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but creates increased mass transport losses at
current densities of >0.1 A cm−2. It is clear
from these results that improvements in electrode
mass transport properties are required to over-
come this performance loss.

The results of 100-hour durability tests in
fuel cells using hydrogen/oxygen and hydrogen/
air as anode/cathode gases are shown in fig. S4.
Relative to the stable current densities obtained
by Bashyam and Zelenay (32) for tests per-
formed under the same conditions (0.2 A cm−2

with H2/O2 at 0.5 V; 0.13 to 0.14 A cm−2 with
H2/air at 0.4 V), the initial current densities pro-
duced by the catalyst in this work (0.75 A cm−2

with H2/O2 at 0.5 V; 0.58 A cm−2 with H2/air
at 0.4 V) were much higher and remained higher
throughout the 100-hour period, with final values
of 0.33Acm−2withH2/O2 at 0.5Vand 0.36Acm−2

with H2/air at 0.4 V.
The best NPMC in this work has a much

higher initial activity, but less stability, than those
prepared by Bashyam and Zelenay according to a
nonpyrolytic method based on a cobalt salt and
polypyrrole deposited on carbon black (32).
Continued research must now focus on improving
the stability of these NPMCs and optimizing their
cathode mass-transport properties.
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Consecutive Thermal H2 and
Light-Induced O2 Evolution from Water
Promoted by a Metal Complex
Stephan W. Kohl,1 Lev Weiner,2 Leonid Schwartsburd,1 Leonid Konstantinovski,2
Linda J. W. Shimon,2 Yehoshoa Ben-David,1 Mark A. Iron,2 David Milstein1*

Discovery of an efficient artificial catalyst for the sunlight-driven splitting of water into
dioxygen and dihydrogen is a major goal of renewable energy research. We describe a
solution-phase reaction scheme that leads to the stoichiometric liberation of dihydrogen and
dioxygen in consecutive thermal- and light-driven steps mediated by mononuclear, well-defined
ruthenium complexes. The initial reaction of water at 25°C with a dearomatized ruthenium
(II) [Ru(II)] pincer complex yields a monomeric aromatic Ru(II) hydrido-hydroxo complex
that, on further reaction with water at 100°C, releases H2 and forms a cis dihydroxo complex.
Irradiation of this complex in the 320-to-420–nanometer range liberates oxygen and
regenerates the starting hydrido-hydroxo Ru(II) complex, probably by elimination of hydrogen
peroxide, which rapidly disproportionates. Isotopic labeling experiments with H2

17O and
H2

18O show unequivocally that the process of oxygen–oxygen bond formation is intramolecular,
establishing a previously elusive fundamental step toward dioxygen-generating
homogeneous catalysis.

Thedesign of efficient catalytic systems for
splitting water into H2 and O2, driven by
sunlight without the use of sacrificial

reductants or oxidants, is among the most
important challenges facing science today, under-

pinning the long-term potential of hydrogen as a
clean, sustainable fuel (1, 2). In this context, it is
essential to enhance our basic understanding of
the fundamental chemical steps involved in such
processes (3–17). Of the two parts of the water-

splitting cycle, the oxidation half-cycle to form
O2 presents the greatest challenge. Well-defined
metal complexes that catalyze water oxidation to
dioxygen are rare and generally require a sac-
rificial strong oxidant. The molecular mecha-
nisms of such systems, including that of the
intensively studied “blue dimer” cis,cis-[(bpy)2
(H2O)Ru

IIIORuIII(OH2)(bpy)2]
4+ (3, 11, 12), are

generally thought to involve metal oxo interme-
diates and bimolecular steps, but clarification of
the fundamental chemical principles responsible
for O–O bond formation remains a considerable
challenge. In addition, a major challenge faced
by hydrogen and oxygen photogeneration
systems based on soluble metal complexes is
that for a viable system, the two half-cycles must
be combined, avoiding the use of sacrificial oxi-
dants and reductants.We present here a ruthenium-
mediated reaction sequence that, in a stepwise
stoichiometric manner, generates hydrogen ther-
mally and oxygen photochemically, involves
well-defined complexes, and demonstrates the
feasibility of unimolecular O–O bond forma-
tion at a single metal center.

1Department of Organic Chemistry, The Weizmann Institute
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Research Support, The Weizmann Institute of Science,
Rehovot 76100, Israel.

*To whom correspondence should be addressed. E-mail:
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We have previously reported that the non-
aromatic pincer Ru(II) complex 1 (Fig. 1) is a
powerful catalyst for the coupling of alcohols
to form esters with the liberation of H2 (18) and
for the dehydrogenative coupling of alcohols
with amines to produce amides (19). We have
now studied the reactivity of this complex with
water. The addition of one equivalent of water
to a solution of 1 in tetrahydrofuran (THF) at
room temperature immediately led to ligand
aromatization with quantitative formation of
the trans hydrido-hydroxo complex 2 (Fig. 1),

which we isolated and fully characterized
(20). This compound is probably formed by a
mechanism involving coordination of water at
the vacant coordination site trans to the hydride
ligand, followed by proton migration to the
side arm. This unique water activation process
involves cooperation between the metal and
the ligand and no change in the metal oxidation
state (21).

Characteristic spectroscopic features in the
1H nuclear magnetic resonance (NMR) spec-
trum of 2 are the large downfield shift of the

hydride ligand resonance from –26.5 parts per
million (ppm) (d, 2JPH = 25.5 Hz) in 1 to
–14.9 ppm (d, 2JPH = 27.5 Hz) and a doublet
at –1.4 ppm (3JPH = 2.3 Hz) assigned to the
hydroxo ligand. If one equivalent of D2O is
used instead of H2O, one deuterium atom is
incorporated at the side-arm benzylic carbon,
leading to a broad peak (because of unre-
solved small 2JHD and 2JPD) at 2.8 ppm in the
2H NMR spectrum; the OD group gives rise
to a signal at –1.2 ppm (complex 2-D2, Fig. 1).
These reactions are reversible. Placing the solid
under vacuum or heating it in benzene solu-
tion at 65°C resulted in water elimination to
quantitatively yield the starting complex 1. Di-
rect spectroscopic evidence for coordination
of the hydroxo group to the metal center was
obtained by adding one equivalent of H2

17O
to 1 in THF. The oxygen atom in the labeled
complex 2-17O exhibits a singlet at 32.43 ppm
in the 17O NMR spectrum (in THF). Coupling
(2JOP,

2JOC) of the
17O atom (s = 5/2) with the

adjacent ligands leads to broadening of the
signal in the 31P NMR spectrum at 112.14 ppm
and the appearance of a more complicated sig-
nal for the carbonyl ligand in the 13C{1H}NMR
spectrum (d = 209.27 ppm). The doublet in
the 1H NMR spectrum (d = 14.78 ppm) assigned
to the hydride ligand in the trans position is
not affected.

Repeating the reaction in benzene by ad-
ding an excess of water to 1 resulted in for-
mation of colorless crystals at the interface
between the water and benzene layers. X-ray
diffraction analysis of the isolated solid (2.nH2O)
shows a distorted octahedral coordination ge-
ometry at ruthenium (Fig. 2). The Ru–O–H non-
linear angle [103(3)] indicates repulsion between
the oxygen lone pairs and d electrons of the
complex (22, 23). The crystals are composed
of alternating layers of the metal complex, ben-
zene, and water. The hydroxo groups of the
complex are involved in hydrogen bonding with
the water layer (figs. S4 to S6). These crystals
are stable below 10°C and release the solvated
water at room temperature.

Heating complex 2 (or 2.nH2O) in refluxing
water for 3 days resulted in evolution of H2 with
concomitant formation of the green cis dihy-
droxo complex 3 (Fig. 3). The gas was collected
in a burette, and hydrogen was detected by
the reaction of a sample of the gas phase with
(PEt3)3IrCl to form mer-cis-(PEt3)3Ir(H)2Cl (24).
H2 was quantified with gas chromatography
(GC) (yield: 37%). The NMR yield of the
complex 3 was 45%. Some unreacted 2.nH2O
(25%) remained, the rest being unidentified
products. This reaction may proceed by elec-
trophilic attack by water on the hydride lig-
and. Pure 3 was independently prepared by
reaction of 2.nH2O with N2O (25, 26): N2O
was bubbled into a THF solution of 2.nH2O for
10 min at room temperature, after which the
solution was stirred overnight and turned green.
We isolated and fully characterized the result-

Fig. 2. Structure of the trans hydrido-hydroxo
complex 2.nH2O (ellipsoids shown at 50%
probability level). Hydrogen atoms are shown
only for the hydride and hydroxo ligands. The
water and benzene layers are omitted for
clarity. Selected bond distances (in angstroms)
and angles (in degrees): Ru1–H1, 1.54(3);
Ru1–C1, 1.820(3); Ru1–N2, 2.097(2); Ru1–
N1, 2.241(2); Ru1–O2, 2.261(2); Ru1–P1,
2.2653(8); N2–Ru1–C1, 173.02(10); N1–
Ru1–P1, 159.12(7); H1–Ru1–O2, 171.9(13);
N2–Ru1–O2, 86.94(8); N1–Ru1–O2, 82.44(9);
Ru1–O2–H2, 103(3).

Fig. 3. Thermal activation of water
by the hydrido-hydroxo complex 2
with liberation of H2, independent
synthesis of the dihydroxo complex
3 using N2O, and O2 formation
upon photolysis of 3 regenerating
complex 2. h, Planck’s constant; n,
frequency.

