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Trifluoromethyl substitution enhances
photoinduced activity against breast cancer cells
but reduces ligand exchange in Ru(in) complext

Austin P. Lanquist,® Sayak Gupta,? Kathlyn F. Al-Afyouni,® Malik Al-Afyouni,?
Jeremy J. Kodanko @ *? and Claudia Turro @ *2

A series of five ruthenium complexes containing triphenyl phosphine groups known to enhance both
cellular penetration and photoinduced ligand exchange, cis-[Ru(bpy).(P(p-R-Ph)s)(CHsCN)I?*, where bpy
= 2,2'-bipyridine and P(p-R-Ph)s represent para-substituted triphenylphosphine ligands with R = —OCHs
(1), -CHs (2) —=H (3), —F (4), and —CF5 (5), were synthesized and characterized. The photolysis of 1-5 in
water with visible light (A, = 395 nm) results in the substitution of the coordinated acetonitrile with
a solvent molecule, generating the corresponding aqua complex as the single photoproduct. A 3-fold
variation in quantum yield was measured with 400 nm irradiation, @400, Where 1 is the most efficient
with a @400 = 0.076(2), and 5 the least photoactive complex, with @490 = 0.026(2). This trend is
unexpected based on the red-shifted metal-to-ligand charge transfer (MLCT) absorption of 1 as
compared to that of 5, but can be correlated to the substituent Hammett para parameters and pK,
values of the ancillary phosphine ligands. Complexes 1-5 are not toxic towards the triple negative breast
cancer cell line MDA-MB-231 in the dark, but 3 and 5 are >4.2 and >19-fold more cytotoxic upon
irradiation with blue light, respectively. A number of experiments point to apoptosis, and not to necrosis
or necroptosis, as the mechanism of cell death by 5 upon irradiation. These findings provide
a foundation for understanding the role of phosphine ligands on photoinduced ligand substitution and
show the enhancement afforded by —CFz groups on photochemotherapy, which will aid the future

rsc.li/chemical-science

Introduction

Ruthenium(u) polypyridyl complexes are characterized by
strong absorption throughout the visible spectral region, long
lived triplet excited states, and intense emission."™ As such,
these complexes exhibit useful photophysical properties for
many applications, such as luminescent sensors,>® photo-
switches,”® molecular machines,® photoredox catalysis,'*** and
solar energy conversion.’>"” Ruthenium(u) complexes have also
been shown to act as agents for photodynamic therapy (PDT)
through the sensitization of '0,,'®?* and for the photoinduced
release of therapeutics with spatiotemporal control, photo-
chemotherapy (PCT).”>>* Whereas PDT requires a stable
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design of photocages for photochemotherapeutic drug delivery.

complex, the latter features the dissociation of a ligand upon
irradiation with low energy, red or near-IR light.***” In addition,
ruthenium(u1) complexes that are able to both produce 'O, and
release a drug molecule upon irradiation have been shown to be
significantly more active against cancer cells than the analogous
complexes that only accomplish one of these functions.”®** The
introduction of a phosphine ligand in the coordination sphere
of ruthenium(u) complexes has been shown to increase the
photodissociation yield of monodentate ligands that are typi-
cally not photolabile.*® In addition, cationic compounds with
a triphenyl phosphine substituent have been shown to enhance
cellular uptake,**** leading to an interest in the investigation of
divalent ruthenium triphenyl phosphine complexes for PCT.
In general, the photoinduced ligand dissociation in ruth-
enium(u) complexes is attributed to the thermal population of
dissociative ligand-field (°LF) state(s) from the lowest energy
triplet metal-to-ligand charge-transfer (*MLCT) excited
state.?*® The relative energies of the *LF and *MLCT excited
states can be tuned through synthetic modifications, which
result in changes in the efficiency of photoinduced ligand
exchange.?**® For example, changes in steric hindrance around
the ruthenium center achieved through the placement of
methyl groups on the 6- and 6’-positions of 2,2’-bipyridine (bpy),
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play a key role in the yield of ligand photosubstitution. This
effect is believed to arise from the distortion from the pseudo-
octahedral geometry around the metal, lowering the energy of
the *LF state(s) and making them more readily accessible.?¢3

In addition to lowering the energy of the *LF state(s) to
increase the quantum yield of ligand exchange in ruthenium(u)
complexes, our group recently discovered another factor that
plays a role in CH;CN photodissociation. In a series of 12
complexes of the type [Ru(tpy)(L)(CH;CN)]*" (tpy = 2,2':6/,2"-
terpyridine), where L represents a neutral (n = 2) or an anionic
(n = 1) bidentate ligand, the quantum yields for the photo-
substitution of the CH;CN ligand for a water solvent molecule
upon 400 nm irradiation, @,, resulted in the unexpected
increase of ligand exchange with the increasing electron-
donating character of the bidentate ligand, despite the lower
*MLCT energy across the series.*? Calculations revealed that as
the m-donating ability of the bidentate ligand increased, the
relative amount of metal character in the highest occupied
molecular orbital (HOMO) decreased. As such, a strong inverse
correlation between the % Ru(d) character of the HOMO and
the @,00 values was observed. In contrast, the opposite trend
was reported for the photoisomerization of sulfoxides in the
series [Ru(bpy),(P(p-R-Ph),)(PhSOCH;)]** (R = -H, -OMe, —CF;)
and [Ru(tpy)(L)(dmso)]*", where L = bpy (n = 2), N,N,N',N'-
tetramethylethylene-1,2-diamine (tmen, n = 2), acetylacetonate
(acac, n = 1), or oxalate (ox, n = 0).**"* In these complexes, the
yield of S — O sulfoxide isomerization decreased with
increasing electron donation of the ancillary ligand. Therefore,
in contrast to the [Ru(tpy)(L)(CH;CN)]"*" series, a greater ruthe-
nium contribution to the HOMO resulted in greater photo-
activity in the sulfoxide complexes. This difference highlights
the need for a systematic approach toward further under-
standing the structure-function relationships for tuning the
electronic character of the ancillary ligands to control photo-
chemical processes.

The present work focuses on the photoinduced CH;CN
ligand exchange in the series cis-[Ru(bpy),(P(p-R-

R
Complex -R
1 —-OCHj3
2 ~CHg
3 —-H
4 -F
5 —CF3

Fig. 1 Structural representation of complexes 1-5.
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Ph);)(CH;CN)J** shown in Fig. 1, in which five para-substituted
triphenylphosphine ligands, P(p-R-Ph);, are used to tune the
electronic structure of the complexes, where R = -OCH; (1),
-CH; (2), -H (3), -F (4), and -CF; (5). Triphenylphosphine was
chosen as the ancillary ligand within this series because of its
ability to serve as both a o-donor and w-acceptor, and these
properties are highly tunable through the para-substitution of
the phenyl rings with electron-donating or -withdrawing
groups.>*® Furthermore, this series of complexes serves as
a model system for caged ruthenium platforms for the delivery
of drugs with terminal nitrile functional groups, including
cysteine protease inhibitors associated with tumor metas-
tasis.”** Additionally, Ru(u) complexes with ancillary phos-
phine ligands have been shown to play a critical role in the
photo-triggered release of amine-based neurotransmitters, such
as gamma-aminobutyric acid (GABA) and glutamate,*** and,
importantly fluorination has been shown to aid in cellular
uptake and overall activity of PDT cancer agents.>® Herein, we
show that 1-5 are not toxic toward the triple negative breast
cancer cell line MDA-MB-231 in the dark, but complexes 3 and
especially -CF;-substituted 5 exhibit significant enhancement
of cytotoxicity upon irradiation with blue light, shown to trigger
apoptosis.

