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Abstract

Four new Ru"-Cl and Ru'"-H,O complexes containing the meridional 2,2°:6°,2-
terpyridine (trpy) ligand and the chelating 2-(5-phenyl-1H-pyrazol-3-yl)pyridine
(H3p) ligand of general formula in- and out-[Ru"(trpy)(H3p)(X)]"" (X =Cl,n=1; X
= H,O, n = 2) have been prepared, isolated and thoroughly characterized both in
solution and in the solid state. In solution all the complexes have been characterized
spectroscopically by UV-vis and NMR and their redox properties investigated by
means of Cyclic Voltammetry, Square Wave Voltammetry and Coulometry
techniques. In the solid state monocrystal X-ray diffraction analysis have been carried
out for the in and out Ru-Cl complexes. The capacity of the Ru-aqua complexes to act
as water oxidation catalysts (WOCs) has also been investigated chemically,
electrochemically and photochemically. The performance of these complexes has also
been compared to two previously described complexes of general formula in- and out-
[Ruu(trpy)(prp)(HzO)]2+ (Hbpp is 2,2'-(1H-pyrazole-3,5-diyl)dipyridine)), whose
capacity as WOCs had not been previously described.
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Introduction

The oxidation of water to molecular oxygen is a reaction that takes place in the dark
at the OEC-PSIL' It is a very interesting reaction to be modeled from a bioinorganic
perspective so as to gain insight into the mechanism that operates in this natural
system. It is of still greater importance from an energetic perspective, since water
oxidation is the key bottleneck currently associated with the development of
commercial light harvesting devices for the photo-production of H, from water.
Water oxidation is a challenging task for a catalyst for two primary reasons: the first

is the large endothermicity of the relevant reaction,
2H,0 -> O, + 4H" + 4e° E°=1.23 V (vs. NHE) at pH = 0.0 (1)

and the second is the significant molecular complexity from a mechanistic point of
view, since two protons and two electrons have to be removed from each of two water
molecules and an oxygen-oxygen bond formed between them. In spite of this, at the
moment there is a significant number of molecular transition metal complexes that
have shown activity with regard to the oxidation of water to oxygen,’ mainly based on

Ru but also containing other metals such as Ir,* Co,’ Fe,’ or Mn.”

Initially the design of molecular water oxidation catalysts (WOCs) based on well
defined Ru complexes consisted on dinuclear Ru complexes containing two Ru-aqua
groups inspired by the involvement of two water molecules indicated in equation (1).*
However, recently Meyer’ and Thummel'® showed that mononuclear complexes
containing a single Ru-OH, group are also capable of behaving as a WOC. The above
mentioned interests for this reaction together with the synthetic simplicity of
preparing mononuclear as opposed to the complexity of preparing and purifying
dinuclear or polynuclear complexes, has attracted new contributions to the field, that

are providing exciting and valuable new insights."'

While a significant number of efficient WOCs has now been described the number of
mechanistic studies today remains very scarce due to the extraordinary complexity of
this reaction.'? It is worth mentioning a recent mechanistic endeavor by Meyer et al."

that proposes the formation of metal hydroperoxidic intermediates that are generated
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by a water nucleophilic attack (WNA) of a solvent molecule to a Ru=O group. The
metal-hydroperoxide is then further oxidized to finally generate dioxygen. This
mechanistic proposal is reminiscent of the one proposed for Cytochrome P-450 that
catalyzes the reverse reaction namely the four electron reduction of dioxygen.'* Other
mechanistic proposals find a bimolecular kinetic dependence on Ru=O and thus
invoke the interaction of two Ru=0 (I2M) to generate a peroxidic dinuclear

intermediate that finally produces molecular oxygen.'>"?

In order to fully understand at a molecular level how the water oxidation takes place
there is a need to generate a sufficiently large pool of WOCs so that the different
parameters that influence the performance of the catalyst are identified and their
effect understood. In this respect the role of the auxiliary ligand/s is fundamental to:
a) influence the stability of higher oxidation states by electronic perturbations, b) to
stabilize reaction intermediates, c) to exert geometrical distortions with constrained

ligands that change the number of atoms coordinated to first coordination sphere, etc.

In order to further explore the chemistry of mononuclear Ru WOCs we have prepared
and thoroughly characterized two new isomeric Ru-aqua in- and out-
[Ru'(trpy)(H3p)(H,0)]*" complexes containing the bidentate ligand H3p and the
tridentate meridional trpy ligand (See Chart 1 for ligands drawing). Furthermore we
have also explored the WO capacity of two related mononuclear Ru-aqua complexes
in- and Out-[RuH(trpy)(prp)(HzO)]2+ containing the Hbpp (see Chart 1) and trpy
ligands whose synthesis and structure was reported previously but their capability as
WOCs had not been investigated.'® Thus in the present paper we report the
performance of 4 Ruthenium complexes as WOCs that constitute a family of catalysts
with subtle variations in the electronic and geometric properties of the first

coordination sphere of the Ru metal center.



Results

Synthesis and Structure and Spectroscopic Properties. The synthetic
strategy followed to prepare the Ru complexes 1-2 is outlined in Scheme 1.
[Ru"'Cl,(DMSO),] is used as the starting material and then subsequently the H3p and
then the trpy ligands are introduced in the coordination sphere of the Ru center to
generate a mixture of Ru"-Cl isomeric complexes, in-1" and out-1" with 1:3 ratio
respectively, in moderate yields. The isomers are then easily separated and purified
through crystallization and by column chromatography in silica. Treatment of the
pure Ru"-Cl complexes with Ag" generates the corresponding Ru'-OH, complexes,
in-2*" and out-2*', in excellent yields and with retention of the initial constitutional
configuration. The in/out terminology is maintained here for the sake of consistency
with related complexes 3 and 4 with the Hbpp ligand (see Scheme 1), that we have
described previously.'® However the traditional cis/trans terminology could also
applied here taking into consideration the position of the Ru-Cl or Ru-OH, group with
regard to the pyrazolylic group of the H3p or the Hbpp ligand respectively as shown

in Scheme 2.

The structure of the Ru-Cl complexes, 1(PFs), in the solid state was elucidated via x-
ray monocrystal diffraction analysis. Table 1 presents their crystallographic data
whereas an Ortep view of their cationic moiety is displayed in Figure 1. Both Ru-ClI
complexes present a distorted octahedral geometry where the trpy ligand acts in a
meridional fashion, the H3p ligand in a chelating fashion and finally sixth
coordination position is occupied by the chloro ligand. The bond distances and angles
are unremarkable and thus similar to previous Ru complexes described in the
literature.'” The most salient feature of the two structures is the hydrogen interaction
between the CI ligand and the pyrazolylic NH (dnu = 0.881 A, duc; = 3.140 A, dyer =
3.530 A, "wua = 109.28°) for in-1* and the Cl ligand and the pyridylic CH (dcy =
0.950 A, duci =2.727 A, dnci = 3.341 A, Acucr = 122.99°) for the out-1" complex. The
stronger H interaction for the out with regard to the in, is a consequence of the
geometrical difference of 6-pyridyl vs. S5-pyrazolyl member rings involved as shown
in Scheme 2. This H interaction in turn will be responsible for specific spectroscopic

properties and differentiated reactivity as will be described below.



