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Abstract: A series of water-soluble photolabile model
complexes of the general formula [Ru([9]aneS3)(chel)(py)]Cl2
([9]aneS3 = 1,4,7-trithiacyclononane, chel = chelating diimine)
was prepared and fully characterized. The phototriggered re-
lease of pyridine with visible light as a function of the nature
of the diimine {chel = 2,2′-bipyridine (6) 1,10-phenanthroline
(7), 4,7-diphenil-1,10-phenanthroline (8), dipyrido-[3,2-a:2′,3′-c]-
phenazine (dppz, 9), 2,2′-biquinoline (bq, 10)} was investigated.
Our aim is to establish whether this type of complexes might
be realistically used in the photo-uncaging strategy of photoac-
tivated chemotherapy (PACT) in the future. Compounds 6–9
present a MLCT absorption in the blue region of the visible
spectrum. When irradiated with light at 470 nm, they rapidly
and quantitatively release the coordinated pyridine. Complex

1. Introduction

In therapy, light-triggered treatments are appealing since – in
principle – they can generate a drug with high spatial and tem-
poral selectivity, resulting in a greater specificity of action. Such
treatments require light-activated prodrugs that – ideally – are
inactive and non-toxic in the dark, whereas they are locally acti-
vated in vivo upon irradiation with visible light. In this context,
photodynamic therapy (PDT), a clinically approved treatment
for some skin diseases, age-related macular degeneration and
some cancers, is the most well-known application. PDT uses a
photosensitizer (PS) at non-toxic concentrations that, in the
most common type II mechanism, upon light-excitation catalyt-
ically generates singlet oxygen (1O2) or other highly cytotoxic
ROS such as superoxide radical anions.[1] Another phototherapy
approach is the so-called photoactivated chemotherapy (PACT)
in which a kinetically inert and biologically non-active prodrug
is irreversibly activated by irradiation with visible light that in-
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10 turned out to be quite different from the others in the series.
Structure-wise, in 10 the average plane of coordinated bq –
owing to its steric demand – is remarkably tilted relative to the
equatorial coordination plane [37.43(4)°, with the “front“ of the
ligand pointing towards the axial py] and the orientation of py
is nearly orthogonal compared to that found in 6 and 7 for
minimizing steric clashes with bq. The low-lying acceptor orbit-
als of bq induce a red-shift of the MLCT absorption maximum
to ca. 500 nm. Contrary to the expectations, complex 10 is more
photostable compared to 6–9 and photo-dissociation of both
py and bq, in nearly equal amounts, occurs. A detailed theoreti-
cal investigation was performed on 10 (and on 6 for compari-
son), for explaining its peculiar spectral features and photo-
chemical behavior.

duces the cleavage of a photolabile protecting group.[2] The
photoactivation process is also called photo-uncaging. Com-
pared to PDT, PACT is a stoichiometric rather than catalytic
process, but has the advantage of not depending on the pres-
ence of molecular oxygen. Thus, in principle, PACT agents are
active also in hypoxic tumor tissues. In general, ideal PDT or
PACT agents are water-soluble and resistant to photobleaching.
In addition, they should be activated within the phototherapeu-
tic window (λ > 600 nm), where light is more penetrating into
the tissues and less harmful.

By virtue of their peculiar light absorption properties
and rich photoreactivity, d-block metal compounds are attract-
ing rapidly increasing interest as potential PDT and PACT
agents.[3–7] Among them, RuII compounds are extensively inves-
tigated due to their superior photophysical and photochemical
properties.[8–10] For example, even though most PDT photosen-
sitizers used in clinic are based on porphyrin derivatives,[11] a
RuII-polypyridyl complex (TLD-1433) is undergoing a phase I
clinical trial in Canada as PDT agent in patients with bladder
cancer.[12,13]

A typical reaction that can occur in inorganic PACT agents is
the photoinduced release of ligands from coordinatively satu-
rated and inert prodrugs. The most extensively investigated
class of ruthenium PACT agents is that of polypyridyl complexes
of the [Ru(bpy)3]2+ family that contain (at least) one sterically
hindering diimine such as 6,6′-dimethyl-2,2′-bipyridine
(dmbpy).[14] The strain caused by such a ligand in the coordina-
tion sphere promotes the light-induced population of low-lying
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dissociative metal-centered triplet excited states (3MC) and con-
sequently its release. Coordination and organometallic RuII

compounds in which visible light triggers the release of a single
monodentate ligand have also been investigated.[15,16] A careful
design of the metal prodrug can lead to metal complexes with
dual activity, i.e. phototriggered ligand release (PACT) and
singlet oxygen production (PDT).[17] The activation of coordina-
tively saturated cytotoxic Ru complexes through the photo-
deprotection of a ligand has also been reported.[18]

In photolabile metal complexes the focus can be on the acti-
vated metal fragment that may bind to biomolecules such as
DNA through its newly generated coordination sites,[14,19] or
on the released ligand if it is itself a pharmacologically active
molecule,[20] or on the combined action of both.[21] In poly-
pyridyl RuII complexes the increased cytotoxicity is generally
attributed to the intracellular formation of the bis(aqua) com-
plex cis-[Ru(bpy)2(OH2)2]2+ species. However, a very recent pa-
per by Bonnet and co-workers demonstrated that in the case
of [Ru(bpy)2(dmbpy)]2+ the photoreleased dmbpy ligand, rather
than the ruthenium bis(aqua) fragment, is responsible for the
observed phototoxicity.[22]

In the recent past we reported that dicationic RuII complexes,
such as [Ru([9]aneS3)(bpy)(py)][PF6]2 ([9]aneS3 = 1,4,7-trithia-
cyclononane, bpy = 2,2′-bipyridine), are inert in the dark but
rapidly and quantitatively release the pyridine ligand in aque-
ous solution when illuminated with blue light (λ =
420 nm).[23,24] Since the photogenerated aqua species
[Ru([9]aneS3)(bpy)(OH2)]2+ showed a substantial lack of cytotox-
icity (against the MDA-MB-231 human mammary carcinoma cell
line) we suggested that RuII compounds of this type might be
suitable PACT agents for the light-triggered release of coordi-
nated drugs (photo-uncaging).[25]

In this paper we report our recent work on the model com-
plexes of the type [Ru([9]aneS3)(chel)(py)]Cl2, where chel is a
chelating diimine. Our aim was to establish whether complexes
of this series, bearing a pharmacologically active molecule in
the place of pyridine, can be realistically used within the photo-
uncaging strategy. First we investigated whether the absorption
maxima in the visible spectrum and the photoinduced release
of pyridine could be tuned by changing the nature of the di-
imine ligand. For this purpose, the model complexes with
chel = 1,10-phenanthroline (phen), 4,7-diphenil-1,10-phen-
anthroline (4,7-Ph2phen), dipyrido-[3,2-a:2′,3′-c]phenazine
(dppz), 2,2′-biquinoline (bq) were prepared, fully characterized
and investigated. The photoinduced release of py was qualita-
tively investigated by 1H NMR and UV/Vis spectroscopy. A par-
ticularly detailed experimental and theoretical investigation was
performed on the bq derivative, for explaining its peculiar spec-
tral features and photochemical behavior.