Experimental section

Materials

The phosphine ligands P(p-R-Ph); (R = -OCH3, -CH3, -H, -F,
-CF;) were purchased from Aldrich, were used without further
purification, and were stored in an inert atmosphere. All
solvents were used as received from Aldrich and Fisher. The
precursor cis-Ru(bpy),Cl, was prepared following a of series
steps outlined in a previous literature report.** Complexes 1-5,
with general formula [Ru(bpy),(P(p-R-Ph);)(CH;CN)](PF¢),,
where R = -OCH; (1), -CH; (2), -H (3), -F (4), and —CF; (5), were
prepared from the corresponding [Ru(bpy),(P(p-R-Ph);)Cl|(PFs)
precursor, where R = -OCH3; (1a), -CHj; (2a), -H (3a), -F (4a),
—CF; (5a), as described below.

[Ru(bpy),(P(p-OCH;-Ph);)CI](PFs) (1a)

Cis-Ru(bpy),Cl, (0.14 g, 0.029 mmol) was dissolved in 30 mL
water/ethanol (1: 1, v: v) under N, atmosphere; this solution
was transferred via cannula into a 50 mL round bottom flask
containing tris(2-methoxyphenyl)phosphine (0.210 g, 0.595
mmol) and was refluxed for 5 h under a N, atmosphere. The
color changed from purple to red during this time and, upon
cooling to room temperature, the mixture was filtered to remove
excess ligand. The filtrate was removed under vacuum and the
resulting residue was redissolved in a minimal amount of
acetone and added dropwise into 20 mL of a saturated aqueous
solution of NH,PF,, forming a red participate. The solid was
collected by vacuum filtration and washed with diethyl ether
(5 mL x 3). The crude product was purified by column chro-
matography using neutral alumina stationary phase, and
acetonitrile/toluene (1 : 1, v : v) as the eluent. The red fraction
was collected, dried under vacuum, and dissolved in a minimal
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amount of acetone. The concentrated solution was then added
dropwise to diethyl ether (30 mL), resulting the precipitation of
ared solid that was then filtered and further washed with ether.
Yield = 0.21 g (0.020 mmol, 68%). '"H NMR (600 MHz) in
(CD3),CO, 6/ppm (mult., coupling, integration): 9.39 (d, J =
6.49 Hz, 1H), 9.33 (d, J = 5.82 Hz, 1H), 8.73 (d, ] = 8.38 Hz, 1H),
8.65 (d, J = 7.68 Hz, 1H), 8.56 (d, J = 7.68 Hz, 1H), 8.46 (d, ] =
8.06 Hz, 1H), 8.19 (td, J = 8.33, 1.30 Hz, 1H), 8.12-8.03 (m, 2H),
7.84 (td, ] = 8.51, 1.30 Hz, 1H), 7.54 (td, J = 6.85, 1.33 Hz, 1H),
7.50 (d, J = 5.35 Hz, 1H), 7.46 (td, ] = 6.63, 1.46 Hz, 1H), 7.39-
7.34 (m, 8H), 7.00 (td, J = 6.71, 1.31 Hz, 1H), 6.77-6.74 (m, 6H),
3.79 (s, 9H). *'P NMR (600 MHz) in (CD3),CO, 6 = 40.28 ppm.

[Ru(bpy),(P(p-OCH;-Ph);)CI|(PFs) (2a)

The procedure used to prepare 1la was followed using cis-
Ru(bpy),Cl, (0.13 g,  0.028 mmol) and tris-
methylphenylphosphine (0.20 g, 0.064 mmol). Yield = 0.22 g
(0.021 mmol, 76%). "H NMR (600 MHz) in (CD5),CO, é/ppm
(mult., coupling, integration): 9.39 (d, /= 5.77 Hz, 1H), 9.33 (d, ]
= 5.57 Hz, 1H), 8.70 (d,J = 7.30 Hz, 1H), 8.64 (d, ] = 7.82 Hz,
1H), 8.54 (d,J = 7.81 Hz, 1H), 8.45 (d,J = 7.03 Hz, 1H), 8.19 (td, ]
= 7.87, 1.40 Hz, 1H), 8.09-8.05 (m, 2H), 7.83 (td, J = 7.75,
1.39 Hz, 1H), 7.53 (td, ] = 6.51, 1.58 Hz, 1H), 7.44-7.33 (m, 10H),
7.04-7.00 (m, 6H), 7.69 (td, J = 7.81, 1.35 Hz, 1H), 2.28 (s, 9H).
3P NMR (600 MHz) in (CD;),CO, 6 = 42.09 ppm.

[Ru(bpy)(P(Ph);)CI](PFs) (3a)

The procedure used to prepare 1la was followed using cis-
Ru(bpy),Cl, (0.23 g, 0.048 mmol) and triphenylphosphine
(0.24 g, 0.091 mmol). Yield = 0.432 g (0.0432 mmol, 89%). 'H
NMR (600 MHz) in (CD3),CO, 6/ppm (mult., coupling, integra-
tion): 9.38 (d,J = 5.55 Hz, 1H), 9.33 (d,J = 5.00 Hz, 1H), 8.72 (d, ]
= 8.76 Hz, 1H), 8.66 (d, J = 8.56 Hz, 1H), 8.57 (d,J = 8.23 Hz,
1H), 8.47 (d, J = 9.26 Hz, 1H), 8.20 (td, J = 7.66, 1.35 Hz, 1H),
8.10-8.05 (m, 2H), 7.83 (td, J = 7.47, 1.90 Hz, 1H), 7.54 (td, ] =
7.18, 1.90 Hz, 1H), 7.52-7.50 (m, 6H), 7.45 (d, ] = 5.84 Hz, 1H),
7.43-7.37 (m, 3H), 7.36-7.33 (m, 3H), 7.24-7.20 (m, 6H), 6.95
(td,J = 7.09, 1.35 Hz, 1H). *'P NMR (600 MHz) in (CD3),CO, 6 =
44.25 ppm.

[Ru(bpy).(P(p-F-Ph);)CI]|(PF) (4a)

The procedure used to prepare 1a was followed using cis-
Ru(bpy),Cl, (0.19 g, 0.039 mmol) and tris-p-flour-
ophenylphosphine (0.23 g, 0.073 mmol). Yield = 0.34 ¢
(0.032 mmol, 83%). '"H NMR (600 MHz) in (CD;),CO, é/ppm
(mult., coupling, integration): 9.38 (d, /= 5.20 Hz, 1H), 9.28 (d, ]
= 5.19 Hz, 1H), 8.74 (d,J = 8.21 Hz, 1H), 8.68 (d, J = 9.26 Hz,
1H), 8.60 (d,J = 9.21 Hz, 1H), 8.50 (d, J = 9.14 Hz, 1H), 8.22 (td, ]
=7.97,1.36 Hz, 1H), 8.14 (td, J = 7.29, 1.01 Hz, 1H), 8.09 (td, /=
7.80, 1.70 Hz, 1H), 7.89 (td, J = 8.31, 1.52 Hz, 1H), 7.60-7.51 (m,
9H), 7.44-7.39 (m, 2H), 7.05-7.00 (m, 7H). *'P NMR (600 MHz)
in (CD;),CO, 6 = 43.81 ppm.

