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ABSTRACT: Ruthenium(II) polypyridyl complexes have gained
significant interest as photochemotherapeutics (PCTs) due to their
synthetic viability, strong light absorption, well understood excited
state properties, and high phototoxicity indexes. Herein, we report
the synthesis, characterization, electrochemical, spectrochemical,
and preliminary cytotoxicity analyses of three series of ruthenium-
(II) polypyridyl complexes designed to mimic PCTs. The three
series have the general structure of [Ru(bpy),(N—N)]** (Series
1), [Ru(bpy)(dmb)(N—N)]** (Series 2), and [Ru(dmb),(N—
N)]** (Series 3, where N—N is a bidentate polypyridyl ligand, bpy
= 2,2'-bipyridine, and dmb = 6,6'-dimethyl-2,2"-bipyridine). In the
three series, the N—N ligand was systematically modified to
incorporate increased conjugation and/or electronegative heteroatoms to increase dz-7* backbonding, red-shifting the lowest energy
metal-to-ligand charge transfer (MLCT) absorptions from A,,,, = 454 to A, = 580 nm, nearing the therapeutic window for PCTs
(600—1100 nm). In addition, steric bulk was systematically introduced through the series, distorting the Ru(II) octahedra, making
the dissociative *dd* state thermally accessible at room and body temperatures. This resulted in a 4 orders of magnitude increase in
photoinduced ligand ejection kinetics, and demonstrates the ability to modulate both the MLCT* and dd* manifolds in the
complexes, which is critical in PCT drug design. Preliminary cell viability assays suggest that the increased steric bulk to lower the
3dd* states may interfere with the cytotoxicity mechanism, limiting photoinitiated toxicity of the complexes. This work demonstrates
the importance of understanding both the MLCT* and dd* manifolds and how they impact the ability of a complex to act as a PCT
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agent.

B INTRODUCTION

Nearly half of all chemotherapeutics administered today are
derived from platinum-based drugs, commonly referred to as
platins.' > While these drugs remain widely used, they still
suffer from major drawbacks, most notably harsh side-effects
due to limited selectivity of malignant cells over healthy
ones."™ Photochemotherapy (PCT) and photodynamic
therapy (PDT) attempt to overcome these drawbacks by
utilizing a compound that is minimally or nontoxic in the dark
and in its native state, but becomes cytotoxic under
illumination due to a photoinduced reaction. This provides
spatiotemporal control of toxicity within the body, ultimately
limiting the harsh side-effects associated with traditional
platins.'"~"

PDTs rely on the photoinduced excited state electron
transfer (type I) or excited state triplet energy transfer (type
II) to generate reactive oxygen species inside the cellular
microenvironment, triggering oxidative cell death."® While this
technique has found use in clinical oncology, the widespread
use of PDTs has been limited due to the hypoxic nature of
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tumor cells and lack of strong light absorption in the near-IR,
therapeutic window (600—1100 nm)."*~*' PCTs overcome
the limitation of hypoxia in tumorous cells by relying on the
photoinduced release of a therapeutic reagent, making them
oxygen-independent.””**™*° Ru(II) polypyridyl complexes
have received significant attention as PCTs due their synthetic
viability, relatively long-lived triplet metal-to-ligand charge
transfer excited states (MLCT*), and well understood
photophysical behavior.'%*'~*

Ru(II) PCTs act by either releasing a known cytotoxic
reagent from the coordination sphere””*'™* or by generating
a disolvated activated metal species that can have cisplatin-like
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Figure 1. Photoinduced ligand ejection from Ru(II) center to
generate disolvated species.

PCTs must absorb light and undergo their photoinduced
reactions in the near-IR region, as this light penetrates skin
much deeper than blue light due to scattering from biological
molecules.”’ While near-IR ligand ejection has been reported
for several Ru(II) PCTs, these complexes still have relatively
low oscillator strengths at wavelengths >500 nm and typically
focus on the ejection of a monodentate ligand as opposed to
bidentate ligand ejection required for metalation of
DNA,*02#2930414649752 pinally - the compounds must be
stable in the dark in solution for extended periods and be
soluble in biological (aqueous) medium for both clinical
viability and photoreactivity with water.

With this in mind, we recently reported a detailed analysis of
a series of Ru(1I) polypyridyl complexes designed to absorb
near the therapeutic window while also introducing steric bulk
around the metal center to trigger photoinduced ligand loss.””
However, we demonstrated that traditional ligand design
strategies to red-shift MLCT absorptions by lowering the
energy of the 7 orbitals also impacted ligand dissociation
kinetics by limiting the accessibility of the dissociative *dd*
states. Photoinduced ligand ejection in Ru(Il) octahedral
polypyridyl complexes requires thermal population of the
formally antibonding *dd* states from the MLCT* excited
states.” 7> This is typically achieved by increasing steric
bulk around the Ru(II) center, which distorts the pseudo-
octahedral, lowering the energy of the 3dd* states. However, if
the SMLCT* state is lowered enough, it can make the thermal
barrier (AEpld, see Figure 2) to the *dd* states inaccessible,
effectively turning off photoinduced ligand ejection and
ultimately the ability of the complex to act as a PCT agent.”’

