm. **C{"H} NMR (100.57 MHz,
Dg-DMSO): 6 14.5 (C11), 22.7 (C13), 34.9 (C744), 35.1 (C74,), 52.5
(C841), 52.7 (C84,), 61.2 (C10), 79.4 (C4q), 79.5 (C4qy), 80.7 (C6),
81.1 (C341), 81.2 (C34y), 84.7 (C2), 86.3 (C5), 97.9 (C1), 109.8
(C1841), 109.9 (C18y,), 113.6 (C20), 122.8 (C15), 130.2 (C19),
123.8 (C17), 137.6 (C16), 150.7 (C14), 169.6 (C21), 169.8 (C12),
170.3 (C9) ppm.

Chlorido(5,7-dichloro-8-quinolinolato-k>N,0)(n°-ethyl-2-acet-
amido-3-phenylpropanoate)ruthenium(n) (2a)

The reaction was performed following method I and using 5,7-
dichloro-8-oxyquinoline 2 (133 mg, 0.62 mmol) and B (114 mg,
0.32 mmol) to afford an ochre solid (135 mg, 74%). Anal. calcd
for C,,H,,CL,N,0,Ru-H,0: C, 43.59; H, 3.50 N, 4.76%. Found:
C, 43.83; H, 3.85; N, 4.65%. ESI+: m/z 548.9915 [M — CI]'
(Mtheor = 548.9994). The reaction gave a mixture of diastereo-
mers in a ratio of 2.1:1.9, indicated as d1 and d2 in the NMR
data. "H NMR (400.13 MHz, Dg-DMSO): § 1.15 (t, Juous =
7 Hz, 6H, H11), 1.80 (s, 3H, H134;), 1.81 (s, 3H, H13y,),
2.71-3.01 (m, 4H, H7), 4.04-4.14 (m, 4H, H10), 4.52-4.61 (m,
2H, H8), 5.68-5.81 (m, 6H, Harom), 5.99-6.08 (m, 4H, Harom),
7.58 (s, 1H, H194;), 7.59 (s, 1H, H19g,), 7.66-7.72 (m, 1H,
H15), 8.36-8.40 (m, 2H, H16), 8.44 (d, *Ju1,nu = 8 Hz, 1H,
NHg,), 8.49 (d, *Jui7nu = 8 Hz, 1H, NHgy), 9.43 (d, *Jaramis =
5 Hz, 2H, H14) ppm. “C{'"H} NMR (100.57 MHz, Ds-DMSO):
5 14.1 (C11), 22.3 (C13), 34.3 (C741), 34.7 (C745), 51.8 (C841)
52.1 (C84y), 60.8 (C104,), 60.8 (C104,), 78.5 (C4q1), 78.9 (C4as),
80.0 (C6gq1), 79.8 (C64s), 81.0 (C341), 80.1 (C3qy), 85.2 (C242),
85.3 (C241), 86.9 (C541), 86.1 (C542), 98.3 (Clay), 98.7 (Clay),
110.3 (C1844), 110.1 (C184,), 116.1 (C2044), 116.1 (C204,), 123.7
(C15), 125.6 (C17), 128.8 (C19), 134.1 (C16), 144.3 (C22), 152.3
(Cl4q;), 152.2 (Cl4y,), 163.1 (C214;), 162.9 (C21g,), 169.5
(C12), 171.0 (C9) ppm.

Chlorido(5,7-dibromo-8-quinolinolato-k>N,0)(n°-ethyl-2-acet-
amido-3-phenylpropanoate)ruthenium(n) (3a)

The reaction was performed according to method II using
5,7-dibromo-8-oxyquinoline 3 (220 mg, 0.73 mmol) and B
(200 mg, 0.33 mmol) to afford an ochre solid (357 mg, 73%).
Anal. caled for C,,H,;Br,CIN,O,Ru-1.3H,0-0.2CH,Cl,: C,
37.51; H, 3.01; N, 3.96%. Found: C, 37.34; H, 3.39; N, 3.92.
ESI+: m/z 638.8883 [M — Cl]" (Mheor = 638.8973). The reaction
gave a mixture of diastereomers in a ratio of 2.4 : 1.6, indicated
as d1 and d2 in the NMR data. 'H NMR (400.13 MHz, Ds-
DMSO): 1.15 (t, *Juous = 7 Hz, 6H, H11), 1.80 (s, 3H, H134),
1.81 (s, 3H, H13g,), 2.71-3.03 (m, 4H, H7), 4.04-4.14 (m, 4H,
H10), 4.53-4.67 (m, 2H, HS8), 5.65-5.81 (m, 6H, Hg.om),
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5.98-6.08 (m, 4H, Haom), 7.67-7.73 (m, 1H, H15), 7.79 (s, 1H,
H1944), 7.81 (s, 1H, H19,), 8.28-8.33 (m, 1H, H16), 8.43 (d,
a1z nm = 8 Hz, 1H, NHyy), 8.49 (d, *Jui7nu = 8 Hz, 1H, NHg,),
9.40 (d, *fayamis = 5 Hz, 2H, H14) ppm. “C{'H} NMR
(100.57 MHz, De-DMSO): § 14.1 (C11), 22.3 (C13gy), 22.4
(C134y), 34.2 (C744), 34.7 (C74y), 51.7 (C844), 52.1 (C84z), 60.9
(C10), 78.3 (C4q1), 78.7 (C4qz), 79.6 (C641), 79.7 (C64,), 80.0
(C341), 80.7 (C342), 85.3 (C241), 85.5 (C245), 86.5 (C541), 87.4
(C542), 98.5 (C141), 98.9 (C14z), 99.0 (C1844), 99.2 (C184,), 106.2
(C2041), 106.3 (C2045), 124.1 (C15), 127.4 (C17), 134.1 (C19),
136.5 (C16), 144.1 (C22), 152.3 (C14), 164.9 (C214,), 164.8
(C214,), 169.5 (C1244), 169.5 (C124,), 171.0 (C9) ppm.