2. Results and Discussion

2.1. Diimine Ligands

The chelating diimines used in this work, with different size and
aromaticity, are shown in Figure 1. The 2,2′-biquinoline ligand,
owing to its steric demand, is known to induce deformation in
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the pseudo-octahedral coordination sphere of RuII complexes
that can improve the photoinduced dissociation of li-
gands.[14b,15] In addition, its low-lying acceptor orbitals are ex-
pected to red-shift the 1MLCT absorption maximum typical of
diimine-RuII complexes closer to the PDT window.[26,27]

Figure 1. The diimine ligands used in this work with proton labelling scheme
for NMR purposes: 2,2′-bipyridine (bpy), 1,10-phenanthroline (phen), 4,7-di-
phenil-1,10-phenanthroline (4,7-Ph2phen), dipyrido-[3,2-a:2′,3′-c]phenazine
(dppz), 2,2′-biquinoline (bq).

2.2. Synthesis of the Complexes

The RuII compounds were prepared as chloride salts, rather than
as PF6 salts, for improving aqueous solubility. A two-step proce-
dure was followed (Scheme 1).

Scheme 1. Synthetic procedure for the [Ru([9]aneS3)(chel)(py)]Cl2 compounds
6–10, chel = bpy (6), phen (7), 4,7-Ph2phen (8), dppz (9), bq (10).

In the first step, modified from the literature,[28] treatment of
the [Ru([9]aneS3)(dmso-S)Cl2] precursor with a twofold excess
of chel in refluxing ethanol (3 h) afforded the known mono-
cationic intermediates of formula [Ru([9]aneS3)(chel)Cl]Cl
{chel = bpy (1), phen (2), 4,7-Ph2phen (3), dppz (4)} in good
isolated yields (65–85 %). The insertion of bq was more difficult,
possibly due also to the low solubility of the ligand in ethanol.
A microwave assisted reaction in ethanol (140 °C, 90 min) was
preferred to prolonged reflux for obtaining [Ru([9]aneS3)-
(bq)Cl]Cl (5) in good yield. All complexes, already reported in
the literature either as Cl or PF6 salts,[28,29] were characterized
by NMR and UV/Vis spectroscopy (Supporting Information, Fig-
ure S1), and mass spectrometry. They are well soluble in eth-
anol, chloroform, DMSO, and – with the exception of 3 and 4 –
also in water.

As clearly shown by 1H NMR spectroscopy (Figure S2), in D2O
compounds 1–5 are in equilibrium – to different extents – with
the corresponding aqua species [Ru([9]aneS3)(chel)(OH2)]2+

(1aq – 5aq). In 1aq–4aq the aromatic resonances are slightly
downfield shifted (ca. 0.1 pm or less) compared to those of
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the parent complex, and their relative intensity increases upon
diluting the solution and decreases (or disappears altogether)
upon adding an excess of NaCl. In the case of 5 a single set of
resonances is observed in D2O, suggesting that no significant
equilibration with the aqua species 5aq occurs at typical NMR
concentrations. The resonances of 5aq appear upon dilution,
and in this case some of them are shifted upfield compared to
those of 5 (e.g. the doublet of H8,8′ falls at δ = 9.26 ppm in 5
and at δ = 9.09 ppm in 5aq). The resonances of
[Ru([9]aneS3)(dppz)Cl]+ (4), that are sharp in CDCl3, are rather
broad and have concentration-dependent shifts in D2O, most
likely due to stacking interactions occurring in solution. Consist-
ent with this hypothesis, they (and those of 4aq as well) be-
come sharper upon diluting the solution.

Treatment of intermediates 1–5 with a slight excess of pyrid-
ine in refluxing water afforded the corresponding dicationic
complexes [Ru([9]aneS3)(chel)(py)]Cl2 {chel = bpy (6), phen (7),
4,7-Ph2phen (8), dppz (9), bq (10)} that, with the exception of
6 previously reported by us as PF6 salt,[23] are described here
for the first time. They were fully characterized as 1–5 above,
and the single-crystal X-ray structures of 7 (Figure S3) and 10
(Figure 2) were also determined. In 10, as in its precursor 5 and
other bq octahedral complexes,[14b,15,28–30] the distortion in the
geometry induced by the sterically demanding diimine is evi-
dent. In particular, the average plane of bq is remarkably tilted
relative to the equatorial coordination plane [37.43(4)°, with the
“front” of the ligand pointing towards the axial py], whereas
the twist about the C–C bond between the two quinolines
[3.9(2)°] is negligible. The geometrical features of coordinated
bq are similar also in the trans-RuCl2(bq)(CO)2 (11) complex (Fig-
ure 2), in which the other ligands are sterically undemanding
and that we expressly prepared for the sake of comparison.
Another major structural difference in 10 concerns the rotation
of the py ligand about the Ru–N bond: in 10 py is nearly

Figure 2. X-ray molecular structures (50 % probability ellipsoids) of [Ru([9]aneS3)(bq)(py)]Cl2 (10) (left) and of trans-RuCl2(bq)(CO)2 (11) (right). The two chlorides
in 10, and two chloroform crystallization molecules in 11 omitted for clarity. Only one of the two independent molecules of 11 present in the unit cell is
shown.
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orthogonal compared to the other similar complexes (e.g. ca.
76° with respect to complex 6), most likely for avoiding steric
clashes between the oH atoms of py and H8,8′ of bq.

All dicationic complexes are fairly soluble in water. The 1H
NMR spectra of compounds 6–9 (Figures S4 – S7) are unexcep-
tional and, as for the corresponding precursors, consistent with
the CS symmetry of each complex cation. The most downfield
resonance is that of the protons adjacent to the N atoms of the
diimine ligand. The 1H NMR spectrum of the bq compound 10
is treated in more detail below.

The electronic absorption spectra of 6–9 in the visible region
are characterized by two bands of roughly comparable intensi-
ties (ε in the range 3000–6000 M–1 cm–1), partially or completely
overlapped, at 350–430 nm. The spectrum of 10, instead, shows
two rather sharp and more intense bands at 359 and 378 nm,
whereas the lowest energy MLCT band – in good agreement
with the expectations – is red-shifted, with an absorption maxi-
mum at nearly 500 nm (Figure 3).