Expanding upon this understanding and interplay between
the MLCT* manifold energies and dissociative 3dd* states, we
set out to design three new series of Ru(I) complexes that
allow control over light absorption, thermal stability, photo-
activation kinetics, and ultimately photoinduced cytotoxicity.
The complexes have the general structure of [Ru(bpy),(N—
N)J** (Series 1), [Ru(bpy)(dmb)(N—N)]** (Series 2), and
[Ru(dmb),(N—N)]** (Series 3, where N—N is a bidentate
polypyridyl ligand, bpy = 2,2'-bipyridine, and dmb = 6,6'-
dimethyl-2,2’-bipyridine, see Figure 3). The N—N ligand was
designed to incorporate increased conjugation and/or electro-
negative heteroatoms within the ligand framework which
lowers the energy of ligand 7% orbitals, increasing their 7%-
acceptor ability, and resulting in lower MLCT energy
absorptions.”*°™>® Through the series, steric bulk is also
systematically introduced by the addition of dmb ligands,
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Figure 2. General excited state diagram of Ru(II) polypyridyl
complexes showing electronic excitation (red), rapid intersystem
crossing (ISC, orange), thermal or electronic relaxation (green), and
an activation barrier for photoinduced ligand ejection (AE,y).

which distorts the Ru(II) octahedral, making the dissociative
3dd* states more thermally accessible. This demonstrates the
importance of understanding ground and excited state energies
and how they can impact the ability of a complex to act as a
PCT agent. Finally, preliminary cell viability studies suggest
additional steric bulk around the Ru(II) metal center and on
the photoreleased ligand can inhibit cytotoxic behavior.

B RESULTS AND DISCUSSION

Ligand Synthesis. 2,2'-Bipyridine (bpy), 6,6'-dimethyl-
2,2'-bipyridine (dmb), and 2,2’-biquinoline (bqn) were
purchased form Fischer Scientific and used without further
purification. 2,2'-Bipyrizine®” (bpz) and 2,2-biquinoxaline®”
(bgx) were synthesized as previously reported. 2,2'-Bi(1,8-
naphthyridine) (bnn) was synthesized in 12% yield using a
Friedlinder condensation of 2-amino-3-formylpyridine and
2,3-butandione in the presence of a base catalyst (Scheme 1).
Detailed experimental information is provided in the
Supporting Information.

Complex Synthesis. All complex syntheses and manipu-
lations were carried out in the dark to eliminate photo-
reactions. In addition, all of the complexes were isolated as
their chloride salts, which were used for all of the analysis
reported herein except for the electrochemical experiments
where the complexes were converted to their PFq salts via
metathesis to avoid chloride interference in the electro-
chemistry. Purity of the complexes was confirmed by NMR
and EA with the data reported in the Supporting Information.
It is also important to note that all of the complexes are readily
soluble in aqueous media (>200 yM), which is an important
aspect for biological applications.

Series 1 complexes were prepared following a previously
reported procedure as their chloride salts by the reaction of
Ru(bpy),CL" with 1 equiv of the corresponding N—N ligand
in 1:1 EtOH/H,0 in a microwave oven reactor at 140 °C for 1
h.*” The reaction progress of all of the series of complexes was
monitored by UV—vis spectroscopy by the disappearance of
the Ru(X)(Y)Cl, (where X and Y are bpy or dmb) starting
material and the appearance of the absorption peaks for the
tris-ligated complexes. All complexes were then purified by size
exclusion chromatography (Sephadex LH-20 or Sorbadex S-25
fine) using 1:1 H,0:CH;0H as eluent, where like fractions,
identified by UV-—vis, were combined to yield the pure
complexes as their chloride salts.
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Figure 3. Structures of [Ru(bpy),(N—N])>* (S1), [Ru(bpy)(dmb)(N—N)]** (S2), and [Ru(dmb),(N—N)] (83) complexes investigated in this

study.

Scheme 1. Synthesis of bnn Ligand
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The tris-heteroleptic nature of Series-2 complexes made
their synthesis more challenging and required a step-by-step
approach of putting each polypyridyl ligand on the Ru(II)
center (Scheme 2) This was achieved by first reacting [Ru(n®-
benzene)(Cl),],°" with 2 equiv of bpy in MeOH according to
a reported procedure to generate the [Ru(n®-benzene)(bpy)-
(C1)]Cl intermediate.*® The dmb ligand was then added by a
modified reported procedure”® in the presence of excess LiCl
to prevent the formation of tris-ligated species, giving the
Ru(bpy)(dmb)Cl, intermediate in 66% yield. Finally, the
corresponding N—N ligand was then added to the Ru(II)
center following the same procedure as that for Series 1
complexes. To the best of our knowledge, this is one of the
most straightforward and high-yielding synthetic preparations
for tris-heteroleptic ruthenium compounds reported. Full
details are provided in the Supporting Information.

$3-bpy, S3-bpz, and S3-bqn complexes were synthesized by
a slightly modified procedure as that for the Series 1
complexes. For these complexes, the dichlororuthenium(II)
cyclooctadiene polymer®” was reacted with two equivalents of
dmb in o-dichlorobenzene at 190 °C to generate the
Ru(dmb),Cl, intermediate in 71% yield. Ru(dmb),Cl, was
then reacted with one equivalent of bpy, bpz, or bqn to
generate their respective Series 3 complexes (Scheme 3).
However, this final step did not work with the final two ligands
bgx and bnn. S3-bnn was successfully synthesized in 18% yield
by reacting Ru(dmb),Cl, with one equivalent of bnn in the
presence of two equivalents AgNO; to abstract the chloride
ions from the coordination sphere (see Supporting Informa-

tion for full details). However, despite multiple attempts using
a variety of reaction conditions and solvents, S3-bqx was not
successfully synthesized in quantifiable yields. This suggests
that the strong electron-withdrawing nature of the bgx ligand,
along with the added steric bulk of the two dmb ligands,
resulted in a relatively unstable complex.