12058 | Chem. Sci, 2021, 12, 12056-12067

View Article Online

Edge Article

[Ru(bpy),(P(p-CF5-Ph);)CI|(PF,) (5a)

The procedure used to prepare la was followed using cis-
Ru(bpy),Cl, (0.15 g, 0.031 mmol) and tris-p-tri-
flouromethylphenylphosphine (0.25 g, 0.053 mmol). Yield =
0.32 g (0.0269 mmol, 86%) "H NMR (600 MHz) in (CD3),CO, ¢/
ppm (mult., coupling, integration): 9.38 (d, J = 5.55 Hz, 1H),
9.33 (d,J = 5.00 Hz, 1H), 8.72 (d, J = 8.76 Hz, 1H), 8.66 (d, ] =
8.56 Hz, 1H), 8.57 (d, J = 8.23 Hz, 1H), 8.47 (d,J = 9.26 Hz, 1H),
8.20 (td, J = 7.66, 1.35 Hz, 1H), 8.10-8.05 (m, 2H), 7.83 (td, ] =
7.47,1.90 Hz, 1H), 7.54 (td, J = 7.18, 1.90 Hz, 1H), 7.52-7.50 (m,
6H), 7.45 (d, J = 5.84 Hz, 1H), 7.43-7.37 (m, 3H), 7.36-7.33 (m,
3H), 7.24-7.20 (m, 6H), 6.95 (td, ] = 7.09, 1.35 Hz, 1H). *'P NMR
(600 MHz) in (CD3),CO, 6 = 42.95 ppm.

[Ru(bpy),(P(p-OCH;-Ph);)(CH;CN)](PFg) (1)

Cis-[Ru(bpy),(P(p-OCH;-Ph);)Cl|(PFs) (1a; 0.21 g, 0.22 mmol)
was dissolved in an acetonitrile : water mixture (1 :1, 20 mL)
and was refluxed overnight in the dark. The solution turned
from red to yellow. After cooling to room temperature, the
solvent was reduced under vacuum and the mixture was added
dropwise to a saturated aqueous solution of NH,PF¢. The
resulting solid was filtered and washed with water and diethyl
ether. Yield = 0.21 g (0.19 mmol, 85%). "H NMR (600 MHz) in
(CD3),CO, é/ppm (mult., coupling, integration): 9.21 (d, J =
6.28 Hz, 1H), 8.98 (d, / = 6.28 Hz, 1H), 8.85 (d,J = 8.42 Hz, 1H),
8.65 (d, J = 7.78 Hz, 1H), 8.55 (d, J = 8.44 Hz, 1H), 8.46 (d, J =
6.64 Hz, 1H), 8.19 (td, J = 7.91, 1.21 Hz, 1H), 8.12-8.05 (m, 2H),
7.85 (td, J = 8.51, 1.44 Hz, 1H), 7.73 (td, ] = 5.56, 1.48 Hz, 1H),
7.60-7.53 (m, 4H), 7.30 (td, J = 6.30, 1.22 Hz, 1H), 7.19-7.14 (m,
6H), 6.90-6.87 (m, 6H), 3.83 (s, 9H), 2.48 (s, 3H). *'P NMR (600
MHz) in (CD;),CO, 6 = 42.15 ppm. ESI-TOF (+): [M>" — 1PF,|" m/
z = 952.14, [M>" — 2PF] m/z = 383.07.

[Ru(bpy)(P(p-CH;-Ph);)(CH;CN)](PFs). (2)

A procedure analogous to that for the preparation of 1 was
followed using cis-[Ru(bpy),(P(p-CH;-Ph);)Cl|(PF,) (2a; 0.25 g,
0.24 mmol), which resulted in 0.22 g (0.21 mmol, 89%) or 2. 'H
NMR (600 MHz) in (CD3),CO, é/ppm (mult., coupling, integra-
tion): 9.20 (d,J = 5.79 Hz, 1H), 9.94 (d, / = 5.28 Hz, 1H), 8.85 (d,J
= 8.23 Hz, 1H), 8.78 (d,J = 8.01 Hz, 1H), 8.59 (d, J = 7.62 Hz,
1H), 8.56 (d, J = 8.23 Hz, 1H), 8.38 (td, J/ = 7.05, 1.45 Hz, 1H),
8.23 (td, J = 8.04, 1.76 Hz, 1H), 8.18 (td, J = 7.88, 1.45 Hz, 1H),
8.08 (td, J = 7.89, 1.14 Hz, 1H), 7.73 (td, ] = 6.96, 1.95 Hz, 1H),
7.57-7.56 (m, 1H), 7.55-7.50 (m, 4H), 7.26 (td, ] = 6.70, 1.66 Hz,
1H), 7.18-7.12 (m, 12H), 2.48 (s, 3H), 2.33 (s, 9H). >'P NMR (600
MHz) in (CD;),CO, 6 = 43.94 ppm. ESI-TOF (+): [M>" — 1PF,]" m/
z = 904.13, [M>" — 2PF¢] m/z = 379.58, [M** — ACN — 2PF¢]| m/z
= 359.07.

[Ru(bpy).(P(Ph);)(CH;CN)](PFe). (3)

A procedure analogous to that for the preparation of 1 was
followed using cis-[Ru(bpy),(P(Ph);)CI]|(PF¢) (3a; 0.200 g, 0.234
mmol), which resulted in 0.23 g (0.23 mmol, 96%) of 3. "H NMR
(600 MHz) in (CD3),CO, é/ppm (mult., coupling, integration):
9.22 (d, J = 5.52 Hz, 1H), 8.99 (d, J = 5.78 Hz, 1H), 8.86 (d, ] =

© 2021 The Author(s). Published by the Royal Society of Chemistry
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7.77 Hz, 1H), 8.79 (d, J = 8.32 Hz, 1H), 8.61 (d, J = 7.90 Hz, 1H),
8.58 (d,J = 8.22 Hz, 1H), 8.40 (td, = 8.01, 1.30 Hz, 1H), 8.24 (td,
J =7.86,1.51 Hz, 1H), 8.17 (td, J = 7.16, 1.21 Hz, 1H), 8.09 (td, /
= 8.01, 1.21 Hz, 1H), 7.75 (td, J = 6.67, 1.32 Hz, 1H), 7.60-7.46
(m, 7H), 7.38-7.34 (m, 6H), 7.34-7.28 (m, 6H), 7.27-7.24 (m,
1H), 2.49 (s, 3H). *'P NMR (600 MHz) in (CD;),CO, 6 =
44.30 ppm. ESI-TOF (+): [M*" — 1PF¢]" m/z = 862.1 (calc. m/z =
862.1), [M>" — 2PF| m/z =, 358.5 (calc. m/z = 358.7), [M*" — ACN
— 2PFq] m/z = 338.1 (calc. m/z = 338.1).

[Ru(bpy),(P(p-F-Ph);)(CH;CN)](PFs), (4)

A procedure analogous to that for the preparation of 1 was
followed using cis-[Ru(bpy),(P(p-F-Ph);)Cl|(PFs) (4a; 0.234 g,
0.257 mmol), which resulted in 0.23 g (0.22 mmol, 84%) of 4. "H
NMR (600 MHz) in (CD3),CO, 6/ppm (mult., coupling, integra-
tion): 9.20 (d,J = 5.16 Hz, 1H), 9.02 (d,J = 5.50 Hz, 1H), 8.88 (d, ]
=7.91 Hz, 1H), 8.80 (d,J = 7.92 Hz, 1H), 8.66-8.63 (m, 2H), 8.42
(td, J = 7.92, 1.33 Hz, 1H), 8.27-8.22 (m, 2H), 8.12 (td, J = 8.25,
1.32 Hz, 1H), 7.78 (td, J = 7.25, 1.59 Hz, 1H), 7.62-7.59 (m, 2H),
7.58-7.55 (m, 2H), 7.41-7.35 (m, 6H), 7.32 (td, ] = 6.79, 1.37 Hz,
1H), 7.17-7.12 (m, 6H), 2.51 (s, 3H). *'P NMR (600 MHz) in
(CD3),CO, 6 = 45.86. ESI-TOF (+): [M>" — 1PF¢]" m/z = 916.06,
[M*" — 2PF,] m/z = 385.55, [M>" — ACN — 2PF¢] m/z = 365.04.