Figure 3. UV/Vis spectra in the visible region of compounds 6–10 (ca. in
0.1 mM H2O).
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2.3. The 2,2′-Biquinoline Complexes

In the 1H NMR spectrum of 2,2′-biquinoline the most downfield
resonance is that of H3,3′, followed by that of H4,4′. The anti
conformation assumed by the two quinolines in the free ligand
brings N′ close to H3 (and N to H3′), and the deshielding of
H3,3′ was attributed mainly to the electrostatic effect of the
lone pairs (Figure 4).[31] When symmetrically bound to diamag-
netic octahedral metal centers, such as in Re(CO)3(bq)Br,[32] the
proton NMR spectrum of bq undergoes remarkable changes:
the doublet of H8,8′ becomes the most downfield signal (Δδ =
0.71 ppm), whereas that of H3,3′ is shifted to lower frequencies
(Δδ = –0.50 ppm). Such variations are attributable to the confor-
mational change of the ligand (from anti to syn) and to its coor-
dination. Regretfully, in the other symmetrical Ru-bq com-
pounds such as [Ru(phen)2(bq)][PF6]2,[14b] [Ru(η6-p-cymene)-
(bq)Cl][PF6],[33] and [Ru(bq)3][PF6]3,[34] the proton NMR spectra
were not assigned.

We found that, whereas the 1H NMR spectrum of 5 is consist-
ent with such features, the spectrum of 10 is quite different
and more similar to that of the free ligand: the resonance of
H8,8′ falls to lower frequencies than those of H3,3′ and H4,4′
(Figure 4).

Since these changes in the chemical shifts of the bq protons
between 5 and 10 could not be attributed to different confor-
mational strains in the bq frame (see above), we came to the
conclusion that the H8,8′ doublet in 10 is shifted upfield by the
shielding cone of the adjacent axial pyridine. In order to con-
firm this hypothesis, that is consistent also with the orientation
of py evidenced by the X-ray structure shown in Figure 2, we
prepared the complex with NH3 in the place of pyridine, i.e.
[Ru([9]aneS3)(bq)(NH3)]Cl2 (12). Indeed, even though the struc-

Figure 4. 1H NMR spectrum (aromatic region) of, from top to bottom: 2,2′-biquinoline, [Ru([9]aneS3)(bq)Cl]Cl (5), [Ru([9]aneS3)(bq)(py)]Cl2 (10), and [Ru([9]-
aneS3)(bq)(NH3)]Cl2 (12). The spectrum of bq is in [D6]DMSO, the others in D2O. In the spectrum of 12 the asterisk indicates residual chloroform.
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tural features in 12 (Figure 5) are again similar to those of 5
and 10 [e.g. the tilt angle of bq is 38.89(3)°], the NMR spectral
pattern of coordinated bq follows the “normal” order, and the
H8,8′ doublet is again the most downfield resonance.[35]

Figure 5. X-ray molecular structure (50 % probability ellipsoids) of [Ru([9]-
aneS3)(bq)(NH3)]Cl2 (12). The two chlorides and a methanol crystallization
molecule omitted for clarity.

2.4. Photoinduced Release of Ligands

In the dark, compounds 6–10 are stable in D2O (3 mM solutions)
for at least 24 h at ambient temperature, no changes in the
NMR spectra were observed.
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Form our previous work it is already known that, when irradi-
ated with blue light at 420 nm, [Ru([9]aneS3)(bpy)(py)][PF6]2

rapidly and quantitatively releases the coordinated pyridine.[23]

Compounds 6–9 have a similar behavior: when irradiated
with blue light (LED, λ = 470 nm, 40 mW) they release the
coordinated pyridine at comparable rates and extents, generat-
ing selectively the corresponding aqua species (1aq–4aq) in
equilibrium with the chlorido species (1–4) (Scheme 2). No
other reaction occurs.

The photoreactions were performed in D2O and quantita-
tively monitored by 1H NMR spectroscopy. An example is re-
ported in Figure 6. In the case of the dppz complex 9, the
resonances of the photogenerated aqua and chlorido species –
as mentioned above – are rather broad; the sharp pyridine sig-
nals allowed reliable integration to be performed. Table 1 re-
ports the percentage amount of photoreleased pyridine as a
function of the irradiation time.

Scheme 2. Photo-dissociation of pyridine from compounds 6–9, exemplified in the case of chel = bpy.

Figure 6. Photoinduced dissociation of pyridine from [Ru([9]aneS3)(phen)(py)]Cl2 (7) monitored as a function of the irradiation time (λ = 470 nm, 40 mW) by
1H NMR spectroscopy in D2O. The positive charges of the complexes are omitted.

Eur. J. Inorg. Chem. 2018, 1469–1480 www.eurjic.org © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1473

Table 1. Extent of photoreleased pyridine, assessed by 1H NMR spectroscopy,
as a function of the irradiation time (LED, λ = 470 nm, 40 mW).

Complex (ligand) 5 min 10 min 15 min 30 min

6 (bpy) 80,0 % 92,8 % 93.3 % 98.8 %
7 (phen) 60.0 % 78.2 % 87.8 % 96.6 %
8 (4,7-Ph2phen) 75.0 % 78.8 % 81.4 % 95.4 %
9 (dppz) 50.0 % 75.0 % 85.0 % 97.7 %

In summary, the photo-dissociation of py is almost complete
after 30 min of illumination and the bpy complex 6 is the fastest
one, even though it has the smallest absorption coefficient at
470 nm. We found that the dppz complex 9, that has a very
weak absorption at ca. 540 nm (Figure S8), is still photoactive
when irradiated with green light at 530 nm, even though the
photorelease of pyridine is slower: 33 % after 15 min (λ =
530 nm, 30 mW) compared to 78 % when irradiation was per-
formed at 470 nm with the same power.
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Figure 7. 1H NMR spectrum of the reaction mixture obtained upon irradiation (λ = 470 nm, 40 mW, 180 min) of a D2O solution of [Ru([9]aneS3)(bq)(py)]Cl2
(10). The positive charges of the complexes are omitted.

The behavior of the bq complex 10 upon illumination is
quite different, and photo-dissociation of both py and bq in
nearly equal amounts occurs. In general, contrary to the expec-
tations, the complex is more photostable compared to 6–9:
after 2 h of illumination at 470 nm (40 mW) in D2O ca. 25 % of
10 is still present in solution. The interpretation of the NMR
spectra (Figure 7) was made more difficult by the following
facts: (1) 2,2′-biquinoline is insoluble in water, thus the resonan-
ces of photoreleased bq cannot be seen; (2) the chemical shifts
of the bq resonances in both 5 and 5aq, i.e. the Ru complexes
obtained upon photorelease of py, as well as the ratio between
the two species, are concentration-dependent; (3) (most of ) the
released py binds to the {Ru([9]aneS3)(py)}2+ fragment (thus the
resonances of free py are not clearly seen), affording the
[Ru([9]aneS3)(py)2(OH2)]2+ complex cation that, in addition, is in
equilibrium with [Ru([9]aneS3)(py)2Cl]+. The resonances of these
latter species were unambiguously identified: for this purpose
we made [Ru(9aneS3)(py)2Cl]Cl (13), that in aqueous solution
equilibrates with [Ru([9]aneS3)(py)2(OH2)]2+ (13aq). When a D2O
solution of 10 was irradiated with green light (30 mW) at
530 nm a similar behavior was observed, but the photorelease
of both bq and py was slower. A similar photochemistry was
observed when the irradiation of 10 was performed in
[D6]DMSO where the resonances of free bq (that is soluble)
could be observed: in this medium the photoinduced dissocia-
tion of bq prevails over that of py (Figure S9).

