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Abstract: The synthesis, characterisation and evaluation of the in vitro cytotoxicity of four
indole-based half-sandwich metal complexes towards two ovarian cancer cell lines (A2780 and
A2780cisR) and one normal prostate cell line (PNT2) are presented herein. Although capable of
inducing catalytic oxidation of NADH and able to reduce NAD+ with high turnover frequencies,
in cells and in the presence of sodium formate, these complexes also strongly interact with biomolecules
such as glutathione. This work highlights that efficient out-of-cells catalytic activity might lead to
higher reactivity towards biomolecules, thus inhibiting the in-cells catalytic processes.
Keywords: Indole; half-sandwich complexes; bioinorganic chemistry; catalytic drugs; anticancer

1. Introduction
Cancer is the second leading cause of death globally, with an estimated 9.6 million deaths in 2018 [1].
There is a need for the development and screening of anticancer therapeutics with non-conventional
mechanisms of action (MoAs) [2–4]. Metallodrugs can provide rich chemistry and unique MoAs owing
to their versatile structures, geometries and reactivities: examples include polypyridyl octahedral
complexes of precious metals, some of which have been shown to target mitochondria and generate high
levels of reactive oxygen species (ROS), while others can act as photosensitisers for use in photodynamic
therapy [5–11], and half-sandwich complexes of metals from groups eight and nine (Fe, Ru, Os; Co, Rh,
Ir) [12–18]. In this context, the binding of bioactive ligand(s) to metal fragments is of interest since this
strategy may lead to the release of at least two biologically active species, therefore potentially offering
enhanced activity against resistant cancer cells [19–25]. Ferrocene-quinoline conjugates (one of which
completed phase II clinical trials) [23,26], antibacterial/antifungal quinolines attached to ruthenium
organometallic fragments [20,22], or coordination of metal fragments to nonsteroidal anti-inflammatory
drugs are some illustrations of such a strategy [21]. These results prompted us to study the effect of
conjugating bio-active indole moieties to half-sandwich metal complexes.
Indoles are bicyclic heterocycles that are commonly found in plants, bacteria and animals.
Natural and synthetic indole-based compounds have widely been used as antibacterial, antifungal,
anti-inflammatory, antihistaminic and anticancer drugs [27,28]. Examples of such compounds currently
in clinical use are the non-steroidal anti-inflammatory drug indomethacin [29] or the antiretroviral
delavirdine [30]. On the anticancer front, numerous indole-based compounds have been developed to
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[30]. On the anticancer front, numerous indole-based compounds 2have
been developed to interfere with tubulin formation (necessary for cellular division) [31], inhibit
histone deacilase [32,33] or sirtuins [34] (involved in gene expression), hamper DNA topoisomerase
interfere with tubulin formation (necessary for cellular division) [31], inhibit histone deacilase [32,33] or
(involved in DNA transcription) or affect DNA directly via formation of inter- and intra-strand cross
sirtuins [34] (involved in gene expression), hamper DNA topoisomerase (involved in DNA transcription)
links [27,28]. Some notable examples are vincristine, a known antimitotic agent used for the treatment
or affect DNA directly via formation of inter- and intra-strand cross links [27,28]. Some notable examples
of some cancers [35,36], and mitomycin C, which undergoes in vivo reductive activation to form crossare vincristine, a known antimitotic agent used for the treatment of some cancers [35,36], and mitomycin
links with DNA [37].
C, which undergoes in vivo reductive activation to form cross-links with DNA [37].
On a different note, in the last 10 years, much effort has been invested in studying the use of
On a different note, in the last 10 years, much effort has been invested in studying the use of
catalytic metal complexes for in-cells applications [38–40]. Particularly, the use of compounds capable
catalytic metal complexes for in-cells applications [38–40]. Particularly, the use of compounds capable
of performing functional group modifications inside cells has attracted growing interest [38–40]. Such
of performing functional group modifications inside cells has attracted growing interest [38–40].
transformations not only allow the in-cells activation of pro-drugs or fluorophores through reduction
Such transformations not only allow the in-cells activation of pro-drugs or fluorophores through
[41,42] or deprotection of functional groups [43–46], but can also alter the homeostasis and
reduction [41,42] or deprotection of functional groups [43–46], but can also alter the homeostasis
metabolism of the cells via oxidation/reduction of molecules such as glutathione, nicotinamide
and metabolism of the cells via oxidation/reduction of molecules such as glutathione, nicotinamide
dinucleotide or pyruvate/lactate [47–52]. Half-sandwich compounds of Ru(II), Os(II), Rh(III) or Ir(III)
dinucleotide or pyruvate/lactate [47–52]. Half-sandwich compounds of Ru(II), Os(II), Rh(III)
or Ir(III)
containing N,N chelating ligands have been specially successful at altering the NAD++/NADH ratio
containing N,N chelating ligands have been specially successful
at
altering
the
NAD
/NADH
ratio
through transfer hydrogenation reactions [48–55]. The NAD++ and NADH pair have been shown to
through transfer hydrogenation reactions [48–55]. The NAD and NADH pair have been shown to
play crucial roles in many cellular metabolic processes, including the maintenance of redox
play crucial roles in many cellular metabolic processes, including the maintenance of redox homeostasis
homeostasis in the cell [56–58]. Alterations in oxidative stress have been shown to be particularly
in the cell [56–58]. Alterations in oxidative stress have been shown to be particularly effective against
effective against cancer cells [47,50,52], which, owing to their active metabolism, are under constant
cancer cells [47,50,52], which, owing to their active metabolism, are under constant oxidative stress [59].
oxidative stress [59].
Herein, we report the synthesis and characterisation of four half-sandwich complexes
Herein, we report the synthesis and characterisation of four half-sandwich complexes containing
containing 2-(2-pyridinyl)-1H-indole (ind-py) ligands [Cp*Rh(ind-py)Cl] (1), [Cp*Ir(ind-py)Cl] (2),
2-(2-pyridinyl)-1H-indole (ind-py) ligands [Cp*Rh(ind-py)Cl] (1), [Cp*Ir(ind-py)Cl] (2), [(p[(p-cym)Ru(ind-py)Cl] (3) and [(p-cym)Os(ind-py)Cl] (4) (Figure 1). The antiproliferative activity of
cym)Ru(ind-py)Cl] (3) and [(p-cym)Os(ind-py)Cl] (4) (Figure 1). The antiproliferative activity of these
these four organometallics towards ovarian cancer (A2780 and A2780cisR) and normal prostate (PNT2)
four organometallics towards ovarian cancer (A2780 and A2780cisR) and normal prostate (PNT2)
cells is reported along with their stability in solution and reactivity with several potential (bio)ligands.
cells is reported along with their stability in solution and reactivity with several potential
Their catalytic activity towards reduction/oxidation of nicotinamide adenine dinucleotide coenzymes
(bio)ligands. Their catalytic activity towards reduction/oxidation of nicotinamide adenine
is also studied via NMR spectroscopy along with their in-cells catalytic activity via co-incubation with
dinucleotide coenzymes is also studied via NMR spectroscopy along with their in-cells catalytic
sodium formate and N-acetyl cysteine (NAC).
activity via co-incubation with sodium formate and N-acetyl cysteine (NAC).
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1 H-NMR spectra of complexes 1–4 (A–D, respectively) in the presence of silver nitrate
Figure2. 2.1H-NMR
Figure
spectra of complexes 1–4 (A–D, respectively) in the presence of silver nitrate or
or sodium chloride, (1.1 mM complex, MeOD/D2 O 1:1 v/v, pH 7.4, 298 K). Weak signals and low
sodium chloride, (1.1 mM complex, MeOD/D2O 1:1 v/v, pH 7.4, 298 K). Weak signals and low signalsignal-to-noise ratios are due to the precipitation of the neutral chlorine complex adduct after addition
to-noise ratios are due to the precipitation of the neutral chlorine complex adduct after addition of
of chlorine.
chlorine.

