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Two novel carbonylchlorido complexes for photodynamic therapy
(PDT), RuCOCI and OsCOCI, were synthesized via a unified synthetic
strategy. Comparative photophysical, computational and
preliminary biological studies reveal the crucial influence of the
metal in governing their PDT performance, highlighting the
potential of this largely underestimated class of complexes for PDT
applications.

Ruthenium(ll) polypyridyl complexes (RPCs) have long stood as
the photosensitizers (PSs) of choice as inorganic compounds for
photodynamic therapy (PDT),»> mainly thanks to the rich
chemical-physical repertoire, encompassing tunable
photophysical properties, efficient singlet oxygen (103)
generation and interaction with key biological targets.®’
However, in recent years Osmium(ll)-based complexes have
emerged as a promising alternative,1! offering superior
properties in terms of red-shifted absorptions,%12 spin-orbit
coupling and chemical stability.!13 Yet, despite these
advantages, their actual potential over Ru(ll) analogues still
remains largely unexplored, owing to the limited number of
direct comparative investigations on the role of the metal in
translating these features into tangible benefits for PDT.

Prompted by this scenario, herein we present a comparative
study of two novel Ru(ll) and Os(ll) carbonylchlorido complexes,
namely RuCOCI and OsCOCI, featuring the polypyridyl ligands
4,4'-dimethyl-2,2'-bipyridine (Mezbpy) and
benzo[ildipyrido[3,2-a:2’,3'-c]phenazine (dppn) (Scheme 1).
Although carbonylchlorido complexes are well known for
different applications, spanning from carbon dioxide
reduction¥1® to hydrogen production,'”'® their use in PDT
remains, to the best of our knowledge, unexplored, leaving an
important gap to be fulfilled. Incorporation of the dppn ligand
in the two complexes is intended to enhance their PDT potential
by enabling long-lived 3IL (3rtrt*) states for 10, sensitization, red-
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shift the absorption and facilitate membrane permeation.1®-2!
From a synthetic point of view, among the various strategies for
the preparation of heteroleptic Ru(ll) carbonylchlorido
complexes [Ru(NN)(N’N’)COCI]* (NN and N’N’ = different
polypyridyl chelates) one of the most straightforward was
described by Spiccia et al.,?? key
photodecarbonylation step of a dicarbonyl [Ru(NN)(CO).Cl:]
intermediate (Scheme S1, ESI). However, this route is not

involving a

straightforward for Os(Il), owing to higher-energy d-d states and
stronger CO back-bonding that hinder photodecarbonylation.?3
Alternative methods replacing this step with chloride-triflate
exchange have been indeed explored, although they lead to the
dicarbonyl products rather than the desired carbonylchlorido
analogues (Scheme S2, ESI).2* The different nature of the two
metals therefore makes a unified synthetic method a non-trivial
task yet essential to compare their reactivity. To this end, we
developed a new strategy, applicable to both metals, for the
preparation of analogous carbonylchlorido complexes (Scheme
1).

As shown, and described in detail in the ESI (paragraph 1), the
first step afforded the polymeric precursors [Ru(CO),Cl;], (1a)
and [Os(C0),Cl;]n (1b) by refluxing RuCls-:3H,0 with formic acid
and paraformaldehyde, in line with literature for 1a??2 and with
slight modifications from Keene et al. for 1b.?* These showed
similar reactivity in step Il, coordinating Me;bpy in alcoholic
solvent to give [Ru(Me2bpy)(CO)2Cl3] (2a) and
[Os(Mezbpy)(CO),Cl;] (2b), both of them showing cis-dicarbonyl
trans-dichloro configuration, according to literature and in line
with the C,y molecular symmetries of NMR analysis (Figs. S1-2,
ESI).222* RuCOCI and OsCOCI were then obtained by chemical
decarbonylation of 2a and 2b, which were reacted with dppn in
2-methoxyethanol in the presence of trimethylamine N-oxide
(TMAO) as decarbonylating agent, leading to the final