Figure 4 shows representative 'H NMR data of S1-bnn, S2-
bnn, and $3-bnn in D,0 with all NMR data reported in the
Supporting Information. Both S1-bnn and S3-bnn shifts are
consistent with C, symmetry with corresponding protons in
the aromatic region appearing at the same chemical shifts for
the bpy and dmb ligands, respectively. In addition, this
symmetry is also observable with the methyl resonances in S3-
bnn with two equal resonances, one where the attached
pyridine ring is opposite the other dmb ligand and the other
opposite the bnn ligand. However, as expected, this symmetry
is broken in heteroleptic S2-bnn with all aromatic and methyl
resonances appearing at different chemical shifts. The aromatic
resonances of S1-bnn are slightly more deshielded than those
of §2-bnn and $3-bnn due to the electron donating nature of
the methyl groups.

Electrochemistry. The electrochemical properties of each
complex were analyzed in dry CH;CN (0.1 M TBAPF;
supporting electrolyte, where TBAPF = tetrabutyl ammonium
hexafluorophosphate) by cyclic and square-wave voltammetry.
It should be noted that each complex was first converted to its
PFq salt prior to analysis to remove interference from the CI~
ions (see Supporting Information for details). All of the
electrochemical data are reported in Table 1.

All complexes exhibit reversible [Ru]*/?* redox couples (eq
1) with E, /, values ranging from 1.18 V for S1-bnn to 1.64 V
for $2-bgx (vs SCE). For the same N—N ligand across the
series, there is little impact on the [Ru]**/?* redox potential,
demonstrating that the addition of the dmb ligands across the
series does not significantly impact the Ru(II) dz° energy
levels. As an example, the redox potential of the [Ru]**/**
couple in the bqn complexes across the series only varies by
0.05 V, as shown in Figure SA. The same trend across the
series is also observed in the three ligand-based reductions,

Scheme 2. General Synthesis of Heteroleptic S2 Complexes
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Scheme 3. General Synthesis of S3 Complexes
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Figure 4. '"H NMR spectra in D,0 at 22 °C of S1-bnn (red, bottom), S2-bnn (green, middle), and S$3-bnn (blue, top) at 400 MHz.

where the addition of the dmb ligands does not significantly
impact reduction potentials. This is demonstrated by all three
of the reversible ligand-based reduction potentials for the bqn
complexes appearing at similar potentials (see Figure SB and

Table 1).

[RuIII(be)Z(N _ N)]3+ + e - [RuH(bpy)z(N - N)]2+
(1)

In contrast, redox potentials within a single series vary
significantly as the N—N ligand changes. As an example, the
[Ru]**/?* redox couple in Series 2 varies from 1.25 V for S2-
bpy to 1.64 V for $2-bgx (vs SCE, see Figure 6A). This shift is
due to the increased conjugation and/or addition of electro-
negative heteroatoms across the N—N ligands. This lowers the
energy of the 7* orbitals of the N—N ligand, resulting in
increased dz-7* backbonding from the Ru(Il) center to the
N-N ligand, stabilizing the dz° electronic configuration, and
ultimately increasing the redox potential for the [Ru]**/**
couple.’**~% However, the same trend is not observed for
the bnn ligand across all three series. While the bnn ligand has
a significant amount of conjugation and electronegative
heteroatoms, the additional nitrogens are oriented toward

8429

the Ru(Il) center as opposed to away from in the case of bqx.
This allows the additional nitrogens in bnn to donate electron
density to the Ru(II) center, stabilizing the Ru(IIl) oxidation
state, and lowering the [Ru] 3+/2+ redox potential (see Figure 6
and Table 1).°” This is also supported by the fact that for the
bnn complexes, the [Ru]**/>* potential increases in the order
of S1-bnn < S2-bnn < S3-bnn where the additional methyl
groups in Series 2 and 3 limit the interactions of the extra
nitrogens in the bnn ligand with the Ru(II) center (see Table
1).

Ligand-based reduction potentials also vary significantly
within a series as the N—N bond is changed. Specifically, the
variation in the first reduction potential ([Ru]*"/*, 0.98 V) is
considerably larger than the differences in the second
([Ru]*®*, 0.49 V) and third reduction ([Ru]”'", 0.16 V)
for Series 2 (see Figure 6 and Table 1). This demonstrates, as
expected, that the first reduction is largely N—N ligand
centered (eq 2) due to the lower lying 7* orbitals of the N—-N
ligand, where the second and third reductions occur mainly on
the bpy and dmb ligands of the complexes (eqs 3 and 4).>” All
of the complexes have more positive [Ru]**/* redox potentials
compared to the [Ru(bpy);]** analogs in the series, again due

https://doi.org/10.1021/acs.inorgchem.4c00922
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Table 1. Electrochemical Properties of all Complexes in N,
Deaerated CH;CN (0.1 M TBAPF, Electrolyte)”

ompound  (Ral¥2)  (Raf) (el (o)
S1-bpy 1.29 -1.35 -1.55 -1.78
Sl-bpz 1.54 —0.88 —1.44 —1.68
Sl-bqn 1.37 —-0.92 —1.38 —1.69
Sl-qu 1.60 —0.46 —1.08 —1.61
S1-bnn 1.18 —0.76 —-1.24 —1.84
S2-bpy 1.26 ~1.39 —1.59 -1.85
SZ-bpz 1.54 —0.88 —1.47 —1.70
SZ-bqn 1.37 —0.94 —1.46 —1.78
SZ-qu 1.64 —0.46 —1.10 —1.70
S2-bnn 1.23 —-0.73 —1.23 —1.86
SS-bpy 1.32 —1.39 —1.64 —1.92
SS—bpz 1.57 —0.85 —1.47 -1.71
S3-bqn 1.42 —0.94 —1.43 —1.84
S$3-bnn 1.24 —0.79 —1.32 —-2.00

“In CH;CN deaerated with N, for 10 min, 1 mM in complex and 0.1
M TBAPF; supporting electrolyte. The complexes were converted to
the PFq salt prior to analysis. GC working electrode, graphite rod
counter electrode, and Ag/AgNO; (0.01 M AgNO; with 0.1 M
TBAPF, in CH;CN) reference (values were adjusted to agree with
literature values for [Ru(bpy);]3*/** at 1.29 V vs SCE).***"%>% g,
values from differential pulse voltammetry.

to the lower lying 7*-orbitals of the N—N ligand compared to
bpy or dmb. In general, the more conjugation and/or
electronegative heteroatoms on the N—N ligand, the more
positive the [Ru]*"/* redox potential due to the lowering of the
7*-orbitals.

