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Sunlight-Driven Dehydrogenative Oxidation Photocatalysis by a Mononuclear 
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Under simulated solar irradiation in the visible spectral region, the catalytically active RuIV-oxo 
species [Ru(O)(bpy)(tppz)]2+ (tppz = tetrapyridylpyrazine, a strongly π-accepting tridentate 
N,N,N-ligand) is produced directly from a single metal-to-ligand charge-transfer (MLCT) 
photoexcitation of the resting RuII-aquo complex [Ru(H2O)(bpy)(tppz)]2+ in aqueous media 
containing an electron acceptor. This photoinduced path to 2-electron/2-proton activation of a 
mononuclear catalyst (i.e., without a paired chromophoric unit) is enabled by the thermodynamic 
instability of the intermediate RuIII-hydroxo species [Ru(OH)(bpy)(tppz)]2+, which promptly 
disproportionates into the RuIV-oxo and RuII-aquo states as electrochemically observed by cyclic 
and pulse voltammetries in a wide range of pH. The proton-coupled multielectron photocatalytic 
capability of the complex in neutral aqueous solutions, at room conditions, was demonstrated through 
the dehydrogenative oxidation of benzyl alcohol into benzaldehyde with a product selectivity of 
about 100%. The performance of this mononuclear complex acting as chromophore/catalyst is 
comparable to that of the previously reported dinuclear complex [(tpy)Ru(tppz)Ru(HxO)(bpy)]4+.  
In addition to the characterization of redox and spectroscopic properties for the [Ru(L)(bpy)(tppz)]n+  
derivatives with L = Cl− or HxO, structural analysis of the precursor chloro complex  
[RuCl(bpy)(tppz)](PF6) was also performed by single-crystal X-ray diffraction in this work.

Keywords: photochemistry, photooxidation, proton-coupled electron transfer, ruthenium, 
solar catalysis

Introduction

A crucial challenge to renewable energy technologies 
based on solar fuels has been the development of 
molecular photocatalysts that can efficiently carry out 
complex multi-electron/multi-proton reactions using 
sunlight as the only energy input.1-5 A parallel issue of 
relevance to the intertwined energy and environmental 
chemistries has been the utilization of water not only as the 
ideal replacement for undesirable organic solvents but also 
as the ultimate source of oxygen and protons/electrons 
in “green” photosynthetic reaction schemes.6-8 Owing 
to the intrinsically endergonic nature and mechanistic 
complexity of the underlying chemical bond breaking/
forming reactions, it has been widely recognized that 
(photo)catalysis science is at the heart of this global 
problem and can play a central role in overcoming the 
greatest technical hurdles to achieve an envisioned solar 
chemical industry.1,4

Significant advances have been made in the area of 
homogeneous photocatalysis in water by supramolecular 
assemblies of Ru complexes.9-15 From our interest in this 
area, we have previously introduced alcohol-oxidation 
photocatalysts based on ligand-bridged dinuclear complexes 
(which were termed Ruchromophore−Rucatalyst dyads) of the 
type [(tpy)Ru(N,N,NL−LN,N,N)Ru(H2O)(bpy)]4+ (where tpy is 
terpyridine and bpy is 2,2’-bipyridine).16,17 As a proof-of-
concept, we demonstrated that such dyads can perform 
the visible sunlight-driven oxidation of organic substrates, 
such as the conversion of alcohols into the corresponding 
aldehyde or ketone products, with ca. 100% selectivity and 
tens of catalytic turnover cycles/hour. As with water-splitting 
catalysis, it was conceptualized that the protons and electrons 
released in the photoanodic half-reaction (i.e., R1CH(−OH)
R2 + 2hν → R1C(=O)R2 + 2H+ + 2e-) can be subsequently 
recombined to form H2 at a cathodic terminal such as in a 
two-compartment photoelectrochemical cell (Scheme 1).

The photocatalytic activity of chromophore-catalyst 
dyads was achieved by coupling the single-photon 
visible absorption/excitation of a photosensitizer with 
the multi-electron/multi-proton transfer reactivity of 
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a catalytic center. The widespread utilization of Ru-
polypyridyl derivatives as chromophoric and catalytic 
components in such assemblies is due to their well-
known capability for (i) strong visible-light absorption 
with formation of metal-to-ligand, photoexcited 
charge-transfer states that can undergo long-lived 
charge separation followed by photochemical electron-
transfer reactions, and (ii) flexible redox chemistry 
that allows for effective proton management through 
stepwise proton-coupled electron transfer processes  
( ) with buildup of 
multiple oxidizing equivalents at a single metal-centered 
chemical site. In exploratory studies, the acceptor is 
typically a suitable sacrificial agent; this surrogate can then 
be replaced by an appropriate metal-oxide semiconductor 
(e.g., TiO2)18,19 in a compartmentalized, fully integrated 
anodic/cathodic solar cell design (Scheme 1).