Although parallel photorelease of two different ligands has
not been often described, it has been observed recently in the
complex [Ru(bpy)(dmbpy)(L-proline)][PF6], in which substitution
of both dmbpy and L-proline occurred upon illumination.[36]

2.5. Theoretical Calculations

Intrigued by the remarkably different photochemical behavior
of the biquinoline complex 10, we performed a series of theo-
retical calculations on it and on the corresponding bpy complex
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6, taken as model for the other diimine compounds 7–9. Struc-
ture-wise, complex 10 has two main geometrical differences
compared to the canonical features of 6, which are likely to be
related to its different photochemistry: the tilted geometry of
bq and the orientation of py (see above).

First of all, our computational protocol (DFT with plane wave
basis set, pseudopotentials and periodic boundary conditions)
was tested on compound 6 that had been previously investi-
gated using a different computational approach (DFT with lo-
calized basis functions).[23] The results obtained in terms of opti-
mized geometry, calculated MOs, and electronic transitions
were in excellent agreement with those reported in the litera-
ture, thus confirming the reliability of our protocol. Next, the
calculations were extended to 10.

Figure 8 shows the density of states and its projection onto
selected atomic orbitals of the Ru, py and bq or bpy ligands for
complexes 10 and 6 in the ground state configuration.

Consistent with the red-shifted absorption band in the
UV/Vis spectrum, and with the general features expected for
bq complexes (i.e. stabilized bq π* orbitals relative to those of
bpy),[14b,15] the HOMO–LUMO energy gap in 10 is smaller than
that in 6 (2.01 vs. 2.32 eV). TDDFT calculations well reproduced
the experimental absorption spectrum of both complexes (Fig-
ures 9 and S10) and allowed us to assign also the character of
each band (Table S1),[37] thus confirming that the lowest energy
transition has a ca. 85–90 % HOMO → LUMO component.[23] In
both complexes the LUMO is almost coincident with a π* MO
of the diimine ligand (Figure S11). However, we notice that
whereas in the bpy complex the three frontier occupied orbitals
– HOMO, HOMO–1 and HOMO–2 (Figure S11) – have an almost
exclusive metal-centered character, i.e. are coincident with the
filled d orbitals of RuII, in 10 the HOMO and HOMO–1 get an
appreciable contribution from the atomic orbitals of C and N
atoms of the biquinoline ligand (see also Figure 8). We argue
that the tilted orientation of bq in 10 is responsible for the
mixing of diimine π orbitals with the filled d orbitals of RuII.

6



Full Paper

Figure 8. Density of states (DOS) and its projection onto selected atomic
orbitals for complexes 10 (top) and 6 (bottom). Vertical lines indicate the
energy of the molecular orbitals in the range from HOMO–2 to LUMO+6.
Plots have been aligned so that the energy of the HOMOs for the two com-
plexes is 0.0 eV.

Figure 9. Experimental (top) and calculated (with the “turbo_lanczos” pro-
gram, bottom) absorption spectra for complex 10. The vertical bars in the
simulated spectrum are the calculated transitions (with the “turbo_davidson”
code), with height equal to the oscillator strength.
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Therefore, the lowest energy electronic transition can be safely
labeled as a pure MLCT in 6, whereas it has a π–π*component
in 10.

Consistent with what previously observed, in 6 the LUMO+4
and LUMO+5 MOs have a strong metal d-antibonding compo-
nent; in addition, they have a significant σ-antibonding charac-
ter towards the bpy and – above all – the pyridine ligands (Fig-
ure 10). Thus, the light-induced population of such orbitals is
presumably responsible for the photo-dissociation of py. Con-
versely, in 10 the orbitals with the most relevant d* component
are the LUMO+3 and LUMO+4, and they have a relevant bq
– rather than py – contribution (Figure 10). This finding is con-
sistent with what established for RuII-polypyridyl complexes
that contain bq, in which distortion is known to lower the en-
ergy of a dissociative metal-centered state.[14b,15] In addition,
whereas LUMO+4 has a significant σ-antibonding character to-
wards bq, in both the LUMO+3 and LUMO+4 the antibonding
character towards py is mainly of π symmetry (i.e. involving p
atomic orbitals normal to the py plane). This finding, i.e. the
increase of π back-bonding from the filled metal orbital to the
π* orbitals of py, is most likely attributable to the different ori-
entation of py in the bq complex and might account for the
less-pronounced light-induced dissociation of pyridine in 10.

Figure 10. Selected virtual molecular orbitals for 6 (right) and 10 (left) in the
singlet ground state.
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The other significant photochemical difference between the
two complexes concerns the photoinduced dissociation of the
chelating diimine, that occurs in 10 (bq) but not in 6 (bpy). We
observe that the binding of bq is arguably weaker than that of
bpy because of its tilted coordination geometry that leads to a
smaller overlap in the bonding orbitals.

In conclusion, contrary to what has been found by Turro and
co-workers for mer-[Ru(tpy)(chel)(py)]2+ species (chel = bpy or
bq), where the distortions induced by the bulky bq led to an
increased photoinduced release of py compared to bpy,[15] in
our case – mainly because of the facial, rather than meridional,
geometry of the complex – the distortions led to the preferen-
tial photo-dissociation of biquinoline itself.[38]

Although triplet states are generally thought to be responsi-
ble for the photochemistry of ruthenium complexes via facile
intersystem crossing, we are confident that our analysis based
on singlet ground and excited states captures the essential fea-
tures of complex 10. In fact, the previous work on complex 6
has shown that triplet excited states trace the character and
ground state orbital composition of the singlet counterparts.[23]

3. Conclusions

The phototriggered release of pyridine from the series of water-
soluble model complexes [Ru([9]aneS3)(chel)(py)]Cl2 was thor-
oughly investigated as a function of the nature of the chelating
diimine {chel = 2,2′-bipyridine (bpy, 6) 1,10-phenanthroline
(phen, 7), 4,7-diphenil-1,10-phenanthroline (Ph2phen, 8), di-
pyrido-[3,2-a:2′,3′-c]phenazine (dppz, 9), 2,2′-biquinoline (brq,
10)}. In 6–10, owing to the face-capping 1,4,7-trithiacyclo-
nonane ligand ([9]aneS3), the leaving ligand (py) and the
diimine have a facial arrangement. Our aim is to establish
whether this type of complexes might be realistically used in
photoactivated chemotherapy (PACT) in the future.