The pKa values for the complexes were measured by dissolving the compounds in 6%
acetonitrile/water v/v (aqua adduct formed) and by recording the UV-Vis spectra of the samples
at increasing pH (pH 7–12). pKa values of the complexes were calculated using Origin 2018 by plotting
the absorbance at the corresponding wavelength against the pH and fitting it to the Boltzmann equation
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to obtain the inflection point. For complexes 2–4, the pKa values were calculated to be around 10
(Materials and Methods section and Table 1). The pKa of compound 1 could not be calculated, as the
absorbance bands for the aqua- and the hydroxo- compounds overlap; however, changes could only
be observed at pH values higher than 10. These pKa values are high, although such a decrease in
acidity has been previously reported (generally attributed to an increased electron density on the metal
centre) [60,63,64]. As a consequence of such high pKa, only the aqua adduct of the metal complexes
is expected to be present at physiological pH (7.4), thus favouring the reaction between the metal
complexes with possible ligands such as nucleobases or proteins.
Table 1. Reactivity of complexes 1–4. a pKa values measured using UV-Vis spectroscopy, solvent
6% acetonitrile/water v/v. b Binding constants towards 9-EtG, concentration of complex 1.1 mM in
MeOD/D2 O (1:1 v/v). c Turnover frequencies for the reduction of NAD+ (9 mol. equiv.) using formate
(28 mol. equiv.) as a hydride donor, pH* 7.4 ± 0.2, 310 K. Concentration of complex 1.1 mM in
MeOD/D2 O (1:1 v/v).
Compound

pKa a

K9-EtG (M−1 ) b

TOF (h−1 ) c

[Cp*Rh(ind-py)Cl] (1)
[Cp*Ir(ind-py)Cl] (2)
[(p-cym)Ru(ind-py)Cl] (3)
[(p-cym)Os(ind-py)Cl] (4)

9.59 ± 0.09 (λ = 300 nm)
10.63 ± 0.03 (λ = 255 nm)
10.15 ± 0.04 (λ = 355 nm)

25.6 × 103
71.6 × 103
95.4 × 103

14.6 ± 0.7
7.95 ± 0.81
5.74 ± 0.35

2.2. Catalytic Reactions with Nicotinamide Adenine Dinucleotide
Some half-sandwich compounds containing ruthenium, osmium, rhodium or iridium metal centres
have been shown to be able to perform transfer hydrogenation reactions in cells [38,39,41,47,65–69].
For example, iridium [(CpXbiph )Ir(phpy)x]0/+ , osmium [(p-cym)Os(Azpy-NMe2 )I]+ and rhodium
[(CpX )Rh(quin)X]0/+ (X = py or Cl) are capable of oxidising NADH to NAD+ , thus affecting ROS
homeostasis and numerous metabolic pathways [52,60,70,71].
The ability of complexes 1–4 to oxidise NADH was investigated. The 1 H-NMR spectra show
an increase of the NAD+ signals over time (Figure 3). However, the reaction is very slow and
after 8 h only around 10% of NADH is converted to NAD+ . In the presence of hydride donors
such as formate, many half-sandwich complexes of precious metals such as [(p-cym)Ru(TsEn)Cl]
or [Cp*Rh(bip)Cl] have been shown to reduce different molecules, either in test tubes or even in
cells [50,53,72,73]. The possibility of using compounds 1–4 as a transfer hydrogenation catalyst to
reduce NAD+ was investigated (Materials and Methods section). Compounds 1–4 reduced NAD+ with
turnover frequencies (TOF) between 6 and 15 h−1 (Table 1), which is within the range of previously
reported compounds [51,53,74–76]. Remarkably, under the conditions here reported (MeOD/D2 O 1:1
v/v, 310 K, pH* 7.4 ± 0.2), the iridium complex 2 reduced nine molar equivalents of NAD+ within
the initial 10 min. However, no TOF could be calculated for this compound, owing to the speed of
the reaction.
2.3. Chemosensitivity Assay
The antiproliferative activity of the ind-py ligand and of complexes 1–4 against ovarian cancer
A2780 (cisplatin sensitive) and A2780cisR (cisplatin resistant) cell lines was studied. The IC50 values
obtained for all the complexes are shown in Table 2, together with values for cisplatin, which was used
as a positive control (untreated cells for 100% viability as negative control). The ruthenium compound 3
shows IC50 values up to 5–7× higher than cisplatin. Complexes 1, 2 and 4 show IC50 values in the range
of 20 µM, which is 3× less active than cisplatin itself. Interestingly, while complexes 1–3 are less active
against A2780cisR than against A2780 cell lines, the osmium complex 4 shows no significant difference
in activity, which suggests a MoA different from the one of cisplatin. One of the major limitations of
existing anticancer drugs is their poor selectivity towards cancer cells. Comparing the response of the
cancer cell lines to the normal PNT2 cells provides a preliminary indication towards the selectivity of
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the compounds. The IC50 values obtained for complexes 1–4 against PNT2 cells highlight that these
compounds suffer from a lack of selectivity, although the Rh(III) and Os(II) compounds are 3× and 2×
more selective towards cancerous cells (A2780) than towards normal cells (PNT2). The ind-py ligand
was found to be non-cytotoxic against the three cell lines (Figure S14), which suggests that the activity
of the complexes
does
notREVIEW
steam from ligand-release.
Molecules
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Table 2. IC50 values (µM) in A2780, A2780 cisplatin resistant and PNT2 cells for complexes 1–4.