However, in one of our aforementioned dinuclear 
complexes,17 we found that the Ru centers were too strongly 
coupled by the electronically delocalized bridging ligand 
2,3,5,6-tetrakis(2-pyridyl)pyrazine (tppz) and therefore 
lacked the defined structural and electronic boundaries to be 
denoted a modular Ruchromophore−Rucatalyst “dyad”. Our studies 
showed that electron delocalization over the strongly 
π-accepting tppz bridge led to inferior photocatalytic 
performance relative to the weakly coupled, supramolecular 
dyads with a single covalent bond linking the chromophore 
and catalyst building blocks.16 Albeit lessened, the observed 
photocatalytic activity of the delocalized complex [(tpy)
Ru(tppz)Ru(H2O)(bpy)]4+ triggered our motivation to 
further explore the extreme case of “single-core” behavior, 
as represented by its mononuclear [Ru(H2O)(bpy)(tppz)]2+ 
moiety (Scheme 2). For the purpose of this investigation, we 
selected benzyl alcohol as representative of the substrates 
that previously yielded significantly more (relative 
to aliphatics) of the corresponding oxidized carbonyl 

product,17 a transformation of relevance to industrial 
organic processes.20-22

Experimental

Materials and synthesis

As synthetic precursors of dinuclear species in 
our previous studies, the mononuclear chloro and 
aquo complexes ,  [RuCl(bpy)( tppz)] (PF 6)  and  
[Ru(H2O)(bpy)(tppz)](CF3SO3)2, were isolated and 
analytically characterized as previously described in 
detail.17 All reagents and solvents were analytical grade 
and supplied in the highest purity available from Fisher 
Scientific (Pittsburgh, PA, USA). Aqueous solutions were 
prepared using deionized water from a Nanopure system. 
Standard phosphate buffer solutions at pH 6.8 (0.1 M) 
were prepared from the sodium phosphate monobasic 
and dibasic salts (NaH2PO4/Na2HPO4). In pH-dependent 
measurements, the pH of solutions was buffered at an 
ionic strength of 0.1 M with the Britton-Robinson (BR) 
multi-buffer and the pH of the samples was finely adjusted 
by controlled microvolumetric additions of 3.0 M sodium 
hydroxide or triflic acid solutions.

Characterization methods

1H nuclear magnetic resonance (NMR) spectra were 
collected at 298 K using a Bruker DRX-400 instrument. 
Gas chromatography-mass spectrometry (GC-MS) was 
performed as described below, in the “Photocatalysis” sub-
section. UV-Vis absorption spectra were recorded on a Cary 
300 spectrophotometer. A CHI 700E potentiostat was used 
in electrochemical experiments. In both cyclic voltammetry 
(CV) and differential pulse voltammetry (DPV), the standard 
three-electrode setup consisted of a glassy carbon working 
electrode, a Pt wire auxiliary electrode, and a saturated 
calomel electrode (SCE) as the reference electrode. Samples 
were purged with an inert gas stream (Ar). The pH of aqueous 
solutions was measured with a Thermo Orion 250A+ digital 
pH meter calibrated within the ranges of interest using 
appropriate standard buffers.

Scheme 1. Illustrative integration of solar photooxidation of organics 
into a complete photoelectrochemical device with the conceptualized 
reductive production of a fuel (dihydrogen or hydrocarbons) at a cathodic 
terminal. In this study, a “monad” is explored to perform the roles of both 
chromophore and catalyst units.

