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Introduction

Effect of cysteine thiols on the catalytic and
anticancer activity of Ru(i) sulfonyl-
ethylenediamine complexes¥

Feng Chen, @ |solda Romero-Caneldn, 2 2€ Abraha Habtemariam, @2
Ji-Inn Song, © 2 Samya Banerjee, 129 Guy J. Clarkson, 2 Lijiang Song, 2

lvan Prokes (22 and Peter J. Sadler (2 *?

We have synthesized a series of novel substituted sulfonyl ethylenediamine (en) Ru' arene complexes 1-8
of [(n®-arene)Ru(R-SO,-ENBz)X], where the arene is benzene, HO(CH,),O-phenyl or biphenyl (biph), X =
Clor I, and R is phenyl, 4-Me-phenyl, 4-NO,-phenyl or dansyl. The ‘piano-stool’ structure of complex 3,
[(n®-biph)Ru(4-Me-phenyl-SO,-EnBz)l], was confirmed by X-ray crystallography. The pK; values of their
aqua adducts were determined to be high (9.1 to 9.7). Complexes 1-8 have antiproliferative activity
against human A2780 ovarian, and A549 lung cancer cells with ICsg values ranging from 4.1 to >50 uM,
although, remarkably, complex 7 [(n®-biph)Ru(phenyl-SO,-EnBz)Cl] was inactive towards A2780 cells, but
as potent as the clinical drug cisplatin towards A549 cells. All these complexes also showed catalytic
activity in transfer hydrogenation (TH) of NAD* to NADH with sodium formate as hydride donor,
with TOFs in the range of 2.5-9.7 h™% The complexes reacted rapidly with the thiols glutathione
(GSH) and N-acetyl-L-cysteine (NAC), forming dinuclear bridged complexes [(n®-biph),Ru»(GS)s]>~ or
[(ne—biph)zRuz(NAC-H)3]2‘, with the liberation of the diamine ligand which was detected by LC-MS. In
addition, the switching on of fluorescence for complex 8 in agueous solution confirmed release of the
chelated DsEnBz ligand in reactions with these thiols. Reactions with GSH hampered the catalytic TH of
NAD" to NADH due to the decomposition of the complexes. Co-administration to cells of complex 2
[(n®-biph)Ru(4-Me-phenyl-SO,-EnBz)Cl] with L-buthionine sulfoximine (L-BSO), an inhibitor of GSH syn-
thesis, partially restored the anticancer activity towards A2780 ovarian cancer cells. Complex 2 caused a
concentration-dependent G1 phase cell cycle arrest, and induced a significant level of reactive oxygen
species (ROS) in A2780 human ovarian cancer cells. The amount of induced ROS decreased with increase
in GSH concentration, perhaps due to the formation of the dinuclear Ru-SG complex.

ligands.">"® In recent years, the possibility of using synthetic
organometallic complexes as catalysts for transfer hydrogen-

Studies of the antiproliferative activity of organometallic com-
plexes, especially the Ir," Os,* Rh>® and Ru”® complexes,
have been stimulated by the clinical success of platinum anti-
cancer drugs such as cisplatin, carboplatin and oxaliplatin.’ ™"
The activity of organometallic half-sandwich complexes can be
tuned by the choice of the arene, chelating and monodentate
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ation (TH) reactions in cells has emerged as a potential way of
modulating intracellular redox states and inducing cancer cell-
killing by a mechanism which can circumvent resistance.'*"
Noyori-type Ru" complex JS2 [(n°-p-cym)Ru(TsEn)Cl] exhibits
potent catalytic TH activity in the reduction of co-enzyme
NAD' to NADH. Up to a 90% decrease in cancer cell viability
was observed in the presence of non-toxic doses of sodium
formate (Fig. 1), with the ratio of NAD'/NADH greatly decreas-
ing in cancer cells."® The analogue complex [(n°p-cym)Ru
(TsEnBz)Cl] shows enhanced activity in the TH of NAD" with
formate as hydride donor,"” however, the reaction appeared to
be hampered by interaction of the Ru"" complex with thiol-con-
taining molecules, including the tripeptide glutathione, y-r-
Glu-1-Cys-Gly (GSH, Fig. 1)."” We have therefore explored the
role of GSH in mediating reactions of these half-sandwich
organometallic catalysts in this work.
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Fig. 1 Structures of Noyori-type Ru' anticancer catalysts, glutathione
(GSH) and N-acetyl-L-cysteine (NAC).

GSH is an important tripeptide that exists ubiquitously in
all eukaryotic cells (in mM concentrations); it can be oxidized,
e.g. to GSSG, to protect cells from being damaged by reactive
oxygen species (ROS, metabolic side products).'**° GSH can
also interact with metal complexes in cells, and many organo-
metallic complexes are thiophilic.>' By taking advantage of
such interactions, thiols have been used as switch-on probes
to trigger luminescence or fluorescence in cells, by either react-
ing with a probe or by displacement of fluorescent ligands,
which can be used to map their distributions in cells.>*** We
have found that the tethered Ru" complex [Ru(n®-Ph(CH,)s-
ethylenediamine-N-Ts)Cl] can rapidly react with GSH to form a
Ru-SG adduct which can decompose slowly.>*

In the present work, we have studied the effect of the
amino acid cysteine and the tripeptide glutathione on the cata-
lytic and anticancer activity of Ru" sulfonyl ethylenediamine
complexes 1-8 [(n®-arene)Ru(R'-SO,-EnBz)X], where the arene
is benzene, HO(CH,),0-phenyl, or biphenyl, and R" is various
sulfonyl substituents (Table 1). The catalytic TH reduction of
NAD' to NADH using sodium formate as hydride source was
studied, as well as reactions of 1-8 with the tripeptide GSH
and N-acetyl-i-cysteine (NAC) (Fig. 1), and the effect of GSH on

Table 1 Ru" complexes studied in this work
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Complex R R! X
1 H 4-Me-Ph Cl
2 Ph 4-Me-Ph Cl
3 Ph 4-Me-Ph 1

4 O(CH,),0H 4-Me-Ph cl
5 Ph 4-Nitro-Ph Cl
6 Ph 4-F-Ph Cl
7 Ph Ph Cl
8 Ph Dansyl (Ds) Cl
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the TH of NAD'. The anticancer activity of complexes 1-8
towards A2780 ovarian and A549 lung human cancer cells was
determined together with the effect of coadministration with
GSH, NAC, and the redox modulator r-buthionine sulfoximine
(1-BSO), an inhibitor of GSH biosynthesis. Cell cycle arrest and
the influence of GSH on induction of ROS were also investi-
gated. The study revealed an interesting and unusual role for
GSH in the biological activity of this class of organometallic
transfer hydrogenation catalysts.

Results
Synthesis and characterizations

The chelating diamine ligands [BzEn-SO,-R'], where R' is
phenyl, 4-Me-phenyl, 4-F-phenyl, 4-NO,-phenyl and Dansyl, were
synthesized following a reported method,"” as were complexes
1-8 (Table 1).*® Triethylamine (4 mol equiv.) and ligand
(2-2.1 mol equiv.) were added to the a solution of degassed iso-
propanol and Ru" dimer [(n®-arene)RuCl,],, and the reactions
were then stirred under a N, atmosphere at 365 K for 10 h. All
the synthesized complexes were purified 2x by silica column
chromatography (MeOH/DCM, 2 : 8 v/v) and recrystallization, and
characterized by NMR spectroscopy (‘H, *C and '°F, Fig. S1-S17
in the ESIf), high resolution mass spectrometry (HR-MS,
Fig. S18-S25 in the ESIf), and elemental analysis (CHN).