I1D- and 2D-NMR spectroscopy for complexes 1-2 was carried in order to fully
characterize them in solution, and their spectra are shown in Figure 2 and in the Supp.
Inf. All resonances can be unambiguously characterized thanks to symmetry,
integration and their 2D spectra, and demonstrate that the molecular structure
obtained in the solid state is maintained in solution, as expected for inert low spin d°
Ru(Il) type of cations. The most interesting feature that can be observed when
comparing the spectra of the two ClI isomers is the strong downfield shift of H14 for
the case of the out isomer as a consequence of the stronger Cl---H interaction

discussed in the previous section.

The UV/Vis spectral features in dichloromethane or in aqueous solutions for the
complexes described in this work are listed in the Experimental Section and in Table
2. The UV-vis spectra for out-1" and out-2>" are presented in Figure 3 and for the rest
of complexes are gathered at the Supp. Inf. Three main regions can be distinguished:
one between 200 and 350 nm, in which very intense bands are observed due to
intraligand m—n* transitions; another one between 350 and 550 nm, in which there are
mainly broad unsymmetrical Ru(dm)-trpy/bpp(n*) metal-to-ligand charge transfer
(MLCT) bands; and finally the region above 550 nm in which d—d transitions occur.'®
At the MLCT region the Ru-Cl complex bands are clearly shifted to the red with

regard to the Ru-H,O complex due to the capacity of the anionic chloro ligand to de-

stabilize dr orbitals."”

Redox Properties. Electrochemical experiments were carried out by means of

Cyclic Voltammetry (CV), Square Wave Voltammetry (SWV) and Coulometry.
For the Ru-Cl complexes 1" and 3" the experiments were carried out in organic
solvents and all of them present chemically reversible and electrochemically

quasireversible redox waves that are associated with their Ru(III)/Ru(II) couple.

Ru(Il)-Cl + le- -> Ru(D-Cl (2)



From here on and for simplicity purposes, N-containing auxiliary ligands and charges
on complexes are omitted in the equations in order to focus the attention at the site

where the change is occurring.

In both cases the in isomers have lower redox potentials than the corresponding out
isomers by 110 and 230 mV (see Table 2, entries 1-4). This is a feature that is also
observed for the cis- and trans-[Ru(Cl)(pic)(trpy)]” complexes as shown in entries 5-6
of the same Table. This effect can be rationalized in terms of H interactions and trans
influence. As shown in Scheme 2 the out/trans complexes display stronger H
interactions with the CI ligand stabilizing the Ru(Ill) oxidation state and thus
decreasing the Ru(III)/Ru(Il) redox potential. On the other hand in the out and trans
complexes the pyrazolyl and carboxyl donors respectively are situated trans with
regard to the Ru-Cl bond. This allows a better transmission of sigma bonding electron
density to the metal center than their corresponding in/cis isomers, a trans influence,

resulting again in decrease of their corresponding redox potentials.

For the Ru-H,O complexes 2°* and 4%* electrochemical experiments were performed
at pH = 1.0 in 0.1 M triflic acid solutions. A representative example of the redox
behavior of the aqua complexes is displayed in Figure 4 and the rest of the data is
presented in the Supp. Inf. Furthermore a list of redox properties of complexes 1-4 is
exhibited in Table 2 together with representative examples of related complexes

previously described in the literature.*

Figure 4A presents the electrochemical properties of complex out-2°" as a
representative example of this family of Ru-aqua complexes. As it can be observed in
the CV a first chemically reversible and electrochemically quasireversible wave is

observed that is associated with the III/II couple indicated below,
Ru(lll)-OH, +1e -> Ru(I)-OH,  E°=0.67V 3)
A redox titration presented as Supp. Inf. together wih coulometry agree with the one

electron nature assigned to this wave. A second chemically irreversible wave is also

observed and is associated with the following process at pH = 1.0,



Ru(IV)-O + le + 2H" > Ru(l)-OH, E°=1.00V (4)

The E° in this case was calculated thanks to SWV. Further scanning to more positive
potentials shows the presence of large anodic current that is associated with the

formation of Ru(V) and the electrocatalytic oxidation of water to molecular oxygen,
Ru(V)-O + 1e¢ > Ru(IV)-O E°=146V &)

At this point the Ru(V)=0 species is highly reactive and can generate dioxygen
through a solvent water nucleofilic attack (WNA) to form a Ru-hydroperoxo species
that ends up making O,. The Ru(V)=0 can also undergo a bimolecular process (12M)

to form a peroxo species that finally releases Os.

It is important to see here that once the electrocatalytic process occur then two new
cathodic waves appear at E,. = 0.8 V and E, . = 0.4 V with a decrease in intensity of
the cathodic wave associated with the Ru(IlI)/Ru(Il) couple of the out-2** complex,
and thus manifests the existence of decomposition pathways competing with the

electrocatalyitc oxygen generation reaction.

A relatively similar redox behavior as the one described here for the out-2>" is
observed for the out-4>" complex as shown in the Supp. Inf. For the cases of the in-2>"
the Ru(IV)/Ru(Ill) couple has much less intensity and in the case of the in-4>" is
practically not observed. However for the latter an electrocatalytic process associated
with the generation of oxygen is seen at E° = 1.45 V as is the case for the other Ru-
aqua catalysts. The decrease in intensity of the Ru(IV)/Ru(Ill) redox couple, that
involves electron transfer coupled to two protons, can be interpreted in terms of slow

21
rate of heterogeneous electron transfer.

Finally the variation of the Ru(IIl)-
OH,/Ru(II)-OH; redox potentials follows the same trend as in the case of the Ru-Cl
complex in the sense that the out/trans complexes display roughly 40-115 mV lower
potential than the corresponding in/cis complexes as can be seen in Table 4, entries 7-

12.

Stability of Ru(IV) and Oxygen Generation. All the Ru(III)-OH, species

derived from complexes 2 and 4 are stable for long periods of time at pH =1.0,
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however their corresponding Ru(IV)=0 are not stable at least within the time scale of
the CV as indicate in the previous section. The stability of the Ru(IV)=0 species from
the out-4>" was monitored by UV-vis spectroscopy and is displayed in Figure 5.
Addition of one equivalent of [(NH4)>Ce(NO3)s] (Ce(IV)) to the Ru(Ill)-OH, species
generates an intermediate that after a short period of time reverts to the initial Ru(III)-
OH; species nearly quantitatively. This experiment can be repeated several times with
small losses of the original Ru(IIl)-OH, species. Interestingly we found that the
returning process was accompanied with the generation of molecular oxygen as
shown in Figure 6. The Ru(IV)=0 species can’t be responsible for the generation of
oxygen given the low redox potential for the IV/III couple as indicated in equation 3.

Thus we assume that Ru(IV) disproportionates into Ru(V) and Ru(III),

2Ru(IV)=0 + 2H" ->
Ru(Ill)-OH, + Ru(V)=0  AG°=8.96 Kcal/mol (Kgisp = 2.57 x 107) (6)

and then once formed the Ru(V) species oxidizes water to dioxygen. Even though the
disproportion reaction is highly disfavored thermodynamically the amount of Ru(III)
and Ru(V) is not negligible. For instance an initial 2.5 mM solution of Ru(IIl) would
produce a concentration of Ru(V) of 0.11 puM. The capacity of the Ru(V)=0 to act as
a WOC has been previously demonstrated in an electrocatalytic manner. The whole
process is sketched in Scheme 3 where two different mechanisms for the critical O-O

bond formation step, the WNA and the 12M, are indicated.