Scheme 2. The mononuclear complex [Ru(L)(bpy)(tppz)]n+.
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X-ray crystallography

A crystal of the compound was mounted in a nylon 
cryoloop from Paratone-N oil under argon gas flow. The 
data were collected on a Bruker D8 diffractometer, with 
APEX II charge-coupled-device (CCD) detector, and a 
Bruker Kryoflex low-temperature device. The instrument 
was equipped with graphite monochromatized Mo Kα 
X-ray source (λ = 0.71073 Å), and a 0.5 mm monocapillary. 
A hemisphere of data was collected using ω scans, with 
10-second frame exposures and 0.5º frame widths. Data 
collection and initial indexing and cell refinement were 
handled using APEX II software.23 Frame integration, 
including Lorentz-polarization corrections, and final cell 
parameter calculations were carried out using SAINT+ 
software;24 data were corrected for absorption using 
redundant reflections and the SADABS program.25 The 
structure was solved using direct methods and difference 
Fourier techniques, with idealized hydrogen positions riding 
on atoms of attachment. The final refinement included 
anisotropic temperature factors on all non-hydrogen 
atoms. Structure solution, refinement, and graphics were 
performed using the SHELXS/SHELXL/SHELXTL suite.26 
Detailed crystal and refinement parameters are provided in 
Supplementary Information (SI) section (Table S1).

Photocatalysis

In catalytic experiments, the same reaction time and 
conditions from previous studies on dinuclear species 
were used exactly as reported17 for direct comparison of 
results. Specifically, a sealed quartz vial containing 5.0 mL 
of O2-free buffered solution (pH 6.8) with 0.02 mM Ru 
complex (photocatalyst), 10 mM substrate (alcohols), and 
20 mM [Co(NH3)5Cl]Cl2 (acceptor) was irradiated for 
24.0 h, a period during which the mixture was kept under 
stirring. Control tests were performed at the same conditions 
but in the absence of either light or catalyst or acceptor. 
All experiments were carried out at room temperature and 
pressure. A Newport/Oriel solar simulator equipped with a 
digital arc lamp power supply and a Xe lamp (300 W) in line 
with AM 1.5G and UV cut-off filters to supply the simulated 
sunlight irradiation above 400 nm. The incident irradiance 
was measured with an International Light Technologies 
ILT1400-A radiometer/photometer equipped with a 
calibrated silicon photodiode detector (ILT model SEL033/
QNDS2/W; 200-1100 nm). Final efficiency and selectivity 
of reaction products were quantitatively characterized by 
1H NMR assays from the ratio of integrated peak intensity 
of product to that of corresponding substrate (in this case, 
D2O was used instead of H2O as solvent); qualitative 

comparative analyses were made by GC using an Agilent 
213-7333 instrument equipped with a DB-WAXETER 
column and a flame ionization detector with He as carrier 
gas. The oven temperature started at 50 °C for 5 min, then 
ramped to 250 °C (50 °C min-1) and held for 25 min. The 
procedures for sample injection were substrate specific. For 
benzyl alcohol, the reaction suspension (5 mL) was filtered 
and extracted by dichloromethane (3 mL, three times); the 
organic phase was collected, concentrated to about 2 mL, 
and a 2 μL-sample of the solution was injected into the gas 
chromatograph. 

Computational methods

Density functional theory (DFT) calculations were 
performed with the Gaussian 16 program.27 The Becke, 
3-parameter, Lee-Yang-Parr (B3LYP)28,29 functional 
with the SDD30 relativistic effective core potential and 
associated basis set for Ru and the 6-31G(d) basis set31,32 
for all other elements, a methodology that has consistently 
shown adequate performance in structural and electronic 
characterization of closely related systems.33,34 To better 
account for specific solvent effects on the Ru-OH2 moiety,33,34 
two solvent water molecules were explicitly added to the 
immediate surrounding microenvironment of the metal-
bound H2O (i.e., one explicit solvent interaction per H 
of the coordinated water ligand, H2O···H−ORu−H···OH2) 
and the overall supramolecular structure was freely 
optimized without any constraint. Following full geometry 
optimization, vibrational frequencies were computed at the 
same level of theory to verify the nature of all stationary 
points as true minima with no imaginary frequencies. The 
structure of the lowest-energy metal-to-ligand charge-
transfer (3MLCT) excited state was also fully optimized prior 
to molecular orbital and spin density analysis. The electronic 
excitation spectra in the UV/Vis region were obtained by 
time-dependent DFT (TD-DFT)35,36 calculations using the 
same functional/basis sets in conjunction with the C-PCM 
solvation model37,38 to further account for the solvent (water) 
environment. Graphical visualization of molecular structures 
and 3D surface plots were generated with GaussView 6.39

