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Abstract: We report the photophysical and photochemical
properties of Ru'-polypyridine complexes [Ru(bpy)(dcbpy)-
py,1%* (1)2* and [Ru(dcbpy),py-12* (2)2* (bpy = 2,2"-bipyridine,
dcbpy = 4,4’-dicarboxy-2,2’-bipyridine, py = pyridine). These
complexes combine a monodentate ligand with a chelate bi-
pyridine substituted with carboxylate groups. At low pH, both
complexes present metal-to-ligand charge transfer absorption
bands in the visible region and room-temperature photolumi-
nescence with long excited-state lifetimes (r > 200 ns). At
physiological pH, their absorption and emission maxima are dis-
placed to higher energies, with a significant reduction of their
\emission lifetime. These species show photosubstitution of the

monodentate pyridine upon irradiation at 450 nm. At low pH,
the quantum yield for this process is very low, but at physiologi-
cal pH, they are very active, with a @ps 450 value of 0.14 for (1)%*
and of 0.17 for (2)2*. The products of photosubstitution were
identified as monoaquo complexes. Both the reactants and the
products of the photosubstitution show photoluminescence,
but with very different lifetimes, making it possible to monitor
the reaction by the time constant of their decay. The ability of
complexes (1)?* and (2)?* to photorelease monodentate ligands
at physiological pH makes them attractive candidates for the
delivery of biomolecules linked to more complex structures
through the carboxylate functional group. /

Introduction

The unique properties of the Ru'-polypyridines have prompted
their use in different fields, such as photochemotherapy
(PCT),""2! caged compounds,®! devices, and sensitizer dyes for
solar-energy conversion.>® Their use as caged compounds is
based on the well-reported property that substitution of
monodentate ligands can be triggered by the absorption of
visible light.”) The process has been attributed to the presence
of a triplet ligand-field excited state (3LF) that lies very close in
energy to the initially populated 3MLCT (metal-to-ligand charge
transfer) state and can be thermally populated.®®! This provides
a pathway to the deactivation of the emitting state and has a
strong impact on its lifetime.

Cage compounds or phototriggers are molecules that
- upon absorption of visible light — release a fragment of inter-
est, usually a molecule of biological relevance. Since the first
report,'% transition-metal complexes have been actively ex-
plored for this purpose.l'! The so-called RuBi family of com-
pounds!'? {RuBi = [Ru(bpy),LL']", with L and L’ monodentate
ligands} presents some advantages, compared with other sys-
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tems frequently used, such as the stability of the caged mol-
ecule and the possibility of releasing the molecule using visible
light or infrared light under a two-photon regime."3 This cage
has been used for the release of neurotransmitters, such as
4-aminopyridine,!'3! serotonin,[™* GABA,I"! glutamate,''® nico-
tine,"”? dopamine,!'® and drugs with therapeutic value.[9-2"]

Inclusion of functional groups on the bpy ligands could
greatly increase the applicability of these compounds, adding
properties like molecular recognition and transport improve-
ment. One of the most interesting groups to be added is carb-
oxylate. It has been extensively used to attach the Ru'' chromo-
phore to the surface of semiconductors and promote injection
of the electrons into the conduction band in different schemes
to make use of solar energy, such as dye-sensitized photovoltaic
cells®™ or photocatalytic devices.[®?? This linker has also been
used to attach Ru" complexes to proteins through free amine
groups, for the detection of purification processes or as a part
of energy-transfer studies.?3! Given the rich literature on the
covalent incorporation of Ru" complexes to surfaces and bio-
molecules,?¥ the extension of this strategy to RuBi cages seems
very possible, provided that the attachment retains its ability to
photorelease the caged molecule. Besides the ability to cova-
lently link the RuBi cage, the presence of free carboxylate
groups could be used to tune other properties, like solubility,
in different environments.

The modification of bpy ligands could also have an impact
on the photophysical properties; hence, the exploration of suit-
able models is required in order to evaluate the potential of the
substituted Ru'-polypyridines as caging fragments. In fact, a
previous report indicates that the complex [Ru(deeb),py,]** in
acetonitrile [deeb = 4,4"-bis(ethoxycarbonyl)-2,2"-bipyridine]
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shows no significant photolabilization of the py monodentate
ligands.?*!

Here, we report the photophysical properties in aqueous so-
lutions of ruthenium complexes containing at least one dcbpy
ligand, together with monodentate pyridine ligands. We have
chosen pyridine as our model monodentate ligand, as it is re-
lated to complex [Ru(bpy),py,]**, which has been thoroughly
studied,’?°2! and hence, a comparison with its properties is
possible. Also, the py ligand, like many other amines, forms a
strong bond with Ru", so it is a representative model. These
complexes show very limited photorelease activity in acidic so-
lutions, but are very active at physiological pH. The latter prop-
erty makes them good candidates for the development of mod-
ified RuBi-caged compounds.

Results and Discussion

We decided to prepare complexes with varying degrees of carb-
oxylate-group substitution at the ligands to assess the impact
of the functional-group addition. We avoided the ligands with
only one carboxylate group, as they will lead to isomers, with
the ring substituted by the carboxylate cis or trans to one of
the pyridine ligands. The separation of this type of isomers is
not easy, and their presence would increase the number of sig-
nals in the NMR spectra, making it very difficult to analyze the
photolysis products by this technique. So, we restricted our-
selves to the incorporation of one or two dcbpy ligands.