2.3. Chemosensitivity Assay

IC50 Values (µM)

The antiproliferative activity of the ind-py ligand and of complexes 1–4 against ovarian cancer
Compound
A2780
A2780cisR
PNT2
A2780 (cisplatin sensitive) and A2780cisR (cisplatin resistant) cell lines was studied. The IC50 values
[Cp*Rh(ind-py)Cl]
(1)
13.0 ±in
1.7Table 2, together
21.5 with
± 3.5 values for cisplatin,
34.7 ± 6.1which was
obtained
for all the complexes
are shown
[Cp*Ir(ind-py)Cl] (2)
22.0 ± 2.5
32.7 ± 1.7
32.1 ± 3.9
used as a positive control (untreated cells for 100% viability as negative control). The ruthenium
[(p-cym)Ru(ind-py)Cl] (3)
47.3 ± 4.7
62.8 ± 5.3
54.3 ± 5.4
compound
shows IC50 values
up to18.8
5–7×
higher than cisplatin.
2 and
4 show IC50
[(p-cym3 Os)(ind-py)Cl]
(4)
± 0.3
21.5 ± 1.3Complexes 1, 34.2
± 2.2
values in the Ind-py
range of 20 µ M, which>100
is 3× less active than
cisplatin itself. Interestingly,
while
>100
>100
10.3 ± 0.5 than against
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± 0.5cell lines, the osmium
43 ± 3 complex 4
complexes 1–3Cisplatin
are less active against A2780cisR
A2780
shows no significant difference in activity, which suggests a MoA different from the one of cisplatin.
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a
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three
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which
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that
the
activity
of
the
complexes
does
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steam
from
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release.
a significant decrease of the cell viability. This suggests that ROS generation might be involved in their
MoAs. However, this effect is not observed with the Os and Ru analogues. Thus, although oxidation
Table 2. IC50 values (µ M) in A2780, A2780 cisplatin resistant and PNT2 cells for complexes 1–4.
of 1,4-NADH
could be involved in the MoA, it does not seem to be the main mechanism.

Compound
[Cp*Rh(ind-py)Cl] (1)
[Cp*Ir(ind-py)Cl] (2)
[(p-cym)Ru(ind-py)Cl] (3)

IC50 values (µM)
A2780
A2780cisR
PNT2
13.0 ± 1.7 21.5 ± 3.5 34.7 ± 6.1
22.0 ± 2.5 32.7 ± 1.7 32.1 ± 3.9
47.3 ± 4.7 62.8 ± 5.3 54.3 ± 5.4

complexes that affect ROS levels [76,77]. Interestingly, the addition of complexes 1 and 2 to NACsupplemented cells leads to a significant decrease of the cell viability. This suggests that ROS
generation might be involved in their MoAs. However, this effect is not observed with the Os and Ru
analogues. Thus, although oxidation of 1,4-NADH could be involved in the MoA, it does not seem to
be the main mechanism.
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Figure 4. Cell viability of A2780 cells treated with complexes 1–4 in combination with NAC (Left) or
Figure 4. Cell viability of A2780 cells treated with complexes 1–4 in combination with NAC (Left) or
sodium formate (Right).
sodium formate (Right).