Results and Discussion

X-ray structural analysis

The chloro complex [RuCl(bpy)(tppz)](PF6) was 
prepared and characterized as described in our earlier 
study,17 where it was used as intermediate in one of 
the routes to the synthesis of the dinuclear complex  
[(tpy)Ru(tppz)RuCl(bpy)](PF6)3. In the present work, 
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however, the structure of this complex was determined 
and analyzed by X-ray crystallography. Single crystals 
were grown by slow diffusion of diethyl ether into 
acetonitrile solutions of [RuCl(bpy)(tppz)](PF6). This 
hexafluorophosphate salt of the complex crystallized in the 
monoclinic (P21/c) space group. The Oak Ridge thermal 
ellipsoid plot (ORTEP) diagram is shown in Figure 1 and 
selected structural data are summarized in Table 1. Detailed 
crystallographic data, collection/refinement parameters, 
and a complete list of all bond distances and angles are 
included in the SI section (Tables S1-S5).

The [RuCl(bpy)(tppz)](PF6) complex has a distorted 
octahedral geometry at the Ru center due to the restricted 
bite angle of the meridionally coordinated tridentate 
tppz ligand. The N3−Ru−N5 angle of 159.75(14)° is 
similar to those of the related dinuclear complexes  
[(bpy)ClRu(tppz)RuCl(bpy)](PF6)2 and [(tpy)Ru(tppz)
RuCl(bpy)](PF6)3 (159.4-160.6°).17,40 The bidentate bpy 
ligand has a cis configuration, with the N1 atom arranged 
trans to the chloride ligand in a nearly linear N−Ru−Cl 
fashion (172.42(10)°) and with a N1−Ru−N2 angle of 
78.24(14)°. The significant deviations from idealized 
straight and right angles are typical of such “octahedral” 
structures.40-42 The Ru center and atoms N1, N2, N4, and 
Cl form an equatorial plane with a maximum deviation 
of 0.035(3) Å. The mean planes of the bpy rings are 
approximately coplanar, with a dihedral angle of 8.2(2)°. In 
contrast, a significant distortion from planarity is observed 
for the tppz moiety, which adopts a significantly twisted 

conformation across the central pyrazine ring with an 
average torsion angle of 52.1(2)° between the mean planes 
of adjacent pyridyl rings. The average displacement of the 
four carbon atoms relative to the mean plane of pyrazine is 
0.184(5) Å, and the average dihedral angle formed between 
the intersection of pyridyl planes with the pyrazine mean 
plane is 26.4(2)º.

For the tppz coordination, the mean Ru−N distances 
involving the outer N3 and N5 atoms trans to each other 
are 2.045(4) and 2.053(4) Å, whereas the bond distance 
involving the central N4 is much shorter (1.939(4) Å) 
as a result of the geometric constraint imposed by the 
tridentate mer-arrangement as well as the much stronger 
π-acceptor ability of the pyrazine-centered bridge.43,44 
For bpy, the Ru−N distance is 2.094(4) for N2 but only 
2.039(4) Å for N1, reflecting the increased RuII→Nbpy 
π-backbonding interaction at the coordinating atom 
trans to the π-donor Cl– ligand. The Ru−Cl distance of 
2.4008(12) Å is essentially the same as that observed for 
[(tpy)Ru(tppz)RuCl(bpy)](PF6)3 (2.401 Å).17 In addition to 
the common weak interactions between molecules in the 
crystal, multiple intramolecular contacts (i.e., distances 
shorter than the sum of van der Waals radii) are found in 
the structure of [RuCl(bpy)(tppz)](PF6). The H···Cl contact 
of 2.778 Å involving the hydrogen of the nearest CH from a 
bpy ring (C10) is similar to those for a number of structures 
containing the {(LN,N,N)RuCl(bpy)} fragment.17,40,42 Owing 

Table 1. Selected crystallographic bond distances and angles for 
[RuCl(bpy)(tppz)](PF6)·CH3CN

Distance / Å Angle / degree

Ru1−Cl1 2.4008(12) N1−Ru1−Cl1 172.42(10)

Ru1−N1 2.039(4) N1−Ru1−N2 78.24(14)

Ru1−N2 2.094(4) N1−Ru1−N3 90.78(15)

Ru1−N3 2.045(4) N1−Ru1−N4 95.01(15)

Ru1−N4 1.939(4) N1−Ru1−N5 92.29(15)

Ru1−N5 2.053(4) N2−Ru1−Cl1 94.48(10)

N4−N6 2.689(5) N2−Ru1−N3 102.14(14)

C5−C6 1.467(6) N2−Ru1−N4 173.14(14)