[Ru(bpy),(P(p-CF3-Ph);)(CH;CN)](PFe), (5)

A procedure analogous to that for the preparation of 1 was
followed using cis-[Ru(bpy),(P(p-CF5-Ph);)Cl](PF¢) (5a; 0.252 g,
0.238 mmol), which resulted in 0.26 g (0.22 mmol, 93%) of 5. 'H
NMR (600 MHz) in (CD3),CO, 6/ppm (mult., coupling, integra-
tion): 9.28 (d,J = 5.58 Hz, 1H), 9.03 (d, / = 5.41 Hz, 1H), 8.90 (d,J
=7.91 Hz, 1H), 8.81 (d, J = 7.95 Hz, 1H), 8.68-8.64 (m, 2H), 8.44
(td,J = 7.93, 1.53 Hz, 1H), 8.28 (td, J = 7.93, 1.65 Hz, 1H), 8.24
(td,J = 7.92, 1.38 Hz, 1H), 8.13 (td, J = 7.88, 1.42 Hz, 1H), 7.79
(td, J = 6.76, 1.15 Hz, 1H), 7.74-7.69 (m, 12H), 7.62-7.52 (m,
4H), 7.26 (td, J = 6.76, 1.30 Hz, 1H), 2.56 (s, 3H). *'P NMR (600
MHz) in (CD;),CO, 6 = 49.52 ppm. ESI-TOF (+): [M>*" — 1PF¢]" m/
z=1066.07,[M — 2PF¢] m/z = 460.55, [M>" — ACN — 2PF¢| m/z =
440.04.

Instrumentation and methods

'H and *'P NMR spectra were measured on a Bruker Advanced
III HD 600 MHz. The "H-NMR peaks were referenced to the
residual protonated acetone solvent at 2.05 ppm, while the *'P-
NMR resonances were referenced to that of phosphoric acid at
0 = —48.32 ppm. Electrospray ionization (ESI) mass spectrom-
etry was conducted on a Bruker MicroTOF mass spectrometer.
Samples were dissolved in acetonitrile and went through
a series of dilutions prior to injection. Crystals suitable for
single crystal X-ray diffraction were grown using slow diffusion
of diethyl ether into acetonitrile at room temperature.

Cyclic voltammetry (CV) experiments were conducted using
a BASi CV-50W potentiostat with a glassy carbon disc (3 mm) as
the working electrode, platinum wire as the auxiliary electrode,
and Ag/AgCl (NaCl) as the reference electrode. CVs were recor-
ded in CH3;CN containing 0.1 M NBu,PF,s under an N, atmo-
sphere. The scan rate was 100 mV s~ ' and the potentials were
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referenced to the ferrocene-ferrocenium couple; ferrocene was
added at the end of each experiment as an internal reference.
Electronic absorption spectra were recorded on a Hewlett
Packard 8453 diode array spectrometer and emission spectra
were collected on a Horiba Fluormax-4 fluorimeter. Photolysis
and quantum yield measurements were conducted using
a 150 W Xe arc lamp (USHIO) as a light source that was con-
tained in a MilliArc lamp house unit powered by an LPS-220
power supply equipped with an LPS-221 igniter (PTI). The
energy of the light reaching each sample was controlled using
a 400 nm bandpass filter for quantum yield measurements, but
steady-state photochemistry was typically monitored using
a 395 nm long-pass filter and samples for '"H NMR photolysis
were irradiated with a 450 nm LED. The lamp photon flux for
quantum yield measurements was determined using potassium
ferrioxalate as an actinometer.”> Samples were dissolved in
water with <5% acetone. Quantum yield measurements were
conducted in triplicate and standard deviation was used as the
error.

Crystals suitable for single crystal X-ray diffraction were
grown using slow diffusion of diethyl ether into acetonitrile at
room temperature. Diffraction patterns were collected using Mo
Ko radiation at 100 K using a Bruker X8 diffractometer equip-
ped with a kappa geometry goniometer, graphite mono-
chromator, and an APEX-II CCD. The frames were integrated
with the Bruker SAINT software package62, and the data were
corrected for absorption effects using the multiscan method
(SADABS) within Olex2. Structural data was solved using
ShelXT. Density functional theory (DFT) calculations started
with the geometry optimizations using the PBE functional, the
SDD basis set for Ru, and the TZVP basis set on all other atoms
gave structures in excellent agreement with experimentally
determined crystal structures.

Log P values were determined as described previously.*
Solutions of each complex were prepared in octanol (2 mL, 100
uM) and combined with deionized water (2 mL) in glass vials.
The vials were capped, wrapped in aluminum foil, shaken (5
min), and allowed to settle (24 h). After 24 h, relative concen-
trations of each complex in the water and octanol layers were
determined spectrophotometrically using absorbance values at
the corresponding MLCT absorption maximum. Log P was
calculated using the quotient of the absorbance.

The cell viability of 1-5 was determined by plating MDA-MB-
231 cells in a 96 well plate at a density of 7000 cells per well in
Dulbecco's Modified Eagle's Medium (DMEM) supplemented
with 10% FBS and 1000 units per mL penicillin/streptomycin.
The 96 well plates were incubated overnight in a 37 °C humid-
ified incubator ventilated with 5% CO,. The media was then
aspirated off and then quadruplicate wells were treated with
DMEM supplemented with 10% FBS and 1000 units per mL
penicillin/streptomycin containing different concentrations (30
uM to 500 nM) of the synthesized complexes in 1% DMSO.
Plates containing wells with no cells were designated as blank
wells whereas wells with cells that were not treated with the
compound but only with DMEM supplemented with 10% FBS
and 1000 units per mL penicillin/streptomycin containing 1%
DMSO (vehicle) were designated as control wells. The plates
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were then again incubated in a 37 °C humidified incubator
ventilated with 5% CO,. After 1 h of incubation, the cells were
either irradiated with blue light (¢, = 20 min, A, = 460-
470 nm, 56 ] cm ?) or kept in the dark. The plates were then
incubated in a 37 °C humidified incubator with 5% CO, for
72 h. After incubation, 10 pL of MTT reagent (5 mg mL ™" in PBS)
was added to each well of the 96 well plate and incubated in
a 37 °C humidified incubator ventilated with 5% CO, for 2 h.
After 2 h the media was aspirated off and 100 pL of DMSO was
added. The plates were then shaken for 20 min to ensure
complete dissolution of the purple formazan crystals. Absor-
bance of each well was then measured at 570 nm. The mean
absorbance values of the blank wells were calculated and sub-
tracted from absorbance values for each well treated with
a certain concentration of a compound. The absorbance of the
control wells was also taken and subtracted with the average of
the blank wells. The mean of these corrected control absor-
bances were then calculated. Viability of the cells was finally
determined by dividing the corrected absorbance of the
compound wells by the mean corrected absorbance of the blank
wells and expressing the mean of the ratio as a percentage value.
The percent viability was plotted against the log of concentra-
tion (in molarity) of the compounds and the antilog of the
concentration value at 50% viability gave us the ECs, of the
complex against MDA-MB-231 cells.