Fig. 1. Reactions of water with complex 1. Et, ethyl.
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ant green microcrystalline solid 3 (60% yield).
It is stable in a THF solution up to 65°C but
decomposes into unidentified products at 102°C
in dioxane. The 31P{1H} NMR spectrum of 3
shows a singlet at 94.0 ppm, representing an
upfield shift of 14 ppm relative to the corre-
sponding singlet of complex 2. The two tert-
butyl (tBu) groups of PtBu2 give rise to different
signals in both the 1H and 13C{1H}NMR spec-
tra, and the ethyl groups of NEt2 are also non-
equivalent, indicating C1 symmetry and a cis
dihydroxo arrangement. The hydroxo ligands
give rise to a broad signal at –7.4 ppm in the 1H
NMR spectrum and absorb at 3413 cm–1 in the
infrared (IR) spectrum. The carbonyl ligand ex-
hibits a doublet at 207.4 ppm (2JPC = 16.1 Hz)
in the 13C{1H} NMR spectrum and absorbs at
1923 cm–1 in the IR spectrum. The main peak
in the mass spectrum (electrospray ionization)

at mass/charge ratio (m/z) = 453 (100) can be
assigned to the cation [M – OOH]+ and the peak
at m/z = 469 (18) is characteristic for [M –OH]+.
Elemental analysis agrees with the calculated
values for our posited structure.

We next studied the stability of complex 3
on exposure to light. Irradiation of THF or
aqueous solutions of 3 under N2 or Ar with a
300-W halogen lamp filtered through perspex
(27) over 2 days resulted in a color change from
green to greenish-yellow, accompanied by O2

evolution. NMR of the solution showed that be-
sides unreacted 3 (33%), the hydrido-hydroxo
complex 2.nH2O (45%) was formed, in ad-
dition to some unidentified by-products (22%),
most probably phosphine oxides (Fig. 3). The
liberated gas was identified as dioxygen by
GC–mass spectrometry (GC-MS) and by the
reaction with (PEt3)3IrCl to form the dioxy-

gen complex (PEt3)3Ir(O2)Cl (20). This spe-
cific and very sensitive reaction was also
used for quantification (20). The yield of the
detected dioxygen formed from the reaction
in water was 23% (34% based on reacted 3).
When irradiation of aqueous solutions of 3
was performed under argon flow to remove
the generated O2, clean conversion of 3 (49%,
the rest being unreacted 3) to 2.nH2O (49%)
was observed, with no by-products being formed,
indicating that the unidentified by-products
are a result of reaction with the generated
dioxygen.

To verify that O2 was released from the di-
hydroxo complex, a labeled complex bearing two
18OH groups (3-18O18O) was prepared using
H2

18O (Fig. 4). The 18O-H stretching vibration is
shifted in the IR spectrum to lower energy by 14
wavenumbers, to 3399 cm–1, whereas all NMR
spectra are identical to those of 3. Upon ir-
radiation (27) of 3-18O18O in H2O,

36O2 was
formed as the major dioxygen product, as con-
firmed by GC-MS (Fig. 4A and fig. S3A). No
exchange between 3-18O18O and H2

16O was ob-
served, indicating that no substantial Ru-OH dis-
sociation took place.

An important question is whether the O–O
bond formation process is intra- or intermolecular.
To address this issue, we prepared the isotopically
mixed-labeled dihydroxo complex 3-18O16O by
treatment of 2-18O with N2

16O (Fig. 4A). Upon
photolysis, 34O2 was formed predominantly with
only small amounts of 32O2 and 36O2 observed
(observed ratio 32O2:

34O2:
36O2, 3.8:16.2:1) (fig

S3B) (20). Moreover, we performed a crossover
experiment involving photolysis of equimolar
amounts of complexes 3-18O18O and 3-16O16O,
resulting in formation of 36O2 and 32O2 with
only a small amount of 34O2 (observed ratio
32O2:

34O2:
36O2, 13.1:1:15.6) (Fig. 4B). Thus,

our results unambiguously show that the O-O

Fig. 4. Photolysis of iso-
topically labeleddihydroxo
complexes. (A) Synthesis
and photolysis of com-
plexes 3-18O18O and
3-18O16O. (B) Mass spec-
trum of a gaseous extract
from the photolytic reaction
of equimolar amounts of
3-18O18O and 3-16O16O,
showing virtually no cross-
over.

Fig. 5. Proposed mechanism
for the formation of H2 and
O2 from water.
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bond formation process in this system is intra-
molecular and involves a single metal center.

We suggest that upon photolysis, complex 3
liberates hydrogen peroxide in a reductive elim-
ination step (28, 29), which then catalytically
disproportionates into O2 and water ( Fig. 5). Our
labeling studies show that, if H2O2 is indeed an
intermediate in the O2 generation process, then
O2 is formed by two electron oxidation of H2O2

without scission of the O–O bond, as reported
for the reaction catalyzed by the enzyme cata-
lase (30).

The metal-to-ligand charge transfer (MLCT)
band of 3 has an absorbance maximum in the
ultraviolet-visible (UV-Vis) spectrum in water
at wavelength l = 380 nm (extinction coefficient
e = 8157 cm–1M–1). Weaker absorptions ap-
pear at l = 459 nm (e = 2045 cm–1M–1) and l =
716 nm (e = 505 cm–1M–1) (fig. S2). The the-
oretical UV-Vis spectrum (of the NMe2, PMe2
model of 3) in water was determined by time-
dependent density functional theory (TDDFT)
(figs S8 and S9 and table S5). When a 400-nm
filter was used, the yield of produced O2 de-
creased to only 8 to 10%. Together with filtration
of wavelengths of l < 320 nm by the perspex
filter, this observation is in line with an effective
spectral range corresponding to the MLCT band
of 3 (320 to 420 nm).

Unlike the dihydroxo complex 3, the hydrido-
hydroxo complex 2 was stable toward irra-
diation with a 300-W halogen lamp for 2 days,
with or without the perspex filter, and did not
release O2. This observation is in line with an
intramolecular, mononuclear O–O bond forma-
tion mechanism.

Because the intermediacy of H2O2 might
give rise to hydroxyl radicals, via a Fenton-
type reaction (31), we employed the spin trap
5,5-dimethyl-1-pyrroline-1-oxide (DMPO) (32)
to detect them. Electron paramagnetic reso-
nance spectra did provide evidence for DMPO-
OH adducts (fig. S7A). However, it is clear
that these hydroxyl radicals are not substan-
tially involved in O2 production (as the iso-
topic labeling experiments would have resulted
in scrambling). Thus, in the presence of the
OH radical scavenger tert-butanol (33), no
hydroxyl radicals were observed, whereas the
amount of O2 formed remained unchanged.
Further evidence supporting hydrogen perox-
ide as the source of hydroxyl radicals, and that
the hydroxyl radicals are not the source of the
produced O2, was obtained from experiments
with the enzyme catalase, which is an extremely
efficient catalyst for the disproportionation of
hydrogen peroxide to O2 and water by a non-
radical mechanism. If H2O2 were the source
of hydroxyl radicals, its interception by cata-
lase would retard their formation. When irra-
diation of 3 was performed in the presence of
catalase, only traces of hydroxyl radicals were
observed (fig. S7C), whereas the amount of O2

produced remained almost unchanged (actually
slightly increased). Thus, we believe that H2O2

forms photolitically from 3 and undergoes dis-
proportionation to O2 and water, with only a
marginal amount of it forming hydroxyl rad-
icals, perhaps by a Fenton-type reaction. As
expected, no OH radicals were detected when
the hydrido-hydroxo complex 2.nH2O was
irradiated.

Combining the separate stoichiometric re-
actions presented here gives rise to a stepwise
cycle in which H2 and O2 are released in con-
secutive steps, and the starting Ru complex is
regenerated (Fig. 5). The cycle starts with the
trans hydrido-hydroxo complex 2.nH2O that
reacts with water under refluxing conditions,
evolving H2 and forming the cis dihydroxo
complex 3. The second step is light-induced.
Irradiating 3 may release hydrogen peroxide
by reductive elimination, probably forming a
Ru(0) intermediate, which converts to 1 by mi-
gration of a proton from the methylene group
of the phosphorus side arm to the ruthenium
center to form a hydride ligand with coincident
dearomatization of the pyridine ring (34, 35).
The liberated hydrogen peroxide is then rap-
idly catalytically decomposed into dioxygen
and water. A possible catalyst for this latter re-
action is complex 1. The addition of a very dilute
THF solution of 1 to a THF solution of hydrogen
peroxide at room temperature resulted in imme-
diate O2 evolution, as detected by GC-MS and
by reaction with (PEt3)3IrCl (20). In the last step
of the cycle, the water reacts readily with 1 to
form the starting complex 2.