We found that compounds 6–9 behave quite homogene-
ously, and their photochemical behavior is not particularly af-
fected by the nature of the diimine: When irradiated with light
at 470 nm, they rapidly and quantitatively release the coordi-
nated pyridine, generating selectively the corresponding aqua
species [Ru([9]aneS3)(chel)(OH2)]2+ (1aq–4aq). Even though 6
was found to be non-phototoxic against the MDA-MB-231
human mammary carcinoma cells,[25] in the future we plan to
investigate the phototoxicity also of 7–9, as well as the 1O2

production on selected compounds. The more lipophilic com-
pounds in the series might be expected to have better accumu-
lation in cancer cells and potentially show higher phototoxicity.
We also argue that upon illumination the extended aromatic
dppz ligand could generate singlet oxygen, thus giving to com-
plex 9 two mechanisms of phototoxicity.

In addition, compounds 6–9 would be suitable for the
photo-uncaging of many different pyridine-containing drugs,
potentially for the treatment of both cancer and bacterial infec-
tions. This strategy does not require the concomitant formation
of an active (e.g. cytotoxic) metal fragment. Some examples of
py-containing drugs that have been coordinated to ruthenium
previously (Figure 11) are the antibacterial isoniazid (L1),[39] the
P-450 inhibitors metyrapone (L2) and abiraterone (L3),[21,40] and
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PARPs inhibitors [PARPs = poly(ADP-ribose) polymerase] such
as nicotinamide (L4), quinazolin-4(3H)-one (L5), and 3-aza-5[H]-
phenanthridin-6-one (L6).[41]

Figure 11. Examples of pyridine-containing drugs.

Complex 10 turned out to behave quite differently com-
pared to the others in the series. As expected, the low-lying
acceptor orbitals of bq induce a red-shift in the MLCT absorp-
tion maximum of the complex from ca. 430 to ca. 500 nm.
However, contrary to the expectations, complex 10 turned out
to be more photostable compared to 6–9 and – upon pro-
longed illumination with blue light – photo-dissociation of both
py and bq, in nearly equal amounts, occurs. The single-crystal
X-ray structure of 10 showed that in this complex, besides the
expected distortion of coordinated bq due to its steric demand
(a >35° tilt relative to the equatorial coordination plane), the
orientation of py is nearly orthogonal compared to that found
in 6 and 7. A detailed theoretical investigation performed on
10 (and on 6 for comparison), showed that the biquinoline-
induced geometrical distortions lead to differences in the na-
ture of the excited states that might account for the different
photochemical behavior of this complex.

In view of the potential investigation of these complexes as
PACT agents, we observe that – unlike the rest of the series –
upon irradiation with visible light complex 10 could generate
in vivo a RuII-aqua species with two or even three coordination
sites that is expected to be more reactive, and thus more cyto-
toxic, compared to the mono-aqua species generated from 6–
9 (e.g. it might be capable of cross linking DNA). Consistent
with this hypothesis, we found that the [Ru([9]aneS3)(py)-
(OH2)2]2+ species binds rapidly the small amount of photo-
released pyridine.

Finally, in the future it would be interesting to make the 6,6′-
dimethyl-2,2′-bipyridine (dmbpy) analogue of these complexes.
It might be expected to behave similarly to the bq complex and
the photoreleased dmbpy could induce cell death according to
what shown by Bonnet and co-workers.[22]

Experimental Section
Materials: All chemicals were purchased from Sigma–Aldrich and
used as received. Solvents were of reagent grade. The ligand dppz
(dipyrido-[3,2-a:2′,3′-c]phenazine) was prepared according to pub-
lished procedures.[42] The precursors [Ru([9]aneS3)Cl2(dmso-S)] was
synthesized as described in the literature.[28]
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Instrumental Methods: Mono- and bi-dimensional (1H-1H COSY,
1H-13C HSQC) NMR spectra were recorded at room temperature
with a Varian 400 or 500 spectrometer (1H: 400 or 500 MHz,
13C:100.5 or 125.7 MHz). 1H and 13C chemical shifts were referenced
to the peak of residual non-deuterated solvent (δ = 7.26 and 77.16
for CDCl3, 2.50 and 39.52 for [D6]DMSO) or were measured relative
to the internal standard DSS (δ = 0.00 ppm) for D2O. Carbon reso-
nances were assigned through the HSQC spectra; the resonances
of quaternary carbon atoms were not assigned. ESI mass spectra
were collected in the positive mode with a Perkin–Elmer APII spec-
trometer at 5600 eV. The UV/Vis spectra were obtained with an
Agilent Cary 60 spectrophotometer, using 1.0 cm path-length
quartz cuvettes (3.0 mL). A home-made LED apparatus,[43] a plastic-
coated cylinder (Ømax = 20 mm, h = 110 mm), was used for perform-
ing the photochemical reactions in NMR or test tubes. The inside
of the well features four pairs of juxtaposed LED stripes, containing
five LEDs of the same color each (emission maxima: λ = 626, 590,
530, 470 nm; band width 10 nm, spectral range ca. 10 nm). LED
stripes of the same color are located opposite to each other. One
or more colors can be activated at the, with an emission power for
each LED that can be regulated from 1 to 40 mW (30 mW for the
green-emitting LEDs, λ = 530 nm).

Solid state infrared spectra were recorded with a Perkin–Elmer 983G
spectrometer. Elemental analyses were performed in the Depart-
ment of Chemistry of the University of Bologna (Italy).

X-ray Crystallography

Data collections were performed at the X-ray diffraction beamline
(XRD1) of the Elettra Synchrotron of Trieste (Italy) equipped with a
Pilatus 2 M image plate detector.

The collection temperature was 100 K (nitrogen stream supplied
through an Oxford Cryostream 700); the wavelength of the mono-
chromatic X-ray beam was 0.700 Å and the diffractograms were
obtained with the rotating crystal method. The crystals were dipped
in N-Paratone and mounted on the goniometer head with a nylon
loop. The diffraction data were indexed, integrated and scaled using
the XDS code.[44] The structures were solved by the dual space algo-
rithm implemented in the SHELXT code.[45] Fourier analysis and re-
finement were performed by the full-matrix least-squares methods
based on F2 implemented in SHELXL.[46] The Coot program was
used for modeling.[47] Anisotropic thermal motion was allowed for
all non-hydrogen atoms. Hydrogen atoms were placed at calculated
positions with isotropic factors U = 1.2 × Ueq, Ueq being the equiva-
lent isotropic thermal factor of the bonded non-hydrogen atom.
Crystallographic data and coordination distances and angles are in
the Supporting Material.

CCDC 1588006 (for 7), 1588009 (for 10), 1588010 (for 11), and
1588014 (for 12) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre.