In order to obtain further insight into the whole process, kinetic analyses were carried
out by means of UV-vis spectroscopy that are shown in Figure 5 and 6 and in the
Supp. Inf. Data analyses were performed with Specfit® that allowed to extract rate
constants values for the different proposed processes, calculate spectra for the

putative intermediates and generate species distribution diagrams.

Two cases were examined that contained two initial common reactions: a) a fast
oxidation of Ru(III) to Ru(IV) (equation 7) and a second slower reaction involving the
disproportion of Ru(IV) into Ru(Ill) and Ru(V) (equation 8). At this point a number

of reactions describing the reactivity of Ru(V) towards water (WNA mechanism) to



generate a Ru-hydroperoxide species (eq. 9) or towards coupling with itself to form a

dinuclear peroxo bridge Ru complex (I2M mechanism; eq. 13) were considered.

A) I2M Mechanism,

k; =3.8x 10> M"-s™ (fast)
Ru(Ill)-OH, + Ce(IV) + 2H" -> Ru(IV)=0 (7)

ko=2.4x10' M5 (slow)
2Ru(IV)=0 + 2H" -> Ru(lll)-OH, + Ru(V)=0  (8)

k3=3.5x10°M"-s!

2Ru(V)=0 -> Ru(IV)-OO-Ru(IV) 9)
ks=3.2x107s"
Ru(IV)-OO-Ru(IV) + 4H" -> 2Ru(lll)-OH, + O-O (10)

The symmetric bridging peroxo intermediate, Ru-OO-Ru, has been previously
proposed in the case of the complexes containing the dinucleating ligand Hbpp®
although at one unit lower oxidation state. Once this species are formed then the

release of dioxygen constitutes the rate determining step for this mechanism (eq. 10).
B) WNA Mechanism,

k =3.8x 10> M5 (fast)
Ru(lll)-OH, + Ce(IV) +2H" > Ru(IV)=0 (11)

ko=2.4x 10" M5 (slow)
2Ru(IV)=0 + 2H" -> Ru(lll)-OH, + Ru(V)=0  (12)

ky=18x10"s"
Ru(V)=0O + H,O -> Ru(ll)-OOH + H" (13)

ke =13x10° M5!
Ru(Il)-OOH + Ru(IV)=0 + H" > Ru(IV)-00 + Ru(Ill)-OH, (14)
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ks =2.7x107 s
Ru(IV)-00 + H,0 -> Ru(I)-OH, + O-O (15)

ke =2.6x 10° M5!
Ru(I)-OH, + Ru(IV)=0 + 2H" -> 2 Ru(lll)-OH, (16)

The first two equations are common for the two mechanism involving the formation
of the active Ru(V) following disproportion of Ru(IV) (see eq. 11-12). Once formed
the Ru(V) is proposed to undergo a water nucleophilic attack to generate the
corresponding Ru(IIT)-OOH species (eq. 13), in an analogous manner as proposed
recently for related mononuclear Ru complexes such as [Ru(trpy)(bpm)(H,0)]*" (bpm
is 2,2’-bipyrimidine)."”” At this point this species suffers a fast oxidation by the
accumulated Ru(IV)=0 species to generate Ru(IV)-OO species that are now
responsible for the release of dioxygen (eq. 14 and 15) and the formation of Ru(II).
The latter species are finally quickly oxidized to its original Ru(III) species (eq. 16).

Both mechanisms nicely match the data as can be seen in the fit of the inset in Figure
5 for the WNA and in the Supp. Inf. for the I2M. It is interesting to realize here that
for both mechanisms the oxygen release is a slow process as shown in equation 10
and 15 for the I2M and WNA cases respectively. Related rate constants for the

oxygen release process in the case of [Ru(trpy)(bpm)(H,0)]*

gives a value of 7.5 x
10* s following a WNA mechanism." The critical O-O bond formation step in our
case for the WNA is k; = 1.8 x 10 s (eq. 13) and is a bit slower than the one
obtained for the previous complex that gives a value of 9.6 x 10~ s'. In this particular
case the role of the highly electron withdrawing 2,2'-bipyrimidine ligand might be
responsible for generating a more reactive Ru(V) oxidation state and manifests the
important role of the auxiliary ligands in the water oxidation reactions. An I2M
mechanism is invoked for the bipyrimidine complex at pH = 0.0 based on bimolecular

Ru concentration dependence but quantitative values have not been reported yet and

thus it can’t be compared with our system.

It 1s also gratifying to state that the calculated oxygen evolution profile versus time

(see Figure 6) following the two mechanisms proposed above nicely matches the
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experimental one observed independently via Clark electrode in solution, especially

for the WNA mechanism.

Chemically Induced Catalytic Oxidation of Water to Dioxygen. The aqua
complexes 2" and 4*" were tested with regard to their capacity to catalytically oxidize
water to molecular oxygen upon addition of a strong oxidant such as Ce(IV). The gas
evolution was monitored by both manometry and MS spectroscopy and the results are
shown in Figure 7 and in the Supp. Inf. Molecular oxygen is the only gas generated in
the catalytic process with Ru-aqua complexes 4>* containing the Hbpp ligand. In
sharp contrast for the case of the Ru-OH, complexes 2> containing the H3p ligand a

mixture of O, and CO; is obtained with roughly a 5:1 ratio respectively.

As an example, for the case of out-4>* the system Cat 1 mM/Ce(IV) 100
mM/0.1 M triflic acid with a total volume of 1 mL at 25.0 °C gives 14 umols of O,
after 24 minutes that represent 14.0 TN and an efficiency of 56% with regard to the
Ce(IV) oxidant. The initial rate of oxygen formation in this case is 52 nmols-s™.
Under identical conditions the in-4*" gives only 8 TN (32% eff.) with a lower initial
rate of 26 nmols-s™. These experiments manifest the superior behavior of the out

isomer with regard to the in as a WOC.

For the case of the 2*" complexes containing the H3p a similar trend is
observed in the sense that the out isomer outperforms the in. For the particular case of
out-2*" the system Cat 1 mM/Ce(IV) 100 mM/0.1 M triflic acid with a total volume of
2 mL at 25.0 °C gives 25.4 umols of O, and 6.4 umols of CO, after 24 minutes. This
represents a TN of 12.7 for O, and 3.2 for CO,, with initial rates of 45 and 9 nmols-s™
respectively. Under identical conditions the in isomer makes 10 TN of O, and 2.5 of

CO, with rates of 4 and 1 nmols‘s™ respectively.

Photochemically Induced Oxygen Evolution. The oxidation of water to
dioxygen by complexes 2°* and 4*" was also carried out by photochemical means at
pH = 7.0 in a phosphate buffer at 20.0 °C. For that purpose [Co™(Cl)(NHz)s]*" was
used as a sacrificial electron acceptor and [Ru(bpy)s]*" as photosensitizer. A 150 W

Xenon arc lamp with a 400 nm filter was used as a light source while the formation of
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dioxygen was monitored with a Clarck electrode in the gas phase. Scheme 4 shows
the series of reactions that take place for the photochemical generation of O,. In this
scheme Rup represents [Ru"(bpy);]*" whereas Ruc represent the WOC at low
oxidation states. The term Ruc stands for the Ru active species that is capable of
carrying out oxidation of water to dioxygen and thus represents the four times

oxidized Ruc complex as indicated in the graph (x4).