We believe that our studies indicate a dis-
tinct approach toward a complete cycle for the
generation of dihydrogen and dioxygen from
water catalyzed by metal complexes and show
that light-induced O–O bond formation can be
intramolecular and need not necessarily involve
bimolecular mechanisms, dinuclear complexes,
and metal oxo intermediates.
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Materials and Methods. All experiments with metal complexes and phosphine ligands 

were carried out under an atmosphere of purified nitrogen in a Vacuum Atmospheres 

glovebox equipped with a MO 40-2 inert gas purifier or using standard Schlenk techniques 

under purified nitrogen or argon. All solvents were reagent grade or better. All organic non-

deuterated solvents were refluxed over sodium/benzophenone ketyl and distilled under 

argon atmosphere. Deuterated organic solvents were used as received. All solvents were 

degassed with argon and organic solvents were kept over 4 Å molecular sieves. The ligand 
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(2-(di-tert-butylphosphino-methyl)-6-diethylaminomethyl)pyridine) (PNN) (S1), the 

complexes (PNN)RuHCl(CO) (S1) and 1 (S1) the precursor RuHCl(CO)(PPh3)3 (S2) and 

(PEt3)3IrCl (S3) were prepared according to literature procedures. HPLC grade sterile water 

was used, obtained by treatment of deionized water (purified with an ion-exchange device 

“Zelion”, Israel) with a Barnstead NANOpure DIamond Water Purification System 

(Barnstead D11931). H2
18O (97% enriched) was purchased from Rotem Industries Ltd., 

Beer Sheva, and H2
17O (10% enriched) from D-Chem. Ltd., Israel. N2O was obtained from 

Gas Technologies, Israel. Catalase from bovine liver was received from Sigma. All other 

chemicals were used as received (Aldrich) without further purification. 1H NMR spectra 

were obtained at 250 MHz (Bruker DPX) or 400 MHz (Bruker “Avance”) or 500 MHz 

(Bruker “Avance”). 13C{1H} NMR spectra were obtained at 100 MHz or 126 MHz. 

31P{1H} NMR spectra were obtained at 101 MHz or 162 MHz or 202 MHz. 2H NMR 

spectra were obtained at 61 MHz. 17O NMR spectra were obtained at 68 MHz. 1H, 2H, 13C, 

31P and 17O NMR chemical shifts are reported in parts per million downfield from 

tetramethylsilane and were referenced to residual protiated (1H) or deuterated solvents (13C) 

or natural abundance deuterated solvent (2H) or enriched D2
17O (17O). 31P NMR chemical 

shifts are reported in parts per million downfield from H3PO4 and referenced to an external 

85% solution of phosphoric acid in D2O. Abbreviations used in the NMR follow-up 

experiments: b, broad; s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; vt, virtual 

triplet. IR spectra were recorded on a Nicolet FT-IR spectrophotometer. UV/Vis absorption 

measurements were made on a Varian Cary-5000 UV-Vis-NIR spectrophotometer. Mass 

spectra were recorded on Micromass Platform LCZ 4000, using Electro Spray Ionization 

(ESI) mode [conditions: sample dissolved in CH2Cl2 solution, added to methanol 
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(MeOH:CH2Cl2 30:1) and a sample directly infused at 5µl/min.  [Cone Voltage 43 V, 

Extractor 4V, Source block temp 100 0C, desolvation temp 150 0C]. GC analysis of 

dihydrogen was achieved on a HP 6890 series system, equipped with a 5 ft. × ⅛ inch 

stainless steel 45/60 Carboxen 1000 column and a TC detector. GC/MS analysis of 

dioxygen was performed on a HP 6890 series system, equipped with a 30 m, 5% 

phenylsiloxane column and a Mass Selective Detector 5973. Elemental analyses were 

performed at Kolbe Laboratorium, Mülheim a. d. Ruhr, Germany. The irradiation 

experiments were done using a 300 W halogen lamp. Electron Paramagnetic Resonance 

(EPR) spectra were recorded on an ELEXSYS 500 spectrometer (Bruker, Germany) in 100 

µL quartz capillary. The g-values of the complexes in glassy solutions were determined 

using 2,2-diphenyl-1-picrylhydrazyl (DPPH) resonance signal (g = 2.0037) as a standard. 

Enzymatic activity of catalase was assessed by adding the solution of the enzyme in water 

to a solution of hydrogen peroxide in water. The time-dependent decrease of absorption of 

hydrogen peroxide at 240 nm (ε = 30 cm–1M–1) provided the value of the enzymatic activity 

(S4).  

 

Synthesis of [(PNN)RuH(xOH)(CO)] (2; 2-17O 2-18O). To a solution of complex 1 (81 mg, 

0.18 mmol) in THF (5 ml) was added one equiv of H2O (3.2 µl) and the mixture was stirred 

for one hr at room temperature. The 31P{1H} NMR spectrum indicates 100% conversion to 

the hydroxo complex. The solvent was concentrated in volume and pentane (20 ml) was 

added to precipitate the product as a slightly yellow solid which was filtered and washed 

with pentane (3 × 0.5 ml). The reaction is reversed by heating or pumping on the solid. 

Therefore the exact isolated yield could not be determined and no elemental analysis could 
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be obtained. The procedure is the same for the reaction with H2
17O (2-17O) and H2

18O (2-

18O). The spectroscopic data for 2-17O and 2-18O are virtually identical to these of 2 (unless 

mentioned otherwise). 

Spectroscopic data for 2: 31P{1H} NMR (101.26 MHz, r. t.): δ = 108.30 (s, PtBu2, CD2Cl2), 

109.91 (s, PtBu2, C6D6), 109.96 (s, PtBu2, toluene-d8), 112.01 (s, PtBu2, THF-d8) ppm. 1H 

NMR (250.13 MHz, toluene-d8, r. t.): δ = –14.88 (d, 2JPH = 27.5 Hz, 1 H, Ru–H), –1.41 (br, 

1 H, Ru–OH), 0.80 (t, 3JHH = 7.0 Hz, 3 H, CH2CH3), 1.04 (t, 3JHH = 7.0 Hz, 3 H, CH2CH3), 

1.21 (d, 3JPH = 13.0 Hz, 9 H, P(C(CH3)3)2), 1.39 (d, 3JPH = 13.5 Hz, 9 H, P(C(CH3)3)2), 2.34 

(m, 2 H, CH2CH3), 2.69 (dd, 2JHH = 16.5 Hz, 2JPH = 8.3 Hz, 1 H, PCH2), 2.97 (dd, 2JHH = 

16.5 Hz, 2JPH = 8.3 Hz, 1 H, PCH2), 3.12 (dd, 2JHH = 14.5 Hz, 4JPH = 9.5 Hz, 1 H, py-

NCH2), 3.56 (m, 1 H, CH2CH3), 4.00 (m, 1 H, CH2CH3), 5.45 (d, 2JHH = 14.5 Hz, 1 H, py-

NCH2), 6.37 (d, 3JHH = 6.8 Hz, 1 H, py-H5), 6.54 (d, 3JHH = 6.8 Hz, 1 H, py-H3), 6.87 (vt, 

3JHH = 7.0 Hz, 1 H, py-H4) ppm. 13C{1H} NMR (125.76 MHz, THF-d8, r. t.): δ = 8.50 (s, 

CH2CH3), 11.56 (s, CH2CH3), 29.88 (d, 2JPC = 11.3 Hz, P(C(CH3)3)2), 30.44 (s, 

P(C(CH3)3)2), 35.51 (d, 1JPC =  25.2 Hz, P(C(CH3)3)2), 37.56 (d, 1JPC = 23.0 Hz, 

P(C(CH3)3)2), 37.85 (d, 1JPC =  11.5 Hz, PCH2), 49.50 (s, CH2CH3), 54.70 (s, CH2CH3), 

64.79 (s, py-NCH2), 120.17 (s, py-C5), 120.73 (d, 3JPC = 7.1 Hz, py-C3), 137.66 (s, py-C4), 

161.92 (s, py-C6), 161.98 (s, py-C2), 209.22 (d, 2JPC = 17.0 Hz, CO) ppm. IR (thin film, 

NaCl): ν̃ = 2961m, 2085w (Ru–H), 1923vs (CO), 1600s, 1472s, 1072m, 1021m, 808m cm–

1. ESI-MS: m/z (%) = 453 (100) [M – OH]+. 

Spectroscopic data for 2-17O: 31P{1H} NMR (202.47 MHz, THF-h8, r. t.): δ = 112.14 (br, 

PtBu2) ppm. 1H NMR (250.13 MHz, THF-h8, r. t.): δ = –14.78 (d, 2JPH = 27.6 Hz, 1 H, Ru–
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H) ppm. 13C{1H} NMR (125.76 MHz, THF-h8, r. t.): δ = 209.27 (m, CO) ppm. 17O NMR 

(68 MHz, THF-h8, r. t.): δ = 32.43 (s, 1 O, Ru–OH) ppm. 

Synthesis of [(PNN-D1)RuH(OD)(CO)] (2-D). To a solution of 1 (68 mg, 0.15 mmol) in 

THF (5 ml) was added one equiv of D2O (3.0 µl) and the mixture was stirred for one hr at 

room temperature. The 31P{1H} NMR spectrum indicates 100% conversion to the hydroxo 

complex. The solvent was concentrated in volume and pentane (20 ml) was added to 

precipitate the product as a slightly yellow solid which was filtered and washed with 

pentane (3 × 0.5 ml). The reaction is reversed by heating or pumping on the solid. 

Therefore the exact isolated yield could not be determined and no elemental analysis could 

be obtained.  