The mechanism of cell death for 5 was studied in MDA-MB-
231 cells. MDA-MB-231 cells were seeded at a density of 7000
cells per well in DMEM supplemented with 10% FBS and 1000
units per mL penicillin/streptomycin and allowed to incubate
for 24 h in a 37 °C humidified incubator ventilated with 5% CO,.
After 24 h the media was aspirated off and the plates and were
then pretreated with 50 pL of DMEM supplemented with 10%
FBS and 1000 units per mL penicillin/streptomycin containing
20 pM necrostatin (NEC), 20 uM of Z-VAD-FMK (Z-VAD) and
5 mM of N-acetyl cysteine (NAC) in sextuplicate. The plates also
contained blank wells with no cells and control wells. One
column of wells in the plate along with the blank and control
wells were treated with 50 uL of DMEM supplemented with 10%
FBS and 1000 units per mL penicillin/streptomycin with 1%
DMSO (vehicle). The plates were incubated in a 37 °C humidi-
fied incubator ventilated with 5% CO, for 1 h. The plates were
then taken out of the incubator and 50 pL of DMEM supple-
mented with 10% FBS and 1000 units per mL penicillin/
streptomycin containing complex 5 (4 pM) was added to the
column of wells that were pretreated with vehicle along with
half the wells pretreated with 20 pM necrostatin, 20 uM of Z-
VAD-FMK or 5 mM of N-acetyl cysteine. Vehicle (50 pL) was
added to rest of the wells, pretreated with 20 uM necrostatin, 20
uM of Z-VAD-FMK or 5 mM of NAC along with the blank and
control wells. The plates were then incubated in a 37 °C
humidified incubator ventilated with 5% CO, for 1 h. At the end
of incubation, the plates were either irradiated with blue light
(tir = 20 min, Ay, = 460-470 nm, 56 ] cm ™ >) or left in the dark
for 20 minutes after which they were incubated in a in a 37 °C
humidified incubator ventilated with 5% CO, for 72 h. The
viability of the cells was studied using MTT assay after 72 h.
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For the Fluorescence Assisted Cell Sorting Studies (FACS),
MDA-MB-231 cells were plated at 100 000 cells per plate in six 60
mm?” cell culture dishes containing DMEM supplemented with
10% FBS and 1000 units per mL penicillin/streptomycin. After
plating, the cells were incubated at 37 °C and 5% CO, overnight
(18 h). After incubation, plates were treated with 3 mL of DMEM
supplemented with 10% FBS and 1000 units per mL penicillin/
streptomycin containing complex 5 (10 uM) in duplicate, 1%
DMSO (vehicle) in triplicate or [Ru(thd)(tpy)(py)]PFs (6 1M, tpy
= 2,2:6/,2"-terpyridine, thd = 2,2,6,6-tetramethylheptane-3,5-
dione, py = pyridine) and set to incubate at 37 °C and 5%
CO, for 1 h, after which time, one plate of treated with vehicle
and complex 5 was irradiated with blue light (¢, = 20 min, A;,;, =
460-470 nm, 56 J cm ™) while the rest of the plates were kept in
the dark. After 20 min all the plates were incubated 37 °C and
5% CO, for 72 h. After 70 h one of the plates containing vehicle
was taken and vehicle was replaced with 500 mM H,O, in PBS
and allowed to incubate for further 2 h. At the end of 72 h, the
media from each plate was saved in a 15 mL falcon tube. The
cells were detached from each plate via trypsinization and
added to the previously removed media. The cells were cen-
trifugated (600 g, 8 min) to pellet the cells. The supernatant was
decanted, and the pellet was washed once with PBS (2 mL) and
once with Annexin V binding buffer (2 mL). After the final wash,
the supernatant was decanted, and the pellet was suspended in
100 pL of Annexin V binding buffer. A solution of Annexin V (5
puL, 1 mg mL™') was added to the cell suspension. The
suspension was incubated at room temperature for 15 min.
After incubation, 2 mL of Annexin V binding buffer was added
to the tube and the suspension was centrifuged (600 g, 5 min).
The supernatant was decanted, and cells were suspended in 200
uL of Annexin V binding buffer. A solution of propidium iodide
(5 uL, 12 uM) was added to the cell suspension and incubated at
room temperature for 15 min. The cell suspension was diluted
with 1 mL of Annexin V binding buffer. The suspension was
passed through a metal mesh filter (30 pm) from Celltrics
(Kobe, Hyogo Prefecture, Japan) into a small sample tube. Flow
cytometric analysis was performed on a Sysmex Cyflow Space
fluorescence-assisted cell sorter. Data were processed using FCS
Express.fcs processing software by De Novo software (Boulder,
Co).

Results and discussion
Synthesis and characterization

Complexes 1-5 were synthesized from the starting material cis-
Ru(bpy),Cl,, which allowed for the stepwise introduction of the
desired phosphine ligand followed by a CH3;CN molecule. The
'H and *'P NMR spectra of 1-5 are shown in the ESI (Fig. S1 and
$2+). The "H NMR spectra display the expected peak integration
values and splitting patterns in the aromatic region corre-
sponding to the two bipyridine ligands.*”*® Additionally, no
signal was observed at 6 = 9.5 ppm, indicative of the presence of
the cis-Ru(bpy),Cl, precursor. The *'P NMR spectra of 1-5
display two peaks, one singlet assigned to the phosphine bound
to the ruthenium center and the a septet that corresponds to the
phosphorus atom in the PFs  counterions coupled to six

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Thermal ellipsoid plots of (a) 1 and (b) 2; H atoms, PF¢ ™~ ions, and co-crystallized solvent molecules omitted for clarity (ellipsoids drawn at

50% probability).

fluorine atoms, consistent with those reported for related
ruthenium complexes.*® There is a clear trend in the chemical
shift of the bound phosphine signal across the series as
a function of the substituents, where electron-withdrawing
substituents result in deshielding of the phosphine atoms,
leading to signals that shift from 42.2 ppm in 1 to 49.5 ppm in 5.

The ORTEP diagrams from X-ray diffraction of single crystals
of 1 and 2 are shown in Fig. 2, and those of 3-5 are displayed in
the ESI (Fig. S31), along with crystallographic details and
selected bond lengths and angles for 1-5 (Tables S1 and S27).
The structures of 1-5 confirmed the presence of two 2,2-
bipyridine ligands coordinated to the metal in a cis-disposition,
with the corresponding phosphine and acetonitrile ligands
positioned cis to each other. Minimal variation of the cone angle
of the substituted phosphine ligands is observed, consistent
with previous literature reports.****®* Moreover, there are no
significant changes in the CH;CN-Ru-P bond angles or the Ru-
NCCH; bond lengths in 1-5, suggesting that the variation in
phosphine substitution does not result in a significant struc-
tural effect on the ground state of these complexes. Therefore, it
is expected that any differences observed in the photophysical
properties and photochemistry across the series would not be
related to steric effects that results from the variation of the
substituents on the phosphine ligand.