Chlorido(5,7-diiodo-8-quinolinolato-k*N,0)(n°-ethyl-2-acet-
amido-3-phenylpropanoate)ruthenium(u) (4a)

The synthesis was performed following method II and using
5,7-diiodo-8-oxyquinoline 4 (300 mg, 0.76 mmol) and B
(208 mg, 0.34 mmol) to afford an ochre product (408 mg,
70%). Anal. caled for C,,H,;CII,N,0O,Ru-H,0: C, 33.77; H,
2.69; N, 3.57. Found: C, 33.63; H, 2.95; N, 3.57. ESI+: m/z
732.8652 [M — Cl]" (Meor = 732.8713). The reaction gave a
mixture of diastereomers in a ratio of 3.2:0.8, indicated as d1
and d2 in the NMR data. '"H NMR (400.13 MHz, Dg-DMSO):
8 1.16 (t, *Juous = 7 Hz, 6H, H11), 1.80 (s, 3H, H134,), 1.82 (s,
3H, H13g,), 2.69-3.06 (m, 4H, H7), 4.05-4.15 (m, 4H, H10),
4.54-4.63 (m, 2H, H8), 5.58-5.81 (m, 6H, Haom), 5.97-6.09 (m,
4H, Haom), 7.63-7.70 (m, 2H, H15), 8.05 (s, 1H, H194,), 8.06
(s, 1H, H194,), 8.13-8.20 (m, 2H, H16), 8.41 (d, */17xu = 8 Hz,
1H, NHyy), 8.46 (d, *Ju17nu = 8 Hz, 1H, NHg,), 9.34 (d, e,
s = 5 Hz, 2H, H14) ppm. *C{'H} NMR (100.57 MHz, Ds-
DMSO): § 14.5 (C11), 22.8 (C13), 34.6 (C741), 35.0 (C74z), 52.1
(C841), 52.5 (C84,), 61.3 (C10), 74.0 (C18), 78.3 (C4), 79.6 (C6),
79.7 (C3), 83.3 (C20), 85.9 (C24;), 86.1 (C24,), 88.6 (C5), 99.8
(C1), 124.8 (C15), 131.1 (C17), 141.4 (C16), 142.9 (C22), 145.6
(C19), 152.5 (C14), 168.7 (C21), 169.9 (C124;), 170.0 (C12g4,),
171.5 (C9) ppm.

Chlorido(5-chloro-7-iodo-8-quinolinolato-k*N,0)(n -ethyl-2-
acetamido-3-phenylpropanoate)ruthenium(n) (5a)

The synthesis was performed following method I and using
5-chloro-7-iodo-8-oxyquinoline 5 (300 mg, 0.98 mmol) and B
(270 mg, 0.44 mmol) to afford an olive-green product (504 mg,
76%). Anal. caled for C,,H,;Cl,IN,0,Ru-0.2H,0-0.5CH,Cl,: C,
37.69; H, 2.92; N, 3.99. Found: C, 37.41; H, 3.13; N, 3.88. ESI+:
m/z 640.9332 [M — CI]" (Mheor = 640.9353). The reaction gave a
mixture of diastereomers in a ratio of 2.2 : 1.8, indicated as d1
and d2 in the NMR data. "H NMR (400.13 MHz, Dg-DMSO):
5 1.16 (t, 6H, H11), 1.79 (s, 3H, H134), 1.82 (s, 3H, H13,),
2.68-3.05 (m, 4H, H7), 4.03-4.15 (m, 4H, H10), 4.54-4.63 (m,
2H, H8), 5.60-5.81 (m, 6H, Harom), 5.97-6.07 (m, 4H, Harom),
7.67-7.72 (m, 2H, H15), 7.77 (s, 1H, H19y,), 7.78 (s, 1H,
H194,), 8.33-8.38 (m, 2H, H16), 8.42 (d, Jui7nu = 8 Hz, 1H,
NHy,), 8.47 (d, *Jes7nu = 8 Hz, 1H, NHgy), 9.39 (d, *Jea s =
5 Hz, 2H, H14) ppm. “C{'"H} NMR (100.57 MHz, Ds-DMSO):
§14.1 (C11), 22.3 (C134;), 22.4 (C134y), 34.1 (C741), 34.6 (C742),
51.6 (C841), 52.1 (C84y), 60.8 (C10), 77.8 (441), 78.3 (442),
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79.2 (C6), 80.0 (C204;), 80.1 (C204,), 79.7 (C341), 80.4 (C34s),
85.5 (C241), 85.7 (C242), 87.2 (C4 q1), 88.2 (Cqy), 98.8 (Clay),
99.3 (Clgp), 111.0 (C18), 123.9 (C15), 126.6 (C17), 134.2 (C16),
135.8 (C19), 141.6 (C22), 152.0 (Cl14q,), 152.1 (Cl4y,), 167.0
(C21), 169.5 (C124;), 169.6 (C124;), 171.0 (C9) ppm.