31P{1H} NMR (101.26 MHz, r. t.): δ = 108.05 (s, PtBu2, CD2Cl2), 110.18 (s, PtBu2, THF-

d8) ppm. 1H NMR (250.13 MHz, CD2Cl2, r. t.): δ = –15.52 (d, 2JPH = 27.5 Hz, 1 H, Ru–H), 

0.84 (t, 3JHH = 7.1 Hz, 3 H, CH2CH3), 1.03 (t, 3JHH = 7.0 Hz, 3 H, CH2CH3), 1.24 (d, 3JPH = 

13.0 Hz, 9 H, P(C(CH3)3)2), 1.41 (d, 3JPH = 13.5 Hz, 9 H, P(C(CH3)3)2), 2.78 (m, 2 H, 

CH2CH3), 2.83 (m, 1 H, PCHD), 3.48 (m, 1 H, CH2CH3), 3.75 (dd, 2JHH = 14.3 Hz, 4JPH = 

9.5 Hz, 1 H, py-NCH2), 3.87 (m, 1 H, CH2CH3), 5.23 (d, 2JHH = 14.3 Hz, 1 H, py-NCH2), 

7.21 (d, 3JHH = 7.8 Hz, 1 H, py-H5), 7.35 (d, 3JHH = 7.9 Hz, 1 H, py-H3), 7.67 (vt, 3JHH = 7.8 

Hz, 1 H, py-H4) ppm. 2D NMR (61.42 MHz, THF, r. t.): δ = –1.18 (br, 1 D, Ru–OD), 2.83 

(br, 1 D, PCHD) ppm. 13C{1H} NMR (125.76 MHz, C6D6, r. t.): δ = 8.16 (s, CH2CH3), 

11.21 (s, CH2CH3), 25.52 (d, 1JPC = 13.4 Hz, PCHD), 29.33 (d, 2JPC = 8.4 Hz, 

P(C(CH3)3)2), 29.85 (s, P(C(CH3)3)2), 34.74 (d, 1JPC =  27.0 Hz, P(C(CH3)3)2), 36.71 (d, 

1JPC = 22.9 Hz, P(C(CH3)3)2), 49.08 (s, CH2CH3), 54.03 (s, CH2CH3), 67.53 (s, py-NCH2), 

119.38 (s, py-C5), 119.66 (d, 3JPC = 7.1 Hz, py-C3), 136.51 (s, py-C4), 160.56 (s, py-C6), 
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161.10 (s, py-C2), 208.85 (d, 2JPC = 16.8 Hz, CO) ppm. IR (thin film, NaCl): ν̃ = 2959m, 

2081w (Ru–H), 1922vs (CO), 1602s, 1473s, 1073m, 1019m, 807m cm–1. ESI-MS: m/z (%) 

= 454 (100) [M – OD]+. 

Synthesis of [(PNN)RuH(OH)(CO)-x(H2O)] (2.nH2O). (a) Synthesis from 1 in benzene: 

To a dark red solution of 1 (91 mg, 0.20 mmol) in benzene (3 ml) was added a five fold 

excess of H2O (20 µl) and the mixture was stirred for 1 hr at room temperature. Then H2O 

(1 ml) was added slowly to the reaction mixture at about 10 °C to form a lower layer. The 

product could be obtained as nearly colourless crystals at the phase boundary within three 

days. After filtration in the cold (10 °C) the product was washed with cold pentane (2 × 0.5 

ml). The reaction is reversed by heating or pumping on the solid. The crystals melt at room 

temperature due to the instability of the water layer. Therefore the yield could not be 

determined and elemental analysis could not be obtained. Due to the high intensity of the 

protons in the water layer, 1H NMR spectrum is not available. 

(b) Synthesis from 1 in neat water: To solid 1 (75 mg, 0.17 mmol) was added an excess of 

H2O (1 ml) and the mixture was stirred for one day at room temperature. The 31P{1H} 

NMR spectrum indicates 100% conversion to the hydroxo complex. The product thus 

obtained was not isolated. 

31P{1H} NMR (101.26 MHz, r. t.): δ = 104.73 (s, PtBu2, H2O), 108.01 (s, PtBu2, CH2Cl2)  

ppm. 13C{1H} NMR (125.78 MHz, H2O, r. t.): δ = 9.91 (s, CH2CH3), 11.56 (s, CH2CH3), 

29.71 (d, 2JPC = 7.2 Hz, P(C(CH3)3)2), 29.80 (d, 2JPC = 5.7 Hz, P(C(CH3)3)2), 36.41 (d, 1JPC 

= 26.4 Hz, P(C(CH3)3)2), 37.10 (d, 1JPC = 15.1 Hz, P(C(CH3)3)2), 51.29 (s, CH2CH3), 56.31 

(s, CH2CH3), 66.14 (s, py-NCH2), 121.19 (s, py-C5), 122.91 (d, 3JPC = 15.1 Hz, py-C3), 

140.29 (s, py-C4), 161.68 (s, py-C6), 163.30 (s, py-C2), 207.52 (d, 2JPC = 14.6 Hz, CO) ppm. 
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UV/Vis (H2O): λabs (ε/cm–1M–1) = 345 (2319) nm. ESI-MS: m/z (%) = 453 (100) [M – 

OH]+. 

 

Fig S1. UV-Vis spectrum of complex 2.  C = 4.26 x10-4 mol/l in water 

 

Synthesis of [(PNN-D2)RuD(OD)(CO)-x(D2O)] (2.nD2O). The two different ways of 

synthesis are the same as described for the preparation of 2.nH2O. D2O was used instead of 

H2O.  

31P{1H} NMR (101.26 MHz, D2O, r. t.): δ = 104.71 (s, PtBu2) ppm. 1H NMR (250.13 MHz, 

D2O, r. t.): δ = 1.02 (m, 24 H, P(C(CH3)3)2, CH2CH3), 2.83 (m, 4 H, CH2CH3), 2.89 (m, 2 

H, CH2CH3), 3.05 (m, 2 H, CH2CH3), 3.98 (d, 2JHH = 7.8 Hz, 1 H, py-NCH2), 4.08 (d, 2JHH 
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= 7.9 Hz, 1 H, py-NCH2), 7.19 (d, 3JHH = 7.8 Hz, 1 H, py-H5), 7.35 (d, 3JHH = 7.7 Hz, 1 H, 

py-H3), 7.65 (vt, 3JHH = 7.8 Hz, 1 H, py-H4) ppm. 2D NMR (61.42 MHz, H2O, r. t.): δ = –

18.61 (d, 2JPD = 3.7 Hz, 1 D, Ru–D), –1.28 (br, 1 D, Ru–OD), 2.80 (br, 2 D, PCD2) ppm. 

13C{1H} NMR (125.76 MHz, D2O, r. t.): δ = 9.99 (s, CH2CH3), 11.57 (s, CH2CH3), 29.76 

(d, 2JPC = 7.2 Hz, P(C(CH3)3)2), 29.79 (d, 2JPC = 5.7 Hz, P(C(CH3)3)2), 36.45 (d, 1JPC = 26.4 

Hz, P(C(CH3)3)2), 37.00 (d, 1JPC = 15.1 Hz, P(C(CH3)3)2), 51.24 (s, CH2CH3), 56.28 (s, 

CH2CH3), 66.04 (s, py-NCH2), 121.15 (s, py-C5), 122.90 (d, 3JPC = 15.1 Hz, py-C3), 140.31 

(s, py-C4), 161.66 (s, py-C6), 163.28 (s, py-C2), 207.50 (d, 2JPC = 14.6 Hz, CO) ppm. ESI-

MS: m/z (%) = 456 (100) [M – OD]+. 

Synthesis of [(PNN)Ru(xOH)(yOH)(CO)] (3: x = y = 16; 3-16O18O: x = 16, y = 18; 

3-18O18O: x = y = 18). (a) Synthesis of 3 from 2 by heating in water, and determination of 

evolved H2: 2 (83 mg) was dissolved in H2O (5 ml) in a flask equipped with a reflux 

condensor. The condensor was connected via a thin, s-shaped (sigmoidal) glass tube to a 

pneumatic device incorporating a small burette (10 ml) (see schematic drawing below) and 

the whole system was flushed with argon. The solution was refluxed for three days, during 

which time the colour of the solution changed from colourless to greenish and hydrogen 

was evolved. The volume of the H2 which was collected in the small burette was 1.55 ml 

(39%). Quantification of H2 in the gas phase of the reaction vessel by GC gives a yield of 

37%. H2 was detected also by reaction of a sample of the gas phase with Ir(PEt3)3Cl (S3) to 

form mer-cis-(PEt3)3Ir(H)2Cl (S5) (Scheme 1 below). 

After evaporating the solvent, the residue was dissolved in THF (1.5 ml) and diethyl 

ether (15 ml) was added to precipitate the product together with some unidentified by-
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products. Recrystallization from benzene/water gave the desired complex as a green solid 

in a yield of 45%.  

 

 

For the synthesis of complex 3 (without determination of the 

evolved hydrogen) the same procedure was performed under 

Argon in an open system not connected to the pneumatic 

device. 

  
  

 
Schematic drawing of the system  
used in the experiment (a) above 
 

(b) Independent synthesis of 3 from 2 with N2O: Into a solution of 2  (~79 mg, after drying 

the crystals in a stream of nitrogen at 10 °C) in THF (5 ml) was bubbled N2O for 10 min. at 

room temperature. The reaction mixture was stirred overnight during which time its colour 

changed from colourless to green. The solvent was concentrated in volume and diethyl 

ether (20 ml) was added to precipitate the product. After filtering, the residue was washed 

with diethyl ether (3 × 0.5 ml) to yield the product as a dark green microcrystalline powder 

(49 mg, 60% relative to 2 without the water layer).  