C15−C16 1.473(6) N2−Ru1−N5 98.09(14)

C17−C30 1.486(6) N3−Ru1−Cl1 88.71(11)

C18−C29 1.483(6) N3−Ru1−N4 79.00(15)

C19−C20 1.463(6) N3−Ru1−N5 159.75(14)

Cl1···H10 2.778 N4−Ru1−Cl1 92.31(11)

N6···H28 2.602 N4−Ru1−N5 80.79(15)

N6···H31 2.473 N5−Ru1−Cl1 90.80(11)

N7···H21 2.586 Ru1−N4−N6 173.40(19)

N8···H14 2.410 N7−N6−N8 166.34(13)

Figure 1. Single-crystal X-ray structure of [RuCl(bpy)(tppz)]
(PF6)·CH3CN. The acetonitrile molecule from the solvent is not shown. 
Also omitted for clarity are the H atoms, except for those involved in 
short contacts as discussed in the text. Thermal ellipsoid plots are drawn 
at the 50% probability level.
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to the short N···H contacts (in the range of 2.41-2.60 Å) 
between N6, N7, N8 and their nearest hydrogen atoms from 
adjacent rings (H28···N6···H31, N7···H21, and N8···H14), 
the outer uncoordinated tppz pyridyl rings adopt an optimal, 
flipped conformation relative to its mer-coordinated form 
(Figure 1 and Table 1).

Electrochemistry and electronic spectroscopy

From cyclic voltammetry, the observed potential 
(E1/2) for the reversible oxidation [RuIICl(bpy)(tppz)]+/
[RuIIICl(bpy)(tppz)]2+ in acetonitrile (0.1 M nBu4NPF6) is 
0.93 V vs SCE. The significantly more positive potential 
compared to that of [RuCl(bpy)(tpy)]+ (0.81 V vs SCE at 
the same experimental conditions)16 reflects the stronger 
π-acceptor character of tppz relative to tpy.

The aquo species as a triflate salt, [Ru(H2O)(bpy)
(tppz)](CF3SO3)2, was readily isolated following ligand 
substitution at the chloro precursor in aqueous solutions, 
which is facilitated by the precipitation of AgCl in the 
presence of Ag+ ions from Ag(CF3SO3).17,34 The cyclic and 
differential pulse voltammograms of [Ru(H2O)(bpy)(tppz)]2+  
in water at pH 6.8 (0.1 M phosphate buffer) showed a 
single anodic/cathodic pair of waves with a mid potential 
of 0.64 V vs SCE (Figure 2). This single reversible 
process corresponds to the net 2e–/2H+ oxidation from the 
[H2O−RuII]2+ to the [O=RuIV]2+ species, instead of the two 
typically separated 1e–/1H+ steps in other complexes:45 
H2O−RuII − e−, H+ → HO−RuIII − e−, H+ → O=RuIV. This 
assignment was confirmed by comparison of Faradaic 
currents with the [RuIII(edta)(OH)]2−/[RuII(edta)(H2O)]2− 

couple46,47 (edta = ethylenediaminetetraacetate) as 
reference for a monoelectronic redox process at identical 
experimental conditions.

As shown by the plot of E1/2 as a function of pH 
(Pourbaix diagram) in Figure 3, a Nernstian electrochemical 
behavior persists in acidic or basic environments within 
pH values 1-9, and the slope of a linear regression (blue 
line, with a drop of 57 mV per pH unit) is consistent 
with a single 2e–/2H+ process or two overlapping 
1e–/1H+ processes.48-50 This observation, which has 
also been recently made by Matias et al.51,52 for other 
complexes, is attributed to the disproportionation of the 
relatively thermodynamically unstable hydroxo species 
(2 HO−RuIII → H2O−RuII + O=RuIV) as a consequence of 
electronic effects caused by strongly π-accepting ligands 
bearing the catalytic Ru–OHx moiety.52

Around pH 9 and above, the clear change in the 
slope of the observed linear trend (red line, with a 
drop of 33 mV per pH unit) reflects the deprotonation 
of the aquo species (H2O−RuII → HO−RuII + H+) 
consequently leading to a 2e–/1H+ process48-50 at pH > 9 
(HO−RuII → O=RuIV + 2e– + H+). The relatively low 
pKa value associated with the deprotonation of H2O−RuII 
is taken at the intersection of the blue and red lines 
(ca. 8.6) and reflects the electronic effect on RuII from the 
significantly stronger acceptor character of the bearing tppz 
ligand compared to tpy (pKa ca. 9.7).53 Not surprisingly, the 
possible protonations of the oxidized species require highly 
acidic conditions (i.e., pKa < 1) and thus are clearly outside 
the pH window of the Pourbaix diagram.