[RuH(bpy)(dmb)(N - N)]2+ + e

Unexpectedly, the first reduction potentials of S1-bnn and
§2-bnn are ~0.3 V more negative than those of the
corresponding S1-bgx and S2-bgx complexes, despite both
ligands having the same amount of conjugation and electro-
negative heteroatoms. The free bnn ligand has a slightly more
negative reduction potential (—1.44 V vs SCE) compared to
the free bgx ligand (—1.29 V vs SCE, see Figure S1). In
addition, there is likely increased dz-7* backbonding from the
Ru(II) metal center into the bnn ligand compared to the bqx
ligand given the orientation of the extra nitrogens in bnn,
resulting in a more negative [Ru]**/* redox couple. This is
supported by the observed lowering of the [Ru]**/?** redox
potential in the bnn complexes compared to bqx complexes,
suggesting significant interactions between the Ru(II) metal
center and the four bnn nitrogens.

UV-—vis Absorption. All of the complexes in water yield
intense 7 — 7* absorption features below 350 nm (¢ ~ 4.0 X
10*~7.0 X 10* M™' cm™). The complexes that incorporate
bqn, bgx, and bnn ligands also feature lower energy and
structured absorption transitions between 350—450 nm that
are attributed to the [dz® ] — [dz® 7,*]" transitions of the N—
N ligands.”® All complexes also exhibit broad, lower-energy
MLCT bands that range from 400 to 600 nm (e = 4.1 X 10°—
4.1 x 10°* M™' ecm™), which as mentioned, is an important
feature of moving absorption into the therapeutic window
(600—1100 nm) for PCTs. These transitions are assigned as
[dz®] = [d7° m,*]" excitations from the Ru(II) metal center to
the polypyridyl ligands.>"****% Complexes that incorporate
the bpz, bqn, bgx, and bnn ligands all demonstrate splitting of
their MLCT manifolds due to transitions from the Ru(II)
center to the bpy (or dmb, eq 5) ligands and N—N (eq 6)
ligand 7*-orbitals for the higher and lower energy transitions,
respectively.”"*’

- [RuH(bpy)(dmb)(N - NI (2)
. B [Ru"(bpy),(N — N)I** + hv
[Ru"(bpy)(dmb)(N — N*7)]* + e T e e
. .o = [Ru"(bpy"")(bpy) (N — N)] (s)
~ [Ra"(bpy®")(dmb)(N — N*7)] ®
[Ru"(bpy® ") (dmb)(N — N*7)]° + e~ [Ru"(bpy),(N — N)I** + hv
- [RuH(bpy°_)(de_)(N - N°_)]1_ (4) - [Rum(bpy)2 (N — N°_)]2+* (6)
1T T 1T —TTT —TTT LI L R L DN L R I NNNL L L LR L NNL R R B LB LA
A) g T T T T ] B) i E
] — S1-bgn ] 3
. - S2-b - E
E —ss»bg: é 1 3
E 1 & | ]
o 7 i ° e
I 1 N ]
gé § g ] ]
S ] ] ] ]
4 . i 2 i
:""l""l“"]‘"'l""l""l""l“"_ 1 T T T T T T T T T T T T T T T I_
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Figure S. (A) Cyclic voltammograms acquired at 100 mV/s for 1 mM solutions of S1-bqn, $2-bqn, and $3-bqn in N, deaerated CH;CN with 0.1
M TBAPF, supporting electrolyte. GC working electrode, graphite rod counter electrode, and Ag/AgNOj reference electrode (0.01 M AgNO; with
0.1 M TBAPF, in CH;CN). Values were adjusted to agree with literature values for [Ru(bpy);]>*/?* at 1.29 V vs SCE.%®
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Figure 6. Cyclic voltammograms acquired at 100 mV/s for 1 mM solutions of S2-bpy, S2-bpz, S2-bqn, S2-bgx, and S2-bnn in N, deaerated
CH;CN with 0.1 M TBAPF supporting electrolyte. GC working electrode, graphite rod counter electrode, and Ag/AgNOj; reference electrode
(0.01 M AgNO; with 0.1 M TBAPF, in CH;CN). Values were adjusted to agree with literature values for [Ru(bpy);]**/** at 1.29 V vs SCE.®®

Similar to the electrochemical behavior, through the series
for the same N—N ligand, the energies of the MLCT
transitions do not shift significantly. This is shown in Figure
7 where the bnn complexes only vary from A, = 578 nm for

60,000

40,000

20,000

Molar Absorptivity (M' cm™)

o

300 400 500 600
Wavelength (nm)

200 700

Figure 7. UV—vis spectra of S1-bnn, S2-bnn, and S$3-bnn in H,O at
22 °C.

S1-bnn to A, = 578 nm for $3-bnn (also see Table 2). This
suggests that the incorporation of the dmb ligands through the
series, in addition to the increased steric bulk around the
Ru(II) metal center, does not significantly impact the Ru(1I)
dz® nor the N—N r*energy states. However, the intensity of
the bands does decrease with the addition of dmb ligands. This
is attributed to slightly weaker coordinative bonds to the
Ru(II) center due to the increased steric bulk, resulting in less
efficient charge transfer.”’