To prepare the complex (1)** containing only one dcbpy li-
gand (Scheme 1), we took advantage of the intermediate com-
plex cis(Cl),cis(S)-Ru(bpy)(dmso-S),Cl,, which can be prepared
with a yield better than 90 %.13% The reaction of this precursor
with the 4,4’-bis(methoxycarbonyl)-2,2’-bipyridine (dmebpy) li-
gand in methanol affords the desired dichloride complex in

(2)*
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good yield. Reaction of the latter in an aqueous solution of
pyridine, followed by treatment with a hot basic solution, gives
complex (1)%*. The synthesis of (2)?* involves the reflux of the
reported dichloride cis-[Ru(dcbpy)>Cl,]®" in an aqueous solu-
tion of pyridine, followed by dissolution in a basic solution and
the precipitation of the PFs~ salt upon acidification.

The electronic spectra of complexes (1)2* and (2)?* in acidic
(pH 1.1) and basic (pH 7.4) media are shown in Figure 1. All of
the spectra show the expected features for an Ru-polypyridine.
For example, the spectrum of (2)2* in an acidic medium shows
sharp transitions at 242 and 311 nm, which we assign as cen-
tered on the dcbpy ligand [rt*(dcbpy)<m(dcbpy)], and two
wide transitions at 352 and 489 nm that correspond to CT tran-
sitions involving the dcbpy ligand and the metal atom
[*(dcbpy)<—dmt(Ru)]. The latter transition appears at almost the
same energy as the one for [Ru(deeb),py,]>* (488 nm),!>*! but it
is redshifted compared with the one observed for the complex
[Ru(bpy),py-]%* (456 nm).12”! This is a consequence of the lower
energy of the m* orbitals of the dcbpy ligand relative to those
of bpy. The spectrum of (1)2* shows three maxima in the visible
region instead of two, with bands at 374, 425, and 490 nm.
We assign the additional band to the presence of two different
acceptor ligands that result in the presence of further MLCT
transitions. In basic media, the maxima of the MLCT bands of
both complexes shift to higher energies (Figure 1 and Tables 1
and S1), as previously observed for other Ru—polypyridines con-
taining the dcbpy ligand.32-34

Unlike the complex [Ru(bpy),py-]**,3> complexes (1)** and
(2)%* present strong photoluminescence (PL) at room tempera-
ture, both in acidic and basic conditions. Their excitation and
emission profiles are illustrated in Figure 2. In acidic media, the
emission properties for both complexes are typical for ruth-
enium-polypyridine complexes with emission maxima, quan-

(za)2+

Scheme 1. Sketches of the complexes (1)?*, (1a)?*, (1a")?*, (2)?*, and (2a)?* discussed in this work.
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Figure 1. Electronic absorption spectra of complexes (1)2* (left) and (2)?* (right) in acidic (pH 1.1, red, dashed) and basic (pH 7.4, blue, solid) media.

Table 1. Spectroscopic properties for the deareated acetonitrile solutions of complexes (1)2*, (2)?*, (1a)?*, and (2a)?*.

Complex pH Aabs [Nm] (e [10* M~ cm™]) Agm [InM] (@er [%]) Tem [Ns]

(1)%+ 1.1 487 (0.96) 693 (5.7) 285

74 471 (1.02) 648 (0.7) 61

(2)%+ 1.1 489 (1.61) 668 (6.8) 378

7.4 476 (1.13) 643 (0.6) 53

(1a)** 1.1 496 (0.97) - 10

7.4 484 (1.08) 6261 1.4

(2a)%* 1.1 501 (1.67) - 12

7.4 489 (1.16) 650! 1.4

[Ru(bpy),(dcbpy)1* 1.1 482 (1.21) 695 (2.6) 260
7.4 458 (1.53) 654 (5.5) 486

[Ru(bpy)(dcbpy),]?* 1.1 481 (1.88) 668 (4.9) 417
74 466 (1.64) 648 (6.6) 556

[a] The emission for these complexes is very weak, and we report the maxima of the uncorrected emission.
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Figure 2. Absorption (black), excitation (blue), and emission spectra (red) of (1)%* (left) and (2)?* (right) in acidic (top, pH 1.1) and basic (bottom, pH 7.4)
media. The emission spectra were taken with excitation at the wavelength of the maximum of the MLCT band. The excitation spectra were collected at the
wavelength of the emission maximum. Absorption and excitation spectra are normalized at the wavelength of the MLCT band maximum, while emission
spectra are normalized at the peak wavelength.
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tum vyields, and lifetimes similar to those reported for the re-
lated complexes [Ru(bpy),(dcbpy)]>* and [Ru(bpy)(dcbpy),]** in
the same medium (Table 1). The PL spectra of (1)>* are clearly
centered more to the red, compared with the one of (2)?*. A
similar shift is observed between the emission of [Ru(bpy),-
(dcbpy)]** and [Ru(bpy)(dcbpy),]?*. This is due to the more
basic nature of the ligands present in (1)>* and
[Ru(bpy),(dcbpy)1?*, which results in a stabilization of the Ru"
moiety present in the 3MLCT states.