Computational Methods: We performed periodic first principle
calculations in the frame of density functional theory (DFT) with
the Kohn–Sham orbitals expanded in a basis of plane waves and
the effects of atomic core regions accounted for by pseudopoten-
tials. The QUANTUM ESPRESSO suite of codes was used for all the
computations.[48] To model an isolated molecule using a periodic
code like QUANTUM ESPRESSO, a “molecule in the box” approach
can be used: a single molecule is simulated in a unit cell large
enough to minimize any interaction between the molecule itself
and any of its periodic images. A cubic unit cell with edge length
of 19.0 Å for complex 6 and 20.0 Å for complex 10 was found to
give a minimum separation of 10 Å between nearest atoms of any
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two contiguous images. Both total energy and scf potential were
corrected for the effect of the fictitious periodicity with the
Martyna–Tuckerman method.[49] Ultrasoft pseudopotentials were
used throughout the calculations.[50] The exchange–correlation part
of the energy functional was modeled with the (spin-unpolarized)
generalized gradient approximation (GGA), in the PBE parameteriza-
tion.[51] The plane wave expansion of the crystalline orbitals was
truncated at a cutoff energy of 340 eV and a corresponding tenfold
cutoff was used for the expansion of the augmentation charge
needed by the ultrasoft pseudopotential method. Integrals over the
first Brillouin zone in reciprocal space were approximated by evalua-
tions of the integrand functions at the gamma point. Convergence
thresholds for geometry optimization were 1.4 × 10–4 eV for total
energy and 2.6 × 10–2 eV/Å for the maximum force component act-
ing on atoms; a threshold of 1.4 × 10–8 eV was imposed for self-
consistency. Excited state calculations and UV/Vis spectra simulation
were performed with time dependent DFT (TDDFT). The QUANTUM
ESPRESSO suite offers two codes for this purpose. The “turbo_david-
son” code implements an improved Davidson-like algorithm for the
computation of individual excitations clustered around a target
energy value, which, differently from the “conventional” Davidson
algorithm, can be located anywhere in the spectrum. The “turbo_
lanczos” program uses a so-called “pseudo-Hermitian” variant of the
recursive Lanczos Scheme to evaluate the whole absorption spec-
trum in a given energy range using only the occupied states ob-
tained in a previous self-consistent field calculation. Both codes rely
upon the formulation of the TDDFT problem in terms of the linear-
ized quantum Liouville equation and the details about the algo-
rithms can be found in the original papers.[52,53] 60 trial vectors, a
maximum of 200 basis vectors in the Davidson subspace and a
convergence threshold of 1.0 × 10–4 for the squared modulus of
the residue were used for the “turbo_davidson” runs; 5000 Lanczos
iterations for each of the three directions of the full dynamical po-
larizability tensor were used in the UV/Vis spectrum simulation with
the “turbo_lanczos” code.

Synthesis of the Complexes: The preparations were performed in
light-protected glassware.

[Ru([9]aneS3)(bpy)Cl]Cl (1): The complex was prepared according
to a modified literature procedure.[23] [Ru([9]aneS3)Cl2(dmso-S)]
(100 mg, 0.23 mmol) was partially dissolved in EtOH (15 mL). Two
equivalents of bpy (72 mg, 0.46 mmol) were added, and the mixture
was heated to reflux for 3 h. After 10 min of refluxing, the solution
changed from yellow to orange. Precipitation of the product in pure
form (according to 1H NMR spectrum) from the concentrated solu-
tion (ca. 8 mL) occurred upon standing at room temp. It was re-
moved by filtration, washed with a few mL of EtOH and diethyl
ether, and dried in vacuo. Yield: 72 %. [C16H20Cl2N2RuS3] (509.2):
calcd. C 37.79, H 3.96, N 5.51; found C 37.68, H 4.05, N 5.60. 1H NMR
(D2O): δ = 9.05 (d, 2 H, H6,6′), 8.47 (d, 2 H, H3,3′), 8.13 (t, 2 H, H4,4′
), 7.62 (t, 2 H, H5,5′), 2.77 (m, 12 H, [9]aneS3, partially overlapped
with the corresponding resonances of 1aq) ppm. ESI mass spectrum:
m/z = 473.0 (calcd. 473.1) [M]+. UV/Vis (H2O): λmax (ε, L mol–1 cm–1)
= 361 (2359), 417 (4296) nm.

[Ru([9]aneS3)(phen)Cl]Cl (2): Same procedure as for complex 1,
using the same amount of precursor and phen (83.5 mg, 2 equiv.).
Also in this case, after 10 min of refluxing, the ethanol solution
changed from yellow to orange. Yield: 70 %. C18H20Cl2N2RuS3

(533.3): C 40.60, H 3.79, N 5.26; found C 40.52, H 3.68,N 5.18. 1H
NMR (D2O): δ = 9.48 (d, 2 H, H2,9), 8.78 (t, 2 H, H4,7), 8. 22 (s, 2 H,
H5,6), 8.02 (d, 2 H, H3,8), 2.73 ppm (m, 12 H, [9]aneS3, partially
overlapped with the corresponding resonances of 2aq). 1H NMR
(CDCl3): δ = 9.36 (d, 2 H, H2,9), 8.49 (d, 2 H, H4,7), 8.05 (s, 2 H, H5,6),
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7.87 (d, 2 H, H3,8), 2.97 (m, 12 H, [9]aneS3) ppm. 13C{1H} NMR from
HSQC (CDCl3): δ = 152.2 (C2,9): δ = 136.3 (C4,7), 127.8 (C5,6), 126.0
(C3,8), 34.1 ([9]aneS3) ppm. ESI mass spectrum: m/z = 497.0 (calcd.
497.1) [M]+. UV/Vis (H2O): λmax (ε, L mol–1 cm–1) = 369 (4711), 415
(4423) nm.

[Ru([9]aneS3)(4,7-Ph2phen)Cl]Cl (3): Same procedure as for com-
plex 1, using the same amount of precursor and 4,7-Ph2phen
(153.2 mg, 2 equiv.). In this case, after 10 minutes of refluxing, the
ethanol solution changed from yellow to orange-brown. Yield:
75 %. C30H28Cl2N2RuS3 (685.4): calcd. C 52.62, H 4.12, N 4.09; found
C 52.73, H 4.20, N 4.17. 1H NMR (D2O): δ = 9.52 (d, 2 H, H2,9), 8.15
(s, 2 H, H5,6), 7.98 (d, 2 H, H3,8), 7.69 (br. s, 10 H, Ph), 2.92 (m, 12
H, [9]aneS3, partially overlapped with the corresponding resonances
of 3aq) ppm. 1H NMR (CDCl3): δ = 9.40 (d, 2 H, H2,9), 8.07 (s, 2 H,
H5,6), 7.78 (d, 2 H, H3,8), 7.57 (m, 10 H, Ph), 3.03 (m, 12 H, [9]aneS3)
ppm. 13C{1H} NMR from HSQC (CDCl3): δ 151.9 (C2,9), 129.2 (Ph),
124.0 (C5,6), 122.4 (C3,8), 35.0 ([9]aneS3) ppm. ESI mass spectrum:
m/z = 649.1 (calcd. 649.3) [M]+. UV/Vis (H2O): λmax (ε, L mol–1 cm–1)
= 370 (6598), 408 (5786) nm.