In contrast, the energies of the MLCT transitions are
significantly altered within a series by varying the N—N ligand
through the increase in conjugation and/or introduction of
electronegative heteroatoms. These variations lower the energy
of the N—N sx*-orbitals, which increases the z*-acceptor
ability of the ligand, resulting in increased dm-z* back-
bonding.*"***° This results in lower energy MLCT absorption
features throughout the series, with the general trend through
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all series being bpy > bpz > bqn > bgx > bnn. Figure 8 shows
the UV—vis spectra for all of the Series 2 complexes, with the
spectra of all of the complexes shown in Supporting
Information, and major features listed in Table 2.

The ground state absorption differences between the
complexes that incorporate bqx and bnn ligands deserve
more discussion. For example, $2-bqx shows a A, yrcr = 560
nm with §2-bnn being A, \qcr = 575 nm. Despite both the
bgx and bnn ligands having the same amount of conjugation
and electronegative nitrogen atoms, they demonstrate differ-
ences in both their electrochemical and their absorption
properties. This is because the nitrogens on the bnn ligand are
oriented toward the Ru(II) center, allowing them to donate
electron density, ultimately increasing the energy level of the
Ru dr° electron configuration. This results in a less positive
oxidation potential for the Ru**/** redox couple (see Table 1)
for the bnn complexes compared to the bgx complexes, and
also decreases the energy gap between the Ru-dz° and bnn-z*
orbitals. As a result, the [dz°] — [dz° 7;*]' MLCT absorption
feature for the bnn ligand complexes are lower in energy
throughout the series (Table 2).

Photoinduced Ligand Ejection. A key aspect of the PCT
phototoxicity mechanism is the loss of a bidentate ligand under
illumination to trigger DNA-metalation and ultimately
apotosis.””**”"7* We previously reported and discussed the
critical interplay between thera}peutic window absorption and
photoinduced ligand ejection.”” The series reported herein
extends this work by moving the MLCT absorptions near the
therapeutic window, while also systematically introducing
steric bulk around the Ru(II) metal center to modulate
photoinduced ligand ejection kinetics. The rate constant for
photoinduced ligand dissociation (kpld) was measured at both
22 and 37 °C (average body temperature) using the apparatus
shown in Figure SS. The UV—vis spectra of each complex were
taken at known time intervals during illumination with white
light to determine k4 (see Supporting Information for full
details).

Representative UV—vis spectra of S1-bnn, S2-bnn, and S3-
bnn under illumination at 37 °C are shown in Figure 9 with all
of the spectra shown in the Supporting Information (Figures
S6—S8). As shown in Figures 9 and S6—S8, there is a strong
dependence on both the steric bulk around the Ru(II) metal
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Table 2. Spectroscopic and Photoinduced Ligand Ejection L L
Properties for all Complexes - ] ]
‘g 60,000 .
absorbance A (nm) (e, ki sHe@ ki V@ ki fit o i — S2-bpy 3
compound ~ X10° M~' em™) 22°C 37°C Enm)L i N — S$2-bpz ]
= E —— S2-bgn -
S1-bpy 454 (11.6) < ] — S2bax 3
417 (8.7) £ 40,0007 S2-bnn ]
286 (69.9) '-g_ g ]
S1-bpz 486 (7.3) 5 ] ]
406 (8.5) 3 1 .
281 (47.2) < 20,0007
S1-bgn 527 (5.6) 45X 107  52x107° 5274 E b 7
440 (5.8) 2 ] \l/&\, ]
287 (40.6) 0] ]
$1-bgx 563 (5.9) T T T T T T T T T T
405 (16.7) 200 300 400 500 600 700
383 (17.4) Wavelength (nm)
285 (412) Figure 8. UV—vis absorption spectra of $2-bpy, $2-bpz, $2-bqn, S2-
S1-bnn §75 (7.4) bqx, and S2-bnn in H,O at 22 °C.
440 (8.0)
349 (26.9)
285 (54.6) extent and rate of photoinduced ligand ejection. A brief
S2-bpy 455 (11.9) 70X 107 73X 107 457 summary of all of the spectra reveal; (1) for Series 1, only the
425 (8.7) S1-bgn complex shows measurable photodissociation, (2) in
285 (67.9) Series 2 the S2-bpy and S2-bqn complex show complete
$2-bpz 485 (9.5) dissociation in 60 s with $2-bnn showing minor dissociation at
410 (11.1) 37 °C, and (3) all Series 3 complexes demonstrate measurable
285 (56.7) dissociation at 22 and 37 °C (see Table 2 and Figures S6—S8).
$2-bgn 526 (6.7) 53%x 107 LIX102 379 In addition, all complexes (except $3-bqn) have a faster kg at
440 (4.9) higher temperatures. $3-bqn repeatedly showed slightly slower
291 (34.5) kinetics at elevated temperatures suggesting the reaction was
$2-bqx 560 (7.6) near barrierless at the temperatures studied herein or the
405 (21.2) differences in rates were within the experimental error. It
385 (22.0) should also be noted that all of the complexes showed no
275 (39.2) dissociation in water and no or minor dissociation in the cell
$2-bnn 575 (8.7) <1078 582 culture medium for at least 30 days (Figure S12).
440 (9.7) In general and as expected, the rate of photoinduced ligand
346 (29.8) dissociation increases through the series for the same N—N
285 (57.4) ligand as the steric bulk around the Ru(II) center increases.
$3-bpy 460 (10.1) 22x107°  28x107° 460 For example, S1-bnn shows no observable ligand ejection over
428 (7.6) the hour-long photolysis, $2-bnn undergoes minimal ligand
295 (48.1) ejection over the hour, where S3-bnn shows complete ligand
$3-bpz 500 (9.3) 9.5 % 107  22x10° 415 ejection in less than 60 s (Figure 9). The increased steric bulk
415 (11.6) in $3-bnn lowers the energy of the formally antibonding *dd*
290 (43.0) state, making it thermally accessible at the temperatures
$3-bqn 520 (6.7) 1L9x 107 17X 107  356° analyzed (see Figure 2). A more detailed description of the
440 (6.7) kinetics and excited state processes will be presented in the
300 (454) next section. Analysis of the spectra of S$3-bnn under
$3-bnn 580 (4.1) 50X 107 64x107° 580 irradiation shows a decrease in intensity of the [dz°] — [d7°
440 (5.5) 7,*%(bnn)]' MLCT transition at 580 nm as well a decrease in
325 (192) the [dz°] — [d7° #,*(bnn)]® transitions around 380 nm. The
300 (29.1) resulting spectrum for S3-bnn, as well as all of the other