Encouraged by the catalytic properties of the complexes, we then investigated the possibility of
Encouraged by the catalytic properties of the complexes, we then investigated the possibility of
increasing the antiproliferative activity of the compounds by treating the cells with a combination
increasing the antiproliferative activity of the compounds by treating the cells with a combination of
of complexes 1–4 (IC50 concentration) and sodium formate (0, 0.5, 1 and 2 mM). This approach has
complexes 1–4 (IC50 concentration) and sodium formate (0, 0.5, 1 and 2 mM). This approach has
previously been reported with very promising results [50]. However, the treatment of A2780 and
previously been reported with very promising results [50]. However, the treatment of A2780 and
A2780cisR cells with IC50 concentrations of the complexes and increasing concentrations of sodium
A2780cisR cells with IC50 concentrations of the complexes and increasing concentrations of sodium
formate showed no significant effect. These results are not in agreement with our previous TOF
formate showed no significant effect. These results are not in agreement with our previous TOF
calculations, which indicated that the complexes are capable catalysts for the reduction of NAD+ . +
calculations, which indicated that the complexes are capable catalysts for the reduction of NAD .
However, this lack of effect in cells is not completely unexpected. Do et al. have recently reported that
However, this lack of effect in cells is not completely unexpected. Do et al. have recently reported
some ruthenium compounds, although capable of performing transfer hydrogenation reactions inside
that some ruthenium compounds, although capable of performing transfer hydrogenation reactions
cells using sodium formate as a hydride donor, did not induce enough change to destabilise the ROS
inside cells using sodium formate as a hydride donor, did not induce enough change to destabilise
homeostasis of the cell [68,69].
the ROS homeostasis of the cell [68,69].
2.4. Reactions with Glutathione
2.4. Reactions with Glutathione
To try to rationalise the discrepancy between the TOF calculations and the absence of effect in cells,
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on the
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is a well-known
detoxifying
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that is foundadducts
in millimolar
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theGSH
cell [78,79].
For example,
it has been
demonstrated
that cisplatin-GSH
are easily
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internally referenced to TMS via residual solvent peaks DMSO (δ = 2.52 ppm), CHCl3 (δ = 7.26 ppm),
acetone (δ = 2.05 ppm), THF (δ = 1.72 ppm) or acetonitrile (δ = 1.94 ppm). All other chemicals were
purchased from Sigma-Aldrich (UK). Cell lines were provided by the Institute of Cancer Therapeutics,
University of Bradford, UK. Cells were incubated in a ThermoScientific HERAcell 150 incubator,
and observed under a Nikon ECLIPSE TS100 Microscope.
4.2. Synthesis
[Cp*Rh(ind-py)Cl] (1):
Rhodium dimer [(Cp*)RhCl2 ]2 (110 mg, 0.18 mmol) and
2-(2-pyridinyl)-1H-indole (ind-py, 78 mg, 0.38 mmol) were placed in a 50 mL 2-neck round-bottom
flask and dissolved in 25 mL of dry dichloromethane. Dry triethylamine (66 µL, 0.47 mmol) was
added to the reaction. The orange mixture was stirred under nitrogen overnight and at ambient
temperature to obtain a dark orange solution. The reaction mixture was extracted with 0.1 M HCl
solution (3 × 10 mL) and the combined organic layer was dried over magnesium sulphate, filtered and
dried under vacuum to obtain an orange powder. The product was purified by chromatography column
on silica gel with an acetone/dichloromethane (1:9 v/v) eluent and recrystallised in dichloromethane
to obtain crystalline orange needles not suitable for X-ray. Yield: 63.4 mg (38.1%). HRMS-ESI+ :