Figure 7 shows the time profile of oxygen evolution for the Ru-aqua out-2*", out-4*",
in-4*" and [Ru"(tpry)(bpy)(H20)]*" (bpy is the bidentate chelating ligand 2,2’-
bipyiridine), the latter was also tested for comparison purposes. All theses complexes
are capable of performing the photochemically induced oxidation of water to
dioxygen with the following degree of activity in-4*" > out-2*" >
[Ru"(tpry)(bpy)(H20)]*" > out-4>". In the best case the in-4%" complex is capable of
generating 1.4 pumols of O, that represents a modest TN of 4 after the blank
subtraction with Rup and no WOC. The relative reactivity of the complexes shown
here is radically different from the one reported in solution. This can be due to the fact
that the photochemical experiments are carried out at pH = 7.0 whereas the chemical

oxidations have been performed at pH = 1.0.

Discussion

During the last two years a significant number of polynuclear™ as well as
mononuclear Ru-aqua complexes have been reported in the literature™ that are
capable of oxidizing water to molecular oxygen. A variety of auxiliary ligands have
been used to complete the Ru coordination sphere including: a) neutral or anionic, b)
N-based or O-based, c¢) monodentate, bidentate and/or tridentate, etc. The
performance of these WOCs has been shown to be largely dependent on the nature of
the rest of the auxiliary ligands. Therefore it is important to understand the role of the

auxiliary ligands to be able to design efficient and effective WOC:s.

Electronic and Geometrical Influences Induced by Auxiliary Ligands. The
family of 4 Ru-aqua complexes described here, in-, out-2*" and in-, out-4>", have been
chosen to try to understand how electronic, steric and geometric factors influence the

performance of the Ru WOC. All these complexes contain a common Ru-aqua group,
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a meridional trpy ligand and are differentiated by having Hbpp or H3p ligands. The
latter share a common non-symmetric environment, that is a N-N’ chelating ligand
that is composed of pyridyl and a pyrazole groups and they are differentiated by the
non coordinated pending group that is a pyridyl in the case of Hbpp and an phenyl in
the case of the H3p.

Due to the meridional nature of trpy, the non-symmetric Hbpp or H3p ligands can be
coordinated in two different manners that are termed in and out and where the
pyrazole moiety is coordinated Cis or trans to the Ru-OH, bond (see Scheme 2). Since
the 5 member pyrazole group is better o-donor and a worse m-acceptor than the
pyridyl group this results in a significantly stronger trans influence in the out/trans
isomers than their corresponding in/cis isomers. This is turn results in a lowering of
redox potentials for the former versus the latter. Furthermore the geometrical
differences of the 5 member pyrazole ring with regard to the six member pyridyl rings
results in a much stronger H-bonding for the out/trans isomers than for the in/cis. This
H-interaction is beautifully observed in the NMR spectra as shown in Figure 2. The
stronger H-interaction also allows stabilizing higher oxidation states as has been
shown for related Fe and Mn complexes.”® In this particular case it is interesting to
note that the first oxidation process, from Ru(Il) to Ru(Ill) at pH = 1.0 involves a
single electron transfer but the next oxidation involves losing two protons and one
electron from Ru(IIl) to Ru(IV) as exemplified in eq. 3 and 4. Thus the involvement
of PCET allows keeping the thermodynamic potentials relatively low with also
narrow differences between E°(IV/III) and E°(III/IT). The next oxidation from Ru(IV)
to Ru(V) involves a single OSET process and thus does not benefit from the
stabilizing effect of PCET. In related complexes suffering OSET process, such as the
[Ru(bpea)Cl;] complex, the difference between the IV/II and II/II redox potential is
close to 1 V.*’ In the out-2>" and out-4>" the differences between the V/IV vs. IV/III
are much lower than in the preceding example and are of the order of less than 500
mV. This E° lowering of higher oxidation states can be attributed to the stabilizing

effect of the hydrogen interaction.

Dixogyen Generation and Deactivation Pathways. The thermodynamic

redox potential for the Ru(IV)/Ru(Ill) couple (eq. 4) is too low to oxidize water and
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thus it is essential to reach higher oxidation states if it has to act as a WOC. Thus we
propose that once generated the Ru(IV) oxidation state deactivates to the original
Ru(IIT) and O, through a disproportion reaction as indicated in eq. 8, that generates
Ru(Ill) and Ru(V). Even though this reaction is highly disfavored from a
thermodynamic point o view, once generated the Ru(V) can react via one of the two
pathways, I2M or WNA (Scheme 3) to finally make O,, as we have experimentally
shown, and that constitutes the driving force for the whole sequence of reactions.
Based on kinetic grounds both mechanisms can fit the data although it is impressive
to see how well the WNA mechanism can fit the experimental generation of O,. In the
present case further kinetic analysis should be carried out to be able to discern
between the two possible mechanisms although both of them might be occurring at
the same with a different extend. Evidence for the operation of one mechanism or the
other has been previously found in the literature for the [Ru(trpy)(bpm)(H,0)]*
complex simply changing the pH from 0.0 to 1.0,"* and puts forward how small

changes in the system can generate dramatic differences in reactivity.

Under excess of Ce(IV) it is exciting to see that all four Ru-aqua complexes,
2”7 and 4" are capable of acting as WOCs and generate copious amounts of
dioxygen. However it is interesting to see that for the cases of complexes 2°°
containing the H3p ligand, dioxygen is accompanied with the formation of CO; in a
5:1 ratio respectively whereas in sharp contrast for the ones containing the Hbpp
ligand not even traces of CO, are found. This differentiated reactivity clearly points
out that the initial oxidation site of the complex is the phenyl group. In the case of
complexes containing Hbpp the non-coordinated pyridyl group at this pH is
protonated and this might protect it from a quick oxidation as opposed to the phenyl
ring of the complexes containing the H3p ligand. For the latter a plausible oxidation
process might involve the formation of phenol group that then is quickly oxidized to
quinone, followed by a sequence of reactions that finally leas to the formation of COs,.
The oxidation of benzene to phenol under mild conditions is actually one of the most
challenging reactions faced by today’s chemical industries.® These results thus put
forward the fact that a catalyst capable of oxidizing water to O, will also be a
powerful catalyst for the oxidation of many organic substrates. It also manifests how
carefully, the auxiliary ligands should be chosen, so that bimolecular deactivation is

eradicated. It is also interesting to observe that the out isomers always outperform the
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in ones a phenomenon that can be associated with the higher capacity of the out
isomer to form H-interactions with the intermediates species and thus lower its
accessibility. This in/out differentiated reactivity manifests once more the importance
of the auxiliary ligands in dictating the nature of the active species that in turn

influence the potential reaction pathways obeyed.

Finally in the present work we show how the WOC can be performed
chemically, electrochemically or photochemically. In the latter case several reactions
have to work in harmony so that the whole process can achieve the final goal as
shown in Scheme 3. Even though we have shown the viability of the concept it is
obvious that the whole device is in need of improvement since the TN (turnover
number) achieved under these conditions is about a third with regard of using a
simple chemical oxidation. This is an indication of the increased complexity of the
system under photochemically induced conditions, has also been obtained for related
system previously described in the literature and is generally ascribed to photocatalyst
degradation due to competing pathways after photoexcitation.”” The latter can be
avoided or minimized when the oxidized photosensitizer Rup reacts very fast with the
Ruc catalyst as is the case for instance of the Ru-POM (POM is a polyoxometalate
anionic ligand) systems recently described by Bonchio et al. Further work is in
progress in our laboratories headed at optimizing these systems exploring the
influence of parameters such as pH, nature of the photosensitizer, nature of sacrificial

electron acceptor, etc.
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Experimental Section:

Materials.  Trifluoromethanesulfonic acid (99+%) was purchased from
STREM/CYMIT. All other reagents used in this work were obtained from Aldrich
Chemical Co. in the highest commercially available grade and were used without
further purification. Reagent grade organic solvents were obtained from SDS. MeOH
was freshly distilled over Mg/l, before use. Highly pure water was obtained by
passing it through an UltraClear water purifier system from SG Wasseraufbereitung
und Regenerierstation GmbH (Conductivity at 25 °C = 0.055 uS/cm), followed by

distillation over MnOy4” to remove any possible organic impurities.