“Measured in H,0. “Measured in H,O monitored over time during
irradiation with light from a GLORIOUS-LITE 30 W LED (240 W
halogen equivalent, 3000 LM, broad spectrum) placed S cm above the
sample while stirring (see Figure SS). “Wavelength chosen for kinetic
fits to reduce the interferences from the photoproduct absorption and
maximize sensitivity of the measurement (highest ¢). 9Fit over the
full-hour photolysis due to the reaction being much slower. “Note this
was the best wavelength to monitor despite significant overlap
between the starting material and photoproduct.

center (Series 1 — Series 3) and the amount of conjugation
and/or electronegative heteroatoms on the N—N ligand on the
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compounds that undergo photoinduced ligand ejection, are
similar to those reported for diaquated ruthenium(II)
complexes.””*””>~7°> This suggest ejection of one of the
bulkier N—N or dmb li§ands from the coordination sphere
under irradiation (eq 7).”
[Ru"(bpy),(N = N)I** + hv
— [Ru"(bpy),(OH,),I’" + N - N 7)

Photolyzed samples of S1-bqn, S2-bqn and S$3-bqn were
subjected to high-resolution electrospray mass spectrometry in
an attempt to fully characterize the photoproducts. Analysis of

https://doi.org/10.1021/acs.inorgchem.4c00922
Inorg. Chem. 2024, 63, 8426—8439


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c00922/suppl_file/ic4c00922_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c00922/suppl_file/ic4c00922_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c00922/suppl_file/ic4c00922_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c00922?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c00922?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c00922?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c00922?fig=fig8&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.4c00922?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

70,000

60,000 60,000

)
)

@
o
=}
s}
=}

40,000

30,000

n w N @
e o o 9
o o =} o
=] s} =} s}
=] =} =} =}

n
o
[=)
=]
=]

Molar Absorptivity (M cm
Molar Absorptivity (M cm

10,000 10,000

0sec
10 sec

o

—— 6min

70,000

60,000

)

N o
e o
=} =}
S =}
=} =}

N w
E= S =4
=} [=)
S =]
=} I=]

Molar Absorptivity (M cm’

10,000

300

400 500 600

Wavelength (nm)

300

400
Wavelength (nm)

500 600 300 400 500

Wavelength (nm)

600 700

Figure 9. Absorption spectra of complexes S1-bnn (A), S2-bnn (B), and S$3-bnn (C) in 3 mL H,O at 37 °C monitored over time during
irradiation with light from a GLORIOUS-LITE 30 W LED (240 W halogen equivalent, 3000 LM, broad spectrum) placed S cm above the sample

(see Figure SS).
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Figure 10. First-order fits (red lines) for photoinduced ligand dissociation of In(concentration) versus time for $2-bqn at 22 and 37 °C (A), S1-
bnn, S2-bnn, and $3-bnn at 37 °C (B), and S2-bpy and S2-bpz at 22 °C (C).

the S1-bqn spectra shows a signal at m/z = 257.1068,
corresponding to the protonated photoejected bqn ligand and
no evidence of free bpy (see Figure S11). Spectra of S2-bqn
and S$3-bqn photolyzed samples display both a signal at m/z =
257.1069 as well as a larger one at m/z 185.1071,
corresponding to the protonated photoejected dmb ligand.
This demonstrates that for the Series 2 and 3 complexes, both
the dmb and N—N ligand are able to be photoejected from the
coordination sphere. Attempts to characterize the ruthenium
species following illumination proved to be more challenging
using this method. This is possibly due to continued
photoreaction of the diaquated species, such as the formation
of neutral, high-valent, ruthenium oxo species from the Ru(II)-
aqua photoproducts, under extended photolysis condi-
tions.”’® This is supported by the appearance of
[Ru"(bpy),(OH),]** (m/z = 448.0460) in the photolysis
sample of SI-bqn and [Ru'(bpy)(dmb)(0),]** (m/z
474.0619) in the photolysis sample of S2-bqn (see Figure
S11). Future studies will focus on fully characterizing the
ruthenium species throughout the photolysis period to better
understand speciation during illumination.