The UV-Vis spectrum of [RuCl(bpy)(tppz)]+ features 
a broad and intense band with λmax at 506 nm (molar 
absorptivity (ε) = 1.1 × 104 M–1 cm–1) in acetonitrile. Upon 

Figure 2. Cyclic (blue) and differential pulse (red) voltammograms of 
[Ru(HxO)(bpy)(tppz)]2+ in aqueous solution at pH 6.8 (0.1 M phosphate 
buffer); current intensities are arbitrarily normalized to facilitate 
comparative viewing of CV/DPV potential peaks.

Figure 3. Pourbaix diagram for the complex [Ru(HxO)(bpy)(tppz)]2+ in 
aqueous solution (0.1 M BR buffer); slopes of the fitted linear regressions 
in blue and red are −57 mV/pH and −33 mV/pH, respectively.
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substitution of the chloride ligand in water, the corresponding 
absorption in [Ru(H2O)(bpy)(tppz)]2+ is hypsochromically 
shifted to λmax at 484 nm (ε = 9.1 × 103 M–1 cm–1) in 
phosphate buffer, at pH 6.8 (Figure 4). As discussed further 
below, this strong absorption in the visible is a key spectral 
feature in the photocatalytic cycle of this complex and 
arises from the metal-to-ligand charge transfer (MLCT) 
transition predominantly involving the tridentate ligand 
moiety, dπ(RuII)→π*(tppz) (Figures 4, S1-S2). Given that 
this MLCT absorption originates at the dπ

6 configuration 
in RuII, it vanishes once the aquo species is oxidized into 
the RuIII-hydroxo or RuIV-oxo states, which are essentially 
non-absorbing in the visible region.34,52

Photocatalysis

The photocatalytic tests were performed by exposing 
the sealed reaction vials to simulated visible-sunlight 
illumination (λexc > 400 nm) for 24 h, at room temperature and 
pressure.54 As with previous studies,16,17 the reaction system 
consisted of 0.02 mM Ru complex, 10 mM substrate, and 
20 mM acceptor in 5.0 mL of phosphate-buffered aqueous 
(H2O or D2O) solutions at pH 6.8. The chemically benign 
[CoIII(NH3)5Cl]Cl2 has become the commonly used electron 
acceptor in such experiments because, upon reduction 
(Ered = –0.3 V vs SCE) by an electron transfer from the 
photoexcited Ru complex, it undergoes fast and irreversible 
decomposition into [CoII(H2O)6]2+ (whose oxidation potential 
of about +1.8 V is far too positive for the re-reduction of the 
oxidized Ru center) and therefore back electron transfer to 
the activated catalyst is prevented.16,55 The product of reaction 
was characterized by 1H NMR spectroscopy and GC-MS 
analysis, as detailed in the Experimental section.

Benzyl alcohol was converted into benzaldehyde with a 
turnover number (TON) of 52 ± 4 cycles, which corresponds 
to an efficiency of 10-11% (TON = nproduct/ncatalyst;  
efficiency = nproduct/nsubstrate(initial)). With measurement 
uncertainty accounted for, this moderate performance 
is essentially the same as that previously demonstrated 
by the dinuclear [(tpy)Ru(tppz)Ru(H2O)(bpy)]4+  
complex with 50 photocatalytic turnovers.17 Furthermore, 
the transformation of alcohol into aldehyde proved to be 
highly selective, with no formation of an over-oxidized 
product such as carboxylic acid.

Unlike supramolecular dyad constructs where a catalyst 
is judiciously paired with one or more designated light-
harvesting units to promote stepwise buildup of higher 
oxidation states at the catalyst via sequential electron-
transfer repeats (chromophore* → acceptor || catalyst → 
chromophore+), this mononuclear complex becomes 
devoid of the initial MLCT-driven photoexcitation 
capability after the H2O–RuII species undergoes the first 
photoinduced electron transfer accompanying its oxidation 
to the HO–RuIII state. However, in view of the observed 
electrochemical behavior revealing a single RuII/RuIV 
redox process, the active O=RuIV catalyst is rather formed 
by disproportionation of the electrochemically absent 
intermediate HO–RuIII species following the photoexcited 
electron transfer from a tppz-centered 3MLCT state 
(Figure S2) to the sacrificial acceptor. In the final chemical 
step, the catalytic RuIV=O state is reductively recycled 
to its chromophoric H2O–RuII state upon the selective 
2e–/2H+ dehydrogenative oxidation of benzyl alcohol into 
benzaldehyde. The overall photocatalytic cycle can be 
interpreted as depicted in Scheme 3.