Preparations. [Ru(Cl),(DMSO)4]*° and the H3p®' ligand were prepared according to
literature procedures. Complexes in- and out-[Ru(Cl)(Hbpp)(trpy)]’, in- and out-3",
and in- and out-[Ru(H,O)(Hbpp)(trpy)]*", in- and out-4*", were prepared via a
previously published procedure.'® All synthetic manipulations were routinely

performed under argon atmosphere using Schlenck techniques.

in- and out-[Ru(ChH(H3p)(trpy)](PFs)-1.5H,0, in- and out-1(PFg)-1.5H,0. A
sample of 441 mg (0.91 mmol) of [Ru(Cl),(DMSO)4] and 201 mg (0.91 mmol) (H3p)
were dissolved in 150 mL of methanol. The yellow suspension was heated to reflux
for 18 h. After cooling down to RT, 212 mg (0.91 mmol) of 2,2":6",6""-terpyridine are
added to the yellow suspension and anew heated to reflux overnight. The dark
reaction mixture was reduced to dryness and the solid obtained was dissolved in 10
mL of a 30:1 mixture of MeOH:NH4OH (28% in water). A purple precipitate P1 is
filtered off and washed two times with 5 mL of the same MeOH:NH4OH solution.
The filtrate solution F1, which contains mainly the in-isomer, is purified by column-
chromatography, vide infra. The purple solid P1 is dissolved in 10 mL of a
MeOH:HCl(¢onc) solution 10000:1 and 1 mL of a saturated aqueous NH4PF¢ solution
is added. Afterwards 100 mL of water are added under vigorous stirring. The fine
suspension that is generated immediately is left in the fridge over night. The

precipitate obtained is filtered off, washed twice with 5 mL of water and 10 mL of
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diethylether and dried in vacuum. A sample of 302 mg (45 %) of the out-1(PFg)
1.5H,O isomer is obtained. Elemental analysis, Caled. (%) for
(CooH2CIFgNgPRu-1.5H,0): C, 45.7; H, 3.3; N, 11.0. Found: C, 45.6; H, 3.1; N, 11.0.
"H NMR (d6-DMSO): & (ppm) 9.96 (d, *J,.,= 5.6 Hz, 1H, H1), 8.77 (d, *J21.20=""To3.
= 7.6 Hz, 2H, H21, H23), 8.67 (d, *J15.17 = *Ja627 = 7.6 Hz, 2H, H18, H26), 8.50 (d,
343 = 7.6 Hz, 1H, H4), 8.32 (t, *J3.04 = 7.6 Hz, 1H, H3), 8.18 (t, *J22.2301 = 7.6 Hz,
1H, H22), 7.97 (t , *Ji718.16 = “J27-2806 = 7.6 Hz, 2H, H17, H27), 7.89 (t, *Jo.13 = 6.6
Hz, 1H, H2), 7.71 (s, 1H, H7), 7.64 (d, *Ji5.16 = "T2028 = 5.6 Hz, 2H, H15, H29), 7.45
(d, *Ji413 = *Jio.n = 7.2 Hz, 2H, H10, H14), 7.40 (m, 5H, H11, H12, H13, HI6,
H18).">C NMR (dg-DMSO): & (ppm) 159.6 (C19, C25), 159.4 (C1), 153.7 (C6), 152.5
(C15, C29), 146.9 (C8), 137.2 (C3, C17, C27), 134.1 (C22), 129.5 and 127.7 (C9,
Cl11, C12, C13, C16, C28), 126.5 (C14, C10), 125.1 (C2), 123.6 (C18, C26), 122.5
(C4, C21, C23), 102.8 (C7). NMR assignments for all complexes are keyed in Figure
1. MS (pyrene/MeOH): m/z 590.0 (M — HPFs)", 555.5 (M — HCIPFs)".UV-Vis
(CH2Cly): Amax, nm (g, Mem™) 241 (47010), 277 (37720), 282 (37790), 323 (34440),
413 (7100), 502 (8210), 600 (1520), 657 (1435). Echem vs. SSCE in DCM containing
0.1 M TBAH: E;,"" = 0.69 V, AE = 60 mV.

A column chromatography (30 cm long, 2 cm width) under silica (70-200 pm) is
carried out with the, to 5 mL volume reduced, filtrate F1 using MeOH:NH4OH 30:1
as eluent. The first orange fraction is discarded and contains Ru(trpy),”". A second
purple fraction contains a small amount of the out-1" isomer. Then a third brownish
fraction is eluted with MeOH:HCl(conc.) 10000:1 that contains the in-1" isomer. The
volume of the latter fraction is reduced to 10 mL and then 1 mL of saturated aqueous
NH4PF;¢ solution is added. Finally under vigorous stirring 100 mL of water are added
and the flask left overnight in the fridge. The fine crystalline precipitate is filtered off,
washed twice with 10 mL of water and 10 mL of diethylether, After drying in vacuum
a sample of 101 mg (15 %) of in-1(PFg) 1.5H,0 are obtained. Elemental analysis,
Calcd. (%) for (Cy9H»,CIF¢NgPRu-1.5H,0): C, 45.7; H, 3.3; N, 11.0. Found: C, 45.4;
H, 3.1; N, 11.1."H NMR (dg-acetone): & (ppm) 8.73 (d, *Jo1.22 = *J23.20 = 8.2 Hz, 2H,
H21, H23); 8.61 (d, *J15.17 = *Ja6.27 = 8.2 Hz, 2H, H18, H26); 8.24 (d, *J43 = 8.2 Hz,
1H, H4); 8.2 (m, 3H, H10, H14, H22); 8.09 (d, *Jis.16 = *Ja02s = 5.4 Hz, 2H, H15,
H29); 8.05 (s, 1H, H7); 8.00 (t, *J17.16.18 = “Ja72628 = 7.8 Hz, 2H, H17, H27); 7.77 (t,
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3304 = 7.8 Hz, 1H, H3); 7.64 (t, *J13.12.14 = "Ti1.10.02 = 7.7 Hz, 2H, H11, H13); 7.56 (t,
o001 = 7.7 Hz, 1H, H12); 7.46 (d, *Ji6.15.17 = “Jag2720 = 6.6 Hz, 2H, H16, H28);
7.39 (d, *I1, = 5.9 Hz, 1H, H1); 6.98 (t, *J,.13 = 6.6 Hz, 1H, H2). °C NMR (d¢-
acetone): & (ppm) 159.2 (C9, C20, C24), 158.9 (C19, C25), 153.2 (C15, C29), 152.0
(C1), 151.4, 149.3 (C6, C8), 136.8 (C17, C27), 135.8 (C3), 133.2 (C22), 129.6 (C12),
129.3 (C13, C11), 127.3 (C16, C28), 126.4 (C10, C14), 124.4 (C2), 123.3 (C18, C26),
122.4 (C21, C23), 122.0 (C4), 102.5 (C7). MS (pyrene/MeOH): m/z 590.0 (M —
HPFs)", 555.5 (M — HCIPF4)".UV-Vis (CH2Cly): Amay, nm (e, M'cm™) 240 (40210),
276 (33830), 282 (33150), 318 (33440), 419 (6330), 487 (7440), 513 (7210), 594
(1450), 670 (750). Echem vs. SSCE in DCM containing 0.1 M TBAH: E,;,™"" = 0.81
V, AE = 60 mV.