The PL spectra of both complexes dissolved in basic solu-
tions are blueshifted, with an increase of energy of 1000 cm™'
for (1)2* and 580 cm™ for (2)?*. The quantum yield of the emis-
sion at pH 7.4 is greatly diminished, and an associated decrease
of the emission lifetime is also observed (Table 1). At intermedi-
ate pH values, a third lifetime can be detected for both com-
plexes, and we assign it to the mono-deprotonated species (Fig-
ures S1 and S2 and Table S2). The shorter lifetimes determined
for the deprotonated species are in clear contrast with the re-
sults for [Ru(bpy),(dcbpy)]?* and other dcbpy-containing ruth-
enium-polypyridine complexes,3334 where a change to basic
pH results in a blueshift of the PL spectrum, together with an
increase in the intensity of the emission and a longer lifetime.
The fact that the opposite trend is observed for (1)2* and (2)**
suggests that some other process could be operative in these
complexes.

DFT calculations were employed to study the structure and
spectra of the protonated forms of complexes (1)>* and (2)?* in
water. The calculated structures for both complexes are shown
in Figure S3. Both complexes present a distorted octahedral
geometry. The pyridine ligands are tilted at an angle larger than
40° with respect to the plane of the octahedron. The Ru-N
bond length for the three ligands in both complexes (Table S2)
decreases in the order py > bpy > dcbpy, reflecting the reduc-
tion of the donor character of the ligand and its increasing
acceptor ability.

For both complexes, the LUMO orbital is located mainly on
the dcbpy ligand, while for (1)?*, the next orbital in energy is
located on the bpy (Figures S4 and S5). The HOMO, H-1, and
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H-2 orbitals are the dm orbitals centered on the ruthenium ion.
(TD)DFT helps in the assignment of the observed transitions in
the visible region. Figure 3 shows the energy and intensity of
the predicted transitions and their comparison with the experi-
mental results for (1)?* and (2)?* in acidic media. The lower-
energy MLCT band in both complexes has the same origin, a
transition from the dm(Ru) orbital lower in energy (H-2) to the
LUMO centered at the dcbpy (Figures S6 and S7, and Tables S4
and S5). The calculated spectrum for (1)?* reproduces well the
presence of the extra MLCT at higher energy that corresponds
to a m*(bpy)<—dm(Ru) transition.

The NMR spectra of basic solutions of (1)>* and (2)?* ex-
posed to visible light (4;, = 450 nm) reveal the nature of the
process responsible for the shorter lifetime of the excited state.
Figure 4 shows the NMR spectra of a solution of (2)* in an
Na,CO5 (0.1 m) solution in D,O before and after irradiation with
450 nm. Upon irradiation, the signals for the coordinated pyr-
idine decrease and the signals for the free pyridine become
apparent. Also several new signals are observed that corre-
spond to the complex [Ru(dcbpy),(py)(H,0)1>* (2a%*) (for a de-
tailed assignment, see the Exp. Sect.).

The same experiment for (1)2* shows similar results, with the
added complication that the product is an almost equimolar
mixture of the two positional isomers of the complex
[Ru(dcbpy)(bpy)(py)(H,0)1?*, (1a)** and (1a’)?*, where the py
ligand is trans to the bpy or the dcbpy ligand, respectively (see
Scheme 1 and Figure S8). In spite of this complication, it was
possible to identify the signals for each isomer and quantify
that they appear in a 1:1.1 ratio (see Figure S8 and the Exp.
Sect. for the assignment). As the two isomers appear together,
from now on we will refer to them collectively as (1a)%*.

The above process can also be monitored in the visible spec-
tra (Figure 5). Irradiation of basic solutions of (1)2* or (2)** (A, =
450 nm) results in a redshift in their MLCT maxima from 470 to
484 nm for (1)%*, and from 478 to 489 nm for (2)?*. Another
significant change observed is the decrease of the intensity of
the 374 nm band for (1)?* and 368 nm for (2)%*. Three isosbestic
points are observed for both systems, which is consistent with a
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Figure 3. Comparison of the visible spectra and the energy of the transitions predicted by (TD)DFT calculations (bars) in acidic media of (1)>* (left) and (2)%*

(right).
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Figure 6. Emission decay for basic solutions of complexes (1)%* (left) and (2)?* (right) before (black) and after irradiation with A;, = 450 nm at different times:
2 min (red), 7 min (blue), and 20 min (pink). Insets show only the two longer irradiation times.

single dominant reaction in each process. The observed spectral
changes are compatible with the same reaction identified in the
NMR spectroscopic experiments, the substitution of a pyridine
ligand by water to form (1a)>* or (2a)?*. Irradiation of both
complexes at the same wavelength under acidic conditions also
leads to a redshift of the MLCT transition (Figure S9). However,
in this case, the observed isosbestic points only hold at short
times (t < 600 s), which indicates the onset of another process,
the substitution of the remaining pyridine in (1a)?* or (2a)** by
water.