Synthesis of 3-16O18O: complex 2-18O was treated with N2O (analogous to procedure (b) for 

3). Synthesis of 3-18O18O: complex 2-18O was treated with H2
18O (analogous to procedure (a) 

for 3). If not mentioned otherwise, the spectroscopic data for 3-16O18O and 3-18O18O are 

virtually identical to these of 3. 

Water

Water

Heating

Septum
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Spectroscopic data for 3: 31P{1H} NMR (101.26 MHz, CD2Cl2, r. t.): δ = 93.96 (s, PtBu2) 

ppm. 1H NMR (250.13 MHz, CD2Cl2, r. t.): δ = –7.4 (br, 2 H, OH), 1.16 (d, 3JPH = 13.0 Hz, 

9 H, P(C(CH3)3)2), 1.17 (t, 3JHH = 7.0 Hz, 3 H, CH2CH3), 1.21 (t, 3JHH = 7.0 Hz, 3 H, 

CH2CH3), 1.48 (d, 3JPH = 14.3 Hz, 9 H, P(C(CH3)3)2), 2.69 (m, 1 H, CH2CH3), 2.85 (m, 1 

H, CH2CH3), 3.14 (m, 1 H, CH2CH3), 3.25 (m, 1 H, CH2CH3), 3.29 (dd, 2JHH = 17.0 Hz, 

2JPH = 7.5 Hz, 1 H, PCH2), 3.64 (dd, 2JHH = 17.0 Hz, 2JPH = 8.0 Hz, 1 H, PCH2), 3.99 (dd, 

2JHH = 14.8 Hz, 4JPH = 3.0 Hz, 1 H, py-NCH2), 4.53 (d, 2JHH = 14.8 Hz, 1 H, py-NCH2), 

7.24 (d, 3JHH = 7.8 Hz, 1 H, py-H5), 7.39 (d, 3JHH = 7.8 Hz, 1 H, py-H3), 7.68 (vt, 3JHH = 7.8 

Hz, 1 H, py-H4) ppm. 13C{1H} NMR (125.76 MHz, CD2Cl2, r. t.): δ = 8.46 (s, CH2CH3), 

9.47 (s, CH2CH3), 29.09 (s, P(C(CH3)3)2), 30.75 (d, 2JPC = 3.8 Hz, P(C(CH3)3)2), 37.06 (d, 

1JPC = 16.1 Hz, P(C(CH3)3)2), 38.08 (d, 1JPC = 12.6 Hz, P(C(CH3)3)2), 38.37 (d, 1JPC =  23.0 

Hz, PCH2), 44.72 (s, CH2CH3), 51.55 (s, CH2CH3), 62.88 (s, py-NCH2), 120.45 (s, py-C5), 

121.66 (d, 3JPC = 8.0 Hz, py-C3), 137.76 (s, py-C4), 161.29 (s, py-C6), 164.30 (s, py-C2), 

207.44 (d, 2JPC = 16.1 Hz, CO) ppm. IR (thin film, NaCl): ν̃ = 3413br (16OH), 3399br 

(18OH, 5b, 5c), 2953m, 1923vs (CO), 1594s cm–1. UV/Vis (H2O): λabs (ε/cm–1M–1) = 380 

(8157), 459 (2045), 716 (505) nm. ESI-MS: m/z (%) = 469 (18) [M – OH]+, 453 (100) [M – 

OOH]+ (this fragment might result from H2O2 elimination + protonation). Anal. Calc. for 

C20H37N2O3PRu: C, 49.47; H, 7.68; N, 5.77. Found: C, 49.33; H, 7.62; N, 5.73. 

Calculations at the PCM(H2O)-M06/SDB-cc-pVDZ//M06/SDD(d) level of theory on the 

PMe2/NMe2 model of 3 show that the (unknown) trans-(PNN)Ru(CO)(OH)2 is less stable 

than the cis isomer (by ∆G(298) = 1.7 kcal/mol). 
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Fig. S2. UV-Vis spectrum of complex 3.  C = 3.96 x10-5 mol/l in water 
 

Synthesis of [(PEt3)3Ir(O2)Cl] (4). To a solution of (PEt3)3IrCl (0.09 mmol, S3) in benzene 

(3 ml) was injected one equiv of dioxygen (2 ml) and stirred at room temperature for 5 min 

during which time its colour changed from orange to slightly yellow. The solvent was 

concentrated in volume and pentane (15 ml) was added to precipitate the product. After 

filtering, the residue was washed with pentane (3 × 0.5 ml) to yield the product as a slightly 

yellow microcrystalline powder (52 mg, 94%).  

Spectroscopic data for 4: 31P{1H} NMR (161.98 MHz, C6D6, r. t.): δ = –13.64 (vt, 2JPP = 

15.6 Hz, 1 P, Ir-PAEt3), –14.37 (d, 2JPP = 15.6 Hz, 2 P, Et3PB-Ir-PBEt3) ppm. 1H NMR 

(400.13 MHz, C6D6, r. t.): δ = 0.95 (m, 9 H, PACH2CH3), 1.10 (m, 18 H, PBCH2CH3), 1.70 

(m, 6 H, PBCH2CH3), 1.85 (m, 6 H, PACH2CH3), 2.07 (m, 6 H, PBCH2CH3) ppm. 13C{1H} 

NMR (125.76 MHz, C6D6, r. t.): δ = 8.54 (s, PBCH3),  8.73 (s, PACH2), 13.52 (vt, 1JPC = 
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3JPCtrans = 15.3 Hz, PBCH2), 21.42 (d, 1JPC =  30.5 Hz, PACH2) ppm. IR (thin film, NaCl): ν̃ 

= 2962s, 2939s, 2884s, 1464m, 1425m, 1378w, 1261w, 1035vs, 840m (O–O), 762m cm–1. 

ESI-MS: m/z (%) = 615 (32) [M + H]+, 547 (100) [M – O2 – Cl]+. 
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!
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Ir Cl Ir
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4
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Scheme S1 

Procedure for irradiation and dioxygen quantification.  

(a) The cis dihydroxo complex 3 (61.3 mg, 0.13 mmol) was dissolved in water or THF (17 

ml) in a thin-walled glass (pyrex) reaction vessel with an accurate volume of 20 ml (3 ml 

gas phase). The vessel was sealed with a rubber septum and Teflon stripes and irradiated 

with a 300 W halogen lamp for two days using a 1 cm Perspex filter. An exact volume 

between 0.5 and 2 ml of the gas phase was withdrawn from the reaction in water with a 

syringe and introduced into a solution containing excess of (PEt3)3IrCl (S3) in benzene-d6 

(NMR tube, 1.2 ml). The quantification was done by integrating and comparing the peaks 

of the starting material and the newly formed, side-on dioxygen complex (PEt3)3Ir(O2)Cl 

(4) in the 31P{1H} NMR spectrum. 

This procedure was repeated three times with different gas volumes and the average yield 

of the released dioxygen was calculated to be 23% (34% based on reacted 3). The 

compounds which were produced during the irradiation were not isolated. The 

characterisation was done by the comparison of the NMR spectra with the known 

compounds. The following complexes were found in both solvents: the hydrido-hydroxo 



 13 

complex 2.nH2O (45%), unreacted 3 (33%) and unidentified products (22%, most probably 

phosphine oxides). When irradiation of 3 was performed in water under argon flow to 

remove the generated O2, clean conversion of 3 (49%) to 2.nH2O (49%) was observed, with 

no by-products being formed.  

(b) Irradiation of the cis dihydroxo complex 3 (22 mg, 0.045 mmol) in 1.9 ml of 

water, in a sealed NMR screw-cap tube with an accurate volume of 4.6 ml (2.7 ml argon 

gas phase), with a 300 W halogen lamp using a Perspex filter for 12 hours resulted in a 

colour change of the solution from green to greenish-yellow and dioxygen was evolved. 

31P{1H} NMR spectra of the aqueous reaction mixture exhibits hydrido-hydroxo complex 2 

(45%) formed upon irradiation and the residual dihydroxo complex 3 (55%). At this stage 

formation of by-products was not observed. An exact volume of 50 µl was withdrawn with 

a syringe from the NMR tube gas phase and injected into GC/MS, calibrated earlier with 

three known O2/Ar gas mixtures in the same type of NMR tubes, over the same volume of 

water. The gas, liberated upon irradiation, was identified by GC/MS as dioxygen obtained 

in 24% yield. In addition, a volume of 1 ml was withdrawn with a syringe from the NMR 

tube gas phase and introduced into a C6D6 solution of the complex (PEt3)3IrCl. 31P{1H} 

NMR of the C6D6 solution revealed formation of the side-on dioxygen complex 

(PEt3)3Ir(O2)Cl and the presence of residual (PEt3)3IrCl complex. Integration ratio between 

the two complexes reveals that the dioxygen yield is 23%. 