X-ray crystal structure

A crystal of complex 3 [(n°-biph)Ru(4-Me-phenyl-SO,-EnBz)I]
suitable for X-ray crystallographic analysis was obtained by the
slow diffusion of diethyl ether into a saturated methanol solu-
tion of complex 3 at ambient temperature. Selected bond
lengths and angles for complex 3 are given in Table 2, crystal-
lography data are listed in Tables S1 and S2,f and the mole-
cular structure is shown in Fig. 2. Complex 3 adopts a pseudo-
tetrahedral geometry with a n°phenyl ring on one face of the
metal centre occupying 3 coordination sites. The sulphona-
mide nitrogen of the ethylenediamine ligand is deprotonated
and bound as a monoanionic bidentate ligand to Ru, together
with an iodido ligand completing the coordination sphere of
the complex.

pK, determination

The pK, values (pK, determined in deuterated solvent) of the
aqua adducts of complexes 1, 2 and 4-7 were determined by

Table 2 Selected bond lengths (A) and angles (°) for complex 3 [(n®-
biph)Ru(4-Me-phenyl-SO,EnBz)I]

Bonds Length (A)/angle (°)
Ru-N9 2.123(3)

Ru-N12 2.174(3)

Ru-T1 2.7434(3)

Ru-arene (centroid) 1.672

N9-Ru-N12 78.60(11)

N9-Ru-T1 90.65(7)

N12-Ru-T1 83.90(8)

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 ORTEP diagram for complex 3 [(n®-biph)Ru(4-Me-phenyl-
SO,EnBz)l]. Ellipsoids are shown at the 50% probability level. All hydro-
gen atoms have been omitted for clarity.

titration over the pH* range from 2 to 12. The "H NMR chemi-
cal shifts of protons of the sulfonyl phenyls as a function pH
were fitted to the Henderson-Hasselbalch equation (Fig. S26
in the ESIT). All the pK; values of these aqua complexes are in
the range of 9.10-9.75 (Table 3).

Nucleobase binding

The interaction of complex 2 with model nucleobase 9-ethyl-
guanine (9-EtG) was studied by "H NMR spectroscopy (Fig. S27
in the ESIT). The reactions were performed by titrating a solu-
tion of complex 2 (2 mM, 10% MeOD-d, in D,0) with 9-EtG in
D,0 at 310 K, in 0.5 mol equiv. steps. Complex 2 reacted
rapidly with 9-EtG, and binding appeared to be complete
within 5 min. Adduct formation was confirmed by following a
new set of peaks, with slow exchange on the NMR time scale
between the aqua adduct of 2 and its 9-EtG adduct. Peaks for
complex 2 disappeared when 1.0 mol equiv. of 9-EtG was
added, indicating strong binding and completion of the reac-
tion (Fig. S27 in the ESI¥).

Kinetics of transfer hydrogenation

Transfer hydrogenation (TH) of nicotinamide adenine dinu-
cleotide (NAD") to give NADH was studied in aqueous media
using complexes 1-8 as catalysts and sodium formate as
hydride source (MeOD-d,/D,0, 1:9 (v/v), pH* 7.2 + 0.1, 310 K).
All the kinetic experiments were monitored by "H NMR with

Table 3 Turnover frequencies for conversion of NAD* to NADH cata-
lysed by complexes 1-8 and pK; values for the aqua adducts

Complex TOF (h™) Pk,

1 7.5+0.3 9.67 + 0.03
2 7.9+0.4 9.3+£0.1

3 5.7+1.4 n. d.

4 2.5+£0.1 9.71 £ 0.05
5 9.1+0.5 9.1+0.2

6 9.7+0.1 9.12 + 0.04
7 6.74 + 0.04 9.34 + 0.07
8 3.7+£0.6 n. d.

This journal is © The Royal Society of Chemistry 2022
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Ru", NAD", and sodium formate in a mol ratio of 1:4:25. As
shown in Table 3, the turnover frequencies (TOFs) for com-
plexes 1-8 are in the range 2.5-9.7 h™', Complex 6 gave the
highest TOF (9.7 + 0.1 h™"), while complex 4 gave the lowest
(2.5 + 0.1 h™"). Complexes 1 [(n°benzene)Ru(4-Me-phenyl-
SO,EnBz)Cl] and 2 [(n°biph)Ru(4-Me-phenyl-SO,EnBz)Cl]
bearing the 4-Me-phenyl-SO,EnBz ligand have similar TOF
values (7.5 = 0.3 and 7.9 + 0.4 h™", respectively), while com-
plexes 5 and 6 with strong 4-NO, and 4-F electron-withdrawing
groups have higher catalytic efficiency than 2, with TOF values
of 9.1 + 0.5 and 9.7 + 0.1 h™", respectively; while complex 7
(phenyl) with the relatively weaker electron-withdrawing group
gave a slightly lower TOF value (6.74 + 0.04 h™").

Reactions with glutathione

Reactions of complex 2 with GSH were investigated via a series
of concentration-dependent experiments and monitored by "H
NMR, at pH* 7.2, (pH* = pH meter reading in deuterated
solvent), 310 K. Complex 2 (2 mM) and GSH were mixed in the
mol ratio of 1:X, where X = 1, 2, 5, 10, respectively, in the
mixed solvent of MeOD-d, and D,O, 1:9 (v/v). Reaction of
complex 2 with 1.0 mol equiv. GSH led to the disappearance of
'H NMR peaks for 2 in the biphenyl ligand region of the spec-
trum within 10 min, and generated a new set of peaks shifted
to lower field (Fig. S28 in the ESI}). No further change in this
region was observed with further addition of GSH (2-10 mol
equiv.). However, the products were difficult to identify based
on the "H NMR spectra alone (Fig. S28 in the ESIT).

Identification of GSH/NAC adducts by LC-MS

HPLC and LC-MS were used to elucidate the nature of the pro-
ducts from reactions of complex 2 with GSH. Similar reactions
with N-acetyl-L-cysteine (NAC) were studied for comparison.

Complex 2 (2 mM in MeOH/H,0, 1:9 (v/v)) and GSH or
NAC (10 mol equiv., in H,0) were mixed in a vial and pre-incu-
bated at 310 K for 24 h (pH 7.10 + 0.1). As can be seen from
Fig. S29,1 the reactions proceeded with >95% and 100% con-
versions to form the Ru"-SG and Ru"-NAC adducts, respect-
ively, as determined by HPLC. HPLC peak p4, assignable to
complex 2, disappeared after 24 h co-incubation at 310 K, with
two new peaks p1l and p2 emerging (Fig. S29 in the ESIY).
Subsequently, reactions were studied by LC-MS using
the same conditions. MS peaks for dinuclear complexes
[(n®biph),Ru,(GS);]*~ 2a and [(n°biph),Ru,(NAC-H);]*~ 2b are
assignable to HPLC peaks p1 and p2, respectively. Displaced
free chelating TsEnBz ligand was detected as peak p3. The
peak assignments are listed in Table S3 in the ESL.