complexes as hexafluorophosphate salts, following KPFg
precipitation (step Ill). The overall yield over three synthetic
steps was 29% for RuCOCI and 18% for OsCOCI. Ru(ll) and Os(Il)
complexes were obtained as nearly 1:1 mixtures of trans-CO
and trans-Cl isomers, as shown by NMR data and consistent
with literature (Figs. S3, $5-6, S8, ESI,).242> HR-(ESI) MS analysis
further confirmed the identity of compounds, as denoted by the

isotopic patterns of the mono positively charged [RuCOCI-PF¢]*
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Scheme 1. Synthetic strategy for the obtaining of carbonylchlorido complexes RuCOCI and OsCOCI.

and [OsCOCI-PFg]*, centered at 681.07566 and 771.13319 (m/z
= 1) (Figs. S4, S7, ESI). Isomer separation was not achievable
chromatographically, however, a trans-CO enriched mixture
(67:33), referred to as OsCOCI-67, was obtained by exploiting
their different solubilities in acetone and dichloromethane (Fig.
S8, ESl); this sample was also included in the chemical-physical
analysis of Fig.1.

The introduction of a controlled chemical decarbonylation in
Step 11l was crucial to give OsCOCI, since 2b does not undergo
photodecarbonylation unlike its Ru(ll) analogue, and therefore,
to provide a common synthetic pathway for both the final
complexes. The difference in reactivity of dicarbonyl
intermediates, clearly imparted by the nature of the metal, was
further investigated by Density Functional Theory (DFT) and
Time-Dependent Density Functional Theory (TDDFT)
calculations, performed on 2a and 2b in both ground and
excited state. All calculations, including geometry
optimizations, scan analyses, UV-visible spectral
simulations, and Natural Bond Orbital (NBO) analysis, were
performed at the B3PW91 level of theory and are described in
detail in paragraph 5.1, ESI. Our data showed that, when
irradiated, the CO release from the Ru(ll)-based 2a occurs with
a low activation barrier (2.1 kcal-mol™) following an exergonic
reaction, whereas for 2b the energy barrier is higher (17
kcal-mol™') and the process is endoergonic. Thus, CO
dissociation is both kinetically and thermodynamically favoured
for the Ru(ll) intermediate but disfavoured for its Os(ll)
analogue (Fig. S13, ESI). This, along with the NBO analysis which
revealed a weaker LP(Ru) - 1t(CO)* back-donation compared to
Os(ll), corroborated the observed higher inertness of the Os(ll)-
CO bond in 2b and the consequent need for a more energetic
decarbonylation reaction.

relaxed

2| J. Name., 2012, 00, 1-3

Absorption and emission spectra of complexes in acetonitrile
and water are shown in Fig. 1; their molar extinction coefficients
(g), fluorescence maxima (Aem) and fluorescence emission
quantum yields (¢.) are listed in Table 1. Of particular relevance
in the UV-vis spectra is the panchromatic *MLCT absorption of
OsCOCl, with a tail extending beyond 550 nm, better matching
the therapeutic window. This effect, which stands for a key
reason for the strong appeal of Os(ll) complexes in PDT,2627 js
even more evident in water (Fig. 1b). Fluorescence emissions
are overall moderate, consistent with the population of low-
lying triplet states of mixed ligand centered/MLCT character
(Fig. 1d), with a significant contribution from poorly emissive,
dppn-centered 3LC (3mut*) states (see also paragraph 5, ESI).
Pronounced solvent-dependent differences were found
between the two complexes. In acetonitrile, OsCOCI exhibits
the strongest emission (Aem 550 nm), while RuCOClI is ~ 7-fold
less emissive, as also witnessed by ¢, values of 15.6(6) x 103 and
2.24(9) x 1073, respectively (Table 1 and Table S1, ESI). Water
markedly affects the luminescence signals, with OsCOCI that is
almost completely quenched and RuCOCI that retains a residual
signal. Interestingly enough, the trans-CO enriched OsCOCI-67
is almost non-emissive compared to OsCOCI (Fig. 1a), hinting at
a possible influence of the CO ligand geometry in the balance
between radiative and non-radiative decay pathways.28:2°