After irradiation of the reaction mixture for additional 12 hrs the reaction mixture 

contained: unreacted di-hydroxo complex 3 (47%), the hydrido-hydroxo complex 2 (29%) 

and some non identified by-products (24%) (by 31P{1H} NMR). 
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[c] Irradiation of di-hydroxo complex 3 (12 mg) in water (1.0 ml), in an NMR 

screw-cap tube under argon bubbling, with a 300 W halogen lamp using a Perspex filter for 

24 hrs resulted in a colour change of the solution from green to greenish-yellow. 31P{1H} 

NMR of the reaction mixture revealed unreacted dihydroxo complex 3 (51%) and the 

hydrido-hydroxo complex 2 (49%). Under argon bubbling formation of by-products was 

not observed even after 24 hours of irradiation (rather than in a sealed system). 

[d] Notes regarding GC/MS measurements of the isotopic distributions:  

It is very important to “wash” the syringe at least 3 times with the atmosphere in the 

reaction vessel.  Procedure: 

- penetrate the rubber/Teflon septum; because of the over pressure the syringe will be 

filled automatically.  

- repeat this three to five times 

- fill the syringe with more gas than it is necessary for the GC-MS experiment 

- before injecting the gas into the GC-MS, release the excess of gas near the septum 

of the GC and then immediately introduce the gas to GC 

 

Estimation of quantum yield 

The photochemical quantum yield was estimated by the determination of the amount of 

complex 2 formed (Scheme 2) relative to the number of photons supplied. The power 

density of the illuminating beam at the spectral range 320-450 nm was measured by placing 

an Ophir thermal head  power-meter at the place of the reaction vessel. A Perspex filter and 

a short pass 450 nm filter were placed between the source and the thermal head. The 

conversion of the power density to a photon flux was done assuming the average energy of 
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the photons to be ~ 3.1 eV (~ 400 nm). The measured power density was 3.5 mW/cm2 

corresponding to a flux of ~ 7x1015 photons/cm2sec. Based on an estimated optical density 

of the reactant during the progress of the reaction in experiment (b) above, the reaction 

time, and the irradiated area, the quantum yield is approximately 5%.  

 

Procedure for the decomposition of H2O2 by complex 1. To an aqueous solution of 

hydrogen peroxide (0.1 mol/l, 1.0 ml) in THF (1.5 ml) a solution of 1 in THF (c = 5 × 10–6 

mol/l, 100 µl) was added at room temperature under stirring. Gas evolution was observed 

immediately. Part of the gas phase was withdrawn with a syringe and identified as 

dioxygen with GC/MS and chemically by the reaction with (PEt3)3IrCl to form the side-on 

dioxygen Ir(III) complex 4. In addition, the NMR spectrum exhibits characteristic 

resonances for the iridium(III) hydrido-hydroxo complex mer-cis-(PEt3)3Ir(H)(OH)Cl 

formed by oxidative addition of water (S5). 
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Fig. S3. Mass spectrum of a gaseous extract from the photolytic reaction of isotopically 

labelled dihydroxo complexes (a) left: 3-18O18O (reaction under N2). Ratios obtained: 
32O2:34O2:36O2  2.3:1:12.9 (b) right: 3-16O18O (reaction under Ar). Ratios obtained: 
32O2:34O2:36O2  3.8:16.2:1 

 

Cross-over experiment: irradiation of 3-18O18O  + 3-16O16O 
 

The cis dihydroxo complex 3-18O18O (34.0 mg, 0.07 mmol) and the cis dihydroxo complex 

3-16O16O (34.2 mg, 0.07 mmol) were dissolved in water (4 ml) in a thin-walled glass 

reaction vessel and irradiated with a 300 W halogen lamp in an argon atmosphere for two 

days using a 1 cm Perspex filter. During this time two different isotopes of dioxygen (32O2, 

36O2) were evolved and detected with GC/MS (see Fig. 2 in manuscript) and by introducing 

1 ml of the gas phase into a solution of (PEt3)3IrCl (0.02 mmol, S3) in benzene-d6 (NMR 
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tube, 1.0 ml). The following ratio between the dioxygen isotopes was obtained: 

32O2:34O2:36O2  13.1:1:15.6 (corrected for 36Ar isotope  (abundance 0.337%) contribution) 

 

Experimental for the irradiation of 3-16O18O: 
 

The cis dihydroxo complex 3-16O18O (44.0 mg, 0.09 mmol) was dissolved in water (4 ml) in 

a thin-walled glass reaction vessel and irradiated in an argon atmosphere with a 300 W 

halogen lamp for two days using a 1 cm Perspex filter. During this time mainly one isotope 

of dioxygen (34O2) was evolved and detected with GC/MS. The following ratio between the 

dioxygen isotopes was obtained: 32O2:34O2:36O2  3.8:16.2:1 

 

 

Experimental details of Single Crystal X-ray Diffraction of 2.nH2O 

A yellow plate-like crystal of 2.nH2O having approximate size of 0.35 × 0.20 × 0.10 mm3 

was place in Hampton Paraton-N oil, mounted in a MiTeGen loop and flash frozen to 

120(2) K with an Oxford Cryosystem Coldstream. Measurements were made on a Nonius 

KappaCCD diffractometer with graphite monochromatic MoKα radiation (λ = 0.7107) to a 

maximum 2θ value of 55.00° with a detector to crystal distance of 36.0 mm and a frame 

width of 1.0° for a total of 60 seconds per frame. The data frames were processed and 

scaled with the HKL Denzo software package. Compound 2.nH2O crystallized in space 

group C2/c (no. 15) with unit cell parameters a=39.3120(9) Å, b=10.7693(3) Å, 

c=16.1683(3) Å, β=96.5731(13)°. The structure was solved with SHELXS by direct 

methods and refined with full matrix least squares refinement based on F2 in SHELXL-97. 

There is one 2.nH2O molecule per asymmetric unit, 8 per unit cell however, in addition to 
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the molecular packing, the crystal contains two ordered solvent layers, encompassing a total 

of 42.5% of the cell volume. One solvent layer is comprised of benzene and the other of 

two alternate arrangements of water molecules. The oxygen atoms of the water layers were 

located from the |Fo-Fc| and |2Fo-Fc| electron density maps using the program COOT (S6). 

The two alternate arrangements of oxygen atoms were determined on the basis of hydrogen 

bonding distances and mutually exclusive positions, although due to the nature of this layer, 

hydrogen atoms on these solvent oxygen atoms were not located. The O2 hydroxyl of the 

Ru atom is hydrogen bonded to oxygen O3 that is found in both water layer arrangements, 

which in turn makes hydrogen bonds to the network of oxygen atoms in the water layers 

(see Tables S2 and S3 and Figures S4-S6).
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Table S1. Crystal data and structure refinement for 2.nH2O 

Empirical formula  C26H44N2O8.62PRu 

Formula weight  654.67 

Temperature  120(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  C2/c (no. 15)  

Unit cell dimensions a = 39.3120(9) Å α = 90° 

 b = 10.7693(3) Å β = 96.5730(13)° 

 c = 16.1683(3) Å γ = 90° 

Volume 6800.1 Å3 

Z 8 

Density (calculated) 1.279 Mg/m3 

Absorption coefficient 0.552 mm-1 

F(000) 2736 

Crystal size 0.35 × 0.20 × 0.10 mm3 

Theta range for data collection 2.68 to 27.48° 

Index ranges 0<=h<=50, 0<=k<=13, -20<=l<=20 

Reflections collected 29007 

Independent reflections 8147 [R(int) = 0.0480] 

Completeness to theta = 27.48° 99.2%  

Absorption correction None 

Max. and min. transmission 0.9468 and 0.8301 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7721 / 0 / 420 

Goodness-of-fit on F2 1.012 

Final R indices [I>2sigma(I)] R1 = 0.0403, wR2 = 0.0904 

R indices (all data) R1 = 0.0587, wR2 = 0.0988 

Largest diff. peak and hole 1.426 and -0.789 eÅ-3__________________ 
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Fig. S4. Packing diagram viewed down y-axis showing the arrangement of the layered 

water and benzene molecules and the Ru complexes in 2.nH2O. Hydrogen atoms are 

omitted. Oxygen (red), nitrogen (blue), ruthenium (purple), phosphorus (yellow). 
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Table S2. Interatomic distances (Å) for H-bonding interactions of water molecules in 

subunit (layer) 1. 

6-member ring (O3, O4, O7, O10a, O13, O8a) 

O3…O4 2.851 

O4…O7 2.772 

O7…O10a 2.556 

O10a…O13 2.776 

O13…O8a 2.574 

O8a…O3 2.631 

6-member ring (O2, O3, O4, O11, O4’, O9a) 

O2…O3 2.616 

O3…O4 2.851 

O4…O11 2.736 

O11…O4’ 2.736 

O4’…O9a 2.775 

O9a…O2 2.740 

6-member ring (O2, O3, O8a’, O13, O8a, O9a) 

O2…O3 2.616 

O3…O8a’ 2.631 

O8a…O13 2.574 

O13…O8a’ 2.574 

O8a’…O9a 2.824 

O9a…O2 2.740 

4-member ring (O3, O8a, O3’, O8a’) 

5-member ring (O2, O3, O8a, O9a, O9a’ 

O2…O3 2.616 

O3…O8a 2.852 

O8a…O9a 2.824 

O9a…O9a’ 2.989 

O9a’…O2 2.740 

 

5-member ring (O4, O3, O2, O9a, O9a’) 

O4…O3 2.851 

O3…O2 2.616 

O2…O9a 2.740 

O9a…O9a’ 2.989 

O9a’…O4 2.775 

 

5-member ring (O11, O4, O9a, O9a’, O4’) 

O11…O4 2.736 

O4…O9a 2.775 

O9a…O9a’ 2.989 

O9a’…O4 2.775 

O4’…O11 2.736 

4-member ring (O10a, O11, O10a’, O13) 

O10a…O11 2.742 

O11…O10a’ 2.742 

O10a’…O13 2.776 

O13…O10a 2.776 



 22 

O3…O8a 2.631 

O3…O8a’ 2.852 

4-member ring (O4, O3, O8a’, O9a) 

O4…O3 2.851 

O3…O8a’ 2.852 

O8a’…O9a 2.824 

O9a’…O4 2.775 

 

 

 

 

 

 

 

 

 

 

 

Fig. S5. Network of water layer of complex 2.nH2O (layer/subunit 1)
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Table S3. Interatomic distances (Å) for H-bonding interactions of water molecules in 

subunit (layer) 2. 