calculated (M-Cl)+ 431.1000 m/z, found 431.0833 m/z. 1 H NMR (400 MHz, CDCl3 ): δH 8.56 ppm (1H,
d, J = 5.7 Hz, pyridyl-H-6), 7.74 (1H, d, J = 8.2 Hz, pyridyl-H-3), 7.68 (1H, t, J = 7.8 Hz, pyridyl-H-4),
7.61 (1H, d, J = 7.8 Hz, pyridyl-H-5), 7.46 (1H, d, J = 8.2 Hz, indole-H-4), 7.08 (2H, m, indole-H),
7.03 (1H, s, indole-H-3), 6.93 (1H, t, J = 7.6 Hz, indole-H), 1.66 (15H, s, CH3 ). 13 C NMR (100 MHz,
CDCl3 ): δC 150.2 ppm (pyridyl-C-6), 137.5 (pyridyl-C-4), 121.9 (indole-C-4 or -6), 121.2 (indole-C-4 or
-6), 121.2 (pyridyl-C-5), 119.8 (pyridyl-C-3), 117.8 (indole-C-5), 115.3 (indole-C-7), 101.4 (indole-C-3),
9.5 (Cp).
[Cp*Ir(ind-py)Cl] (2): Complex 2 was synthesised following the preparation described for
compound 1 with the following modifications: Ir dimer [(Cp*)IrCl2 ]2 (102 mg, 0.128 mmol),
2-(2-pyridinyl)-1H-Indole (50 mg, 0.257 mmol). The product was obtained as a yellow powder.
Yield: 64.5 mg (27.2%). HRMS-ESI+ : calculated (M-Cl)+ 521.1569 m/z, found 521.1564 m/z. 1 H NMR
(400 MHz, CDCl3 ): δH 8.55 ppm (1H, d, J = 5.6 Hz, pyridyl-H-6), 7.80 (1H, d, J = 8.3 Hz, pyridyl-H-3),
7.67 (1H, t, J = 7.8 Hz, pyridyl-H-4), 7.59 (1H, d, J = 7.8 Hz, pyridyl-H-5), 7.44 (1H, d, J = 8.5 Hz,
indole-H-4), 7.05 (2H, m, 2 indole-H), 6.94 (2H, m, indole-H-3 and indole-H), 1.66 (15H, s, CH3 ).
13 C NMR (100 MHz, CDCl ): δ 149.9 ppm (pyridyl-C-6), 137.5 (pyridyl-C-4), 121.9 (indole-C-4 or -6),
3
C
121.7 (indole-C-4 or -6), 121.3 (pyridyl-C-5), 119.3 (pyridyl-C-3), 117.9 (indole-C-5), 114.9 (indole-C-7),
102.2 (indole-C-3), 9.5 (Cp).
[(p-cym)Ru(ind-py)Cl] (3): Ruthenium dimer [(p-cym)RuCl2 ]2 (118.2 mg, 0.19 mmol) and
2-(2-pyridinyl)-1H-indole (75 mg, 0.38 mmol) were placed in a 50 mL 2-neck round-bottom flask
and dissolved in 25 mL of dry dichloromethane. Dry triethylamine (54 µL, 0.38 mmol) was added
to the reaction. The dark orange mixture was then left stirring under nitrogen overnight and
at room temperature. The reaction mixture was extracted with 0.1 M HCl solution (3 × 10 mL)
and the combined organic layer was dried over magnesium sulphate, filtered and dried under
vacuum to obtain an orange powder. The product was purified by chromatography column on
silica gel with an acetone/dichloromethane 10:90 v/v eluent. Yield: 72.1 mg (40.2%). HRMS-ESI+ :
calculated (M-Cl)+ 429.0905 m/z, found 429.0906 m/z. 1 H NMR (400 MHz, CDCl3 ): δH 8.94 ppm
(1H, d, J = 5.8 Hz, pyridyl-H-6), 7.73 (1H, d, J = 8.2 Hz, pyridyl-H-3), 7.68 (1H, d, J = 7.0 Hz,
pyridyl-H-4), 7.63 (1H, d, J = 8.2 Hz, pyridyl-H-5), 7.52 (1H, d, J = 8.2 Hz, indole-H-4), 7.15 (2H, t,
J = 7.5 Hz, 2 indole-H), 7.01 (3H, m, indole-H-3, indole-H, Hpcym ), 5.95 (1H, d, J = 6.1 Hz, Hpcym ),
5.59 (1H, d, J = 6.1 Hz, Hpcym ), 5.53 (1H, s, Hpcym ), 2.35 (1H, sept, J = 6.9 Hz, CH(CH3 )2 ), 2.31 (3H,
s, CH3 ), 0.88 (3H, d, J = 6.9 Hz, CH(CH3 )2 ), 0.86 (3H, d, J = 6.9 Hz, CH(CH3 )2 ). 13 C NMR (100 MHz,
CDCl3 ): δC 152.9 ppm (pyridyl-C-6), 137.3 (pyridyl-C-4), 121.9 (indole-C-4 or -6), 121.7 (indole-C-4 or
-6), 120.8 (pyridyl-C-5), 119.8 (pyridyl-C-3), 117.9 (indole-C-5), 115.1 (indole-C-7), 101.1 (indole-C-3),
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84.2 (CHpcym ), 83.8 (CHpcym ), 83.0 (CHpcym ), 76.7 (CHpcym ), 30.9 (CH3 ), 22.1 ((CH3 )2 ), 22.0 ((CH3 )2 ),
19.2 (CH).
[(p-cym)Os(ind-py)Cl] (4): Complex 4 was synthesised following the preparation described
for compound 3 with the following modifications: Os dimer [(p-cym)OsCl2 ]2 (102 mg, 0.129 mmol),
2-(2-pyridinyl)-1H-indole (50 mg, 0.259 mmol). The product was obtained as a yellow powder.
Yield: 74.8 mg (52.4%). HRMS-ESI+ : calculated (M-Cl)+ 519.1476 m/z, found 519.1470 m/z.
1 H NMR (400 MHz, CDCl ): δ 8.84 ppm (1H, d, J = 5.8 Hz, pyridyl-H-6), 7.81 (1H, d, J = 8.1 Hz,
3
H
pyridyl-H-3), 7.68 (1H, m, pyridyl-H-4), 7.63 (1H, d, J = 8.0 Hz, pyridyl-H-5), 7.42 (1H, d, J = 8.3 Hz,
indole-H-4), 7.13 (1H, dd, J1 = 8.3 Hz, J2 = 6.8 Hz, indole-H), 6.98 (2H, m, 2 indole-H), 6.95 (1H, s,