Next, the isolation of the dinuclear complexes 2a and 2b
was attempted by HPLC using a ZORBAX Eclipse XDB-C18
Semi-preparative column (9.4 x 250 mm). Complex 2b was col-
lected and characterized by "H NMR (Fig. S30 in the ESI{). A
high resolution MS peak at 715.6011 m/z was observed, which
corresponds to [(n®biph),Ru,(GS);+4H]** (2a in Fig. S31 in the
ESIT), and the high resolution peak at 998.0339 m/z can be
assigned to [(n°-biph),Ru,(NAC),]" (2b in Fig. S32 in the ESIT).

Dalton Trans., 2022, 51, 4447-4457 | 4449
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Effect of GSH on transfer hydrogenation of NAD"

Given the high abundance of GSH in mammalian cells, the
influence of GSH on the TH of NAD" catalysed by complex 2
was investigated under similar conditions: 2 (1.4 mM), 10%
MeOD-d,/90% D,O (v/v), with NAD", GSH and sodium formate
(D,0) in the mol ratios of 1:4:X:25, where X = 0.2, 0.5, 1 and
2, pH* 7.2, 310 K. "H NMR spectra were recorded every 5 min.
The catalytic efficiency of complex 2 was little affected, with
the TOF decreasing slightly from 7.9 + 0.4 h™" to 6.29 *
0.53 h™" when 0.2 mol equiv. GSH was present. However, the
TOF dropped dramatically to 0.91 + 0.43 h™' when 0.5 mol
equiv. GSH was co-administered. The reaction totally stopped
when 1 mol equiv. or more GSH was added, probably due to
the completing reaction of 2 with GSH.

Fluorescence-detected thiol-triggered chelated ligand release
from complex 8

The fluorescence of the chelated phenylsulfonyl ethylenedia-
mine dansyl-ligand DsEnBz was fully quenched when it was
present as a chelated ligand in complex 8 (Table 1). Complex 8
alone fluoresced only very weakly when dissolved in a mixed
solvent of DMSO and H,O (1:9, v/v), Fig. 3. As found
above, GSH can react rapidly with complex 8 to form
[(n°-biph),Ru,(GS);]*~, accompanied by the release of the sul-
fonyl ethylenediamine ligand. Such a reaction should switch-
on the fluorescence of DsEnBz through its release from
complex 8. An immediate emission was observed when
complex 8 (2 mM in DMSO/H,0, 2:8(v/v)) was treated with
GSH or NAC (20 mM in H,0, Fig. 3).

The reaction was initially detected by UV-vis spectroscopy at
310 K, pH 7 (Fig. 3a). Next, a ca. 200-fold increase in emission
intensity was observed on adding GSH (10 mol equiv.) to an
aqueous solution of complex 8, pH 7, 310 K, on excitation at

B L4 — Complex 8 b)
1.2 — 8+ GSH
a2t — 8+NAC
<
0.6
0
200 300 400 500
A (nm)
) 80 — Complex 8
405 nm — 8+ GSH
2> 60 — 8+ NAC
5 40
o
- 20
0 +
450 500 550 600 650
A (nm)
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350 nm (Fig. 3b). NAC induced a stronger increase in fluo-
rescence under the same conditions (ca. 1.7-fold stronger than
GSH). When excited at 405 nm, the emission intensity was
relatively lower, only about 40-fold intensity for GSH and
60-fold for NAC compared to complex 8 alone, Fig. 3c. In order
to confirm the importance of the thiol groups in these reac-
tions, complex 8 was reacted with the amino acids r-leucine
and i-tryptophan, and the thiol-containing molecule 1-buta-
nethiol. No increase in fluorescence was observed when 8 was
mixed with thiol-free amino acids; however, a relatively strong
fluorescence emission was found when 1-butanethiol was
added, indicating the key role of the thiol group.

Antiproliferative activity

The antiproliferative activity of complexes 1-8 towards
A2780 human ovarian and A549 human lung cancer cells was
determined (Table 4). The clinical drug cisplatin (CDDP) was
studied as a comparison. As can be seen in Table 4, these com-
plexes gave a broad range of ICs, values ranging from 3.57 to
>50 pM and 4.1 to 38.5 pM against A2780 human ovarian and
A549 human lung cancer cells, respectively. Complex 6 [(n°®
biph)Ru(4-F-phenyl-SO,-EnBz)Cl] was most potent towards
A2780 cancer cells (ICsy, 3.57 + 0.98 pM), towards which
complex 7 [(n%biph)Ru(phenyl-SO,-EnBz)Cl] was inactive.
However, complex 7 was potent towards A549 lung cancer cells
with an ICso, 4.1 + 1.3 pM, comparable to CDDP (ICs, 3.1 *
0.1 pM).

Effect of 1-buthionine sulfoximine on antiproliferative activity

t-Buthionine sulfoximine (1-BSO) is a specific inhibitor of
y-glutamylcysteine synthetase,”® an enzyme involved in the bio-
synthesis of GSH. Treatment with 1-BSO can scavenge the
intracellular GSH levels up to 40%, which effectively hampers

400 —Complex 8
—8+ GSH
2 300 —8+NAC
& 200
15
100
0
450 500 550 600 650
A (nm)

Fig. 3 GSH- and NAC-triggered fluorescence of complex 8. (a) UV-vis detection of reactions of complex 8 with GSH or NAC; (b) solution excited at
350 nm; (c) solution excited at 405 nm; (d) A: complex 8 in DMSO, B: complex 8 in DMSO/H,0 (1:9 (v/v)), C: complex 8 (0.1 mM, DMSO/H,;0, 1:9
(v/v)) with GSH (2 mM in water) and D: complex 8 (0.1 mM, DMSO/H,0, 1:9 (v/v)) with NAC (2 mM in water) under UVA; (e) fluorescence from reac-
tions of complex 8 with L-leucine (E, 10 mol equiv.), L-tryptophan (F, 10 mol equiv.) and 1-butanethiol (G, 10 mol equiv.) under UVA.
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Table 4 Anticancer activity of complexes 1-8 towards A2780 human
ovarian and A549 human lung cancer cell lines (ICsq values, pM)

ICs50“ (1M)

Complex A2780 A549

1 8.32 £ 0.54 28.8+2.6
2 11.25 £ 0.08 13.5+1.4
3 18.4 +1.2 32.2+0.7
4 14.25 £ 0.06 16.1 2.4
5 3.57 +£0.98 29.8+1.1
6 5.6 +0.5 13.7 £ 0.1
7 >50 41+1.3
8 39.4+34 38.5+1.9
CDDP 1.2 + 0.02 3.1+£0.1

“Data are shown as mean =+ standard deviation (STD), cell viability was
assessed after 24 h incubation with Ru" complexes and washing with
PBS.

cellular GSH synthesis.>” The anticancer activity of complex 2
against A549 human lung cancer cells after co-incubation with
1-BSO was determined, to provide insights into the role of GSH
in antiproliferative activity. Complex 2 was coadministered
with three different concentrations of 1-BSO: 1, 5 and 50 pM.
After 24 h co-incubation with 1-BSO (at concentrations of 1
and 5 pM), the antiproliferative activity of 2 (ICso, ca. 13 pM)
remained unchanged; but increased by 61% to 8.3 + 0.5 pM
when co-treated with 50 uM 1-BSO.