As a fundamental prerequisite for their PDT application, the
singlet oxygen quantum yields (®a) of metal complexes were
determined by direct measurement of the 0, phosphorescence
at 1270 nm upon irradiation of air-saturated acetonitrile
solutions, a more reliable approach compared to the use of
indirect probes, often sensitive to other ROS species.30 Results
for OsCOCI are reported in Fig. 1c, those for the other
compounds in paragraph 2 (ESI); ®a values were determined as
previously described3-32 using Ru(phen)sCl, as standard (®Da =

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. Absorption and emission spectra of acetonitrile (a) and aqueous (b) solutions of RuCOCI, OsCOCI and OsCOCI-67 (10 uM). (c)
Singlet oxygen determination for by direct measurement of the 'O, phosphorescence at 1270 nm in OsCOCI acetonitrile solutions. (d)
Jablonski-like diagram representing the most probable ISC processes for the RuCOCI and OsCOCI complexes allowing the population of
the triplet states. Only the largest Spin-orbit coupling matrix elements are reported.

Table 1. Absorption and fluorescence maxima (Ama/Aem) Of complexes in CH;CN and water, luminescence and 'O, quantum yields
(p.and ¢,) in aerated acetonitrile.

View Article Online

. . Aem/NM in Aem/NM ®_ CH,CN ®, H,0 », 0,
3/M-1 -1 3/M-1 -1
Complex Ama/NM (€ X 103/M'cm) in CH,CN Ama/NM (€ X 103/M'cm-") in H,O CH.CN in H,0 (x109) (x10%) CH.CN
260 (52.6), 312 (53.5), 396 (8.09), 408 262 (45.6), 312 (45.0), 396 . . .
RuCOCl (8.06) (6.64), 408 (5.82) 571 614 2.24+0.09 4.3+0.2 0.60+0.06
240 (36.1), 262 (37.1), 321 (55.6), 395 265 (31.8), 321 (36.4), 395
OsCOClL (9.15), 412 (8.94) (11.5), 412 (10.5) 550 15.6+0.6 0.87+0.06 0.88 +0.06

0.38 £ 0.06)33 and are listed in Table 1. As shown, all complexes
display strong sensitizing properties, with OsCOCI being almost
1.5-fold more efficient than RuCOCI (s = 0.88 + 0.06 vs @ =
0.60 + 0.06). The different ability to sensitize 0, conferred by
the two metals was further investigated by DFT and TDDFT
calculations. Detailed information are reported in paragraph
5.2, ESI. As shown in the Jablonski-like diagram of Fig. 1d, our
results indicated significantly higher spin-orbit coupling (SOC)
for OsCOCI, ~ 10 times higher relative to Ru(ll), in line with the
stronger spin-orbit coupling/heavy-atom effect of the former
and therefore well corroborating the experimental findings.

Preliminary to the biological tests, the stability of complexes in
PBS solutions was assessed by UV-Vis spectroscopy. The
absence of appreciable spectral variations in dark over a total
period of 24 hours demonstrated a remarkable stability under
these conditions (Fig. S10, ESI). Their photoreactivity was also
evaluated spectrophotometrically in PBS and acetonitrile to
monitor their structural integrity under prolonged LED
irradiation (Amax 462 nm, 160 mW, time up to 2 h). These
experiments, complemented by HR ESI-MS analysis (Figs. S11-
S12, paragraph 4, ESI), indicated a tendency, particularly
pronounced for RuCOCI, for CO release/partial release upon
extended photoactivation, also resulting in a detrimental effect
on singlet oxygen sensitization. However, this effect remains
negligible within the reduced irradiation duration of the PDT
biological assays (vide infra). Yet, the investigation of these
complexes as suitable photoCORMs represents an interesting

