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Functionalization of a Ru(ii) polypyridine complex with an
aldehyde group as a synthetic precursor for photodynamic
therapy

Photodynamic therapy has attracted considerable attention in
recent decades for its potential in treating various cancers and
infections, including bacterial, fungal, and viral. However, a major

challenge for many compounds is their poor tumour accumulation,

which hinders their therapeutic efficacy. To overcome this,

this study presents the chemical synthesis and photophysical
characterization of a Ru(i) polypyridyl complex functionalized
with an aldehyde group, designed as a precursor for further
conjugation. The compound was shown to catalytically generate
singlet oxygen with high quantum yields upon light irradiation.

Image reproduced by permission of Johannes Karges from
Dalton Trans., 2025, 54, 6411.
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Photodynamic therapy has garnered significant attention over the past decades for its potential in treating
various types of cancer, as well as bacterial, fungal, and viral infections. However, current clinically
approved photosensitizers based on a tetrapyrrolic scaffold face notable limitations, including low water
solubility, slow body clearance, and photobleaching. As a promising alternative, Ru(i) polypyridyl com-
plexes have emerged due to their favorable photophysical and biological properties (i.e., reactive oxygen
species generation, high water solubility, and biocompatibility). Despite these attractive properties, the
vast majority of compounds are associated with poor tumor accumulation, representing a major hurdle
for therapeutic applications. To overcome this limitation, herein, the chemical synthesis and photophysical
evaluation of the functionalization of a Ru(i) polypyridyl complex with an aldehyde group, as a synthetic
precursor for further conjugation, is reported. To ensure that the intrinsic chemical reactivity of the alde-
hyde group remains unaffected by the coordination environment to the metal center, a phenyl spacer
was strategically introduced between the central ligand framework and the aldehyde functionality.
Computational studies indicated that upon excitation of the metal complex, an excited state electron
from the ruthenium ty4 orbital is transferred to the n* ligand orbital in a metal-to-ligand charge transfer
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transition. The compound was found to be highly stable under physiological conditions as well as upon
irradiation. Upon light exposure, the metal complex was found to efficiently convert molecular oxygen to
singlet oxygen. These findings highlight the potential of the aldehyde functionalized Ru(i) polypyridyl
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Introduction

Cancer, a disease caused by genetic mutations leading to
uncontrolled cell division, can develop in any tissue, spread
through metastasis, and result in organ failure." Despite rising
cancer mortality rates since the 1970s, advances in targeted
treatments have slowed the rate of increase, with lung, pros-
tate, and breast cancer remaining leading causes of death
globally. Modern cancer treatments primarily include chemo-
therapy, radiotherapy,”> and immunotherapy,® each with
unique mechanisms to target cancer cells. However, these
methods often affect normal cells as well, leading to signifi-
cant side effects, highlighting the need for more selective and
less toxic approaches.*”’
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complex as a versatile precursor for photodynamic therapy.