Effect of GSH and NAC on anticancer activity

GSH often acts as a detoxification agent for metal-based drugs
in cells, and some drug-resistant cancer cells are capable of
generating higher levels of GSH to circumvent damage.*'
N-Acetyl-L-cysteine (NAC) is scavenger of reactive oxygen
species (ROS), which can block cisplatin related caspase-3 acti-
vation and cell apoptosis.”®

Since complex 2 can react rapidly with GSH to form the
dimer 2a [(n°biph),Ru,(GS);]*", co-administration of complex
2 with GSH (5, 10 and 50 pM) was studied, to investigate the
effect of GSH on the antiproliferative activity in A2780 human
ovarian carcinoma cells. Cells were incubated with three con-
centrations of GSH (5, 10 and 50 pM) as controls. The results
indicated that GSH exposure only is not toxic towards A2780
cancer cells, Table S4 (in the ESIt). After 72 h of recovery time
in drug-free medium, cell survival was evaluated using the sul-
forhodamine B colorimetric assay. As shown in Fig. 4, the anti-
proliferative activity decreased gradually with increase of GSH
concentration, giving ICs, values of 22.41 + 1.25, 29.9 + 2.1
and >50 uM towards A2780 cells and, 27.33 + 0.54, 43.93 + 3.54
and >50 uM towards A549 cancer cells, for GSH concentrations
of 5, 10, and 50 pM, respectively.

Co-treatment with complex 2 and NAC gave rise to a similar
trend, in which the anticancer activity decreased with an
increase in NAC concentration (under similar conditions as
those for GSH above), ICs, values are 25.8 + 0.9, 39.9 + 0.9 and
>50 pM, for NAC concentrations of 5, 10 and 50 uM,
respectively.

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Effect of co-administration with GSH (5, 10 or 50 pM) on the
antiproliferative activity of complex 2 against human A2780 ovarian and
A549 lung cancer cells. Data are presented in mean + standard deviation
(STD).

Cell cycle arrest

A cell cycle analysis for A2780 human ovarian cancer cells
treated with the representative complex 2 was performed using
propidium iodide staining and flow cytometry. A2780 cancer
cells were incubated with IC5, or 2 x ICs, concentrations of
complex 2 for 24 h. In comparison to negative control popu-
lation, complex 2 increased cell cycle arrest at the G1 phase
when the drug concentration increased from ICs, to 2 x ICs,
Fig. 5.

Reactive oxygen species (ROS)

The level of reactive oxygen species (ROS) induced by complex
2 and GSH in combination with 2 in A2780 human ovarian
cancer cells was determined at the IC5, concentration of the
complex by flow cytometry fluorescence analysis (Fig. 6). These
experiments were carried out following previously described
protocols.*® A2780 cancer cells were treated at a fixed ICs, con-
centration of 2 and GSH (0.5 or 5 pM) without any recovery
time. The total level of oxidative stress (including H,O,, peroxy
and hydroxyl radicals, peroxynitrite, and NO) in the FITC-A

%07 ** |3 Negative Control

B8 IC4, concentration

60 A mm 2xIC4, concentration

%

30 1

G1 G2/M S

Fig. 5 Cell cycle analysis for A2780 human ovarian cancer cells after
24 h exposure to complex 2 at 310 K at IC5¢ and 2 X IC5o concentrations.
Cell staining for flow cytometry was carried out using PI/RNase. The
percentage of cell populations in each cell cycle phase for the negative
control and complex 2 are compared. p-Values were calculated after a
t-test against the negative control data, *p < 0.05, **p < 0.01.
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Fig. 6 ROS induction in A2780 cancer cells exposed to complex 2
alone, 2 with 0.5 yM GSH, and 2 with 5 pM GSH. FITC-A channel detects
total oxidative stress, and PE-A channel detects production of super-
oxide. p-Values were calculated after two-tailed Welch's t-tests to

determine the significance of variations, ®p > 0.05, *p < 0.05, **p < 0.01
and ***p < 0.001.

channel and superoxide production in PE-A channel were
monitored. ROS levels were detected in more than 70% of
A2780 cancer cells. The populations of A2780 cells showing
high fluorescence in FITC-A channel (ca. 73.1 + 1.9%, Table S5
in the ESIf) for complex 2 alone and low fluorescence in
channel PE-A (ca. 26.8 + 2.0%), indicate a major induction of
oxidative stress in A2780 cancer cells. Interestingly, cell popu-
lations in FITC-A-/PE-A+ and FITC-A+/PE-A+ channels
decreased with increase of GSH concentration, from ca. 16.8 +
0.8% to ca. 5.9 + 0.5%. However, inversely, cell populations in
FITC-A+/PE-A-channels increased when 5 pM GSH was co-
administered with 2, from 71.7 + 1.7% to 86.3 + 0.5%,
suggesting a higher level of oxidative stress (Table S5 in
the ESI{).

Discussion

The X-ray crystal structure of complex 3 [(n°-biph)Ru(4-Me-
phenyl-SO,-EnBz)I| shows that it has the typical half-sandwich
‘piano-stool’ geometry (Fig. 2), similar to related Ru"
complexes.”>*® The Ru-N bond lengths of 2.123 A (Ru-N(7))
and 2.174 A (Ru-N(H)), are close to those reported for [(n°p-
cym)Ru(TsEnEt)Cl] (2.126(9) A and 2.1702(11) A, respect-
ively),”® but the Ru-N12 bond length is 0.08 A longer than for
the related complex [(n°-biph)Ru(TSEn)Cl] (2.096(4) A). As
expected, the Ru-I bond length is much longer than that of
the Ru-Cl bond in [(n°-biph)Ru(TSEn)Cl] (2.7434(3) A versus
2.4444(11) A), and close to that in the Os complex [(n®p-cym)
Os(Impy-OH)T]" (2.7247(4) A).*>® The N12-Ru-I bond angle of
83.90° is smaller than that of [(n°p-cym)Ru(EtTsEn)Cl]
(87.55°). The remaining bond lengths and angles are similar
to those of related Ru" complexes.

In aqueous solution the ability of these halido sulfonyl-
ethylenediamine complexes to undergo hydrolysis and gene-
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rate aqua adducts,"”*>*® decreases with the halido ligand in
the order of Cl ~ Br > I. Halido complexes with strong §-donor
ligands like en (ethylenediamine) and acac (acetylacetone),
hydrolyse quickly and produce basic hydroxido adducts (pkK, >
7), while the m-acceptor ligands like azopyridine, hydrolyse
slowly and give more acidic aqua complexes.”®?" The aqua
adducts of the catalysts studied here with high pK] values of
9.1-9.7 (Table 3), would be predominantly protonated in phys-
iological media (pH 7.4). Aqua adducts are usually much more
reactive than the corresponding hydroxido adducts and more
readily undergo substitution reactions, which is favourable for
a catalytic centre.