To obtain the quantum yield for the photosubstitution proc-
ess on both complexes, we modeled the reaction considering
only one process for the reactions in basic media and two con-
secutive steps for the reactions at low pH. The fitting procedure
was very satisfactory, and the calculated traces reproduce well
the observed behavior (Figures 5 and S7). This analysis allowed
us not only to obtain the quantum yield for the photorelease
of pyridine, but also the visible spectra of the photoproducts
(1a)?* and (2a)?* in both media (Figures 5 and S9, and Table 1).

The photolysis of complexes (1)>* and (2)** also has a strong
impact on the emission properties of both complexes in each
medium. For example, upon irradiation in the visible range of
a basic solution of (1)?*, its emission becomes weaker and its
decay shows biexponential behavior, with a short lifetime com-
ponent that is more pronounced upon extended times of irradi-
ation (Figure 6). This behavior, also observed for (2)?*, indicates
that the products of the photolysis, (1a)?* and (2a)?*, are weak
emitters, as found for other Ru'-aquo complexes.>®! The ob-
served change in the emission properties of these complexes
upon irradiation provides an alternative way to monitor the
photolysis reaction when the reaction conditions preclude the
use of visible absorption, as in a heterogeneous medium.

As these complexes could be the basis for a new family of
cage compounds to be used in biological experiments, the tem-
perature dependence of the quantum yield for the photoin-
duced substitution of the ligands is a property of great interest.

Eur. J. Inorg. Chem. 2017, 3612-3621 www.eurjic.org
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Table S5 collects these values for complexes (1)2* and (2)%* in
both aqueous media, and Figure 7 plots the inverse of the
quantum yield in basic media for photosubstitution (¢ps) as a
function of 1/T, together with the best fit for the data using
Equation (1) originally proposed by Durham et al.l3”!

(@ps)™' =1 + ko exp(AE,/RT) M

7-5 T T T T T T T T T T T T T
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Figure 7. Plot of ¢t vs. T for (1)%* (blue squares) and (2)2* (red squares).
The line shows the best fitting to both data sets according to Equation (1).

For (2)?*, the fit to Equation (1) is very satisfactory and gives an
activation energy of 13.9 kJ/mol (1160 cm™). Fitting for (1)%*
gives a similar, but smaller, activation energy of 12.1 kJ/mol
(1010 cm™). Although the latter fitting is slightly less satisfac-
tory, the result is surprisingly good, considering that the reac-
tion consists actually of two simultaneous reactions that give
two different photoproducts [(1a)>* and (1a’)?*]. It should also
be considered that (1)2* has two different chromophores, and
this results in an additional 3MLCT excited state of slightly

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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higher energy. This different electronic structure could lead to
a more complex temperature dependence.

The observed temperature dependence is smaller than the
one observed for [Ru(bpy),PMe;Glul* (Glu = glutamate),™ but
is still larger than the one reported for [Ru(bpy),py,]**, where
no temperature dependence of the quantum yield of photosub-
stitution was observed.’>”!

For ruthenium-polypyridines, the presence of a 3LF state ly-
ing at a higher energy than the emitting 3MLCT is a well-estab-
lished fact.”! Its presence was first inferred from the tempera-
ture dependence of the quantum yield of the emission of
[Ru(bpy);]>*,138 and a similar behavior has been observed for
several related complexes. The presence of this state has also
been explored using theoretical tools.2%4% |n most of the sys-
tems explored, the 3LF state lies more than 3000 cm™' above
the 3MLCT. This order can be altered by using sterically hin-
dered ligands that lower the energy of the 3LF state,*'*?! or by
using ligands with higher-energy acceptor orbitals that increase
the energy of the 3MLCT.*3] Both strategies lead to the detec-
tion of the 3LF state in transient absorption experiments, either
by its role in the dynamics of the decay of the 3MLCT statel*'42]
or by direct spectroscopic observation.[3

The energy of activation reported for the photosubstitution
process'22%! is much smaller than the energy gap between the
SMLCT and the 3LF states evaluated from the emission measure-
ments on systems with chelate ligands, where the photosubsti-
tution is much less prominent. Theoretical calculations have
shown that elongation of the Ru-L distance is involved in the
pathway leading to the 3LF state. Also the participation of a
second 3LF has been proposed.* These proposed pathways
require the elongation of the monodentate ligand and probably
contribute to the smaller activation energy observed. Interest-
ingly, although the cage compound [Ru(bpy),PMe;Glu]** has
its absorption maxima blueshifted compared with (1)** and
(2)%*, it has a higher activation energy for the photosubstitution
process. This is probably related to the higher binding energy
of the Ru-P bond that has to be weakened in the activated
complex, leading to the photosubstitution products.

The role of the energy gap between 3MLCT and the 3LF also
provides an explanation for the low quantum yield for the
photosubstitution reaction observed for (1)2* and (2)?* at low
pH. The protonation of the dcbpy ligand results in a stabiliza-
tion of the LUMO and a lower energy for the 3MLCT, as ex-
pressed by the redshift of the energy of the emission maxima.
So, in this case, the energy gap between the 3MLCT and the
3LF state is much larger, and this leads to a lower quantum
yield for the photosubstitution reaction and a longer emission
lifetime.