Stability studies. For DMSO stability studies, 1a (1-2 mg)
was dissolved in Dg-DMSO and 'H NMR spectra were recorded
after 0, 1.5, 24 and 72 h. For the studies on the stability in
aqueous solution, 1a (1-2 mg) was dissolved in D,0 and 'H
NMR spectra were collected over 3 days. After a 3 d-incubation
period, 1 eq. of AgNO; was added to induce the exchange of
the chlorido with an aqua ligand and a 'H NMR spectrum was
recorded immediately. All "H NMR spectra were collected on a
Bruker Avance AVIII-400 MHz NMR spectrometer at ambient
temperature at 400.13 MHz (*H).

Biomolecule interaction. The biomolecule interactions of
complex 1a were studied by "H NMR spectroscopy. Complex 1a
was dissolved in Dg-DMSO and diluted with D,O to obtain a
10% De-DMSO/D,O solution. Equimolar amounts of the
amino acids r-methionine, r-cysteine, and t-histidine were
added to 1a and "H NMR spectra were collected over periods
of up to 3 d. The "H NMR spectra for the reactions of 1a and
9-ethylguanine at equimolar and 1:2 ratios were recorded
immediately after mixing. The mass spectra were recorded on
a Bruker microOTOF-Q II ESI-MS in positive ion mode.

Sulforhodamine B cytotoxicity assay. HCT116, SW480 and
NCI-H460 cells were supplied by ATCC, while SiHa cells were
from Dr. David Cowan, Ontario Cancer Institute, Canada. The
cells were grown in aMEM (Life Technologies) supplemented
with 5% fetal calf serum (Moregate Biotech) at 37 °C in a
humidified incubator with 5% CO,.

The cells were seeded at 750 (HCT116, NCI-H460), 4000
(SiHa) or 5000 (SW480) cells per well in 96-well plates and left
to settle for 24 h. The compounds were added to the plates in
a series of 3-fold dilutions, containing a maximum of 0.5%
DMSO at the highest concentration. The assay was terminated
after 72 h by addition of 10% trichloroacetic acid (Merck
Millipore) at 4 °C for 1 h. The cells were stained with 0.4%
sulforhodamine B (Sigma-Aldrich) in 1% acetic acid for
30 min in the dark at room temperature and then washed with
1% acetic acid to remove unbound dye. The stain was dis-
solved in unbuffered Tris base (10 mM; Serva) for 30 min on a
plate shaker in the dark and quantified on a BioTek
EL808 microplate reader at an absorbance wavelength of
490 nm with 450 nm as the reference wavelength to determine
the percentage of cell growth inhibition by determining the
absorbance of each sample relative to a negative (no inhibitor)
and a no-growth control (day 0). The ICs, values were calculated
with SigmaPlot 12.5 using a three-parameter logistic sigmoidal
dose-response curve between the calculated growth inhibition
and the compound concentration. The presented ICs, values are
the mean of at least 3 independent experiments, where 10
concentrations were tested in duplicate for each compound.

n-Octanol-water partition coefficient (logP). A previously
published procedure was followed,** where the OECD guide-
lines*® for the log P determination via the shake flask method
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were slightly modified. A known amount of each complex
(1a-5a) was suspended in water (pre-saturated with n-octanol)
and shaken for four days on an orbital shaker. Afterwards, the
solution was centrifuged for 5 min at 2000 rpm to allow phase
separation and the ruthenium content of the saturated
aqueous solution was measured by ICP-MS to give the solubi-
lity of the compounds in H,O. To obtain the partition coeffi-
cient, different ratios (0.5:1, 1:1, and 2:1) of the saturated
solutions were shaken with pre-saturated n-octanol for 30 min
on an orbital shaker. After shaking for an additional 5 min by
hand and centrifugation for 5 min at 10 000 rpm, the aqueous
phase was collected with a syringe according to OECD guide-
lines. For the analysis, the samples were diluted 1:100 with
5% HNOj;. The Ru content was determined on an Agilent 7700
ICP-MS equipped with a MicroMist nebuliser, a Scott double
pass spray chamber, and an ASX-500 autosampler (CETAC
Technologies) in a Serie SuSi laminar flow hood (SPECTEC).
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