This journal is © The Royal Society of Chemistry 20xx

aspect that will be explored in future studies. Focusing on the
remarkable PDT potential of RuCOCI and OsCOCI, the biological
behaviour of complexes was preliminary evaluated in A431
vulvar carcinoma cells, chosen as a human cancer model. The
internalization of the complexes was first evaluated by confocal
laser scanning fluorescence microscopy (CLSM), quantified by
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) and
then followed by evaluation of their photodynamic effect by
MTT analysis (see ESI for the experimental details). As shown by
CLSM imaging (Fig. 2a), both RuCOCI and OsCOCI were promptly
and efficiently internalized in tumoral cells, showing a marked
time- and concentration-dependent uptake (1 to 3 h, 1-10 uM).
ICP-MS quantification confirmed intracellular metal contents of
approximately 200 ng of Ru and 450 ng of Os per 10° cells after
3 hincubation at 10 uM (Fig. S14, ESI). Notably, both complexes
tended to accumulate within the cytoplasmic region
surrounding the DAPI-stained nuclei. In the dark, MTT assays
(Fig. 2b) showed that RuCOCI was essentially non-toxic up to 1
UM, whereas OsCOCI caused a moderate decrease in cell
viability of 20% at the same concentration. Upon 15 min
photoactivation (Amax = 462 nm, 160 mW), both compounds
exhibited pronounced cytotoxic activity, consistent with their
strong photosensitizing properties, resulting in a marked shift
of the I1Cso values from the micromolar to the sub-micromolar
range (Fig. 2b). Interestingly, despite OsCOCI’s superior
photophysical properties, RuCOCI exhibited the highest

J. Name., 2013, 00, 1-3 | 3
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Figure 2. (a) Time and dose-dependent cellular uptake of RuCOCI
and OsCOCI (1-10 pM) in A431 cells by CLSM. DAPI was used to
counterstain nuclei (Aexe = 405 nm, Aem = 461 nm), complex
fluorescence appears in purple-red (Aexc = 405 nm, Aem = 600-640
nm). Confocal fluorescence images scale bar = 20 um. Magnified
insets are provided for the 10 uM, 3 h incubation conditions for
both RuCOCI and OsCOCI. (b) Cell viability by MTT assay in dark or
upon photoactivation (Amax 462 nm, 160 mW): absorbance was
normalized to untreated controls; dose-response curves were fitted
by nonlinear regression and ICso values compared using the extra
sum-of-squares F test (n = 3).

photoreactivity index (Pl = 138), while the lower Pl value of
OsCOCI (c.ca 112) likely reflects its higher dark cytotoxicity.

In summary, the aim of this comparative study is to highlight the
potential of the two novel carbonylchlorido complexes RuCOCI
and OsCOCI for PDT, beyond shedding light on the role of the
metal in shaping their properties as effective photosensitizers.
Following the synthesis, accomplished by introducing a central
chemically controlled decarbonylation of the dicarbonylic
precursors, our data evidenced the favourable features of
RuCOCI and OsCOCI for their PDT application, in particular those
inferred by Os(ll), namely red-shifted absorption profiles and
augmented emissive and sensitization properties compared to
its lighter congener. DFT and TDDFT calculations were also
undertaken to corroborate the experimental findings. Lastly,
preliminary in vivo investigations confirmed the perspectives of
these systems in the PDT of vulvar carcinoma, although the
higher in dark cytotoxicity of OsCOCI partially counteracts its
superior photophysical properties.

Which metal therefore performs better? Clearly, there is no
simple answer, the choice of metal has to be rather considered
alongside the overall complex/drug design, taking into account
the careful balance between reactivity, photophysical and
biological properties of this largely underestimated class of
potential PDT agents.
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