Conclusion

The complexes (1)?* and (2)?* have been shown to be very
active for the photosubstitution of a pyridine ligand at physio-
logical pH, and by extension, it should be a very useful frag-
ment for the caging of molecules containing functionalities like
nitriles and amines, as has been found for complexes of the
family [Ru(bpy),L,]?*. This behavior is due to the presence of a

Eur. J. Inorg. Chem. 2017, 3612-3621 www.eurjic.org
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deprotonated form of the dcbpy ligand that increases the en-
ergy of the 3MLCT state and opens the thermal population of
the 3LF state responsible for the photoinduced substitution of
pyridine. Interestingly, the protonated form is much less active,
due to the stabilization of the 3MCLT state brought by the pro-
tonated carboxylic group. This suggests that the inclusion of
deprotonable carboxylates is a viable strategy to increase the
activity of a given bpy-based cage compound at physiological
pH. The inclusion of this group will also have the benefit of
increasing the solubility of the cage in water at physiological
pH. On the contrary, an ester group on the bpy ligand would
result in a lower-energy 3MLCT state that will be less effective
in populating the 3LF state, and it should present a lower quan-
tum vyield for the photosubstitution reaction.

Experimental Section

Materials: The solvents used were of HPLC quality and were previ-
ously dried, when needed, according to published procedures,#*!
and deoxygenated by freeze—pump-thaw processes or argon bub-
bling.

Synthesis: The ligands 4,4’-dicarboxy-2,2"-bipyridine (dcbpy)®!
and 4,4’-bis(methoxycarbonyl)-2,2’-bipyridine (dmebpy),*” and the
complexes cis-[Ru(DMS0),Cl,],#8 cis,cis-Ru(bpy)(DMS0),Cl,,BY cis-
Ru(bpy),Cl,,*! cis-Ru(dcbpy),Cl,, 2" [Ru(bpy),(dcbpy)l(PF6),,24 and
[Ru(bpy)(dcbpy),1(PFe),,*® were prepared according to previously
reported procedures. All other reagents were commercially avail-
able (Sigma-Aldrich) and were used without further purification. All
the compounds were vacuum-dried with silica gel for at least 12 h,
prior to characterization.

Ru(bpy)(dmebpy)Cl,: Dry methanol (200 mL) was deoxygenated
by argon bubbling (60 min) in a Schlenk flask. The compound
cis,cis-Ru(bpy)(DMSO0),Cl, (403.0 mg, 0.8319 mmol, M, = 484.43), the
dmebpy ligand (225.6 mg, 0.8286 mmol, M, = 272.26), and LiCl
(701.9 mg, 16.56 mmol, M, = 42.39) were added to the deoxygen-
ated solvent, against an argon stream. The resulting orange-colored
suspension was heated to reflux under argon. After 18 h, the reac-
tion mixture was cooled to room temperature and was then vac-
uum-concentrated (at 35 °C) to complete dryness. The resulting
solid was resuspended in distilled water (5 mL), obtaining a deep-
orange solution and a purple microcrystalline powder, which was
further washed with cold water and diethyl ether. The obtained
product was placed in the desiccator for 48 h. Purity was confirmed
by thin-layer chromatography (silica gel; running solvent: acetone/
methanol, 9:1). The solid was recrystallized from dichloromethane
by diethyl ether addition, obtaining the final product (195.0 mg,
0.3153 mmol, M, = 618.43). Yield: 37.9 %. Ru(bpy)(dmebpy)Cl,-H,0
(618.43 g mol™"): calcd. C 46.6, H 3.6, N 9.1; found C 46.3, H 3.8, N
8.7. Ru(bpy)(dmebpy)Cl, (see Scheme S1). 'TH NMR [500.13 MHz,
Na,CO;5 (0.1 m) in D,O]: 6 = 10.200 (dd, J = 6.5/0.5 Hz, 1 H, A-H),
8.204 (dd, J = 6.0/1.5 Hz, 1 H, B-H), 9.087 (d, J = 1.5 Hz, 1 H, C-H),
7.878 (dd, J = 6.0/0.5 Hz, 1 H, A’-H), 7.520 (dd, J = 6.5/1.5 Hz, 1 H,
B’-H), 8.913 (d, J = 1.5 Hz, 1 H, C’-H), 9.864 (ddd, J = 6.0/1.0/-Hz, 1
H, 1-H), 7.835 (ddd, J = 8.0/6.0/1.0 Hz, 1 H, 2-H), 8.158 (ddd, J = 8.0/
8.0/1.5 Hz, 1 H, 3-H), 8.701 (d, J = 8.0 Hz, 1 H, 4-H), 7.388 (ddd, J =
6.0/1.0/- Hz, 1 H, 1"-H), 7.107 (ddd, J = 7.5/6.0/1.5 Hz, 1 H, 2’-H),
7.772 (ddd, J = 8.0/7.5/1.5 Hz, 1 H, 3’-H), 8.539 (d, / = 8.0 Hz, T H,
4’-H), 4.040 (s, 3 H, 6-H), 3.884 (s, 3, D’-H) ppm.