7-member ring (O2, O3, O6, O5,O12, O5’, O9b) 

O2…O3 2.616 

O3…O6 2.769 

O6…O5 2.793 

O5…O12 2.758 

O12…O5’ 2.758 

O5’…O9b 2.816 

O9b…O2 2.746 

6-member ring (O2,O3,O8b,O13,O8b’,O9b) 

O2…O3 2.616 

O3…O8b 2.649 

O8b…O13 2.775 

O13…O8b’ 2.775 

O8b’…O9b 2.793 

O9b…O2 2.746 

5-member ring (O3,O6,O5,O9b,O8b) 

O3…O6 2.769 

O6…O5 2.793 

O5…O9b 2.816 

O9b…O8b 2.793 

O8b…O3 2.649 

5-member ring (O3, O8b, O13, O10b, O6) 

O3…O8 2.948 

O8b…O13 2.775 

O13…O10b 2.357 

O10b…O6 2.735 

O6…O3 2.769 

 

 

4-member ring (O3, O8b, O3’, O8b’) 

O3…O8b 2.649 

O8b…O3’ 2.948 

O3’…O8b’ 2.649 

O3b’…O3 2.948 

 

 

4-member ring (O10b, O12, O10b’, O13) 

O10b…O12 2.734 

O12…O10b’ 2.734 

O10b’…O13 2.357 

O13…O10b 2.357 
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Fig. S6. Network of water layer of complex 2.nH2O (layer/subunit 2) 

 

Experiments for Detection of OH Radicals 

 

Irradiation of the dihydroxo complex 3 in the presence of DMPO 

To a solution of the dihydroxo complex 3 (200 µl, 5 × 10–3 mol/l) in H2O was added 

DMPO (200 µl, 0.18 mol/l) and then the mixture was irradiated (300 W halogen lamp, 1cm 

Perspex filter) in a screw cap NMR tube for 16 hrs under an atmosphere of nitrogen. 100 µl 

of the reaction mixture were transferred to an EPR flat cell and the spectrum was recorded. 

Experimental conditions: microwave power 20 mW, modulation amplitude 1 G, 

temperature 293 K. 

 

 



 25 

Performing the irradiation of 3 in the presence of the spin trap 5,5-dimethyl-1-

pyrroline-1-oxide (DMPO) (32), we observed that OH radicals are formed, as evidenced by 

the EPR spectrum (Fig. 3a) which shows the typical quartet for the DMPO-OH radical spin 

adduct (1 : 2 : 2 : 1, aN = aH = 14.9 G, (32, S7). In order to exclude the possibility that the 

DMPO-OH spin adduct was produced by the decomposition of DMPO-OOH (S8), DMSO 

(~5-10%) was added to an aqueous solution of 3 before irradiation. DMSO reacts with the 

liberated hydroxyl radicals to form carbon centred •CH3-radicals. These methyl radicals 

react with DMPO to give the DMPO-CH3 spin adduct producing the characteristic sextet 

EPR spectrum (S9). Indeed, we observed the sextet spectrum (aN = 15.5 G, aH = 22.6 G) 

with different intensities correlating with the concentration of DMSO (Fig. 3b). Other 

routes that can, in principle, lead to this spin adduct were excluded (see below). In 

principle, the quartet could also be obtained by the reaction of singlet oxygen (formed by 

energy transfer from Ru(II)* excited state) with DMPO (S10). Life-time of the singlet 

oxygen in D2O is much longer than in H2O, therefore  the EPR signal of the spin adduct in 

that case should be five to ten times more intensive (S11). However, no difference in the 

intensity of the EPR signal was found when irradiation experiments were performed in 

D2O, therefore we believe that singlet oxygen is not involved in the reaction with the spin 

trap. To recheck this statement, we irradiated 3 in the presence of tetramethylpiperidine 

(TEMP), which forms with singlet oxygen a characteristic triplet EPR spectrum, aN = 15.7 

G (S12) of the tetramethylpiperidine-N-oxide (TEMPO). No EPR signal was observed in 

this case.  

Our experiments clearly indicate that the hydroxyl radicals are not the source of the 

liberated O2. If OH-radicals play an important role in the formation of hydrogen peroxide 
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or dioxygen, no gas evolution should be observed by adding an OH radical scavenger such 

as tert-butanol to the reaction mixture (30). We found that in the presence of this alcohol, 

the amount of produced dioxygen was virtually the same as without. Presumably, the 

hydroxyl radicals were formed by a Fenton type reaction (32) catalyzed by Ru(II) or by 

light induced decomposition of H2O2, released from 3 by reductive elimination (Scheme 4). 

It is worthwhile to mention that no OH-radicals were detected with EPR techniques when 

we irradiated the hydrido-hydroxo complex 2.nH2O.  

Supporting evidence that hydrogen peroxide is the source of hydroxyl radicals in the 

light reaction were obtained based on experiments with the enzyme Catalase. It is expected 

that if H2O2 is the source of hydroxyl radicals, its interception by Catalase will prevent their 

formation. Indeed, the intensity of the observed EPR signal of the DMPO-OH spin adduct 

significantly decreases in the presence of Catalase (Fig S5c) (S7). The amount of evolved 

O2 was slightly larger (by 1-2%) than in the absence of added Catalase .
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Fig. S7. X-band EPR spectra of the (a) DMPO-•OH spin 

adduct formed by the irradiation of the dihydroxo 

complex 3  (b) the DMPO-•CH3 spin adduct formed by 

the irradiation of 3 in the presence of 7% of DMSO (c) X-

band EPR spectrum of the DMPO-•OH spin adduct in the 

presence of  Catalase (~10-10M). 

Experimental conditions: microwave power 20 mW, 

modulation amplitude 1 G, temperature 293 K, in water. 

 

 

 

 

Experimental details for the activity check of the enzyme Catalase and for EPR-based 

experiments. 

(a) Activity check of Catalase: Enzymatic activity of Catalase was assessed by adding the 

solution of enzyme in water containing a sodium phosphate buffer 10mM, pH 7.5 (3 × 10–9 

mol/l, 100 µl) to a solution of hydrogen peroxide (2.2 × 10–2 mol/l, 4.5 ml) in water at room 

temperature using quartz cuvettes (1 cm). The concentration of the hydrogen peroxide 

solution was exactly determined spectrophotometrically at λ = 240 nm before adding the 

catalase solution (t = 0). The time-dependent decrease (experiment time = 10 min) of 

absorption of hydrogen peroxide at λ = 240 nm (ε = 30 cm–1M–1) provided the value of the 

enzymatic activity. The activity number of the enzyme was calculated to [n(H2O2) × min–1] 

/ [n(catalase)] = 2 × 106 (S4). 
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 (b) Reactions in H2O or D2O with DMPO – differentiation of •OH from 1O2: To a solution 

of the dihydroxo complex 3 (200 µl, 5 × 10–3 mol/l) in H2O or D2O was added DMPO (200 

µl, 0.18 mol/l) and then the mixture was irradiated (300 W halogen lamp, 1cm Perspex 

filter) in a screw cap NMR tube for 16 hrs under an atmosphere of nitrogen. 100 µl of the 

reaction mixture were transferred to an EPR flat cell and the spectrum was recorded. 

Experimental conditions: microwave power 20 mW, modulation amplitude 1 G, 

temperature 293 K. Both EPR spectra show the typical quartet for the DMPO-OH spin 

adduct (1 : 2 : 2 : 1, aN = aH = 14.9 G, (S7), Fig. S5a) in nearly the same intensity. If singlet 

oxygen is involved, the EPR signal in D2O should have a five to ten times higher intensity 

compared to the signal measured in H2O (S11).  

(c) Reaction in H2O with tetramethylpiperidine (TEMP) – differentiation between  •OH and 

1O2: To a solution of the dihydroxo complex 3 (200 µl, 5 × 10–3 mol/l) in H2O was added a 

solution of TEMP (200 µl, 0.2 mol/l) in water and then the mixture was irradiated. The 

irradiation procedure, the volume of the EPR sample in the flat cell and the experimental 

conditions for the EPR experiment were the same as described in (b). No EPR signal was 

observed. If singlet oxygen would have been liberated, the tetramethylpiperidine-N-oxide 

(TEMPO) would be formed, giving a characteristic triplet EPR spectrum, aN = 15.7 G 

(S12). 