As a complementary medicinal technique, photodynamic
therapy (PDT) is emerging for the treatment of various types of
cancer (ie., lung, bladder, esophageal, and brain cancer), as
well as bacterial, fungal, and viral infections.>® The thera-
peutic mechanism of PDT involves a photosensitizer (PS),
oxygen, and light.’® Upon light irradiation, the PS is uplifted
to an excited singlet state and subsequently undergoes inter-
system crossing to an excited triplet state.'' In this state, the
PS can facilitate the generation of reactive oxygen species
(ROS) by two pathways.' In the type I pathway, the PS interacts
with nearby substrates, transferring electrons to produce rad-
icals such as superoxide or hydroxyl radicals. In the type II
pathway, energy is transferred to molecular oxygen (*0,), gen-
erating singlet oxygen (*0,).">'* Most photosensitizers interact
with their biological environment predominantly through the
type Il mechanism."® Due to their high reactivity and short life-
time, ROS are capable of impacting the biological milieu
within an approximate radius of 100 nm.'® To date, the
majority of investigated and clinically approved PSs are based
on a tetrapyrrolic scaffold (porphyrin, phthalocyanine, chlorin,
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bacteriochlorin).’”'® Despite their high clinical success,
these compounds are associated with several limitations
including poor water solubility, poor (photo-)stability,
and slow clearance from the body, leading to prolonged photo-
sensitivity in patients.’® Among emerging alternatives, Ru(u)
polypyridine complexes have gained increasing attention due
to their attractive photophysical and biological properties,
such as high water solubility, excellent chemical and photo-
stability, strong luminescence, large Stokes shifts, and efficient
'0, production.>*>* Notably, the PS TLD-1433, developed by
the McFarland group, is currently studied in phase II clinical
trial as a PDT agent for the treatment of bladder cancer.”®?’
Despite their excellent potential as PSs, both tetrapyrrolic
and Ru(u) polypyridyl-based PSs generally suffer from poor
selectivity toward cancer cells.*® As a result, high drug doses
are often required, increasing the risk of side effects.>® Ideally,
the PS should remain non-toxic in the absence of light, but
induce cellular damage upon irradiation.® However, due to
the strong scattering of light by skin and tissue during
treatment, and the practical difficulty of precisely irradiating
only the tumor site, surrounding healthy tissue is often
affected.’® To address these challenges, conjugating PSs to
tumor-targeting groups is essential to improve selectivity and
reduce off-target effects. While several conjugates of PSs to
tumor-targeting groups have been previously reported, the con-
jugation of these inherently different molecules remains
challenging.

To address this limitation, this study reports on the chemi-
cal synthesis and photophysical evaluation of a Ru(u) polypyri-
dyl complex functionalized with an aldehyde group, serving as
a synthetic precursor for further conjugation. To preserve the
intrinsic chemical reactivity of the aldehyde group, a phenyl
spacer was strategically introduced between the central ligand
framework and the aldehyde functionality to mitigate any
influence from the metal coordination
Computational studies revealed that, upon excitation, an elec-
tron from the ruthenium t,, orbital is transferred to the
ligand’s n* orbital by a metal-to-ligand charge transfer tran-
sition. Experimental analyses demonstrated that the complex
exhibits high stability under physiological conditions and
upon light irradiation. Importantly, the metal complex efficien-
tly generated 'O, from 20, upon light exposure. These findings
underscore the potential of the aldehyde functionalized Ru(u)
polypyridine complex as a versatile precursor for photo-
dynamic therapy applications.

environment.

Results and discussion
Synthesis and characterization

Ru(m) chloride was reduced to Ru(u) using ethanol as a redu-
cing agent and solvent. The coordination sphere of the metal
was further saturated with dimethyl sulfoxide to yield the
metal complex [Ru(dimethyl sulfoxide),Cl,] (1). The resulting
compound was then refluxed in N,N-dimethylformamide with
two equivalents of 1,10-phenanthroline and an excess of
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lithium chloride. The product [Ru(1,10-phenanthroline),(Cl),]
(2) was obtained upon precipitation with acetone. The
extended aldehyde functionalized bipyridine ligand (3) was
prepared by Suzuki-Miyaura coupling reaction from 4-Bromo-
2,2"-bipyridine and 4-formylphenyl boronic acid in the pres-
ence of [1,1'-Bis(diphenylphosphino)ferrocene]palladium(u)
dichloride using a previously reported protocol.’*** The
desired Ru(u) polypyridine complex [Ru(1,10-phenanthro-
line),(4-(2,2"-bipyridyl)benzaldehyde)|[PFs], (4) was synthesized
by heating a mixture of compounds 2 and 3 at reflux tempera-
ture in a water/ethanol mixture overnight (Scheme 1). The
metal complex was isolated upon precipitation as a hexafluoro-
phosphate salt from water using ammonium hexafluoro-
phosphate. All compounds were characterized using NMR
spectroscopy, mass spectrometry, elemental analysis and
analytical HPLC (Fig. S1-S127).