The kinetics for photoinduced ligand ejection were fit to a
first order reaction equation for all of the complexes that
underwent quantifiable ligand dissociation with rate constants
(kyq) reported in Table 2 at 22 and 37 °C and representative
fits shown in Figure 10 (all fits are shown in the Supporting
Information). In general and as expected, k,q increases with
increasing temperature. For example, k4 for $2-bgn is 5.3 X
107 and 1.1 X 107> s™" at 22 and 37 °C, respectively (see
Figure 10A). Also, as expected, k4 generally increases across
the series from Series 1 to Series 3 (see Figure 10B). As an
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example, S1-bnn shows no observable photoinduced ligand
ejection, with $2-bnn having k4 < 1075 s7" (the small changes
in the spectra made quantifying k4 not possible) and $3-bnn
ko = 6.4 X 1073 s7! at 37 °C. This is due to increased steric
bulk around the Ru(II) center distorting the pseudo-
octahedral, lowering the energy of the formally antibonding
*dd* states and making them thermally accessible from the
SMLCT* excited states.”>*™>°

However, steric bulk and the energies of the 3dd* states are
not the only considerations for ligand ejection kinetics, as
SMLCT?* excited-state energies also play a critical role.”” As an
example, S2-bpy undergoes complete ligand ejection within 60
s under these conditions with k4 = 4.5 X 1073 s7 at 22 °C.
However, S2-bpz, despite having little to no difference
sterically, and thus similar *dd* energies, shows no measurable
photoreaction under the same conditions (see Figure 10C and
Table 2). The bpz ligand has lower lying 7*-orbitals due to the
extra electronegative nitrogen atoms compared to those of bpy.
This lowers the energy of SMLCT* excited state, increasing the
activation energy barrier (AEPld, energy gap for photoinduced
ligand dissociation, see Figure 2) between the *MLCT* and
3dd* states, making them inaccessible at these temperatures.’”
A more detailed description of this phenomenon is presented
in the next section.

Unexpectedly, both S3-bpy and S3-bqn demonstrated
slightly lower k4 values compared to those of S§2-bpy and
$2-bqn. This could be attributed to the MLCT* — 3dd*
electron transfer moving into the Marcus inverted region,
lowering k4 despite having a larger free energy loss in the
photoreaction.‘?’4 However, more experimentation is needed to
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Figure 11. Representative excited state diagrams of the ruthenium polypyridyl complexes through the series with the same N—N ligand. Note the
relative energy of the MLCT* state does not change, but there is a lowering of the *dd* state through increased steric bulk.

confirm this hypothesis and is outside the scope of the present
study.

Controlling Photoinduced Ligand Dissociation. The
demands on clinically used PCTs are high, including high
thermal stability in the dark in both the solid form and in
solution, facile ligand ejection kinetics under illumination,
aqueous solubility, and high cytotoxicity activity upon
illumination. Due to these demands, the aim of this study
was to not only move the MLCT absorptions near and into the
therapeutic window but also control photoinduced ligand
ejection kinetics while balancing thermal stability. This has
been achieved through the series described herein by carefully
controlling both the MLCT manifolds, the *dd* state energies,
and ultimately the activation energy (AEPld) between these two
states.

Upon initial photoexcitation into the 'MLCT?* excited state,
the complexes rapidly undergo intersystem crossing into a
SMLCT* state, which can then relax back to the ground state
or thermally populate the formally antiboding metal-centered
3dd* state (sometimes referred to as the *MC state), triggering
ligand dissociation (see Figure 2). Note that the extent of
thermal relaxation into the *MLCT* state is expected to be
similar across the series.”” The final electron transfer into the
3dd* state can be described as a dz’dz*' — dr’do*!
transition.”">>”"~"” Ligand ejection from the 3dd* state is
rapid compared to relaxation back to the MLCT manifold
and/or ground state.”****>®' Through the series with the
same N—N ligand, k4 increases significantly with increasing
steric bulk. For example, k4 increases at least 4 orders of
magnitude through the series for the bnn ligand in the order
$1-bnn (<107 s7!) < $2-bnn (<107 s7}) < S$3-bnn (6.4 X
107 s7') at 37 °C. As discussed above, this is due to distorting
the pseudo-octahedral, lowering the *dd* states and making
them thermally accessible (decreasing AE, ) from the
SMLCT* excited states (Figure 11).21937%5 Note that the
SMLCT#* energies do not change significantly through the
series for the same N—N ligand, as supported by both the
electrochemical and absorption data.

A similar phenomenon is also observed within a series for
varying N—N ligands and the accessibility of the *dd* states.
However, in this case, the steric considerations and therefore
the 3dd* state energy levels stay relatively the same, but the
MLCT?* manifolds shift with varying ligands. For instance, S2-
bgn has k ;g = 1.1 X 1072 57" at 37 °C where $2-bqx shows no
observable photodissociation. While both complexes have the
same steric bulk around the Ru(II) metal center, the additional
nitrogens on the bqx ligand lowers the energy of the MLCT
manifolds by ~0.14 eV, increasing the activation energy
(AE,q) into the dissociative *dd* state, and shutting off
photodissociation at these temperatures (Figure 12).

A S$2-bgn S2-bqgx
3MLCT*

Energy

AEpig

Figure 12. Representative excited state diagrams of the ruthenium
polypyridyl complexes through the series with varying N—N ligand.
Note that the relative energy of the dd* state does not change, but
lowering of the SMLCT#* manifold through introduction of electro-
negative heteroatoms and/or conjugation.

Cytotoxicity Assays. Preliminary MTT (3-[4,5-dime-
thylthiazol-2-y1]-2,5 diphenyl tetrazolium bromide) dye
reduction assays were used to analyze the potential biological
activity of all of the complexes against human embryonic
kidney (HEK293T) cell cultures with and without illumina-
tion. Briefly, HEK293T were seeded into 96-well plates and
dosed with varying concentrations of the complexes. The
cultures were then either exposed to white light for 10 min or
covered from irradiation in situ (see Supporting Information
for full experimental details). All of the cell viability assays for
each complex in the dark and under illumination are shown in
Figure S12 and summarized in Table SI. Figure 13 shows
representative data of each complex at 100 M with and
without illumination.

Analysis of the cell viability data shows that all of the
complexes reported herein are minimally toxic in the dark and
in their native state. In addition, as expected, complexes that
do not undergo facile photoinduced ligand ejection do not
show increased toxicity under illumination. However, un-
expectedly, not all of the complexes that undergo facile
photoinduced ligand ejection demonstrated toxicity under
illumination. Control experiments with cisplatin and etoposide
did not show light dependence on toxicity, suggesting that
illumination alone would not trigger cell death.