[Ru([9]aneS3)(dppz)Cl]Cl (4): Same procedure as for complex 1,
using the same amount of precursor and dppz (129.1 mg, 2 equiv.).
In this case, after 10 min of refluxing, the ethanol solution changed
from yellow to red. Yield: 71 %. C24H22Cl2N4RuS3 (635.5): calcd. C
45.42, H 3.49, N 8.83; found C 45.50, H 3.58, N 8.91. 1H NMR (CDCl3):
δ = 9.77 (d, 2 H, H2,2′), 9.42 (d, 2 H, H4,4′), 8.46 (d, 2 H, H5,5′), 8.08
(d, 2 H, H6,6′), 8.00 (t, 2 H, H3,3′), 3.01 (m, 12 H, [9]aneS3) ppm.
13C{1H} NMR from HSQC (CDCl3): δ = 153.6 (C4,4′), 134.3 (C2,2′),
131.3 (C6,6′), 130.6 (C5,5′), 126.3 (C3,3′), 33.2 ([9]aneS3) ppm. ESI
mass spectrum: m/z = 599.0 (calcd. 599.1) [M]+. UV/Vis (H2O): λmax

(ε, L mol–1 cm–1) = 357 (6875), 423 (4750) nm.

[Ru([9]aneS3)(bq)Cl]Cl (5): [Ru([9]aneS3)Cl2(dmso-S)] (50 mg,
0.12 mmol) was partially dissolved in EtOH (2 mL), and two equiva-
lents of 2,2′-biquinoline (0.24 mmol, 60 mg) were added. The mix-
ture was microwave-heated at 140 °C for 90 min. The white powder
(unreacted bq) was removed by filtration. Evaporation of the sol-
vent afforded a purple solid that was dissolved in water, which was
filtered to remove the remaining traces of unreacted bq. The solu-
tion was rotary evaporated to dryness, and the solid (pure 5, accord-
ing to the 1H NMR spectrum) was dried in vacuo. (Yield 51.1 mg,
66 %). C24H24Cl2N2RuS3 (607.9): calcd. C 47.36, H 3.97, N 4.60; found
C 47.28, H 3.88, N 4.51. 1H NMR (D2O): δ = 9.10 (d, 2 H, H8,8′), 7.95
(t, 2 H, H7,7′), 7.65 (d, 2 H, H4,4′), 7.73 (m, 4 H, H5,5′ + H6,6′), 7.49
(d, 2 H, H3,3′), 2.43 (m, 12 H, [9]aneS3) ppm. 13C{1H} NMR from HSQC
(D2O): δ = 139.0 (C4,4′), 132.8 (C7,7′), 129.6 (C5,5′), 129.1 (C3,3′),
128.6 (C8,8′), 119.4 (C6,6′), 33.1 ([9]aneS3) ppm. ESI mass spectrum:
m/z = 573.1 (calcd. 573.2) [M]+. UV/Vis (H2O): λmax (ε, L mol–1 cm–1) =
356 (20106), 373 (19574), 515 (4787) nm.

[Ru([9]aneS3)(bpy)(py)]Cl2 (6): Complex 1 (60 mg, 0.13 mmol) was
dissolved in H2O (5 mL), and pyridine (50 μL, 0.6 mmol) was added.
The solution was heated to reflux for 3 h, and then it was rotary
evaporated to dryness. The obtained solid was sonicated with acet-
one (2 mL), then removed by filtration, washed with acetone and
diethyl ether, and dried in vacuo. The product was obtained in pure
form according to the 1H NMR spectrum. Yield: 66 %.
C21H25Cl2N3RuS3 (588.2): calcd. C 42.93, H 4.29, N 7.15; found C
42.65, H 4.25, N 7.08. 1H NMR (D2O): δ = 9.23 (d, 2 H, H6,6′), 8.66
(d, 2 H, o-py), 8.38 (d, 2 H, H3,3′), 8.16 (t, 2 H, H4,4′), 7.77 (d, 3 H, p-
py + H5,5′), 7.26 (t, 2 H, m-py), 2,90 (m, 12 H, [9]aneS3) ppm. ESI
mass spectrum: m/z = 473.0 (calcd. 473.1) [M – py + Cl]+. UV/Vis
(H2O): λmax (ε, L mol–1 cm–1) = 401 (4666) nm.

[Ru([9]aneS3)(phen)(py)]Cl2 (7): Same procedure as for 6, using
complex 2 (69 mg, 0.13 mmol). The product was obtained in pure
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form according to the 1H NMR spectrum. Yield: 87 %.
C23H25Cl2N3RuS3 (612.4): calcd. C 45.17, H 4.12, N 6.87; found C
45.25, H 4.20, N 6.98. 1H NMR (D2O): δ = 9.63 (d, 2 H, H2,9), 8.76 (d,
2 H, o-py), 8.72 (m, 2 H, H4,7), 8.15 (s, 2 H, H5,6), 8.11 (t, 2 H, H3,8),
7.71 (d, 1 H, p-py), 7.20 (t, 2 H, m-py), 3.01 (m, 12 H, [9]aneS3) ppm.
13C{1H} NMR from HSQC (D2O): δ = 153.3 (C2,9), 152.9 (o-py), 138.2
(C4,7), 138.5 (C3,8 + C5,6), 129.0 (p-py), 126.8 (m-py), 32.2 ([9]aneS3)
ppm. ESI mass spectrum: m/z = 497.0 (calcd. 497.1) [M – py + Cl]+.
UV/Vis (H2O): λmax (ε, L mol–1 cm–1) = 353 (5153), 405 (4384) nm. X-
ray quality crystals of 7 were obtained by slow diffusion of diethyl
ether into an EtOH solution of the complex.

[Ru([9]aneS3)(4,7-Ph2phen)(py)]Cl2 (8): Same procedure as for 6,
using complex 3 (89 mg, 0.13 mmol). The product was obtained in
pure form according to the 1H NMR spectrum. Yield: 84 %.
C35H33Cl2N3RuS3 (764.2): calcd. C 55.04, H 4.35, N 5.50; found C
55.11, H 4.44, N 5.61. 1H NMR (D2O): δ = 9.73 (d, 2 H, H2,9), 8.87 (d,
2 H, o-py), 8.09 (d, 2 H, H3,8), 7.81 (m, 3 H, H5,6 + p-py), 7.60 (m,
10 H, Ph), 7.34 (t, 2 H, m-py), 3.11 (m, 12 H, [9]aneS3) ppm. 13C{1H}
NMR from HSQC (D2O): δ = 152.9 (C2,9), 151.9 (o-py), 125.1 (C5,6)
130.5 (C3,8 + p-py), 126.9 (Ph), 126.7 (m-py), 33.4 ([9]aneS3) ppm.
ESI mass spectrum: m/z = 649.1 (calcd. 649.3) [M – py + Cl]+.
UV/Vis (H2O): λmax (ε, L mol–1 cm–1) = 467 (7800), 413 (6600) nm.