indole-H-3), 6.28 (1H, d, J = 5.4 Hz, Hpcym ), 5.87 (1H, d, J = 5.4 Hz, Hpcym ), 5.80 (1H, d, J = 5.4 Hz,
Hpcym ), 5.70 (1H, d, J = 5.4 Hz, Hpcym ), 2.42 (3H, s, CH3 ), 2.22 (1H, sept, J = 6.9 Hz, CH(CH3 )2 ),
0.81 (3H, d, J = 6.9 Hz, (CH3 )2 ), 0.79 (3H, d, J = 6.9 Hz (CH3 )2 ). 13 C NMR (100 MHz, CDCl3 ):
δC 152.8 ppm (pyridyl-C-6), 137.5 (pyridyl-C-4), 122.0 (indole-C-4 or -6), 121.8 (indole-C-4 or -6),
121.3 (pyridyl-C-5), 119.5 (pyridyl-C-3), 118.2 (indole-C-5), 115.2 (indole-C-7), 101.6 (indole-C-3),
77.2 (CHpcym ), 74.7 (CHpcym ), 72.6 (CHpcym ), 66.4 (CHpcym ), 31.3 (CH3 ), 22.5 ((CH3 )2 ), 22.4 ((CH3 )2 ),
19.1 (CH).
4.3. Solution Chemistry
Complexes 1–4 were dissolved in MeOD (2.2 mM) and diluted to a final concentration of 1.1 mM
with either MeOD or D2 O. 1 H-NMR spectra were recorded at t ≤ 10 min, 12 h and 24 h. The samples
were then reacted with either 1 mol. equiv. of silver nitrate to obtain the fully hydrolysed species or
NaCl to block hydrolysis.
Complexes 1–4 were also dissolved in d6 -DMSO (1.1 mM) and 1 H-NMR spectra were recorded at
t ≤ 10 min, 12 h and 24 h.
Complexes 1–4 were dissolved in acetonitrile/H2 O 6:94 v/v and UV-Vis spectra of the sample were
recorded increasing the pH (pH 7–12). pKa vales of the complexes were calculated using Origin 2018
by plotting the absorbance against the pH.
4.4. Reaction with Nucleobases
The reactions of complexes 1–4 with 9-ethylguanine (9-EtG) and 9-methyladenine (9-MetA) were
studied. MeOD solutions of complexes 1–4 (2.2 mM) were mixed with a solution of the corresponding
nucleobase in D2 O (4.4 mM) and the pH adjusted to 7.4 ± 0.2. Final concentrations of 1.1 mM for the
complex and 2.2 mM for the nucleobase were obtained. 1 H-NMR spectra of the resulting mixture were
recorded at t ≤ 10 min, 5 h and 24 h in MeOD/D2 O (1:1 v/v).
A titration using 9-EtG at increasing concentrations was performed and the resulting samples
were analysed using 1 H-NMR spectroscopy. Binding constants were calculated using the non-linear
ThordarsonFittingProgram [87] by plotting the chemical shift of the complex versus the concentration
of 9-EtG. Alternatively, binding constant for complexes 3 and 4 was obtained by plotting the ratio of
9-EtG adduct/complex against the concentration of 9-EtG.
4.5. Reaction with Glutathione
The reactions of complexes 1–4 with glutathione (GSH) were studied. MeOD solutions of
complexes 1–4 (2.2 mM) were mixed with a solution of GSH in D2 O (10 mM) and the pH was adjusted
to 7.4 ± 0.2. Final concentrations of 1.1 mM for the complex, and 2.2 mM for GSH were obtained.
1 H-NMR spectra of the resulting mixture were recorded at t ≤ 10 min, 5 h and 24 h in MeOD/D O
2
(1:1 v/v).
4.6. Oxidation of 1,4-NADH
The interactions of complexes 1–4 with 1,4-NADH were studied by mixing a solution of the
corresponding complex (2.2 mM, MeOD) and 1,4-NADH (22 mM, D2 O). The pH of the solution
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was then adjusted to 7.4 ± 0.2 and 1 H-NMR spectra recorded at 310 K at various time intervals.
Final concentrations of 1.1 mM for the complex and 10 mM for 1,4-NADH were obtained. 1 H-NMR
spectra of the resulting mixture were recorded in MeOD/D2 O (1:1 v/v).
4.7. NAD+ Reduction
Transfer hydrogenation reactions with complexes 1–4, formate, and NAD+ were studied by mixing
a solution of the corresponding complex (2.2 mM, MeOD), sodium formate (137 mM, D2 O) and NAD+
(44 mM, D2 O). Final concentrations of 1.1 mM for the complex, 10 mM for NAD+ and 30 mM for
NaHCO2 were obtained (molar ratio 1:9:28). The pH of the mixture was adjusted to 7.4 ± 0.2. 1 H-NMR
spectra were recorded at 310 K every 5 min until completion of the reaction.
Molar ratios of NAD+ and NADH were determined by integrating the area under the signals
associated with NAD+ (9.33 ppm) and 1,4-NADH (6.96 ppm). The turnover number (TON) for the
reaction was calculated as follows:
TON