[Ru(bpy)(dcbpy)(py).1(PF¢), (1)(PFg),: Previously distilled pyridine
(800 pL, 782 mg, 9.9 mmol; o = 0.978 g mL™"; M, = 79.10) was added
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to milliQ water (5 mL). The mixture was deoxygenated with argon
by a freeze-pump-thaw process. Ru(bpy)(dmebpy)Cl,-H,O
(54.1 mg, 0.0875 mmol, M, = 618.43) was added to this mixture,
against an argon stream, and it was heated to reflux under argon,
with constant stirring, while covered with aluminium foil. After 4 h,
Na,COs5 (204.0 mg, 1.925 mmol, M, = 105.99) was added and the
heating continued for another 30 min. Then the solution was
cooled to room temperature, filtered to remove any undesired solid,
and then vacuum-concentrated (at 35 °C) to complete dryness. The
residue was washed with diethyl ether to remove excess pyridine
(4 x 10 mL) and was resuspended in anhydrous methanol, filtering
off the excess sodium carbonate. The deep-orange solution ob-
tained was vacuum-concentrated (at 35 °C) to complete dryness.
The residue was dissolved in HCl (0.5 m, 3 mL), and this solution
was added dropwise to an NH4PFg solution (60.0 mg NH4PFg,
0.3681 mmol, M, = 163.00, in 0.5 mL of milliQ water). This suspen-
sion was allowed to settle in a refrigerator for 24 h. The red-brown
solid thus obtained was filtered and washed with the minimum
amount of cold distilled water. The product was recrystallized from
acetone by the addition of diethyl ether, obtaining a deep-orange
solid (75.0 mg, 0.073 mmol, M, = 1021.65). Yield: 29.0 %.
[Ru(bpy)(dcbpy)(py),](PFe),+4H,0 (1021.65 g mol™): calcd. C 37.6, H
34, N 82; found C 375, H 3.0, N 8.2. Compound (1)** (see
Scheme S1). "TH NMR [500.13 MHz, Na,CO5 (0.1 m) in D,O]: 6 = 9.116
(d, J = 6.0 Hz, 1 H, A-H), 8.043 (dd, J = 6.0/1.5 Hz, 1 H, B-H), 8.721
(d, J=1.5Hz 1 H, C-H), 8093 (d, J = 6.0 Hz, 1 H, A’-H), 7.625 (dd,
J=6.0/1.5 Hz, 1 H, B-H), 8.645 (d, J = 1.5 Hz, 1 H, C’-H), 9.022 (dd,
J =5.5/1.0 Hz, 1 H, 1-H), 7.765 (ddd, J = 7.0/5.5/1.0 Hz, 1 H, 2-H),
8.138 (ddd, J = 8.0/8.0/1.5 Hz, 1 H, 3-H), 8.393 (d, J = 8.0 Hz, 1 H, 4-
H), 7.952 (dd, J = 5.5/1.0 Hz, 1 H, 1’-H), 7.324 (ddd, J = 7.5/6.0/
1.5 Hz, 1 H, 2’-H), 7.909 (ddd, J = 7.5/7.5/1.5 Hz, 1 H, 3’-H), 8.304 (d,
J=8.0Hz 1H, 4-H), 8418 (d, J = 6.0 Hz, 2 H, 5-H), 7.284 (dd, J =
6.0/1.0 Hz, 2 H, 6-H), 7.839 (tt, J = 8.0/1.5 Hz, 1 H, 7-H) ppm, 8.408
(d, J=6.0 Hz, 2 H, 8-H), 7.270 (dd, J = 6.5/1.0 Hz, 2 H, 9-H), 7.824
(tt, J = 8.0/1.5 Hz, 1 H, 10-H) ppm. Compound (1a)?* (see
Scheme S1). "TH NMR [500.13 MHz, Na,CO5 (0.1 m) in D,0OJ: 6 = 9.370
(d, J = 6.0 Hz, 1 H, A-H), 8.090 (dd, J = 6.0/1.5 Hz, 1 H, B-H), 8.767
(d, J=15Hz, 1 H, CH), 7957 (d, J = 6.0 Hz, 1 H, E-H), 7.443 (dd,
J=6.0/1.5Hz, 1 H, F-H), 8.636 (d, J = 1.5 Hz, 1 H, G-H), 8.599 (d, J =
5.0 Hz, 1 H, 1-H), 7.633 (ddd, J = 7.5/5.5/1.0 Hz, 1 H, 2-H), 8.149
(ddd, J = 7.5/7.5/1.0 Hz, 1 H, 3-H), 8.560 (d, J = 7.5 Hz, 1 H, 4-H),
7.623 (d, J =5.5Hz, 1 H, 5-H), 7.159 (ddd, J = 7.5/6.0/1.0 Hz, 1 H, 6-
H), 7.840 (ddd, J = 8.0/8.0/1.0 Hz, 1 H, 7-H), 8.407 (d, J = 8.0 Hz, 1
H, 8-H), 8.340 (-, -, -, 9-H), 7.308 (-, -, 2 H, 10-H), 7.823 (-, -, 1 H,
11-H) ppm. Compound (1a’)?>* (see Scheme S1). 'H NMR
[500.13 MHz, Na,CO; (0.1 m) in D,O]: 6 = 8.724 (d, J = 6.0 Hz, 1T H,
A-H), 7914 (dd, J = 6.0/1.5 Hz, 1 H, B-H), 8.885 (d, / = 1.5 Hz, 1 H,
C-H), 7.797 (d, J = 6.0 Hz, 1 H, E-H), 7.464 (dd, J = 6.0/1.5 Hz, 1 H,
F-H), 8.743 (d, J = 1.5 Hz, 1 H, G-H), 9.279 (d, J = 5.0 Hz, 1 H, 1-H),
7.809 (ddd, J = 8.0/5.0/1.0 Hz, 1 H, 2-H), 8.122 (ddd, J = 8.0/8.0/
1.0 Hz, 1 H, 3-H), 8.429 (d, J = 7.5 Hz, 1 H, 4-H), 7.789 (-, -, 1 H, 5-
H), 7.147 (ddd, J = 7.5/5.0/1.0 Hz, 1 H, 6-H), 7.775 (ddd, J = 8.0/8.0/
1.0 Hz, 1 H, 7-H), 8.293 (d, J = 8.0 Hz, 1 H, 8-H), 8.330 (-, -, -, 9-H),
7.294 (-, -, 2 H, 10-H), 7.807 (-, -, 1 H, 11-H) ppm.