Ru" sulfonyl ethylenediamine complexes show potent cata-
Iytic activity in (sometimes asymmetric) transfer hydrogenation
(TH) reactions with ketones, imines, and importantly cellular
coenzyme nicotinamide adenine dinucleotide, NAD".>*3273¢
The efficiency for catalysis of transfer hydrogenation of NAD"
by complex 1 [(n°benzene)Ru(TsEnBz)Cl] and 2 [(n®biph)Ru
(TsEnBz)Cl] was similar (TOFs of 7.5 + 0.3 h™" and 7.9
0.4 h™", respectively), in comparison to [(n°p-cym)Ru(TsEnBz)
Cl] (7.4 + 0.1 h™"), but decreased with change in arene in
the order: biph (2) > benzene (7) > p-cym, which is a slightly
different arene order from the previous observations: benzene
> biph > p-cym.>®> Complex 4 [(n*HO(CH,),0-phenyl)Ru
(TsEnBz)Cl] with hydrophilic side group HO(CH,),O- on the
phenyl arene has significantly enhanced the water solubility
(up to 10 mg mL™" in aqueous solution), while it gave the
lowest TOF (2.5 + 0.1 h™"); this may be because the terminal
—-OH group reversibly triggers rapid tethered ring formation
and deformation by binding of the pendant alcohol-oxygen to
the metal centre in aqueous solution, thereby hindering NAD"
approach to the Ru centre.’”*°

Interestingly, Stiss-Fink et al. have reported a series of
dinuclear dithiolato and trithiolato Ru" complexes [(n°p-
cym),Ru,(SR),J** or [n°(p-cym),Ru,(SR);]" where R is an aro-
matic group, which exhibit sub-micromolar anticancer activity
against both A2780 and A2780 cisplatin-resistant human
ovarian cancer cells.’™** Catalytic oxidation of GSH to GSSG
by such complexes suggested they can regulate GSH levels in
cells.*® Aldrich-Wright et al. have reported the slow degra-
dation of the Pt" complex [(5,6-dimethyl-1,10-phenanthroline)
(1S,28-diaminocyclohexane)-Pt(u)] by GSH to form the [(5,6-
dimethyl-1,10-phenanthroline),Pt,(SG),]**, as a GS-bridged
dimer.** Complex 2 reacted with GSH or NAC to form an Ru-
SG/NAC-bridged dimer, that significantly hampered the cata-
lytic TH of NAD', while retriggering DsEnBz ligand fluo-
rescence of complex 8, showing that this complex has potential
for tracking such ligand dissociation in cells. A recent
publication by Bri$ et al. described reactions of organo-ruthe-
nium complexes with cysteine and its analogues studied by
mass spectrometry.”> A ruthenium complex with 1-(4-chloro-
phenyl)-4,4,4-trifluorobutane-1,3-dione as ligand underwent
solvolysis in water to form a [Ru,(p-cym),(OH);]" hydroxido-
bridged dimer; subsequently hydroxide ligands were displaced
by deprotonated cysteine to give the cysteine-bridged dimer
similar to complex 2b in this work.

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1dt03856g

Open Access Article. Published on 28 February 2022. Downloaded on 1/25/2026 11:30:00 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

As an inhibitor of the enzyme y-glutamyl cysteine synthe-
tase, 1-BSO can limit the cellular synthesis of GSH, and
enhance ROS levels to induce cell apoptosis. Co-treatment of
organometallic Ru" or Os" complexes with 1-BSO has been
developed as a strategy to overcome GSH mediated detoxifica-
tion of drugs.’®"” For example, 1-BSO can restore CDDP activity
against several CDDP-resistant cancer cell lines. 1-BSO has
been shown to cause a significant reduction in A2780 cellular
GSH levels (ca. 50% with 5 uM 1-BSO) and a significant
enhancement of anticancer activity towards ovarian cancer
cells upon co-administration of organo-Os complex [Os(n®p-
cym)(p-NMe,-Azpy)I|PFs with L-BSO (5 pM dose), with 87%
improvement in anticancer activity at an equipotent 2 X ICs,
concentration of the complex.>”*® However, such restoration of
antiproliferative activity by 1-BSO only occurs when a complex
is already biologically active.”” In the present work, enhance-
ment of the anticancer activity against A549 cancer cells was
observed at an 1-BSO concentration of 50 uM with ICs, decreas-
ing from ca. 13 to 8.3 pM; with levels of GSH reduced to ca.
61%.%® High 1-BSO concentrations probably interfere with cel-
lular GSH synthesis, while excessive GSH might react with the
complex to destroy catalytic activity but promote the gene-
ration of biologically active dinuclear Ru(n) species.*>

The cell cycle arrest study of complex 2 in A2780 cancer
cells revealed a dose-dependent cell population increase in G1
phase (66.7 + 1.5% to 75.2 + 0.2% and 80 + 2% at ICs, and 2 x
1Cs, concentrations), but a cell population depletion in G2/M
and S phase, which implies that complex 2 is less likely to
have DNA as a target site, in agreement with the previous
study.'® DNA-targeted compounds normally cause cell
accumulation in the S phase or G2/M phase, e.g. cisplatin.*®

Reactive Oxygen Species (ROS) display important roles in
cell metabolism. As respiratory side-products of mitochondria,
over-production from ROS damages proteins or causes oOxi-
dation of DNA nucleobases to induce cell apoptosis, and ROS-
mediated apoptotic signalling is usually associated with
reduction of cytosol or mitochondrial GSH levels.*** Organo
Ir, Os and Ru complexes have been widely reported as anti-
cancer agents which can induce cell apoptosis via ROS-invol-
ving pathways.”®*'>* Complex 2 can induce significant
amounts of superoxide in A2780 ovarian cancer cells (up to
16% of the cell population, Table S5 in the ESI}). Co-adminis-
tration of complex 2 with GSH reduces both superoxide levels
and antiproliferative activity against A2780 human ovarian
cancer cells. The levels of superoxide showed an inverse
relationship with the concentrations of GSH added (Table S5
in the ESIt), and a similar trend in antiproliferative activity
with GSH concentration was also observed. This might imply
that ROS play an important role in killing cancer cells for
these complexes.

Conclusions

A series of Ru" sulfonyl-substituted ethylenediamine com-
plexes of the type [(n°-arene)Ru(R'-SO,-EnBz)X] (where the
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arene is benzene, biphenyl or HOCH,CH,O-phenyl, R' is
4-Me-phenyl, phenyl, 4-F-phenyl, 4-NO,-phenyl or Dansyl, and
X is halide) were synthesized and fully characterized. The half-
sandwich structure of complex 3 was confirmed by X-ray crys-
tallography. These complexes retained high potency in transfer
hydrogenation of coenzyme NAD' with formate as hydride
donor. The introduction of the substituted arene
HOCH,CH,0O-phenyl (complex 4) significantly improved the
water solubility of the complex, albeit with reduced catalytic
activity.

Complex 2 [(n°biph)Ru(4-Me-phenyl-SO,-EnBz)Cl] bound
strongly to 9-ethylguanine to form the 2-9-EtG-N7 adduct.
However, complex 2 caused only G1 cell cycle arrest in a con-
centration-dependent manner, and is unlikely to target DNA in
cells. Complex 2 exhibited a high affinity for GSH and NAC, to
form the Ru-thiolate bridged dimers [(n°-biph),Ru,(GS);]*~
and [(n®biph),Ru,(NAC-H);]*". Co-incubation of complex 2
with increasing GSH concentrations effectively reduced
induction of reactive oxygen species in cells, and decreased the
antiproliferative activity significantly. Such reactions with GSH
lead to the release of the chelated diamine ligand, and hence
trigger the fluorescence of the free dansyl ligand upon release
from complex 8 [(n°-biph)Ru(DsEnBz)Cl], which might provide
a basis for a study of such release in cells. Reactions of Ru"
complexes with GSH to form the dinuclear species may offer a
new class of TH catalysts that can also form cytotoxic thiolate-
bridged complexes in cells. Future work on strategies to
control the rate and extent of reactions of these catalysts with
GSH, might lead to new concepts in the design of this class of
multi-targeting candidate metallodrugs.