[NAD+ ]0
I6.96
I6.96 + I9.93 [Catalyst]

(1)

where In is the integral of the signal at n ppm and [NAD+ ]0 is the concentration of NAD+ at the start of
the reaction.
4.8. Inhibition of NAD+ Reduction by Glutathione
Following the experimental procedure for the reduction of NAD+ , a solution of complex 2 was
mixed with NAD+ , NaHCO2 and GSH and the pH of the resulting solution adjusted to 7.4 ± 0.2.
Final concentrations were as follows: complex 1.1 mM; NAD+ 10 mM; NaHCO2 30 mM; GSH 1.1 mM;
molar ratio 1:9:28:1. 1 H-NMR spectra were recorded at 310 K every 162 s for a period of 2 h.
4.9. Chemosensitivity Assays
In vitro chemosensitivity tests were performed against A2780, A2780cisR and PNT2 cells.
Cells were routinely maintained as monolayer cultures in RPMI medium supplemented with 10%
foetal calf serum, penicillin (100 I.U./mL) and streptomycin (100 µg/mL), sodium pyruvate (1 mM)
and L-glutamine (2 mM). For chemosensitivity studies, cells were incubated in 96-well plates at a
concentration of 7.5 × 103 cells per well and the plates were incubated for 24 h at 37 ◦ C and a 5% CO2
humidified atmosphere prior to drug exposure.
Complexes were dissolved in DMSO to provide stock solutions, which were further diluted with
media to provide a range of final concentrations. Drug-media solutions were added to cells (the final
concentration of DMSO was less than 1% (v/v) in all cases) and incubated for 24 h at 37 ◦ C and 5%
CO2 humidified atmosphere. The drug-media was removed from the wells and the cells were washed
with PBS (100 µL, twice), and 100 µL of complete fresh media were added to each well. The plates
were further incubated for 48 h at 37 ◦ C in a 5% CO2 humidified atmosphere to allow for a period of
recovery. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (20 µL, 2.5 mg/mL) was
added to each well and incubated for 2 h at 37 ◦ C and 5% CO2 humidified atmosphere. All solutions
were then removed and 100 µL of DMSO was added to each well in order to dissolve the purple
formazan crystals. A Thermo Scientific Multiskan EX microplate photometer was used to measure the
absorbance in each well at 570 nm. Cell survival was determined as the absorbance of treated cells
divided by the absorbance of controls and expressed as a percentage. The IC50 values were determined
from plots of % survival against drug concentration. Each experiment was repeated in triplicates of
triplicates and a mean value was obtained and stated as IC50 (µM) ± SD. Cisplatin was also used as a
positive control.
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4.10. Cell Viability Experiments
Cells were incubated in 96-well plates at a concentration of 7.5 × 103 cells per well and the
plates were incubated for 24 h at 37 ◦ C and a 5% CO2 humidified atmosphere prior to drug exposure.
Complexes were dissolved in DMSO to provide stock solutions, which were further diluted with media
to working concentrations. Solution of N-acetylcysteine (NAC) or sodium formate in media were also
prepared. Drug-media solutions and NAC or sodium formate solutions were added to cells (final
concentrations as follows: IC50 values for the complex; 0, 2, 5 and 10 mM for NAC; 0, 0.5, 1 and 2 mM
for sodium formate; DMSO concentration was less than 1% (v/v) in all cases) and incubated for 24 h at
37 ◦ C in a 5% CO2 humidified atmosphere. After 24 h of incubation, the drug-media was removed
from the wells and the cells were washed with PBS (100 µL, twice), and 100 µL of complete fresh media
were added to each well. The plates were further incubated for 48 h at 37 ◦ C in a 5% CO2 humidified
atmosphere to allow for a period of recovery. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) (20 µL, 2.5 mg/mL) was added to each well and incubated for 2 h at 37 ◦ C and 5% CO2
humidified atmosphere. All solutions were then removed and 100 µL of DMSO was added to each
well in order to dissolve the purple formazan crystals. A Thermo Scientific Multiskan EX microplate
photometer was used to measure the absorbance in each well at 570 nm. Cell survival was determined
as the absorbance of treated cells divided by the absorbance of controls and expressed as a percentage.
Supplementary Materials: The following are available online, Figure S1: 1 H NMR stability studies; Figures S2–S9:
and 13 C NMR spectra of complexes 1–4, respectively; Figures S10–S13: High-resolution ESI mass spectrum of
complexes 1–4, respectively; Figure S14: IC50 graphs for the ind-py ligand against PNT2, A2780, and A2780cisR.
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Kljun, J.; León, I.E.; Peršič, Š.; Cadavid-Vargas, J.F.; Etcheverry, S.B.; He, W.; Bai, Y.; Turel, I. Synthesis and
biological characterization of organoruthenium complexes with 8-hydroxyquinolines. J. Inorg. Biochem. 2018,
186, 187. [CrossRef] [PubMed]
Patra, M.; Gasser, G. The medicinal chemistry of ferrocene and its derivatives. Nat. Rev. Chem. 2017, 1, 1–12.
[CrossRef]
Biancalana, L.; Batchelor, L.K.; De Palo, A.; Zacchini, S.; Pampaloni, G.; Dyson, P.J.; Marchetti, F. A general
strategy to add diversity to ruthenium arene complexes with bioactive organic compounds via a coordinated
(4-hydroxyphenyl)diphenylphosphine ligand. Dalton Trans. 2017, 46, 12001. [CrossRef] [PubMed]
Banerjee, S.; Chakravarty, A.R. Metal Complexes of Curcumin for Cellular Imaging, Targeting,
and Photoinduced Anticancer Activity. Acc. Chem. Res. 2015, 48, 2075. [CrossRef]
Biot, C.; Nosten, F.; Fraisse, L.; Ter-Minassian, D.; Khalife, J.; Dive, D. The antimalarial ferroquine: From bench
to clinic. Parasite 2011, 18, 207. [CrossRef]
Wan, Y.; Li, Y.; Yan, C.; Yan, M.; Tang, Z. Indole: A privileged scaffold for the design of anti-cancer agents.
Eur. J. Med. Chem. 2019, 183, 111691. [CrossRef]
Dadashpour, S.; Emami, S. Indole in the target-based design of anticancer agents: A versatile scaffold with
diverse mechanisms. Eur. J. Med. Chem. 2018, 150, 9. [CrossRef]
Lal, S.; Snape, T.J. 2-Arylindoles: A Privileged Molecular Scaffold with Potent, Broad-Ranging
Pharmacological Activity. Curr. Med. Chem. 2012, 19, 4828. [CrossRef]
Hui, X.; Min, L. Developments of Indoles as Anti-HIV-1 Inhibitors. Curr. Pharm. Des. 2009, 15, 2120.