[Ru(dcbpy).(py)21(PFg), (2)(PFg)y: Previously distilled pyridine
(800 pL, 782 mg, 9.9 mmol, ¢ = 0.978 g mL™", M, = 79.10) was added
to milliQ water (3 mL). The mixture was deoxygenated with argon
by a freeze-pump-thaw process. The compound cis-Ru(dcbpy),Cl,
(130.2 mg, 0.197 mmol, M, = 660.38) was added to this mixture,
against an argon stream. The resulting mixture was heated to reflux
under argon with constant stirring, while covered with aluminium
foil. After refluxing for 6.5 h, the solution was cooled to room tem-
perature, filtered to remove any undesired solid, and then vacuum-
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concentrated (at 35 °C) to complete dryness. The residue was
washed with cyclohexane to remove excess pyridine (3 x 30 mL).
The solid thus obtained was dissolved in the minimum volume of
Na,COs (0.1 m) solution, and precipitated by the addition of a stoi-
chiometric amount of KPFg, followed by dropwise addition of HCI
(1 m). This suspension was allowed to settle in a refrigerator for
24 h. The red-brown solid thus obtained was filtered and washed
with a minimum amount of cold distilled water, obtaining the final
product (115.7 mg, 0.0985 mmol, M, = 1174.27). Yield: 50.0 %.
[Ru(dcbpy),(py)-1(PFe)2+1.5H,0-1.5DMF (1174.27 g mol™): calcd. C
39.4, H 3.4, N 8.9; found C 39.3, H 3.2, N 9.1. Compound (2)?* (see
Scheme S1). "H NMR [500.13 MHz, Na,COs5 (0.1 m) in D;0]: 6 =9.115
(d, J = 5.5 Hz, 2 H, A-H), 8.056 (dd, J = 6.0/1.5 Hz, 2 H, B-H), 8.733
(d, J = 1.5 Hz, 2 H, C-H), 8.070 (d, J = 6.0 Hz, 2 H, A’-H), 7.635 (dd,
J =6.0/1.5 Hz, 2 H, B"-H), 8.653 (d, J = 1.5 Hz, 2 H, C’-H), 8.403 (d,
J=55Hz 4H,1-H), 7.283 (ddd, J = 7.0/5.5/1.5 Hz, 4 H, 2-H), 7.837
(tt, J = 7.0/7.0/1.5/1.5 Hz, 2 H, 3-H) ppm. Compound (2a)** (see
Scheme S1). "H NMR [500.13 MHz, Na,COs5 (0.1 m) in D,0l: 6 = 8.695
(dd, J = 6.0/0.5 Hz, 1 H, A-H), 7.923 (dd, J = 6.0/2.0 Hz, 1 H, B-H),
8.904 (d, J = 1.5 Hz, 1 H, C-H), 7.736 (dd, J = 6.0/0.5 Hz, 1 H, A™-H),
7472 (dd, J = 6.0/2.0 Hz, 1 H, B’-H), 8.760 (d, J = 1.0 Hz, 1 H, C"-H),
9.357 (dd, J = 6.0/0.5 Hz, 1 H, E-H), 8.106 (dd, J = 6.0/1.5 Hz, 1 H,
F-H), 8.794 (d, J = 1.5 Hz, 1 H, G-H), 7.927 (dd, J = 6.0/0.5 Hz, 1 H,
E’-H), 7.453 (dd, J = 6.0/1.5 Hz, 1 H, F*-H), 8.664 (d, J = 1.5 Hz, 1 H,
G’-H), 8.307 (-, -, 2 H, 1-H), 7.306 (-, J = 7.5/-/- Hz, 2 H, 2-H), 7.820
(tt, J=7.5/1.5 Hz, 1 H, 3-H) ppm.