Pharmacological properties

The solubility of the metal complex was assessed using
dynamic light scattering measurements. A stock solution of
the metal complex was prepared in dimethyl sulfoxide and
subsequently diluted in phosphate-buffered saline (PBS) to
achieve a final dimethyl sulfoxide concentration of 0.1%.
Dynamic light scattering measurements were conducted to
monitor the formation of any precipitates or particles. No evi-
dence of particle formation or aggregation was detected, indi-
cating that 4 exhibited good aqueous solubility under physio-
logical conditions. A solubility test in 9:1 PBS/DMSO revealed
a maximum solubility of 25 mg mL™" in aqueous solution
(Fig. S13t). Therefore, 4 possesses good water solubility com-
pared to tetrapyrrolic clinically approved photosensitizers
(Table S17).

A suitable compound for biological applications should
possess both lipophilic and hydrophilic properties.®*
Hydrophilicity is crucial for ensuring the compound’s solubi-
lity in biological media, while lipophilicity aids its transpor-
tation across cell membranes, facilitating efficient cellular
uptake.’® To assess the lipophilic and hydrophilic character-
istics of compound 4, the octanol/PBS partition coefficient
(Log P) was determined. The metal complex 4 was found
mainly in the octanol phase, indicating lipophilic properties
(Log P=1.67 + 0.04).

(Photo-)stability

The stability of compounds under physiological conditions is
essential for their biological applications to ensure a safe and
effective therapeutic outcome, as undesired degradation
can reduce efficacy and cause side effects. To assess the stabi-
lity of the metal complex under such conditions, compound 4
was incubated in water for up to 48 hours and the absorption
profile consistently monitored. The absorption spectrum
showed no noticeable changes (Fig. S15%), indicating that
the metal complex remained stable under physiological
conditions.

The potential decomposition upon light irradiation was
subsequently investigated, as previous studies have shown that

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Synthesis of the aldehyde functionalized Ru(i) polypyridine complex [Ru(1,10-phenanthroline),(4-(2,2'-bipyridyl)benzaldehyde)][PF¢l,
(4). a) (i) EtOH, 3 h, reflux; (i) DMSO, 2 h, 150 °C; b) 1,10-phenanthroline, LiCl, DMF, overnight, reflux; c) water/dioxane (1: 4), 4-formylboronic acid,
Pd(dfpp),-DCM, K,COs3, 6 h, reflux; d) H,O/EtOH (1:1), overnight, reflux. All metal complexes were isolated as the respective hexafluorophosphate

salts.

the stability of metal complexes can be affected by
light exposure.®® This evaluation is particularly important, as
the majority of currently approved PDT agents exhibit signifi-
cant photobleaching effects. The complexes were subjected to
continuous irradiation at 420 nm, and their absorption
spectra was monitored over time. [Ru(2,2-bipyridine);]** was
used as a positive control while Photofrin served as a negative
control. A comparison of the spectra revealed that metal
complex 4 exhibited photobleaching effects within a similar
range to those observed for [Ru(2,2-bipyridine);]** (Fig. S16-
S187).

Photophysical properties

To evaluate the potential of compound 4 as a PS for PDT, its
absorption characteristics were investigated using UV/Vis spec-
troscopy. In PDT, the excitation wavelength of a photosensiti-
zer is a critical factor, as it directly influences the tissue pene-
tration depth of light. Longer excitation wavelengths allow for
deeper tissue penetration, which is particularly important
for targeting large or deeply located tumors. The absorption
spectrum of compound 4 in acetonitrile revealed an intense
absorption band centered at 290 nm (& = 20.6 M 'cm™" x 10?),
along with two weaker bands at 385 nm (¢ = 5.7 M~' em™" x
10%) and 455 nm (e = 8.1 M™' em™" x 10%) (acetonitrile: Fig. 1,
PBS: Fig. S14f). A direct comparison with the parent
complex [Ru(2,2"-bipyridine);]** demonstrated that compound
4 exhibits an approximately 45 nm stronger red-shifted absorp-
tion peak.’” Notably, compound 4 also displayed a significant
absorption tail extending into the red region, which could be
advantageous for enhanced light penetration into the tissue.