Only S2-bpy (PTI = 3.9), $3-bpy (PTI = 1.6), S2-bqn (PTI
= 24), and S$3-bqn (PTI = 3.1) showed a statistically
significant photoinduced toxicity index (PTL, ratio of IC 4
over IC iy see Table S1). S2-bpy showed the highest PTI of
all of the complexes, although our measured PTT’s are
significantly lower than those reported for the same complex
on HL60 leukemia (PTI = 188) and A549 lung (PTI = 136)
cancer cells by Glazer and co-workers.”> The PTIs observed for
the complexes reported herein are also lower than other
recently reported Ru(Il) PCTs such as the Ru(II) cytochrome
P450 3A4 inhibitor reported by Toupin et al. (PTI = 9),** a
trisheteroleptic Ru(II) complex that inhibited conjunctival
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Figure 13. Percent change in HEK293T cell viability of 100 zM of each complex either illuminated with a GLORIOUS-LITE 30 W LED (240 W
halogen equivalent, 3000 LM, broad spectrum) placed 10 cm above the sample (light, red bars) or covered in situ from illumination (dark, black

bars). Etoposide and cisplatin (20 M) were included as positive controls.

melanoma growth in zebrafish reported by Chen et al. (PTI =
31),* and [Ru(bpy),(pz),]** derivatives (where pz =
pyrazole) against AS49 cells reported by Hirahara et al. (PTI
= 7.3).*" However, a direct comparison between PTIs is
difficult given the wide range of experimental variables
including cell line, growth medium, irradiation source,
distance, flux, and time. This is demonstrated by the lowered
PTIs for S2-bpy in our experiment compared to the conditions
used by Glazer and co-workers.

In an effort to elucidate the cytotoxicity mechanism of the
complexes with the highest PTI’s, Western blot and
immunofluorescence microscopy experiments were completed.
Histone H2AX phosphorylation mediated by the ATR/ATM
kinase cascade is a common marker of damaged DNA in
cells.**~* H2AX phosphorylation was analyzed by Western
blot as a function of treatment with cisplatin, S1—S3 bpy, bqn,
and bnn complexes under irradiation. As shown in Figure S14,
H2AX phosphorylation is relatively low in mock-treated cells
but increases upon the addition of cisplatin. Incubation of cells
with the Ru(II) complexes following irradiation resulted in
increases in H2AX phosphorylation relative to mock treatment,
with the S$3-bqn sample resulting in the highest level of
phosphorylation. In addition, immunofluorescence microscopy
was used to investigate the histone phosphorylation phenotype
for cells treated with the compounds that showed the highest
PTIs. Treatment of the cells with cisplatin, S2-bpy, S2-bqn,
and S3-bqn resulted in formation of distinct nuclear foci of
H2AX phosphorylation, indicative of DNA damage centers
(Figure S15). Taken together, these results suggest that the
compounds with the highest PTIs cause DNA damage under
irradiation, which likely contributes to their cytotoxic effects.

Interestingly, S2-bpy demonstrated a 2.4X increase in PTI
compared to S3-bpy, despite both complexes showing
complete ligand dissociation in less than 1 min under
illumination. This suggests that the additional steric bulk in
the photoproducts, both the Ru(1I)-diaquated species and the
ejected ligand, can inhibit toxicity and ultimately PCT
behavior. This is supported by the fact that majority of the
complexes that exhibit facile photoinduced ligand ejection due
to increased steric bulk around the Ru(II) center (Series 2 and
Series 3) do not show significant increased toxicity under
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illumination. In addition, the smallest metal photoproduct
likely released in all of the complexes is [Ru(bpy),(OH,),]*
from the S2-bpy complex, which resulted in the highest PTI in
this study.”” This suggests that the diaquated-Ru(II) metal
center needs to be relatively unobstructed to interact with the
DNA base pairs, which leads to cellular apopotosis.”*** Finally,
both S2-bgn and S3-bgn show increased toxicity under
illumination where the other complexes with similar k4 do
not, suggesting the bqn ligand may act as a DNA intercalator
causing cell death. Further studies are needed to better
understand the cytotoxic behavior of these complexes and to
determine why the bulkier complexes may be inhibited within
the cellular microenvironment. While these data demonstrate
that addition of steric bulk around the Ru(Il) metal center
facilitates photoinduced ligand ejection, it may also lead to
inhibited PCT behavior.

B CONCLUSIONS

We have described here the synthesis, characterization,
electrochemical, spectrochemical, and preliminary cytotoxicity
analyses of three series of ruthenium(II) polypyridyl complexes
designed to mimic PCTs. The complexes were designed to
incorporate increased conjugation and/or electronegative
heteroatoms within the ligand frameworks to lower the ligand
7* orbitals and move absorptions near the therapeutic window.
The lowest energy MLCT absorption maximum was red-
shifted from A,,, = 454 nm for S1-bpy to 4, = 580 nm for
S$3-bnn. In addition, steric bulk was also systematically
introduced throughout the series by the incorporation of
dmb ligands, distorting the Ru(II) octahedral structure and
making the dissociative *dd* state thermally accessible at room
and body temperature. Photoinduced ligand ejection kinetics
increased by at least 4 orders of magnitude throughout the
series. Furthermore, the incorporation of the sterically bulky
dmb ligands did not significantly alter the ground state or
excited state manifolds involved in redox chemistry and light
absorption. These findings are important in understanding the
ground and excited state energies with respect to PCT agents.
However, it appears that the addition of steric bulk around the
Ru(II) metal center inhibits the cytotoxic behavior of the
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photoproducts, ultimately limiting the PCT activity of these
complexes.
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