Experimental section
Materials

Dansyl chloride was purchased from Sigma-Aldrich. The Ru'-
n®-arene precursor dimers were prepared following literature
methods,>>>* as were the ligands (synthesis is presented in
ESIT)."” The solvents used for NMR spectroscopy were pur-
chased from Sigma-Aldrich and Cambridge Isotope
Laboratories Inc. Non-dried solvents used in syntheses were
obtained from Fisher Scientific. Glutathione and N-acetyl-r-
cysteine were purchased from Fisher Scientific.

Synthesis and characterizations

[(m°-benzene)Ru(4-Me-phenyl-SO,-EnBz)Cl](1). All the com-
plexes were prepared according to a reported method:'” [(n°
benzene)RuCl,], (100 mg, 0.2 mmol) and 4-Me-phenyl-SO,-
EnBz (153 mg, 0.45 mmol) were placed in a round-bottom
flask, to which 2-propanol (50 mL) and triethylamine (125 pL,
0.9 mmol) were added. The solution was heated under reflux
in a nitrogen atmosphere (365 K) overnight with stirring.
After this the solvent was removed on a rotary evaporator to
give a dark red solid. The crude product was purified by silica
column chromatography (MeOH/DCM, 1:9 (v/v)), to afford a
red solid. Yield = 134.7 mg (65%). "H NMR (400 MHz, CDCl,):
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8y 2.10-2.24 (m, 2H), 2.33 (s, 3H), 2.40-2.42 (m, 1H), 3.08 (dd,
J = 3.1 Hz, 11.2 Hz, 1H), 3.75 (t, ] = 10.1 Hz, 1H), 4.19 (q, J =
10.8 Hz, 13.2 Hz, 1H), 4.85 (dd, J = 10.1 Hz, 13.4 Hz, 1H), 5.70
(s, 6H), 7.14 (d, J = 8 Hz, 2H), 7.30-7.32 (m, 2H), 7.35-7.38 (m,
3H), 7.71 (d, J = 8.1 Hz, 2H); *C NMR (125.73 MHz, CDCl;): 6.
21.4, 48.3, 55.5, 62.2, 83.1, 127.3, 128.4, 128.7, 128.9, 129.3,
135.7, 140.1, 140.7; HR-MS: caled for [C,,H,5N,0,SRu]’
483.0680 m/z, found: 483.0683 m/z. Elemental analysis: calcd
for [C,,H,5N,0,SRuCI]0.1(H,0): C, 50.83%; H, 4.89%; N,
5.39%. Found: C, 50.84%; H, 4.81%; N, 5.42%.
[(n®-biph)Ru(4-Me-phenyl-SO,-EnBz)Cl] (2). Complex 2 was
obtained following the method described for complex 1, where
[(n®biph)RuCl,], (100 mg, 0.153 mmol), 4-Me-phenyl-SO,-
EnBz (110 mg, 0.32 mmol) and triethylamine (89 pL,
0.64 mmol) were added. The crude product was purified by
silica column chromatography (MeOH/DCM, 1:9 (v/v)), giving
an orange-red solid. Yield = 132.7 mg (73%). 'H NMR
(400 MHz, CDCl,): 6y 1.89-1.95 (m, 1H), 2.11-2.17 (m, 2H),
2.34 (s, 3H), 3.08 (dd, J = 3.6 Hz, 11.2 Hz, 1H), 3.59 (q, ] = 10.4
Hz, 13.2 Hz, 1H), 3.73 (t, ] = 11.5 Hz, 1H), 4.38 (dd, J = 3.9 Hz,
13.3 Hz, 1H), 5.47 (t, ] = 7.7 Hz, 1H), 5.98-6.01 (m, 2H), 6.06 (t,
J=5.6 Hz, 1H), 6.57 (d, J = 5.4 Hz, 1H), 7.03-7.05 (m, 2H), 7.15
(d, J = 8.0 Hz, 2H), 7.28-7.31 (m, 4H), 7.53-7.56 (m, 2H), 7.72
(d, J = 8.1 Hz, 2H), 7.80-7.83 (m, 2H); "*C NMR (125.73 MHz,
CDCly): 8¢ 21.4, 48.3, 53.9, 60.5, 78.7, 78.7, 86.4, 88.1, 89.0,
90.4, 127.4, 128.0, 128.2, 128.7, 129.1, 129.4, 129.6, 134.7,
135.7, 140.0, 140.8; HR-MS: caled for [C,sH,oN,0,SRu]"
559.0993 m/z, found: 559.0990 m/z. Elemental analysis: calcd
for [CpsH,oN,0,SRuCl]0.3(H,0): C, 56.09%; H, 4.98%; N,
4.67%. Found: C, 56.02%; H, 5.01%; N, 4.73%.
[(°-biph)Ru(4-Me-phenyl-SO,-EnBz)I| (3). Complex 3 was
obtained following the method described for complex 1, where
[(n®biph)Rul,], (100 mg, 0.098 mmol), 4-Me-phenyl-SO,-EnBz
(70 mg, 0.204 mmol) and triethylamine (58 pL, 0.408 mmol)
were added. The crude product was purified by silica column
chromatography (MeOH/DCM, 2:8 (v/v)). A red solid was
obtained. Yield = 72.6 mg (54%). "H NMR (400 MHz, CDCl,):
51 1.92-1.98 (m, 1H), 2.07-2.15 (m, 2H), 2.35 (s, 3H), 3.14-3.18
(m, 1H), 3.40 (q, J = 10.9 Hz, 13.2 Hz, 1H), 3.94 (t, J = 11.5 Hz,
1H), 4.32 (dd, J = 4.0 Hz, 13.4 Hz, 1H), 5.40 (t, ] = 5.6 Hz, 1H),
5.88 (d, J = 5.8 Hz, 1H), 6.04 (t, J = 5.5 Hz, 1H), 6.34 (t, ] = 5.7
Hz, 1H), 6.85 (d, J = 6.1 Hz, 1H), 7.00-7.01 (m, 2H), 7.16 (d, J =
8.2 Hz, 1H), 7.29-7.34 (m, 3H), 7.48-7.54 (m, 3H), 7.70 (d, J =
8.1 Hz, 2H), 7.88-7.91 (m, 2H); >*C NMR (125.73 MHz, CDCl;):
oc 21.4, 49.4, 53.5, 60.5, 78.6, 85.8, 87.4, 90.3, 127.7, 127.8,
128.3, 128.6, 128.8, 129.1, 129.5, 129.7, 134.8, 135.7, 139.3,
140.7; HR-MS: caled for [C,sH,oN,0,SRu]" 559.0993 m/z,
found: 559.0994 m/z. Elemental analysis: caled for
[C28H29N,0,SRul]0.2(H,0): C, 48.80%; H, 4.30%; N, 4.06%.
Found: C, 48.74%; H, 4.17%; N, 3.96%.
[(n®-HOCH,CH,0-phenyl)Ru(4-Me-phenyl-SO,-EnBz)Cl] (4).
Complex 4 was obtained following the method described for
complex 1, where [(n°~HOCH,CH,O-Ph)RuCl,], (100 mg,
0.161 mmol), 4-Me-phenyl-SO,-EnBz (112 mg, 0.33 mmol) and
triethylamine (92 pL, 0.66 mmol) were added. The crude
product was purified by silica column chromatography
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(MeOH/DCM, 1:9 (v/v)). A bright red solid was obtained. Yield
=104 mg (56%). "H NMR (400 MHz, CDCl,): 6y 2.12 (td, J = 2.8
Hz, 11.6 Hz, 1H), 2.22 (dd, J = 4.1 Hz, 11.8 Hz, 1H), 2.34 (s,
3H), 2.48 (d, J = 10.1 Hz, 1H), 3.00 (dd, J = 3.8 Hz, 11.4 Hz, 1H),
3.24 (s, broad, 1H), 3.76 (t, J = 11.3 Hz, 1H), 3.92-3.95 (m, 1H),
4.04-4.08 (m, 1H), 4.17 (q, J = 10.3 Hz, 13.3 Hz, 1H), 4.22-4.32
(m, 2H), 4.77 (dd, J = 4.1 Hz, 13.4 Hz, 1H), 5.04 (t, ] = 5.2 Hz,
2H), 5.52 (t, J = 5.6 Hz, 1H), 5.56 (dd, J = 1.0 Hz, 5.9 Hz, 1H),
6.48 (t,J = 5.7 Hz, 1H), 7.15 (d, J = 8.0 Hz, 2H), 7.31 (d, /= 7.5
Hz, 2H), 7.35-7.40 (m, 3H), 7.75 (d, J = 8.2 Hz, 2H); *C NMR
(125.73 MHz, CDCL,): 8 21.4, 47.9, 55.9, 60.8, 61.6, 61.9, 66.5,
68.8, 71.5, 87.1, 90.1, 127.6, 128.4, 128.7, 128.8, 129.3, 134.4,
135.7, 139.9, 140.8; ESI-MS: caled for [C,sH,oN,04SRu]’
543.0891 m/z, found: 543.0891 m/z. Elemental analysis: caled
for [CyuH,0N,0,SRUCl]: C, 49.87%; H, 5.06%; N, 4.85%.
Found: C, 50.60%; H, 5.06%; N, 4.60%.
[(n®-biph)Ru(4-NO,-phenyl-SO,-EnBz)Cl] (5). Complex 5 was
obtained following the method described for complex 1, where
[(n®biph)RuCl,], (100 mg, 0.153 mmol), 4-NO,-phenyl-SO,-
EnBz (105 mg, 0.32 mmol) and triethylamine (90 pL,
0.64 mmol) were added. The crude product was purified by
silica column chromatography (MeOH/DCM, 1:9 (v/v)). A dark
red solid was obtained. Yield = 90 mg (46%). 'H NMR
(400 MHz, CDCl): 6y 1.96-2.02 (m, 1H), 2.09 (td, J = 3.2 Hz,
12.8 Hz, 1H), 2.24 (d, J = 10.4 Hz, 1H), 3.17 (dd, J = 3.6 Hz, 11.0
Hz, 1H), 3.65-3.70 (m, 2H), 4.41 (q, J = 9.4 Hz, 18.6 Hz, 1H),
5.48 (t, J = 5.7 Hz, 1H), 5.94 (t, J = 5.8 Hz, 1H), 6.04-6.07 (m,
2H), 6.51 (d, J = 5.7 Hz, 1H), 7.04-7.06 (m, 2H), 7.31-7.33 (m,
3H), 7.53-7.55 (m, 3H), 7.79-7.82 (m, 2H), 7.92 (d, J = 8.0 Hz,
2H), 8.15 (d, J = 8.0 Hz, 2H); *C NMR (125.73 MHz, CDCl;): §¢
48.2, 53.9, 60.7, 78.5, 78.9, 86.7, 88.2, 88.8, 90.9, 123.4, 127.9,
128.2, 128.4, 128.8, 129.2, 129.5, 129.9, 134.3, 135.4, 148.7;
HR-MS: caled for [C,,H,¢N;0,SRu]” 590.0688 m/z, found:
590.0688 mj/z. Elemental analysis: caled for
[C27H,6N30,SRUCl]: C, 51.88%; H, 4.19%; N, 6.72%. Found: C,
51.70%; H, 4.22%; N, 6.69%.
[(®-biph)Ru((4-F-phenyl-SO,-EnBz)Cl] (6). Complex 6 was
obtained following the method described for complex 1, where
[(n®biph)RuCl,], (100 mg, 0.153 mmol), (4-F-phenyl-SO,)EnBz
(98 mg, 0.32 mmol) and triethylamine (89 pL, 0.64 mmol) were
added. The crude product was purified by silica column
chromatography (MeOH/DCM, 1:9 (v/v)). A dark red solid was
obtained. Yield = 101 mg (54%). "H NMR (400 MHz, CDCl,):
Sy 1.88-1.98 (m, 1H), 2.10 (dt, j = 3.2 Hz, 12.7 Hz, 1H),
2.17-2.20 (m, 1H), 3.08 (dd, J = 4.1 Hz, 11.6 Hz, 1H), 3.62 (dd, J
=10.3 Hz, 13.0 Hz, 1H), 3.69-3.76 (m, 1H), 4.39 (dd, J = 3.9 Hz,
13.0 Hz, 1H), 5.47 (t, J = 5.7 Hz, 1H), 5.97 (t, J = 5.7 Hz, 1H),
6.01 (d, J = 6.0 Hz, 1H), 6.05 (t, J = 5.7 Hz, 1H), 6.55 (d, J = 5.6
Hz, 1H), 7.00 (t, J = 8.8 Hz, 2H), 7.04-7.06 (m, 2H), 7.30-7.32
(m, 3H), 7.51-7.55 (m, 3H), 7.81-7.84 (m, 4H); *C NMR
(125.73 MHz, CDCl,): & 48.2, 53.9, 60.6, 78.6, 78.8, 86.5, 88.1,
88.9, 90.6, 114.9, 115.1, 128.0, 128.2, 128.7, 129.2, 129.4, 129.7,
129.7, 129.8, 134.6, 135.6, 163.0, 165.0; °F NMR (376.4 MHz,
CDClz, spectrum referenced to trifluoro-acetic acid at
—76.55 ppm): 8 —109.9. HR-MS: caled for [C,,H,6FN,0,SRu]"
563.0743 mj/z, found: 563.0742 m/z. Elemental analysis: caled
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for [C,,H,6FN,0,SRuCI]1.4(H,0): C, 52.03%; H, 4.66%; N,
4.49%. Found: C, 52.02%; H, 4.24%; N, 4.78%.