out-[Ru(3p)(trpy)(H20)](CIOs), out-[2(-HN](CIO,). A sample of 100 mg
(0.136mmol) of out-1(PFg) and 23.1 mg (0.163mmol) of AgNOj; are dissolved in 50
mL of degassed Acetone/H,O (3:1) and refluxed for 4 h in the absence of light. A fine
precipitate of AgCl is filtered through Celite. Then 2 mL of a saturated solution of
NaClOy are added to the filtrate followed by a reduction of the volume till a solid
appears. The solid is filtered off, washed with a minimum amount of H,O and Et,O
and dried in vacuum to give a black solid. A column chromatography (30 cm long, 2
cm width) under basic alumina (Brockmann I, standard grade) is carried out to purify
the crude product, using DCM:MeOH 50:1 as eluent. A black fraction is collected that
upon adding 1 mL of a saturated solution of NaClO4 generates a black solid that is
filtered washed with H,O and Et,O consecutively and dried in vacuum. Yield = 20 mg
(29.9 mmol) (22 %) of out-[2(-H")](CIO4). Elemental analysis, Calcd. (%) for
(Cy9H23CINgOsRu): C, 51.8; H, 3.5; N, 12.5. Found: C, 52.1; H, 3.6; N, 12.3. MS
(MeOH): m/z 587.1 (M — (H,O + ClO4) + CH30H), 573.1 (M — ClQOy), 555.1 (M —
(H0+Cl04)).UV-Vis (CF3SOsH, pH = 1.0): Amax, nm (¢, M'em™) 273 (39000), 279
(39600), 316 (35200), 390 (6600), 475 (7400). Echem (vs. SSCE): E;,™™ =0.97 Vv,
AE = 100 mV (DCM-TBAH (0.1M)); E;,™™ = 0.30 V, AE = 100 mV (DCM-TBAH
(0.1M)); At pH = 1.0 CF3SO;H: E;,""" = 0.67 V (AE = 60 mV), E,. """ =1.09 V.

in-[Ru(3p)(trpy)(H20)](PFs)-H20, in-[2(-H)](PFe)-H,O. This complex was

obtained in the same manner as out-[2(-H")]", but using NH4PF¢(aq sat) instead of
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NaClOy(aq. sat)- Yield =23 mg, (27.2 mmol) (20%). Elemental analysis, Calcd. (%) for
(Ca9H24F 12NgOP,Ru-H,0): C, 39.5; H, 3.0; N, 9.5. Found: C, 39.3; H, 3.1; N, 9.3. MS
(MeOH): m/z 587.2 (M — (H30 + 2PFg) + CH;0H)", 572.2 (M — H,P,F1»)". UV-Vis
(CF3SOsH, pH = 1.0): Amax, nm (¢, M'em™) 273 (34300), 279 (34700), 314 (33700),
392 (5200), 460 (7100). Echem vs. SSCE: E;,™" = 1.10 V (AE = 100 mV) in 0.1 M
TBAH in DCM; E; """ = 0.74 V (AE = 60 mV) and E, /""" = 1.09 V at pH = 1.0 in
0.1 M CF5SO;H.

Instrumentation and Measurements. UV-Vis spectroscopy was performed either on
a Cary 50 (Varian) UV-Vis spectrophotometer in 1 cm quartz cuvettes or a Tidasll
(J&M Instruments). Cyclic Voltammetry (CV) and Square Wave Voltammetry
(SWYV) experiments were performed on an I[J-Cambria HI-660 potentiostat using a
three-electrode cell. Typical CV experiments were carried out at a scan rate of 50
mV/s. SWV experiments were performed with the following parameters: Step E = 2
mV, SW Amplitude = 25 mV, SW Frequency = 15 Hz and Sensitivity = 1-10™ A/V.
A glassy carbon electrode (2 mm diameter) was used as working electrode, platinum
wire as auxiliary electrode, and a SSCE as a reference electrode. Working electrodes
were polished with 0.05 micron Alumina paste and washed with distilled water and
acetone followed by blow-drying, before each measurement. All cyclic
voltammograms presented in this work were recorded in the absence of light and
inside a Faradaic cage. The complexes were dissolved either in CH,Cl, (DCM)
containing the necessary amount of n-BusNPFs (TBAH) as supporting electrolyte to
yield a 0.1 M ionic strength solution. In aqueous solution the electrochemical
experiments were carried out in 0.1 M CF3;SOsH (pH = 1.0). E;;; values reported in
this work were estimated from CV experiments as the average of the oxidative and
reductive peak potentials (E,. + E,)/2 or taken as E(Iyax) from SWV measurements.
The NMR spectroscopy experiments were performed on a BrukerAvance 400
Ultrashield NMR spectrometer. Samples were run in dg-DMSO or dg-acetone with
internal references (residual protons). Elemental analysis was performed using an EA-
1108, CHNS-O elemental analyzer from Fisons Instruments. Manometric
measurements were performed with homemade water-jacked glass reactor coupled to
a Testo 521 manometer. Composition of the gaseous phase was determined by online

mass-spectrometry with an OmniStar™ GSD 301 C (Pfeiffer) quadrupol mass-
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spectrometer. Oxygen generation in solution was measured via a water-jacket Clark-
electrode reactor from Hansatech. In a typical experiment, 1 mL of a 2 mM complex
solution in CF3;SOsH (pH = 1.0) was degassed with argon until no oxygen could be
detected. The reactor was then closed with a septum sealed adapter that excluded the
gas phase. A minimum volume of previously degassed Ce(IV) solution, was then
added directly into the reaction solution with a Hamilton syringe. Blanc experiments
were performed by addition of Ce(IV) solution to neat CF;SO3;H (pH = 1.0) in the
absence of catalyst. Spectroelectrochemical measurements were performed in a
homemade three compartment bulk electrolysis cell, with platinum grid as working
electrode, Pt wire as counter electrode and a SSCE reference electrode. An optical
probe (10 mm optical path length) from Hellma was introduced to follow the
electrolysis spectroscopically. Chemical redox spectrophotometric titrations were
performed by sequential addition of a small volume of (NHy)2[Ce'"(NOs)s] solution in
CFs;SOsH (pH = 1.0) (20 pL/redox equivalent) to the complex solution (3 mL) in

standard 1 cm Quartz cuvettes.

Kinetics. Experiments were performed on a Cary 50 spectrophotometer equipped
with a temperature controlled cell holder. The cell holder was constantly purged with
nitrogen to avoid condensation of air humidity. In a typical experiment, to a 3 mL
solution of out-4*" (1:10* M) in 0.1 M CF3SOsH, 2 eq. of Ce*" in 20 uL CF;SO;H
(pH = 1.0) were added at 5 °C + 0.1 °C. First and second order rate constants were

calculated by global fitting method using Specfit.