40
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Fig.3 Electronic absorption spectra of 1 (green), 2 (purple), 3 (black), 4
(red) and 5 (blue) in CH3CN.
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Photophysical properties and electrochemistry

The electronic absorption spectra of 1-5 were recorded in
CH3;CN at room temperature (Fig. 3), and the absorption
maxima (A,ps) and molar extinction coefficients (¢) are pre-
sented in Table 1. Complexes 1-5 featured a strong absorption
at ~285 nm that is independent of the substituent on the
phosphine ligand assigned as arising from a ligand-centered
bpy 'mm* transition, consistent with other Ru(i) complexes
containing bpy ligands.®* Additionally, a broad absorption band
is present in 1-5 with maxima at ~400 nm was attributed to
Ru(dm) — bpy(m*) metal-to-ligand charge transfer (MLCT),
consistent with that observed for cis[Ru(bpy),(CH;CN),]**
425 nm in CH;CN.*® The blue shift in the "MLCT absorption
energies observed in 1-5 upon substitution of one CH;CN
ligand in cis-[Ru(bpy),(CH;CN),]** with a phosphine is expected
based on related phosphine-containing Ru(u) complexes. For
example, the 'MLCT peak shifts from 427 nm in cis-
[Ru(bpy),(CH;CN),]** to 388 nm in 5 in H,O. The small shifts
observed in the "MLCT maxima of 1-5 are attributed to differ-
ences in the electron donating or withdrawing character of the
phosphine, which are expected to affect the energy of the
Ru(dm) orbitals. Complex 1 exhibits the lowest energy "MLCT
transition with a maximum at 410 nm, which can be compared
to those of 3 at 400 nm and 5 at 390 nm. These results are
consistent with the stabilization of the Ru(dw) orbitals with
increasing electron withdrawing character of the substituent on
the phosphine ligand.

Table 1 Electronic absorption maxima, A,ps, molar extinction coeffi-
cients, ¢, electrochemical reduction potentials, E15, and quantum
yields for ligand exchange, @400, for 1-5

Complex Agpe/nm (e/x10° M~ ' em™)  Ey,°v D 400°

1 286 (39), 410 (7.2) +1.52, —1.31, —1.49  0.077(2)
2 285 (39), 406 (7.0) +1.54, —1.31, —1.51  0.072(3)
3 283 (35), 402 (7.0) +1.53, —1.34, —1.53  0.065(1)
4 285 (39), 399 (7.2) +1.60, —1.32, —~1.50 0.057(1)
5 280 (35), 390 (7.2) +1.70, —1.26, —1.44  0.025(2)

“In CH;CN. ” In CH;CN (0.1 M BuyNPFg), vs. Ag/AgCl, scan rate =
100 mV s~ . ¢ In water (<5% acetone) at 298 K, A,y = 400 nm.
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Fig. 4 Cyclic voltammograms of (a) 1, (b) 2, (c) 3, (d) 4, and (e) 5 in
CHsCN vs. Ag/AgCL (0.1 M TBAPF6, scan rate = 100 mV s™4).

Room temperature luminescence was not detected, but
"MLCT excitation of 1-5 resulted in broad emission at 77 K in
CH;CN (Fig. S4-S871), assigned as arising from the Ru(dw) —
bpy(m*) *MLCT excited state. The maximum of the lowest
energy transition, Ey,, ranged from 525 to 540 nm (2.30-2.36 €V)
with no significant shift across the series, indicative similar
*MLCT energies. Additionally, the emission spectra of each
complex exhibited two lower intensity peaks at ~580 and
~630 nm, which correspond to a vibronic progression with an
energy separation of ~1200 cm™~ " typical for Ru(i) polypyridyl
complexes associated with aromatic ring vibrations of the bpy
ligands.***

The cyclic voltammograms of 1-5 are shown in Fig. 4 and the
observed half-wave reduction potentials, E;,, are listed in Table
1. Two reversible reduction waves were observed in 1-5 at about
—1.3 Vand —1.5 V in CH;3CN vs. Ag/AgCl (0.1 M Bu,PFg). These
reduction potentials are relatively invariant to the substituent
on the phosphine ligand and are assigned as arising from the
consecutive reduction of the two bipyridine ligands within each
complex.®® The reduction of bpy ligands bound to Ru(u) have
been previously reported at similar potentials, for example at
—1.26 V and —1.46 V vs. Ag/AgCl in [Ru(bpy),(PPh;)(CHs-
CN)J**.%* Complexes 1-5 also exhibit one reversible oxidation
within the measurement window at approximately +1.55 V vs.
Ag/AgCl that is dependent on the phosphine substituent (Table
1 and Fig. 4) and is assigned to the Ru"™"" couple, based on
published data for related Ru(u) polypyridyl complexes.*** In
agreement with the energy of the "MLCT absorption across the
series, the electron donating substituents -OCHj; in 1 and —-CHj;
in 2 shifts the Ru™" couple to more negative potentials, +1.52 V
and +1.54 V, respectively, making them easier to oxidize than 3.
In contrast, the -F and —CF; electron withdrawing substituents
make these complexes more difficult to oxidize, with E;,,(Ru™")
values of +1.60 V for 4 and +1.70 V for 5. It should also be noted
that the Ru™" oxidation potentials of 1-5 are all more positive
than that measured for cis{Ru(bpy),(CH;CN),J** under similar
conditions, consistent with the blue-shifted "MLCT absorption
maxima of the former complexes relative to the latter arising from
the presence of the phosphine.

12062 | Chem. Sci,, 2021, 12, 12056-12067

View Article Online

Edge Article

Electronic structure calculations

The energies of the highest occupied molecular orbitals
(HOMOs) and lowest unoccupied molecular orbitals (LUMOs) of
1-5 calculated using density functional theory (DFT) are shown
in Fig. 5. Comparisons of selected calculated and experimental
bond lengths and angles are listed in Tables S3-S71 and the
atomic coordinates as detailed in Tables S8-S12.f In each
complex, the LUMO is centered on the bpy(w*) orbitals and only
small changes in energy are predicted across the entire series,
consistent with the relatively constant value measured for the
first reduction potential across the series (Table 1). In general,
the electron density of the HOMO of each complex was centered
on the ruthenium ion. However, in 4 and 5 a greater degree of
mixing is calculated between the Ru(dw) orbital and P-C(c¥)
orbitals on the phosphine ligand, resulting in greater stabili-
zation of the Ru-based HOMO in these complexes. In this
manner, the electron donating ability of the phosphine
substituents plays a role on the energy of the HOMO across the
series, in good agreement with the observed trend in the metal-
centered oxidation in 1-5 (Table 1). The HOMO-LUMO energy
gaps are significantly smaller in 1 and 2 as compared to those
calculated for 4 and 5, consistent with the observed blue shift in
the increasing energy of the "MLCT absorption from 1 to 5.

Photochemistry

The ligand substitution photochemistry of complexes 1-5 was
investigated using electronic absorption and NMR spectros-
copies. The irradiation of 1 in water (<5% acetone) with visible
light, A;r = 395, results in a decrease of the "MLCT band
centered at 410 nm with the concomitant growth of a new peak
at 440 nm (Fig. 6). A similar red-shift in the "MLLCT absorption
peak was reported for the substitution of CH;CN with a solvent
H,0 molecule to generate the corresponding aqua Ru(u)
complex.® The complete conversion occurred within 80
seconds with two isosbestic points at 355 nm and 420 nm,
consistent with the formation of a single photoproduct. Similar
changes to the electronic absorption spectra are observed upon
the irradiation of 2-4 in H,O (A > 395 nm), as shown in
Fig. S9.f No spectral changes were observed for 1-5 in water
when the samples were kept in the dark at room temperature
under otherwise identical conditions (Fig. S10%), consistent
with their thermal stability.

8|
— — —
2 LUMO
5 of
2
w
-10 -
— — —
— HOMO
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Fig. 5 Calculated energies of the HOMO and LUMO for 1-5.
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Fig. 6 Changes to the electronic absorption spectrum of 1 upon
irradiation (t;,, = 0—80 s) in water (<5% acetone, A, > 395 nm).