[(n®-biph)Ru(( phenyl-SO,-EnBz)Cl] (7). Complex 7 was
obtained following the method described for complex 1, where
[(n®biph)RuCl,], (100 mg, 0.153 mmol), phenyl-SO,-EnBz
(90 mg, 0.32 mmol) and triethylamine (89 pL, 0.64 mmol) were
added. The crude product was purified by silica column
chromatography (MeOH/DCM, 1:9 (v/v)). A dark red solid was
obtained. Yield = 60.3 mg (34%). "H NMR (500 MHz, CDCl,):
Sy 1.88-1.95 (m, 1H), 2.11-2.18 (m, 2H), 3.11 (dd, J = 5.1 Hz, 9
Hz, 1H), 3.58 (dd, J = 10.4 Hz, 13.4 Hz, 1H), 3.71-3.76 (m, 1H),
4.38 (dd, J = 4.2 Hz, 13.4 Hz, 1H), 5.46 (t, ] = 5.7 Hz, 1H), 5.98
(d,J = 6.0 Hz, 1H), 6.01 (d, J = 5.7 Hz, 1H), 6.05 (t, ] = 5.7 Hz,
1H), 6.58 (d, J = 5.5 Hz, 1H), 7.03-7.05 (m, 2H), 7.29-7.30 (m,
3H), 7.33-7.40 (m, 4H), 7.52 (d, J = 7.5 Hz, 2H), 7.83 (t, ] = 8.5
Hz, 4H); *C NMR (125.73 MHz, CDCl3): ¢ 48.3, 53.9, 60.5,
78.7, 78.8, 86.4, 88.1, 88.9, 90.5, 127.3, 128.0, 128.1, 128.2,
128.3, 128.6, 129.1, 129.4, 129.6, 130.5, 134.7, 135.7, 142.9;
HR-MS: caled for [C,,H,;N,0,SRu]" 545.0837 m/z, found:
545.0834 m/z. Elemental analysis: caled for [C,,H,,N,0,SRuCl]
0.4(H,0): C, 55.22%; H, 4.77%; N, 4.77%. Found: C, 55.14%j;
H, 4.62%; N, 4.86%.