Molecules 2020, 25, 4540

31.
32.
33.

34.

35.
36.
37.
38.
39.

40.
41.
42.

43.

44.
45.
46.
47.

48.

49.

50.
51.

52.

14 of 16

Sang, Y.L.; Zhang, W.M.; Lv, P.C.; Zhu, H.L. Indole-based, antiproliferative agents targeting tubulin
polymerization. Curr. Top. Med. Chem. 2017, 17, 120. [CrossRef]
Grant, S.; Easley, C.; Kirkpatrick, P. Vorinostat. Nat. Rev. Drug Disc. 2007, 6, 21. [CrossRef] [PubMed]
Furumai, R.; Matsuyama, A.; Kobashi, N.; Lee, K.H.; Nishiyama, M.; Nakajima, H.; Tanaka, A.; Komatsu, Y.;
Nishino, N.; Yoshida, M.; et al. FK228 (depsipeptide) as a natural prodrug that inhibits class I histone
deacetylases. Cancer Res. 2002, 62, 4916. [PubMed]
Napper, A.D.; Hixon, J.; McDonagh, T.; Keavey, K.; Pons, J.-F.; Barker, J.; Yau, W.T.; Amouzegh, P.; Flegg, A.;
Hamelin, E.; et al. Discovery of Indoles as Potent and Selective Inhibitors of the Deacetylase SIRT1.
J. Med. Chem. 2005, 48, 8045. [CrossRef] [PubMed]
Jordan, M.A.; Himes, R.H.; Wilson, L. Comparison of the Effects of Vinblastine, Vincristine, Vindesine,
and Vinepidine on Microtubule Dynamics and Cell Proliferation. Cancer Res. 1985, 45, 2741.
Almagro, L.; Fernández-Pérez, F.; Pedreño, M.A. Indole alkaloids from Catharanthus roseus:
Bioproduction and their effect on human health. Molecules 2015, 20, 2973–3000. [CrossRef] [PubMed]
Bradner, W.T. Mitomycin C: A clinical update. Cancer Treat. Rev. 2001, 27, 35. [CrossRef]
Soldevila-Barreda, J.J.; Sadler, P.J. Approaches to the design of catalytic metallodrugs. Curr. Opinion
Chem. Biol. 2015, 25 (Suppl. C), 172. [CrossRef]
Soldevila-Barreda, J.J.; Metzler-Nolte, N. Intracellular Catalysis with Selected Metal Complexes and Metallic
Nanoparticles: Advances toward the Development of Catalytic Metallodrugs. Chem. Rev. 2019, 119, 829.
[CrossRef]
Alonso-de Castro, S.; Terenzi, A.; Gurruchaga-Pereda, J.; Salassa, L. Catalysis Concepts in Medicinal Inorganic
Chemistry. Chem. Eur. J. 2019, 25, 6651. [CrossRef]
Bose, S.; Ngo, A.H.; Do, L.H. Intracellular Transfer Hydrogenation Mediated by Unprotected Organoiridium
Catalysts. J. Amer. Chem. Soc. 2017, 139, 8792. [CrossRef]
Sasmal, P.K.; Carregal-Romero, S.; Han, A.A.; Streu, C.N.; Lin, Z.; Namikawa, K.; Elliott, S.L.; Köster, R.W.;
Parak, W.J.; Meggers, E. Catalytic Azide Reduction in Biological Environments. ChemBioChem 2012, 13, 1116.
[CrossRef] [PubMed]
Martínez-Calvo, M.; Couceiro, J.R.; Destito, P.; Rodríguez, J.; Mosquera, J.; Mascareñas, J.L.
Intracellular deprotection reactions mediated by palladium complexes equipped with designed phosphine
ligands. ACS Catal. 2018, 8, 6055. [CrossRef] [PubMed]
Völker, T.; Meggers, E. Transition-metal-mediated uncaging in living human cells—An emerging alternative
to photolabile protecting groups. Curr. Opin. Chem. Biol. 2015, 25 (Suppl. C), 48. [CrossRef] [PubMed]
Streu, C.; Meggers, E. Ruthenium-Induced Allylcarbamate Cleavage in Living Cells. Angew. Chem. Int. Ed.
2006, 45, 5645. [CrossRef]
Völker, T.; Meggers, E. Chemical Activation in Blood Serum and Human Cell Culture: Improved Ruthenium
Complex for Catalytic Uncaging of Alloc-Protected Amines. ChemBioChem 2017, 18, 1083. [CrossRef]
Coverdale, J.P.C.; Romero-Canelón, I.; Sanchez-Cano, C.; Clarkson, G.J.; Habtemariam, A.; Wills, M.;
Sadler, P.J. Asymmetric transfer hydrogenation by synthetic catalysts in cancer cells. Nat. Chem. 2018, 10, 347.
[CrossRef]
Chen, F.; Soldevila-Barreda, J.J.; Romero-Canelón, I.; Coverdale, J.P.C.; Song, J.I.; Clarkson, G.J.; Kasparkova, J.;
Habtemariam, A.; Brabec, V.; Wolny, J.A.; et al. Effect of sulfonamidoethylenediamine substituents in RuII
arene anticancer catalysts on transfer hydrogenation of coenzyme NAD+ by formate. Dalton Trans. 2018,
47, 7178. [CrossRef]
Chen, F.; Romero-Canelón, I.; Soldevila-Barreda, J.J.; Song, J.I.; Coverdale, J.P.C.; Clarkson, G.J.; Kasparkova, J.;
Habtemariam, A.; Wills, M.; Brabec, V.; et al. Transfer Hydrogenation and Antiproliferative Activity of
Tethered Half-Sandwich Organoruthenium Catalysts. Organometallics 2018, 37, 1555. [CrossRef]
Soldevila-Barreda, J.J.; Romero-Canelón, I.; Habtemariam, A.; Sadler, P.J. Transfer hydrogenation catalysis in
cells as a new approach to anticancer drug design. Nat. Commun. 2015, 6, 6582. [CrossRef]
Soldevila-Barreda, J.J.; Habtemariam, A.; Romero-Canelón, I.; Sadler, P.J. Half-sandwich rhodium(III) transfer
hydrogenation catalysts: Reduction of NAD+ and pyruvate, and antiproliferative activity. J. Inorg. Biochem.
2015, 153, 322. [CrossRef]
Liu, Z.; Romero-Canelón, I.; Qamar, B.; Hearn, J.M.; Habtemariam, A.; Barry, N.P.E.; Pizarro, A.M.;
Clarkson, G.J.; Sadler, P.J. The Potent Oxidant Anticancer Activity of Organoiridium Catalysts. Angew. Chem.
Int. Ed. 2014, 53, 3941. [CrossRef] [PubMed]

Molecules 2020, 25, 4540

53.

54.

55.

56.
57.
58.
59.
60.
61.

62.

63.

64.

65.
66.
67.
68.
69.
70.

71.

72.

73.

15 of 16

Soldevila-Barreda, J.J.; Bruijnincx, P.C.A.; Habtemariam, A.; Clarkson, G.J.; Deeth, R.J.; Sadler, P.J.
Improved Catalytic Activity of Ruthenium–Arene Complexes in the Reduction of NAD+. Organometallics
2012, 31, 5958. [CrossRef]
Millett, A.J.; Habtemariam, A.; Romero-Canelón, I.; Clarkson, G.J.; Sadler, P.J. Contrasting Anticancer
Activity of Half-Sandwich Iridium(III) Complexes Bearing Functionally Diverse 2-Phenylpyridine Ligands.
Organometallics 2015, 34, 2683. [CrossRef] [PubMed]
Betanzos-Lara, S.; Liu, Z.; Habtemariam, A.; Pizarro, A.M.; Qamar, B.; Sadler, P.J. Organometallic Ruthenium
and Iridium Transfer-Hydrogenation Catalysts Using Coenzyme NADH as a Cofactor. Angew. Chem. Int. Ed.
2012, 51, 3897. [CrossRef] [PubMed]
Matthew, C.K.; Ahern, K.G.; Van Holde, K.E. Biochemistry, 3rd ed.; Pearson Educacion: Madrid, Spain, 2002.
Ying, W. NAD+/NADH and NADP+/NADPH in cellular functions and cell death: Regulation and biological
consequences. Antioxid. Redox Signal. 2008, 10, 179. [CrossRef] [PubMed]
Belenky, P.; Bogan, K.L.; Brenner, C. NAD+ metabolism in health and disease. Trends Biochem. Sci. 2007,
32, 12. [CrossRef]
Hileman, E.O.; Liu, J.; Albitar, M.; Keating, M.J.; Huang, P. Intrinsic oxidative stress in cancer cells:
A biochemical basis for therapeutic selectivity. Cancer Chemother. Pharm. 2004, 53, 209. [CrossRef]
Liu, Z.; Sadler, P.J. Organoiridium Complexes: Anticancer Agents and Catalysts. Acc. Chem. Res. 2014,
47, 1174. [CrossRef]
Meier-Menches, S.M.; Gerner, C.; Berger, W.; Hartinger, C.G.; Keppler, B.K. Structure–activity relationships
for ruthenium and osmium anticancer agents—Towards clinical development. Chem. Soc. Rev. 2018, 47, 909.
[CrossRef]
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