Additionally, changes to the '"H NMR spectrum of 3 upon
irradiation (i = 395 nm) in CD;CN resulted in a decrease of
the resonance of coordinated CH3CN at 2.55 ppm with the
concomitant increase of that attributed to free acetonitrile at
1.96 ppm, with no other spectral changes (Fig. S117). A similar
*IP NMR experiment in CD;CN did not lead to any changes or
shifts in the triphenylphospine resonance upon irradiation (A;;,
= 395 nm). These results are consistent with the exchange of
CH;CN for the deuterated solvent and show that the photo-
chemistry arises solely from ligand exchange.

It should be noted that longer irradiation times were
necessary for ligand exchange to take place for 2-5 as
compared to 1 under similar experimental conditions. This
dependence is evident in the ~3-fold decrease in the quantum
yield for ligand exchange, ®,00, across the series listed in
Table 1, from 0.077(2) in 1 to 0.025(2) in 5 (j;; = 400 nm).
These data show that the quantum yield of ligand exchange is
dependent on the substituent on the ancillary phosphine
ligand, however, it is an unexpected trend based on the lower
energy "MLCT absorption of 1 as compared to 5. Instead, the
quantum yields of 1-5 can be correlated with the Hammett
para parameter (o,,) corresponding to the substituent on each
phosphine ligand and the results are shown in Fig. 7.°* The
linear relationship between @40, and o}, (R = 0.98) suggests
that the difference in the quantum yield values across the
series is strongly correlated to the electronic nature of the
phosphine despite being ancillary to the Ru(dr) — bpy(m*)
"MLCT transition and the CH;CN photodissociation. Simi-
larly, the pK, values of each substituted phosphine ligand can

0.1
0.0
-0.1

-0.2

log (@, / ;)

-0.3
04}

Fig.7 Hammett parameter plot of the relative values of ®@4q¢ for 1, 2, 4,
and 5, @,, relative to that of 3, @, as a function of g, values.
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also be correlated with the @,4, values (Fig. S127), as the pK,
values are an excellent representation of the changing elec-
tronic character across the series and are now known to serve
a substitute for Hammett parameters.>**®

Indeed, the fact that the value of @,,, increases as the '"MLCT
absorption shifts to lower energy is counter to the commonly
accepted viewpoint, since a lower in energy "MLCT absorption
is indicative of a lower probability of the population of the
dissociative *LF excited state(s) from the *MLCT.>>***> However,
recent work has shown that the photodissociation of acetoni-
trile behaves differently than other ligands, such as pyridine
and sulfoxides. In particular, it has been theorized that the
strength of the Ru-NCCH; bond relies on the ability of ruthe-
nium to backbond into the CH;CN(7t*) orbitals, which in turn is
highly dependent on the electron density on the ruthenium
metal center.*”*” The removal of electron density in the HOMOs
of 1 and 2 through interaction with the P-C(c*) orbital of the
phospine ligands weakens the Ru-P bond,*® especially in the
*MLCT excited state where an electron is removed from the
metal, resulting in more efficient ligand dissociation in these
complexes as compared to 4 and 5. It should be noted that
dynamic effects should also be considered, such as changes to
the orbital/state energies as the Ru-P bond elongates in the
*MLCT potential energy surface. Thus, from a combination of
spectroscopic and electrochemical data, the observed increase
of @,y with additional electron donating groups likely arises
from the electronic nature of each phosphine ligand and is not
due to steric differences among the complexes.

Cell viability and cell death mechanism

In order to understand how photochemical reactivity influences
the biological behavior of complexes 1-5, the compounds were
evaluated against triple-negative breast cancer MDA-MB-231
cells upon irradiation and under dark conditions. The MDA-
MB-231 cell line was chosen to benchmark phosphine-derived
complexes 1-5 against other photoactive Ru(i) complexes we
have evaluated in the past.***** Half effective concentration or
EC;, were determined, which is the measure of the concentra-
tion of compound needed to produce 50% of viable cells as
compared to the with vehicle control (1% DMSO in DMEM),
which was defined as 100% viability. A lower ECs, value of
a compound corresponds to a greater toxicity and the curves for
each complex in the dark and upon irradiation are shown in
Fig. S13-S17.%

MDA-MB-231 cells were incubated with 1-5, then the cells
were left in the dark or irradiated with 460-470 nm light (¢, =
20 min, 56 ] cm™>). After 72 h, cell viability was assessed using
the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide) assay. Interestingly, 1-5 were not toxic against MDA-
MB-231 cells in the dark under the limits of our experimental
conditions, limited by the maximum concentration permitted
by solubility in the growth media, 30 uM (Table 2). However,
upon irradiation with blue light, toxicity was significantly
increased for 3 and 5. Complex 3 showed an EC5, value of 7.0 &
1.4 M under irradiation as compared to ECL, >30 uM in the
dark, resulting in a phototherapeutic index, PI, greater than 4.2
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Table 2 ECsp and Log P values of 1-5 in MDA-MB-231 cells in the
dark, ECS,, and upon irradiation, ECL, along with the phototherapeutic
index (PI)

Complex ECDy* ECL,* pr® Log F*

1 >30 >30 — d

2 >30 >30 — —0.042 + 0.010
3 >30 7.0 £1.4 >4.2 —0.098 + 0.002
4 >30 >30 — 0.50 + 0.01

5 >30 1.6 + 0.3 >19 —0.29 + 0.01

“ Average of three independent experiments. ? PI = ECE/ECL,. ¢ Log P =
octanol : water partition coefficient, determined by shake flask method,
298 + 3 K, results are average of three independent experiments, errors
are standard deviations. ¢ Not determined.

(Table 2). Complex 5, bearing -CF; substituents, was >3-fold
more potent than 3, with EC5, = 1.6 + 0.3 uM upon irradiation
and a PI > 19 (Table 2). Importantly, this level of activity is ~10-
fold greater than that of oxaliplatin and cisplatin against MDA-
MB-231 cells, and more potent than a number of promising new
platinum and ruthenium compounds.””* Photoactivated 5
exhibits a 3-fold lower ECL, value against MDA-MB-231 cells
than [Ru(tpy)(Me,dppn)(py)](PFs). (Me,dppn = dimethylbenzo
[{]dipyrido[3,2-a:2',3'-c]phenazine), with EC5, = 4.6 + 0.5 uM,
a lead compound reported by us previously that generates 'O,
and releases pyridine.*®

As described earlier, when solutions of 1-5 are irradiated in
water, the CH;CN ligand in each complex is substituted with
a solvent H,O molecule, resulting in the corresponding Ru(u)
mono-aqua complex. It is evident from the data that irradiation
triggers growth inhibition effects for 3 and 5, which suggests
the Ru(n) aqua complexes [Ru(bpy),(L)(H,0)]** where L = PPh;
and P(p-CF;Ph); are major contributors towards toxicity in the
MDA-MB-231 cells. Additional experiments will be required in
the future to gain further understanding of the differences in
activities among the complexes, including cellular penetration
and subcellular localization, especially because complex 5
exhibits the lowest ligand exchange quantum yield in the series
(Table 1), but the greatest photocytotoxicity (Table 2).
Furthermore, cellular toxicity did not show a positive correla-
tion with Log P values (octanol : water partition coefficients,
Table 2), which are a measure of compound lipophilicity.
Higher Log P values are often associated with greater cellular
uptake for Ru(u) compounds.” In this case, complex 5 was the
most hydrophilic and also the most cytotoxic. It should be
pointed out, however, that the related complexes cis-
[Ru(bpy),(CH3;CN),]** and [Ru(tpy)(CH;CN);]** (tpy = 2,2":6/,2"-
terpyridine), both of which generate mono-aqua complexes
upon irradiation and bis-aqua products under further photol-
ysis, are not cytotoxic against in the dark or upon irradia-
tion.”>** This finding is consistent with the phosphine ligands
in 3 and 5, PPh; and P(p-CF;-Ph);, respectively, providing
enhanced cellular uptake and/or mitochondrial localization for
increased activity.>*3>>?