[(n®-biph)Ru(DsEnBz)Cl] (8). Complex 8 was obtained follow-
ing the method described for complex 1, where [(n°biph)
RuCl,], (100 mg, 0.153 mmol), DsEnBz (123 mg, 0.32 mmol)
and triethylamine (89 pL, 0.64 mmol) were added. The crude
product was purified by silica column chromatography
(MeOH/DCM, 1:9 (v/v)). A dark red solid was obtained. Yield =
138 mg (67%). 'H NMR (400 MHz, CDCl;): 6y 1.87-1.97 (m,
1H), 2.09-2.12 (m, 1H), 2.35 (dt, J = 2.7 Hz, 12.7 Hz, 1H), 2.84
(s, 6H), 3.10 (dd, J = 3.9 Hz, 12.7 Hz, 1H), 3.55 (dd, J = 10.5 Hz,
13.2 Hz, 1H), 3.92 (s, broad, 1H), 4.38 (dd, J = 4.0 Hz, 13.5 Hz,
1H), 5.63 (t, J = 5.6 Hz, 1H), 5.99-6.03 (m, 2H), 6.08 (t, ] = 5.6
Hz, 1H), 6.52 (d, J = 5.4 Hz, 1H), 7.04-7.06 (m, 2H), 7.12 (d, J =
7.4 Hz, 1H), 7.29-7.32 (m, 3H), 7.39 (t, / = 7.8 Hz, 1H),
7.47-7.53 (m, 4H), 7.83-7.84 (m, 2H), 8.38 (dd, J = 8.6 Hz, 11.7
Hz, 2H), 8.73 (d, /] = 8.6 Hz, 1H); "*C NMR (125.73 MHz,
CDCLy): 8¢ 45.5, 48.5, 54.36, 60.1, 79.7, 80.2, 85.5, 85.7, 86.5,
92.2, 114.6, 121.5, 123.5, 127.0, 127.1, 127.4, 127.8, 127.9,
128.1, 128.2, 128.3, 128.5, 128.8, 128.9, 129.4, 129.7, 130.0,
130.1, 130.6, 134.7, 135.9, 151.0; HR-MS: calecd for
[C53H34N30,SRu]”  638.1415 mj/z, found: 638.1419 m/z.
Elemental analysis: caled for [C33H34N30,SRuCl]0.9(H,0): C,
57.49%; H, 5.23%; N, 6.09%. Found: C, 57.41%; H, 4.97%; N,
6.21%.

X-ray crystallography

Diffraction data for complex 3 were collected on an Oxford
Diffraction Gemini four-circle system with an AtlasS2 CCD area
detector. The structure of complex 3 was refined by full-matrix
least-squares against F> using Olex2>> and was solved by with
the ShelXT®® structure solution program using Intrinsic
Phasing and refined with the ShelXL®’ refinement package
using Least Squares minimisation. The atoms from the sul-
phonamide nitrogen to the end of the chain (C10 C11 N12
C13) were modelled as disordered over two positions related
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by a small ruffle in the chain. The occupancy of the two posi-
tions was linked to a free variable which refined to 86: 14. The
minor component was refined isotopically. The NH of the
major component was located in a difference map though
both it and the NH of the minor position were placed at calcu-
lated positions for the rest of the refinement. The data were
processed by the modelling program Mercury 3.8. X-ray crystal-
lographic data for complex 3 have been deposited in the
Cambridge Crystallographic Data Centre under the accession
number CCDC 2117792.F

In vitro growth inhibition assays

The antiproliferative activity of complexes 1-8 was determined
against A2780 human ovarian and A549 human lung cancer
cells. Briefly, 5000 cells per well were seeded in 96-well plates.
The plates were left to pre-incubate with drug-free medium at
310 K for 48 h before adding different concentrations of the
tested compounds. Exact drug (Ru) concentrations were deter-
mined by ICP-OES. A drug exposure period of 24 h was
allowed. After this, supernatants were removed by suction and
each well was washed with PBS. A further 72 h were allowed
for the cells to recover in drug-free medium at 310 K. The
Sulforhodamine B (SRB) assay was used to determine cell via-
bility. ICs, values, as the concentration that causes 50% cell
death, were determined as duplicates of triplicates in two inde-
pendent sets of experiments and their standard deviations
were calculated.

For cell growth inhibition by GSH/NAC with complex 2,
GSH/NAC at concentrations of 5, 10 and 50 uM were added to
the cells first, followed by complex 2 (within 10 min), and the
cytotoxicity was monitored using the SRB assay described
above. After 24 h co-incubation with complex 2 and GSH,
cancer cell viability was assessed after washing the cells with
PBS.

Cell cycle arrest

Approximately 1.5 x 10° per well of A2780 human ovarian
cancer cells were cultured in a six-well plate and pre-incubated
in drug-free media at 310 K for 24 h, after which complex 2 at
equipotent ICs, concentration were added. After drug exposure
for 24 h, supernatants were removed by suction and cells were
washed with PBS. Then A2780 cells were harvested using
trypsin-EDTA and fixed with cold 70% ethanol for 2 h. DNA
staining was obtained by re-suspension of cell pellets in PBS
(containing propidium iodide (PI) and RNase). Cell pellets
were washed and re-suspended in PBS before being analysed
in a Becton Dickinson FACScan flow cytometer using excitation
of DNA-bound PI at 536 nm, with emission at 617 nm. Data
were processed with Flowjo software.

ROS determination

ROS/superoxide induction in A2780 cells induced by complex
2 was determined using the Total ROS/Superoxide detection
kit (Enzo-Life Sciences) according to the instructions. The ana-
lysis was performed via Flow cytometry. Generally, 1.0 x 10° of
A2780 cells per well were seeded in the six-well plate and then
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pre-incubated in drug-free media at 310 K for 24 h (under 5%
CO, humidified conditions), and then drugs were added to tri-
plicates wells at equipotent ICs, concentration. After 24 h of
drug exposure, supernatants were removed by suction and
cells were washed with PBS and harvested. Cell pellets were
then re-suspended in PBS buffer containing the orange/green
fluorescent reagents to achieve cell staining. Cells were ana-
lysed in a BD LSR II flow cytometer (488 nm laser) using
FITC-A channel: 575/26 nm for the oxidative stress and PE-A
channel: 530/30 nm for superoxide detection. Data were gated
using positive-stained (pyocyanin positive control), untreated-
stained and untreated-unstained control samples, acquired as
instrumental triplicates by using Flowjo V10 for Windows soft-
ware. All samples were kept under dark conditions to avoid
light-induced ROS production.
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