Photochemical oxygen evolution. Irradiation was carried out with a 150 W Xenon
arc lamp equipped with a 400 nm cutoff filter to remove UV and IR radiation. The
intensity of the radiation was approximately 0.3 W/cm®”. The temperature of the cell
was maintained constant at 20°C thanks to water circulation through a jacketed
compartment attached to the main cell. Oxygen evolution was analyzed with a gas-
phase Clark-type oxygen electrode (Unisense Ox-N needle microsensor). The
electrode was calibrated using nitrogen saturated, air saturated and a known amount
of oxygen within the range of concentrations obtained in our experiments. The
photochemical experiments involved a three component system: catalyst, sensitizer

and sacrificial electron acceptor dissolved in 5 mL of a 50 mM phosphate buffer
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solution (pH = 7.04). A typical experiment involved degassing, the above mentioned
solution, and dissolving Catalyst, [Ru(bpy)s]*" and [Co(NH3)sC1]*" with concentration
of 8.0-10° M, 1.1-10° M, and 4.8- 10 M, respectively.

X-ray Structure Determination. Suitable crystals of out-1(PFs) and in-1(PFs) were
grown as brown cubes, from slow diffusion of diethylether into an acetone solution of
the complex. The measured crystals were prepared under inert conditions immersed in
perfluoropolyether as protecting oil for manipulation. Data collection were made on a
Bruker-Nonius diffractometer equipped with an APPEX 2 4K CCD area detector, a
FR591 rotating anode with MoK, radiation, Montel mirrors as monochromator and a
Kryoflex low temperature device (T = -173 "C). Full-sphere data collection was used
with @ and ¢ scans. Programs used: Data collection APEX-2*?, data reduction Bruker
Saint”® V/.60A and absorption correction SADABS®*. Structure Solution and
Refinement were carried out using the SHELXTL® program. The crystal data
parameters are listed in Table 2. The asymmetric unit of out-1(PFs) is made up of the
cationic unit containing the Ru metal and the PF¢ anionic unit that is disordered in two
positions with a ratio 60:40. Further an acetone and a water molecule are also
disordered in three positions with a ratio (60:28:12) and two positions with a ratio of
60:40 respectively. The asymmetric unit of in-1(PFs) is made up of a cationic subunit
containing the Ru metal, one disordered PFs anion (rotational disorder) and a

disordered position with 75 % of acetone and 25 % of diethylether.
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Chart 1. The ligands
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Scheme 1. Synthetic strategy and numbering scheme.

[Ru''Cl,(DMSO0),]

Column
Chromatrography

X=CH, L=H3p: in-1*
X=N, L=Hbpp: in-3*

] in-[Ru"(CI)(L)(trpy)]* out-[Ru'(CI)(L)(trpy)]* { X=CH, L=H3p: out-1"

X=N, L=Hbpp: out-3*

X=CH, L=H3p: in-22"]

[ = = . _92+
oo Lo ] im-ARUHOpY)HL O out-{Ru'(L)(rpy)(HO) | Yo LoHop out

X=N, L=Hbpp: out-4%*
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Scheme 2. Schematic drawing of the in- and out-[Ru(X)(trpy)(L)]"" complexes
indicating the X---H interaction (X = CI or H,O; L = Hbpp, R = 2-pyridyl; L = H3p
R = phenyl). The N coordinating atoms of the trpy ligand are shown in grey and the
rest of the ligand is not shown for clarity purposes. The equivalency between the

in/cis and out/trans isomers is also indicated. See text for further details.

out/trans in/cis

XunnnH XnnnH
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Scheme 3. Potential O-O bond formation pathways following the generation of high

oxidation states.

I \Y fast WV Il
Ru—OH + Ce _— Ru=0 + "Cce + H*

v slow v "
2 "Ru=0 + H* ——> Ru=0 + Ru—OH

VRu=O
WNA 12M
""Ru—0-0oH VRu—0-0—Ruv
d Y
Ru + O, Ru + O,
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Scheme 4. Sequence of reaction that illustrate the photochemically induced catalytic

water oxidation

hv
I Ny g * i
2 H20 RuAC RUp RUP Co
x4 x4
] Il
0-0 Ruc Rup Co
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Table 1. X-ray diffraction parameters.

Compound
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

out-1(PFs)
C32H30CIF6N602PRu
812.11

100(2) K

0.71073 A

Triclinic

P-1

a= 8.8548(14) A

o= 71.790(4) °

b= 13.0005(15) A

B =83.378(6) °

c= 16.799(2) A

y= 79.578(6) °
1803.1(4) A3

2

1.496 Mg/m’

0.622 mm™

820

0.06 x 0.02 x 0.02 mm’

Theta range for data collection 1.77 to 36.47 °©

Index ranges

Reflections collected
Independent reflections
Completeness to theta

Absorption correction

Max. and min. transmission

Refinement method

-19 <=h<=19,

-21 <=k<=21,

-20 <=1<=19

15485

12771 [R(int) = 0.0595]
=36.47°, 0.875 %
Empirical

1.00 and 0.82
Full-matrix least-squares

on F?

Data / restraints / parameters 15485 /78 / 581
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in-1(PFe)
C32.25H29CIF6N60OPRu
798.10

100(2) K

0.71073 A

Triclinic

P-1

a= 11.6693(5) A

o= 72.287(2) °

b= 12.1900(5) A
B=89.621(2)°

c= 12.2548(6) A

y= 84.141(2)°
1651.36(13) A’

2

1.605 Mg/m’

0.675 mm’

805

0.30x 0.01 x 0.01 mm’
1.75 to0 36.42 °.

-19 <=h<=19,

-20 <=k<=20,

-20 <=1<=19

14550

11827 [R(int) = 0.0513]
=36.42°,0.901 %
Empirical

0.9933 and 0.8231
Full-matrix least-squares
on F?

14550/ 138 /543



Goodness-of-fit on F2 1.197

Final R indices [[>2sigma(I)] R1 = 0.0745
wR2 =0.2150

R indices (all data) R1=0.0908
wR2 = 0.2237
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1.028

R1=0.0457,
wR2=0.1115
R1=0.0605,
wR2 =0.1208



Table 2. Electrochemical and absorption spectral data for complexes 1-6.

Complex E° (V) Amax(€) assignm  entry
ent
in-1" 0.81 240 (40200), 276 (33200), 282 (33200), 318 (33400) T—T* 1
419 (6300), 487 (7200), dr—m*
Ru-Cl 594 (1500), 657 (800) d-d
out-1* 0.69 241 (47000), 277 (37700), 282 (37800), 323 (34400) - 2
413 (7100), 502 (8200) dr—m*
600 (1500), 657 (1400) d-d
in-3" 0.86 239 (42000), 277 (35800), 319 (37500) T—Tu* 3
354 (13500), 419 (7400), 494 (8000) dr—m*
600 (1800), 665 (1000) d-d
out-3* 0.63 241 (41700), 282 (35200), 323 (31000) T—Tu* 4
377 (9800), 415 (7100), 505 (7800) dr—m*
600 (1400), 660 (1300) d-d
cis-5° 0.46 5
trans-5° 0.39 6
in-2% 0.785, -, - 273 (34300), 279 (34700), 314 (33700) T—TU* 7
- 392 (5200), 460 (7100) g
E" out-2* 0.67, 1.00, 273 (39000), 279 (39600), 316 (35200) - 8
2 1.46 390 (6600), 475 (7400) drom#
in-4* 0.66, -, 1.46 313 (25500) T 9
394 (8700), 458 (9300) drom*
out-4>* 0.62,1.07, 278 (39400), 313 (33800) Tk 10
1.46 404 (9600), 458 (10700) dr_m*
cis-6™°  0.58,1.12, -- 11
trans-6"  0.50, 0.90, -- 12