This journal is © The Royal Society of Chemistry 2025

The emission of the metal complex in acetonitrile or PBS
was measured following excitation at 290 nm. Complex 4
exhibited an emission maximum centered at 620 nm, corres-
ponding to a large Stokes shift, which indicates minimal
overlap between excitation and emission (acetonitrile: Fig. 1,
PBS: Fig. S14+).

Theoretical studies

To gain a deeper understanding of the photophysical mecha-
nism, density functional theory (DFT) and time-dependent
density functional theory (TD-DFT) calculations were per-
formed using B3LYP functional. Organic atoms were modelled
with 6-31G(d) and ruthenium with LANL2DZ basis set. These
calculations enabled the assignment of the respective bands in
the absorption spectrum. The metal complex displayed a pro-
minent absorption peak centered at 290 nm, which was attrib-
uted to a ligand-centered (LC) transition. In contrast, the
lowest energy transitions at 385 and 455 nm were identified as
having a distinct metal-to-ligand charge transfer (MLCT) char-
acter, as confirmed by the analysis of the excited state density
(Fig. 2).%8

To get an understanding of the charge transfer length of
the MLCT the difference in density between ground state and
vertical excited states was computed (Fig. 3).>° This allows the
visualization of areas undergoing density increase/decrease
(green/red) during the excitation process. Hereby, an increase
in density is representative for the acceptor regions of the
molecule while a density decrease depicts donor moieties. To
obtain quantitative information about the charge transfer dis-
tance, the barycenters of the density depletion and increase

Dalton Trans., 2025, 54, 6411-6418 | 6413
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(left) Normalized absorption spectrum of 4 in acetonitrile. (right) Emission spectrum of 4 in acetonitrile upon excitation at 290 nm.
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Fig. 2 Highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) + 4 of 4. The molecular orbitals were
obtained using the triple-zeta functional B3LYP. Organic atoms were modelled with 6-31G(d) and ruthenium with LANL2DZ basis set.

regions were calculated. These barycenters offer a straight-
forward visualization of the hole and electron positions for the
examined transitions. The electron density hole is localized in
the ruthenium center as expected, while the density increases
on the ligand bearing the aldehyde functionality, which is con-
sistent with the characteristics of an MLCT transition (ES1,}

6414 | Dalton Trans., 2025, 54, 6411-6418

ET1). In the case of ES3 a MLCT to the phenanthroline ligand
can be observed, showcasing a shorter Dcr.

To maximize the quantum yield and thereby the likelihood
of an energy transfer between the excited triplet state sensitizer
and ground-state molecular oxygen the intersystem crossing
energy is of fundamental importance.® Only if the intersystem

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Plots representing the difference in density between excited singlet, vertical excited triplet state and ground state. Depicted are the first (ES
=1,1=490 nm, f = 0.013 a.u.) and third (ES = 3 1 = 457 nm, f = 0.001 a.u.) vertical singlet transition as well as the first vertical triplet transition (ET =
1; 2 =530 nm, f = 0.000 a.u.) together with the corresponding DCT values (in A). Green regions show the increase in electron density upon excitation
and red regions the density decrease. Corresponding barycenters are depicted in green (increase) and red (decrease). Atoms color scheme: C-grey,

H-white, N-blue, O-red, Ru-light blue.

crossing energy is greater than 0.2 eV, the triplet state cannot
equilibrate back to the excited singlet state.*' To calculate if
the energy gap of 4 is big enough, the energy of the
excited singlet state was calculated to be 2.53 eV (4 = 490 nm,
blue light excitation), whilst the energy of the excited triplet
state is 2.09 eV (593 nm), yielding an ISC energy of 0.46 eV
(Fig. 4). Therefore, the obtained ISC energy is above the 0.2 eV
benchmark. The obtained T; — S, transition energy corres-
ponds to a wavelength of 593 nm predicting emissive pro-
perties with dark yellow color. These results match the
obtained emission maxima of around 600 nm (Fig. 1). This
gap is energetically distinctive enough to enable effective inter-
action between molecular oxygen and the metal complex to
generate ROS.