[Ru([9]aneS3)(dppz)(py)]Cl2 (9): Same procedure as for 6, using
complex 4 (82 mg, 0.13 mmol). The product was obtained in pure
form according to the 1H NMR spectrum. Yield: 65 %.
C29H27Cl2N5RuS3 (714.1): calcd. C 48.80, H 3.81, N 9.81; found C
48.72, H 3.71, N 9.73. 1H NMR (D2O): δ = 9.76 (d, 2 H, H2,2′), 9.03
(d, 2 H, o-py), 8.85 (s, 2 H, H4,4′), 8.11 (t, 2 H, H3,3′), 8.00 (t, 2 H, p-
py), 7.59 (m, 6 H, H5,5′ + H6,6′ + m-py), 3.05 (m, 12 H, [9]aneS3)
ppm. 13C{1H} NMR from HSQC (D2O): δ = 155.3 (C2,2′), 152.2 (o-py),
139.6 (C4), 133.3 (C3,3′), 133.2 (p-py), 128.1 (C5,5′ + C6,6′), 126.8 (m-
py), 31.8 ([9]aneS3) ppm. ESI mass spectrum: m/z = 599.0 (calcd.
599.1) [M – py + Cl]+. UV/Vis (H2O): λmax (ε, L mol–1 cm–1) = 355
(11882), 423 (4117) nm.

[Ru([9]aneS3)(bq)(py)]Cl2 (10): Same procedure as for 6, using
complex 5 (83 mg, 0.13 mmol). The product was obtained in pure
form according to the 1H NMR spectrum. Yield: 85 %.
C29H27Cl2N3RuS3 (688.87): calcd. C 50.65, H 4.25, N 6.11; found C
50.73, H 4.32, N 6.21. 1H NMR (D2O): δ = 8.79 (s, 4 H, H3,3′ + H4,4′
), 8.32 (m, 4 H, H8,8′ + o-py), 8.17 (m, 2 H, H5,5′), 7.88 (m, 1 H, p-
py), 7.80 (m, 4 H, H7,7′ + H6,6′), 7.28 (t, 2 H, m-py), 2.52 (m, 12 H,
[9]aneS3) ppm. 13C{1H} NMR from HSQC (D2O): δ = 154.9 (o-py),
141.0 (C3,3′), 139.5 (p-py), 133.3 (C4,4′), 129.7 (C7,7′), 128.8 (C5,5′),
127.0 (m-py), 126.9 (C8,8′), 120.3 (C6,6′), 35.8 ([9]aneS3) ppm. ESI
mass spectrum: m/z = 573.1 (calcd. 573.2) [M – py + Cl]+. UV/Vis
(H2O): λmax (ε, L mol–1 cm–1) = 359 (14161), 378 (16207), 466 (2854),
493 (3771) nm. X-ray quality crystals of 10 were obtained by slow
diffusion of diethyl ether into an EtOH solution of the complex.

trans,cis-[Ru(bq)Cl2(CO)2] (11): To trans,cis,cis-RuCl2(CO)2(dmso-O)2

(60 mg, 0.16 mmol) dissolved in CHCl3 (3 mL), was added 2,2′-bi-
quinoline (1 equiv., 43.2 mg), and the mixture was sonicated for a
few minutes until complete dissolution of the ligand (yellow solu-
tion). After 4 h, small red crystals began to form. The crystals were
filtered after one day and washed with CHCl3 and diethyl ether and
dried in vacuo (Yield 57.1 mg, 75 %). C20H12Cl2N2O2Ru (484.83):
calcd. C 49.60, H 2.50, N 5.78; found C 49.72, H 2.61, N 5.89. 1H NMR
(CDCl3): δ = 9.25 (d, 2 H, H8,8′), 8.56 (d, 2 H, H3,3′), 8.35 (d, 2 H,
H4,4′), 8.04 (t, 2 H, H7,7′), 7.98 (d, 2 H, H5,5′), 7.79 (t, 2 H, H6,6′)
ppm. 13C{1H} NMR (CDCl3): δ = 195.61 (CO), 141.24 (C3,3′), 133.29
(C7,7′), 129.65 (C8,8′), 129.51 (C6,6′), 129.35 (C5,5′), 119.37 (C4,4′)
ppm. ESI mass spectrum: m/z = 448.6 (calcd. 448.8) [M – Cl]+. Se-
lected IR absorption (cm–1): Nujol, 2051 (νCO, s), 1981 (νCO, s).
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[Ru([9]aneS3)(bq)(NH3)]Cl2 (12): [Ru([9]aneS3)(bq)Cl]Cl (5) (20 mg,
0.033 mmol) was dissolved in H2O (1 mL), a 25 % ammonia solution
in water (45 μL, 0.42 mmol) was added, and the mixture was heated
in the microwave at 110 °C for 150 min. Then the solvent was rotary
evaporated completely and the resulting oil was crushed with CHCl3
to obtain a dark red solid that was filtered, washed with CHCl3 and
diethyl ether, and dried in vacuo. According to the 1H NMR spec-
trum, the product was pure 12. X-ray quality crystals of 12 were
obtained by slow diffusion of diethyl ether into a methanol solution
of the complex. (Yield 14.4 mg, 70 %). C24H27Cl2N3RuS3 (624.48):
calcd. C 46.07, H 4.35, N 6.72; found C 45.99, H 4.28, N 6.63. 1H NMR
(D2O): δ = 8.91 (d, 2 H, H8,8′), 8.65 (m, 4 H, H3,3′+H4,4′), 8.14 (s, 2
H, H5,5′), 8.06 (t, 2 H, H7,7′), 7.86 (t, 2 H, H6,6′), 3.53 (br. s, 3 H, NH3),
2.63 (m, 12 H, [9]aneS3) ppm. 13C{1H} NMR from HSQC (D2O): δ =
134.6 (C3,3′), 131.2 (C7,7′), 129.3 (C5,5′), 129.2 (C6,6′), 126.8 (C8,8′),
120.11 (C4,4′), 33.2 ([9]aneS3) ppm. ESI mass spectrum: m/z = 573.0
(calcd. 573.2) [M – NH3 + Cl]+.

[Ru([9]aneS3)(py)2Cl]Cl (13): [Ru([9]aneS3)Cl2(dmso-S)] (50 mg,
0.13 mmol) was partially dissolved in EtOH (10 mL), pyridine (36 μL,
0.52 mmol) was added, and the mixture was heated to reflux for
5 h. During the heating a clear yellow-orange solution was ob-
tained, from which a yellow precipitate started to form. After cool-
ing the mixture to room temp., the product was removed by filtra-
tion, washed with EtOH and diethyl ether, and dried in vacuo. (Yield
49.7 mg, 75 %). The product was pure 13 according to the 1H NMR
spectrum. C16H22Cl2N2RuS3 (509.94): calcd. C 37.64, H 4.34, N 5.49;
found C 37.78, H 4.44, N 5.58. 1H NMR (D2O): δ = 8.70 (d, 4 H, o-
py), 7.87 (t, 2 H, p-py), 7.43 (t, 4 H, m-py), 2.41 (m, 12 H, [9]aneS3

partially overlapped with the corresponding resonances of 13aq)
ppm. ESI mass spectrum: m/z = 475.0 (calcd. 475.1) [M]+.
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