* For the Ru-Cl complexes the potential refers to the Ru(III)/Ru(Il) couple. For the

Ru-OH, complexes it refers to the three successive redox waves obtained that are
attributed to the following couples in this order: Ru(IIl)/Ru(Il), Ru(IV)/Ru(Ill) and
Ru(V)/Ru(IV). See text for further details.

b See reference 20.
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Figure 1. Ortep ellipsoid (50 % probability) for the molecular structure of the cationic
part of: left, out-1"; and right, in-1". Color codes: Ru, cyan; Cl, green; N, blue; C,
gray; H, light blue.
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Figure 2. "H-NMR of out-1"* (top) and in-1" (bottom) in ds-DMSO. The resonance of
the H1 proton in indicated in each spectrum. The rest of protons are assigned in the

experimental section.
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Figure 3. UV-Vis spectra of out-1" in DCM (solid) and out-2*" in CF;SOsH (pH =
1.0) (dashed).
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Figure 4. Redox properties of complex out-2>" in 0.1M triflic acid using a glassy
carbon disk electrode, Pt wire as auxiliary and SSCE as reference electrode. Solid line
and dashed line are CVs performed at 50 mV/s for out-2**. The dot-dashed line is the
background CV in the absence of complex out-2*". Dotted line is a SWV of out-2>*
(Step E =4 mV, SW Amplitude = 25 mV, SW Frequency = 15 Hz).

4,00E-05
3,50E-05
3,00E-05 A

2,50€-05

e 7,00E-05
<L
—
= 1,50E-05
1,00E-05
5,00E-06
0,00E+00 E=
-5,00E-06 T T r
0 0,2 0,4 0,6 0.8 1 1,2 1.4
E(V)

37



Figure 5. UV-vis spectral changes obtained upon addition of 1 equivalent of Ce(IV)
to out-4>" (Ru(Ill)) 0.1 mM (data recorded every 30 s, for clarity only every 3
spectra is presented). Arrow indicates the principle absorption change. Inset,
absorption vs. time plot at A = 544 nm (empty diamonds) and mathematical

simulation (red solid line) assuming WNA mechanism. See text for details.
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Figure 6. Oxygen evolution profile (black line) in solution obtained upon addition of
1 equivalent of Ce(IV) to out-4>" (Ru(IIl)) 0.2 mM in 0.1M triflic acid solution and
mathematical simulations assuming the 12M (blue line) and WNA (red line)

mechanisms.
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Figure 7. Gas evolution profile monitored manometrically upon treatment of 1.0 mM
WOCs out-2*" (dashed dotted), in-2°" (dotted), out-4>" (solid) and in-4*" (dashed)
with 100 mM Ce(IV) in a 0.1 M CF3SOsH solution.
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Figure 8. Oxygen evolution profile photochemically induced by complexes 2°" , 4**
and [Ru(trpy)(bpy)(H,0)]*" at pH = 7.0 in a phosphate solution at 20.0 °C, upon
irradiation with a 300 W Xenon lamp with a 400 nm filter. [Co"™(CI)(NH3)s]*" was

used as a sacrificial electron acceptor and [Ru(bpy)s]*" as photosensitizer.
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Figure S1. 1D and 2D NMR spectra (400 MHz, 298 K, d¢-DMSO for complex out-
1*: (a) 'H-NMR, (b) aromatic region of 'H-NMR, (c) "C{1H}-NMR, (d) COSY-
NMR (e) HMQC-NMR and (f) HMBC-NMR.
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Figure S2. 1D and 2D NMR spectra (400 MHz, 298 K, d¢-DMSO for complex in-1":
(a) "H-NMR, (b) aromatic region of 'H-NMR, (c) “C{1H}-NMR, (d) COSY-NMR
(e) HMQC-NMR and (f) HMBC-NMR.
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Figure S3. UV-Vis spectra of out-1" (dotted-dashed), in-1" (dotted), out-3" (solid)
and in-3" (dashed) in DCM.
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Figure S4. UV-Vis spectra of out-2*" (dotted-dashed), out-4%* (solid) and in-4°*
(dashed) in CF3SOsH (pH = 1.0).
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Figure S5. Uv-Vis redox titration; addition of 13 x 2 uL of oxidant solution to a 3 mL
sample of out-2>" ([Ru] = 1.56-10° M), oxidant = Ce(IV) ([Ce(IV) = 1.81 mM) in
CF3SOsH (pH = 1.0). Inset shows the change in absorption at 312 nm (green + orange

triangles).
0.6

IR
A\

0,3 A

Abs

0,2 -

0,1

)
Ke]
<<

450

0,34 1

0,5
0,46

0,42

0,38 -

=]

y = -0,0039x + 0,4997

i R? = 0,99005
"‘-.'-.-_.___L‘_H‘\_-
_h“‘n-__
e —
i~ .
5 10 15 20 25 30
V_ 44 Of Oxidant

L)
m"
' ' 0

550 650

A (nm)

Figure S6. Uv-Vis redox titration; addition of 5 x 4 ul of oxidant to a 3 mL sample
solution of out-4%* ([Ru] =4.25-10 M), oxidant = Ce(IV) ([Ce(IV) = 6.37 mM) in
CF3SOsH (pH = 1.0). Inset shows the change in absorption at 450 nm (blue diamonds

+ red squares).
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Figure S7. CV (50 mV/s) of out-1" (dashed-dotted) and in-1" (dotted) in DCM-
TBAH (0.1 M) vs. SSCE.
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Figure S8. CV (50 mV/s) of in-2*" (solid line) in CF3SOsH (pH = 1.0) vs. SSCE.
Blank CV with no complex (dashed dotted line).
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Figure S9. CV (50 mV/s) of out-4*" (solid line and long dashed) in CF3SOsH (pH =
1.0) vs. SSCE. Blank CV with no complex (dashed-dotted line). SWV of out-4**
(dotted). Inset, enlargement of the 0-1.2 V zone.
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Figure S10. CV (50 mV/s) of in-4>" (solid line and long dashed) in CF;SO;H (pH =
1.0) vs. SSCE. Blank CV with no complex (dashed-dotted line). SWV of in-4**
(dotted). Inset, enlargement of the 0-1.2 V zone.
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Figure S11. CV in 0.1 M triflic acid (50 mV/s) of out-4%* (solid) and in-4% (dashed)
under similar concentrations showing their eletrocatalytic activity. CV of blank with
no complex (dotted). Inset, enlargement of the 0.5-0.9 V zone.
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Figure S12. UV-vis spectral changes obtained upon addition of 1 equivalent of
Ce(IV) to out-4>" (Ru(III)) 0.1 mM (data recorded every 30 s). Full data presented in
Figure 5 of the main text. Assuming [2M mechanism: A, absorption vs. time plot at A
= 544 nm (empty diamonds) and mathematical simulation (red solid line). B, Species
distribution diagram. C, Calculated spectra. Assuming WNA mechanism. D, Species

distribution diagram. E, Calculated spectra.
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Figure S13. Online mass-spectrometric analysis of the reaction of out-2>":Ce(IV)
(1:100) (left) and in-2*":Ce(IV) (1:100) (right) in CF3SO;H (pH = 1.0). Arrow
indicates point of injection of Ce(V).
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Figure S14. Online mass-spectrometric analysis of the reaction of out-4>":Ce(IV)
(1:100) (left) and in-4*":Ce(IV) (1:100) (right) in CFsSOsH (pH = 1.0). Arrow
indicates point of injection of Ce(V).
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