To confirm the potential for further functionalization of the
metal complex at the aldehyde group, an electrostatic potential
map was calculated. The results revealed that the coordina-
tively saturated ruthenium center carries a positive charge
(blue), while the negative charge (red) is concentrated at the
aldehyde group. These observations confirm the aldehyde
functionality as a reactive site, making it well-suited for further
chemical modifications (Fig. 5).

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Jablonski diagram of 4.

Singlet oxygen production

The ability of complex 4 to transfer energy from its excited
triplet state to molecular oxygen, leading to the photo-catalytic
production of singlet oxygen, was investigated. Singlet oxygen
formation was spectroscopically monitored in acetonitrile and
PBS by tracking the decrease in absorbance of N,N-dimethyl-4-

Dalton Trans., 2025, 54, 6411-6418 | 6415
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Fig. 5 Electrostatic potential map of 4, calculated using the Hirshfeld method. Regions of negative charge are depicted in red, while positive
charge is shown in blue.
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Fig. 6 Changes in the absorption spectrum of the singlet oxygen scavenger system N,N-dimethyl-4-nitrosoaniline and imidazole (in acetonitrile)/
histidine (in PBS). Insets represent the correlation of absorption changes with irradiation time, fitted using linear regression (full size: Fig. S197). Top
left: Complex 4 in acetonitrile. Top right: Reference in acetonitrile. Bottom left: Complex 4 in PBS. Bottom right: Reference in PBS.
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nitrosoaniline at 420 nm (acetonitrile) and 440 nm (PBS) in
the presence of complex 4, both in the dark and under light
irradiation (450 nm). No significant changes in the absorption
spectrum were observed when N,N-dimethyl-4-nitrosoaniline
was incubated with complex 4 in the dark or when only N,N-
dimethyl-4-nitrosoaniline alone was irradiated. However, when
complex 4 was present, the absorbance intensity of N,N-
dimethyl-4-nitrosoaniline rapidly decreased upon irradiation
(Fig. 6), indicating efficient singlet oxygen generation. A
quantum yield of @yecn > 0.95 in acetonitrile and Ppgs = 0.25
in PBS was obtained for 4. Therefore, complex 4 demonstrated
a higher singlet oxygen production than the reference and
parent complex [Ru(2,2-bipyridine);][Cl],. These findings
emphasize complex 4’s ability to generate singlet oxygen upon
light irradiation, suggesting its potential as a photosensitizer
for photodynamic therapy applications.

Conclusion

In summary, this study reports on the chemical synthesis and
photophysical evaluation of a novel Ru(u) polypyridyl complex
that incorporates an aldehyde moiety, positioning it as a prom-
ising synthetic precursor for photodynamic therapy appli-
cations. The compound was found with a high water solubility
and (photo-)stability, ensuring its structural integrity under
biological conditions. Computational studies offered valuable
insights into the complex’s electronic structure and excited
state properties. The metal complex displayed a strong absorp-
tion peak around 290 nm, which was attributed to a ligand-
centered transition. The lower energy transitions centered at
385 and 455 nm were identified as metal-to-ligand charge
transfer transitions. In the excited triplet state, the electron
density was shifted from the ruthenium center on the
extended ligand containing the aldehyde functionality.
Importantly, the complex demonstrated to efficiently transfer
energy from its excited triplet state to molecular oxygen,
thereby catalyzing the production of singlet oxygen.
Furthermore, an electrostatic potential map was calculated,
revealing important details about the charge distribution
within the complex. The ruthenium center was a positively
polarized while the aldehyde group was negative polarized.
These observations underscore the aldehyde group as a reac-
tive site, making it a suitable synthetic handle for further
chemical modifications. Future research will focus on conju-
gating this complex with other therapeutic agents or tumor-
targeting groups to enhance its anticancer efficacy.

Data availability

The data supporting the findings of this study are available
within the article and its ESL.
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