 (d) Reactions in H2O with DMPO/DMSO – confirmation of •OH radicals: To a solution of 

the dihydroxo complex 3 (200 µl, 5 × 10–3 mol/l) in H2O was added DMPO (200 µl, 0.18 

mol/l) and dimethylsulfoxide (DMSO) (various amounts between 10 µl and 30 µl, pure) 

and then the mixture was irradiated. The irradiation procedure, the volume of the EPR 

sample in the flat cell, and the experimental conditions for the EPR experiment were the 
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same as described in (b). We observed the characteristic sextet spectrum (aN = 15.5 G, aH = 

22.6 G) with different intensities correlating with the concentration of DMSO (Fig. S5b). 

DMSO reacts with the liberated hydroxyl radicals to form carbon centred •CH3-radicals. 

These methyl radicals react with DMPO to give the DMPO-CH3 spin adduct producing the 

sextet EPR spectrum (S9). 

(e) Irradiation of the hydrido-hydroxo complex (2.nH2O) in H2O with DMPO: To a solution 

of the hydrido-hydroxo complex (2.nH2O) (200 µl, 5 × 10–3 mol/l) in H2O was added 

DMPO (200 µl, 0.18 mol/l) and then the mixture was irradiated. The irradiation procedure, 

the volume of the EPR sample in the flat cell and the experimental conditions for the EPR 

experiment were the same as described in (b). No quartet was detected in the EPR 

spectrum, indicating that no OH radicals were liberated from 2.nH2O. 

(f) Reactions in H2O with DMPO and Catalase: To a solution of the dihydroxo complex 3 

(200 µl, 5 × 10–3 mol/l) in H2O was added DMPO (200 µl, 0.18 mol/l) as well as an 

aqueous catalase solution (100 µl, various concentrations between 5 × 10–7 mol/l and 5 × 

10–18 mol/l) and then the mixture was irradiated. The irradiation procedure, the volume of 

the EPR sample in the flat cell and the experimental conditions for the EPR experiment 

were the same as described in (b). The EPR spectra show the typical quartet for the DMPO-

OH spin adduct (1 : 2 : 2 : 1, aN = aH = 14.9 G, (S7), but the intensity of the quartet 

decreases with increasing concentration of enzyme. If the concentration of the enzyme is 

lower then 9 × 10–13 mol/l only a very modest quartet in the EPR spectra (Fig. S5c) was 

detected, implicating that the OH-radicals originate from hydrogen peroxide (S7). 
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TDDFT Calculations 

UV-Vis Spectrum of a model of cis-(PNN)Ru(CO)(OH)2 (tBu and Et groups replaced 
by Me groups), 3* 
 
The UV-VIS spectrum of this complex was determined in water by TDDFT at the 

M06/aug-SDB-cc-pVDZ//M06/SDD level of theory; for computational tractability, the 

phosphine and amine substituents were replaced by methyl groups, and this complex is 

denoted 3*. In the TDDFT calculation, ten singlet and ten triplet excitations were 

considered. The calculated spectrum of the model system is provided in Fig. S8. 

 

 

Fig. S8. Theoretical UV-Vis spectrum of cis-(PNN)Ru(CO)(OH)2 3* as determined by 

TDDFT. 

The main signal in the computed spectrum is at 352.57 nm with a contribution from a 

signal at 355.34 nm; this likely corresponds to the signal at 379.80 nm in the experimental 

spectrum (Fig. S2); Table S4 gives details of these excitations and selected molecular 

orbitals (MOs) are depicted in Fig. S9. In the computed spectrum, the main signal 
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corresponds primarily to an excitation from MO79 to MO82 while the minor signal 

corresponds to an excitation from MO81 to MO84. In both cases, this corresponds to a 

MLCT excitation from the Ru centre (with contributions from the OH and CO ligands) to 

the pyridine ring. 

Table S4. TDDFT excitation energies around 350 nm for cis-(PNN)Ru(CO)(OH)2 3* 

Shown are only the primary components of each excitation. The MOs are depicted in Fig. 

S9. 

Excitation From MO To MO Energy (eV) Wavelength 

(nm) 

Oscillator 

Strength 

12 81 84 3.4892 355.34 0.0157 

13 79 82 3.5166 352.57 0.0884 

 

The experimental peak at 297.30 nm cannot be assigned at this time as insufficient 

excitations were considered. 

The experimental peak at 459.31 nm is harder to assign as the computed spectrum does not 

have an obvious signal in this region. There are, however, a number of nearby singlet 

excitations with small oscillator strengths. In addition, a triplet excitation is possible due to 

the presence of a Ru atom. If one were to neglect relativistic effects, as is done in the 

TDDFT calculations, then triplet excitations are symmetry forbidden and thus TDDFT 

predicts 0.0000 oscillator strengths. However, if relativistic effects (specifically, spin-orbit 

coupling) are considered, than these “forbidden” excitations may have non-negligible 

oscillator strengths. That being said, determining these values is not trivial, especially for 

such large systems. Table S5 shows the calculated excitations in the region near 460 nm. 
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The triplet excitation at 452.79 nm (Excitation 1, MO81 to MO93) is likely best described 

as a d-d excitation. The triplet excitation at 438.01 nm and the singlet excitation at 427.32 

nm are both HOMO-LUMO excitations of the MLCT type; the fourth excitation is MLCT 

excitation of the same kin as Excitation 13. The fifth excitation is similar to the first. 
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Fig. S9. Selected MOs of cis-(PNN)Ru(CO)(OH)2 3* 
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Table S5. TDDFT excitation energies around 460 nm for cis-(PNN)Ru(CO)(OH)2. Shown 

are only the primary components of each excitation. The MOs are depicted in Figure S9. 

Excitation From MO To MO Energy (eV) Wavelength 

(nm) 

Oscillator 

Strength 

1 (triplet) 81 93 2.7382 452.79 0.0000 

2 (triplet) 81 82 2.8306 438.01 0.0000 

3 (singlet) 81 82 2.9014 427.32 0.0023 

4 (triplet) 79 82 2.9815 415.84 0.0000 

5 (singlet) 81 93 3.0421 407.56 0.0086 

 

Computational Methods 

All calculations were carried out using Gaussian 03 Revision E.01 (S14), locally modified 

with the MNGFM patch (S15); this patch from the University of Minnesota adds the M06 

(vide infra) family of DFT exchange-correlation functionals to the commercial version. The 

Minnesota06 (M06) hybrid meta-GGA DFT functional was used (S16). This functional has 

been shown to yield more reliable geometries, energies and reaction barrier heights for 

transition metal compounds than other “conventional” exchange-correlation functionals 

(S16, S17). 

Four basis set-RECP (relativistic effective core potential) combinations were used. The 

first, denoted SDD, is the combination of the Huzinaga-Dunning double-ζ basis set (S18) 

on lighter elements with the Stuttgart-Dresden basis set-RECP combination (S19) on 

transition metals. The second, denoted SDD(d) is the same as SDD but with an additional 
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polarization function (i.e., the D95(d) basis set) on P and S atoms. The third, denoted SDB-

cc-pVDZ, combines the Dunning cc-pVDZ basis set (S20) on the main group elements, and 

the Stuttgart-Dresden basis set-RECP (S19) on the transition metals with an added f-type 

polarization exponent taken as the average of the two f-exponents given in the appendix of 

reference (S21). The fourth is denoted as aug-SDB-cc-pVDZ and is the same as the 

previous but with the set of diffuse spdf functions from reference (S22) on the transition 

metals and Dunning’s aug-cc-pVDZ basis set (S20) on the main group elements. In the 

simulation of the UV-Vis spectrum of cis-(PNN)Ru(CO)(OH)2, the geometry was 

optimized using the SDD basis set and the TDDFT (electronic absorption spectrum) 

calculations were calculated with the aug-SDB-cc-pVDZ basis set. For studying the 

reactivity of 1 with water, the geometries were optimized with the SDD(d) basis set while 

the energetics of the reaction were evaluated with the SDB-cc-pVDZ basis set. 

The accuracy of the DFT method was improved by adding an empirical dispersion 

correction as recommended by Grimme (S23, S24). This is a correction that is added to the 

final energy and is a function of the geometry of the final, optimized geometry. Briefly, the 

dispersion energy is equal to (S23, S24): 
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where Rr is the sum of van der Waal radii (rvdW) of the two atoms in question and 

! 

C
6

i  is an 

empirical constant; these values for H-Xe have been determined by Grimme (S25). The s6 
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is an empirical scaling factor unique for each DFT functional. For M06, it has been 

determined to be 0.25 (S26). 

The rvdW and 

! 

C
6

i  values are missing for the third-row transition metals (i.e., the entire sixth 

row of the periodic table). These values for the first and second row transition metals were 

determined by Grimme by averaging the values for the Groups 2 and 13 elements of the 

same row (S25). Thus, the rvdW and 

! 

C
6

i  parameters for the third row transition metals were 

determined by averaging the parameters for Ba and Tl; the lanthanides were assigned 

parameters in the same manner. The parameters for these two elements, as well as the rest 

of the sixth row of the periodic table, were determined by a geometric extrapolation of the 

parameters for the preceding two rows. 

The electronic spectra were simulated by using time dependent density functional theory 

(TDDFT) (S27-S29). In the TDDFT calculations, bulk solvent (water) effects were 

approximated using a polarizable continuum model (PCM),(S30-S33) specifically the 

integral equation formalism model (IEF-PCM) (S30, S31, S34, S35). In the TDDFT 

calculations, ten singlet and ten triplet excitations were considered. 
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