Methods: Elemental analysis of C, H, and N was performed with a
Carlo Erba 1108 analyzer on our institute. The "H NMR and COSY
spectra were obtained at 25 °C with a Bruker ARX500 spectrometer,
with an operating frequency of 500.13 MHz for 'H. Solutions of
commercially available deuterated solvents (ca. 10 mm, Sigma-
Aldrich) were used. All spectra were referenced to TMS (tetramethyl-
silane) using solvent residual peaks as an internal standard, and
were processed using MestReNova software, version 6.2.1-7569. For
photosubstitution experiments monitored by this technique, the
samples were irradiated inside the NMR spectroscopy tubes, using
an LED source with A;, = 450 nm. Irradiation was performed at
1 min intervals, with homogenization of the sample between inter-
vals. UV/Vis absorption spectroscopy measurements were obtained
with a Hewlett-Packard 8453 spectrophotometer with a diode ar-
rangement within a 190-1100 nm range. All spectra were taken
with a standard integration time of 0.5 s, using dry solvents and
quartz glass cuvettes with a 1.00 cm optical path length. Spectra at
fixed pH were measured in buffer solutions of pH 1.1 [HCI (0.1 m)]
and pH 7.4 [NaH,PO,/Na,HPO, (0.1 m)L.>" The system was thermo-
statted prior to every measurement, using a custom-built holder.
The holder was liquid-cooled, and was connected to a cryostat
Lauda RC6 that also permitted irradiation perpendicular to the
measurement direction. For photosubstitution experiments, the
sample was irradiated in a fluorescence quartz cuvette with a
1.00 cm x 1.00 ¢cm optical path length, with a screw cap, under
constant stirring. Irradiation was performed with an LED source at
450 nm, Iy = 2.70 x 107° einstein s™' L™, placed at 90° with respect
to the absorption measurement direction.

Photoreactivity Studies: The photosubstitution process monitored
by UV/Vis absorption spectroscopy was analyzed by using multivari-
ate analysis, with an approach similar to the one used for chemical-
equilibrium studies.>? For this purpose, a fitting routine, developed
by the group of Dr. Leonardo D. Slep in Octave,>3! was used. This
procedure was developed and used in Dr. Juan P. Marcolongo's doc-
toral thesis,** and will be published elsewhere in the near future.
For analysis implementation, the initial reagent concentration and
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a reaction model (differential equations) were needed. Calibration
of the experimental setup was performed by using [Ru(bpy),-
(ACN),](PF¢), as an actinometer.!>>

Photophysical Studies: Steady-state emission was measured with
a PTI-Quantamaster 40 fluorometer, at 25 °C, in argon-saturated so-
lutions. Quantum yields were calculated using [Ru(bpy);]** (¢ =
0.063 in H,0 at 25 °C) as reference.>® Emission and excitation slits
were fixed at 4 nm, and the scanning speed was 3 nm seg™', to
minimize undesired photolysis upon irradiation. Emission- and exci-
tation-correction functions provided by the manufacturer were
used. For the photosubstitution experiments monitored by this
technique, the samples were irradiated using the same experimen-
tal array as for the UV/Vis absorption spectroscopy experiments,
using fixed irradiation time intervals, and then measuring the emis-
sion in the same way as for non-irradiated complexes. Photolumi-
nescence decay measurements were performed by irradiating at
450 nm and collecting the emitted light from 500 to 900 nm, se-
lected through an interference filter. The collection time was 120 s.
The source used was a laser diode, which generated light pulses of
450 nm with a full width at half maximum of 1.4 ns and 640 ns,
with a 1.1 s time window between pulses. Emission was collected
using a lens of numeric aperture 0.3 directed through the interfer-
ence filter, and focused on the detector. The signal was recorded
with an avalanche photodiode and a single-photon counting board.
For the photosubstitution experiments monitored by this tech-
nique, the samples were irradiated using the same experimental
array as for UV/Vis absorption spectroscopy experiments, using
fixed irradiation time intervals, and then measuring the photolumi-
nescence decay in the same way as for non-irradiated complexes.

Theoretical Calculations: In this work, density functional theory
calculations were used to optimize the geometries for the two in-
formed complexes in acidic aqueous media. Solvation effects were
taken into account using the last implementation of the implicit
solvation model |EF-PCM.57-59 Calculations were performed with
the Gaussian 09 package,’®® using the B3LYP functional. In every
case, we employed the LanL2DZ effective-nucleus-potential basis
set,!67-631 which has been proven to be appropriate for geometry
prediction in coordination compounds containing metal atoms
from the second-transition series of the Periodic Table. SCF strict
convergence criteria were used, along with the default options in
geometry optimization and IR, and every optimized structure was
confirmed by analysis of the minima of the harmonic vibrational
frequencies.® Energies and intensities for vertical electronic transi-
tions were evaluated using the time-dependent DFT (TD-DFT) ap-
proach®>%¢! with the Gaussian 09'°® package, and the isodensity
plots for the orbitals involved in these transitions were visualized
using GaussView 5.1°7! GaussSum!®®! software was used to perform
spectral simulations and to extract information of the molecular
orbitals.
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