The ECs, experiments indicate that 5 is the most potent
inducer of triple-negative breast cancer cell death, and also
displayed the highest PI value. In order to gain more insight
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into the cellular behavior of complex 5 in MDA-MB-231 cells, the
mode of cell death was investigated. Various pathways are
known to induce cell death. Some of the major causes of cell
death are apoptosis, necrosis, necroptosis and cell death due to
production of reactive oxygen species (ROS). Apoptosis is a form
of programmed cell death and is known to be controlled by
caspases.” Cellular changes that include plasma membrane
blebbing, cell shrinkage and condensation of chromatin are
known to be some characteristic features of apoptosis.”* ROS
species such as superoxide radical, hydroxyl radical, and
hydrogen peroxide are known to be produced due to dysfunc-
tion of the mitochondria.” ROS generation results in degrada-
tion of proteins, lipids, and nucleic acids, eventually leading to
cell death by inducing apoptosis.” Necrosis is a form of passive
or uncontrolled form of cell death, characterized by the
rupturing of the plasma membrane. Necroptosis is a form of
programmed necrosis known to begin as apoptosis but to end
like necrosis, mediated by receptor-interacting protein kinase 1
(RIPK1) enzyme.”” Necrostatin (NEC) inhibits cell death that
proceeds via necroptosis,”® Z-VAD-FMK (ZVAD) inhibits
apoptosis through caspase inactivation, and N-acetyl cysteine
(NAC) inhibits cell death due to the production of ROS.”* Cell
rescue, or an increase in the cellular viability when cells are
cotreated with agents and respective cell death inhibitors, NEC,
ZVAD or NAC, as compared to treatment with the agents alone,
can support the action of individual cell death mechanism
pathways.

Control experiments confirmed when MDA-MB-231 cells
were treated with NEC (20 uM), ZVAD (20 pM) or NAC (5 mM)
alone, no toxicity was observed under dark or blue light irra-
diation (Fig. S18 and S197). Cotreatment of the cells with NEC
or NAC and complex 5 (2 uM) under irradiation (¢, = 20 min,
Airr = 460-470 nm, 56 J cm’z) did not cause any increase in
cellular viability as compared to 5 alone (Fig. 8). However,
cotreatment of the cells with complex 5 and ZVAD (20 pM)
showed statistically significant (P < 0.05) increase in cellular
viability (Fig. 8). In contrast, no changes in cell viability are
observed with the co-treatment of 5 with NEC, ZVAD, or NAC
when kept in the dark (Fig. S20%). The increase in cellular
viability on cotreatment of the cells with complex 5 and ZVAD
is consistent with complex 5 inducing apoptosis in MDA-MB-
231 cells upon irradiation.

1001 N
2 gof L
Xe] )
£ eof )
T 40}
)
X 20t

0

5 5+ 5+ 54+

NEC ZVAD NAC

Fig. 8 Viability of MDA-MB-231 cells treated with 5 (2 uM) alone and
co-treated with necrostatin (NEC), Z-VAD-FMK, N-acetyl cysteine
(NAC) followed by irradiation (t;, = 20 min, 4, = 460-470 nm, 56 J
cm™2). P values are vs. 2 uM 5; ***P < 0.01 **P < 0.05 *P < 0.10.
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Fig. 9 Flow cytometric analysis of MDA-MB-231 cells after 72 h treatment using Annexin V/propidium iodide staining, showing (a) vehicle
followed by irradiation, (b) vehicle without irradiation, (c) [Ru(thd)(tpy)(py)IPFg (6 uM), (d) H,O, (500 mM); (e) 5 (10 uM) without irradiation and (f) 5
(10 uM) with irradiation. Data are indicative of three independent experiments.

In order to gain more evidence that complex 5 causes cell
death through apoptosis, fluorescence-assisted cell sorting
(FACS) was utilized. In these experiments, MDA-MB-231 cells
were treated with vehicle (1% DMSO) alone as a negative
control, complex 5, H,O, as a necrosis positive control, or
[Ru(thd)(tpy)(py)]PFs (thd = 2,2,6,6-tetramethylheptane-3,5-
dione, py = pyridine), which serves as a positive control for
apoptosis.* Cells were treated with vehicle or 5 (10 uM) for 1 h,
then irradiated with blue light (¢, = 20 min, 2;;, = 460-470 nm,
56 J cm ™) or left in the dark for the same amount of time. The
cells were stained with Annexin V and propidium iodide (PI)
72 h after light irradiation and were analyzed by FACS. During
apoptosis, phosphatidylserine is translocated from the inner to
the outer leaflet of the cell membrane which facilitates binding
with Annexin V.*” Propidium iodide is non-permeable in healthy
cells but can enter cells when the integrity of the outer cell
membrane is compromised, which occurs during necrosis.**
Cells treated with vehicle alone under irradiation (Fig. 9a) or
dark (Fig. 9b) conditions, under dark conditions were viable,
showing minimal staining with Annexin V or propidium iodide
(>97% of population of cells in lower left quadrant). Cells
treated with [Ru(thd)(tpy)(py)]PFs (6 uM, Fig. 9c) showed
Annexin V staining but not PI uptake (>14% lower right quad-
rant), consistent with apoptosis, whereas cells treated with
H,0, (500 mM, Fig. 9d) showed heavy Annexin V and PI staining
consistent with necrosis (>85% of population in upper right
quadrant). Cells treated with 5 (10 pM, Fig. 9¢) under dark
conditions, showed Annexin V staining but not PI uptake (>26%
of population in lower right coordinate) similar to that of

© 2021 The Author(s). Published by the Royal Society of Chemistry

Fig. 9c, with a shift to significant Annexin V staining (>64% of
population in the lower right coordinate) upon irradiation
(Fig. 9f). The shifting of the cell population from the lower left
to the lower right quadrant under dark vs. irradiation condi-
tions is consistent with complex 5 inducing apoptosis in MDA-
MB-231 cells.

Conclusion

A series of phosphine-containing Ru(u) complexes of the type
cis-[Ru(bpy),(P(p-R-Ph);)(CH3CN)](PFe),, where R = -OCHj; (1),
-CH3; (2), -H (3), -F (4), and -CF; (5), was synthesized and their
ability undergo photoinduced CH;CN ligand exchange was
evaluated. Upon irradiation with visible light, the CH;CN ligand
exchanges with solvent water molecules, resulting in the
formation of the corresponding aqua complex with quantum
yields, @,00, ranging from 0.077(2) in 1 to 0.025(2) in 5. Complex
1 proved to be the most photoactive although its "MLCT
absorption possesses the lowest energy maximum and calcu-
lated HOMO-LUMO gap across the series. The para Hammett
parameter for the substituent on the phosphine ligand and the
phosphine pK, values correlate linearly with the value of @0,
pointing to an electronic influence on the photochemistry and
providing evidence of the role of electron density on the metal
to weaken the Ru-NCCH; bond through reduced m-back-
bonding. While 1-5 are nontoxic towards a triple negative
breast cancer cell line, complexes 3 and 5 exhibit >4.2- and >19-
fold increase in toxicity upon irradiation. A number of experi-
ments show that the photoinduced cell death by 5 is a result of
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apoptosis, not necrosis or necroptosis. This work provides
a new strategy for the design of ruthenium complexes for the
photoinduced release of cytotoxic ruthenium fragments that are
damaging to cancer cells, as well as nitrile-derived therapeutics.
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