While detailed kinetic and mechanistic studies are 
required to provide additional insights into each putative 
step of the global reaction, the formation of O=RuIV 
as a consequence of RuIII disproportionation51,52,56 
appears to be a key feature in the activation of this 
mononuclear catalyst. Although not previously explored 
in photocatalysis, such redox behavior has been observed 
in other HxO–RuII-IV systems and well elucidated in 
terms of electronic effects induced by the surrounding 
ligand environment. Generally, increasing the π-acceptor 
ability of an ancillary ligand results in additional 
stabilization of the RuII species by M(dπ) →  L(pπ*) 
backbonding, while the multiple Ru=O bond leads to 
stabilization of RuIV by the oxo group. In the case of 
pyrazine-derivatives such as tppz or bpz,17,52 where the 
π-accepting character is so pronounced, this contrasting 
tendencies leading to increase of the RuII/III potential 
and decrease of the RuIII/IV potential culminate with the 
coalescence of the two processes into a single 2e−/2H+ 

Figure 4. Absorption spectrum of the complex [Ru(H2O)(bpy)(tppz)]2+ in 
water (pH 6.8) focusing on the visible-region band, which is associated 
with the RuII→tppz transition (MLCT) as characterized via TD-DFT 
calculations and visually captured by the inset showing the corresponding 
“from→to” pair of natural transition orbitals (NTOs).
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couple, as observed here for [Ru(HxO)(bpy)(tppz)]2+.  
Therefore,  a  one-electron (electrochemical  or 
photochemical) oxidation of the starting H2O–RuII complex 
yields a HO–RuIII species that is prone to disproportionation 
into the relatively more thermodynamically stable 
{H2O−RuII + O=RuIV} pair. In cases where a stable 
HO−RuIII state exists, its involvement in the oxidation of 
alcohols is also possible via cooperative intermolecular 
mechanisms involving multiple one-electron catalytic 
units; however, the process is typically too sluggish for 
significant contribution (hundreds of times slower than 
the corresponding RuIV-oxo species)57 and typically 
lacks the high selectivity of two-electron oxidants due 
to reaction pathways associated with radical species. A 
mechanistic aspect pertinent to further investigations is the 
complementary understanding of possible factors limiting 
or enhancing efficiency, such as the reported observation 
of N-oxide bond formation by oxygen atom transfer to 
noncoordinating as well as coordinating pyridyl nitrogens 
in different examples of mononuclear Ru catalysts under 
conditions conducive to water oxidation.58-62

Conclusions

Light-driven catalytic activity by the mononuclear 
complex  [Ru(H 2O) (bpy) ( tppz ) ] 2+ t oward  the 
2-electron/2-proton dehydrogenative oxidation of a 
representative benzyl alcohol has been observed in 
water at room conditions. The overall photocatalytic 
reaction turnover, efficiency, and selectivity shown by 
this mononuclear species were comparable to those of the 
synthetically more elaborated dinuclear complex [(tpy)
Ru(tppz)Ru(HxO)(bpy)]4+.17 This somewhat surprising 
activity is attributed to the fortuitous formation of the 
catalytic O=RuIV state (along with H2O–RuII) by redox 
disproportionation of the elusive HO–RuIII species 

following photoinduced electron transfer to an acceptor 
upon visible-light absorption by [Ru(H2O)(bpy)(tppz)]2+, 
whose proton-coupled electrochemical behavior in water 
was demonstrated in a wide pH range. Although indicative 
of a performance too moderate for practical applications, 
this finding is relevant to furthering the basic understanding 
of structural/electronic effects in the design of synthetically 
viable (photo)catalysts toward environmentally and 
economically attractive chemical technologies based 
on carbon-neutral utilization of solar energy, water, and 
possibly O2 as the ultimate oxidant63,64 in the green aerobic 
oxidation chemistry of organic substrates of fundamental 
importance in laboratory and industry.
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Supplementary information is available free of charge 
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