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Abstract: Five mononuclear RuII complexes supported by two
pentadentate polypyridyl ligands, N,N-bis(2-pyridylmethyl)-N-
(bis-2-pyridylmethyl)amine (N4Py) {[Ru(N4Py)(Cl)](PF6), 1Cl;
[Ru(N4Py)(OH2)](PF6)2, 1Aq} and newly designed N-benzyl-N-((6-
(6-methylpyridin-2-yl)pyridin-2-yl)methyl)dipyridin-2-yl-methan-
amine (N2Py-MeBpy-Bz) {[Ru(N2Py-MeBpy-Bz)(Cl)](PF6)·MeCN,
2Cl·MeCN; [Ru(N2Py-MeBpy-Bz)(OH2)](PF6)2·3H2O·MeOH, 2Aq·
3H2O·MeOH and [Ru(N2Py-MeBpy-Bz)(MeCN)](PF6)2·
0.5MeCN·H2O, 2ACN·0.5MeCN·H2O} were synthesized and char-
acterized using different spectroscopic techniques such as UV/
Vis, IR, 1D and 2D NMR spectroscopy, and mass spectrometry.
The physicochemical properties of complexes 1Cl and 1Aq, and
structural analysis of 1Aq were reported by Kojima and co-work-
ers (Chem. Sci. 2012, 3, 3421–3431). Structural characterizations

Introduction

The economic growth all over the world has manifested in tre-
mendous increase in energy demand compared with the last
two decades. The world's energy supply majorly depends on
carbon rich fossil fuels even in this century. Finding alternative
to fossil fuels is urgently required for two major reasons: (i) their
stocks are limited on the earth and (ii) continuous burning of
them produces environmentally hazardous substances such as
CO2 gas which is considered as the major contributor to the
global warming. The urgent need to reduce the CO2 level in air
has been accepted by scientists and political leaders of various
nations as documented in Paris agreement during December
2015.[1] Therefore the development of sustainable as well as
environmentally friendly energy system is much needed for our
future. In this context, the development of artificial photosys-
tem which splits water into hydrogen and oxygen using sun-
light would be one of the potential solutions of world's energy
problem.[2] From electrochemical point of view, the water split-
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of 1Cl, 2Cl·MeCN, and 2ACN·0.5MeCN·H2O were done by using
single-crystal X-ray diffraction analyses. Catalytic water oxid-
ation activities of aqua-ligated RuII complexes, using CeIV as sac-
rificial electron acceptor at pH 1, were examined. Complex 2Aq

shows higher activity as compared to 1Aq. Electrochemical
study suggests that a formal [RuVI=O]4+ species is the active
species which triggers the oxidation of water. Mechanistic in-
vestigation reveals that O–O bond formation takes place via
water nucleophilic attack (WNA) pathway. The deactivation
pathway of catalyst 2Aq has also been investigated. It was ob-
served that complex 2Aq lost its water oxidation activity prima-
rily due to ligand degradation via oxidative N-debenzylation
pathway.

ting can be divided into two half redox reactions: oxidation of
water (anode reaction: 2H2O → O2 + 4H+ + 4e–; Eo = 1.23 V vs.
NHE at pH = 0) and reduction of protons (cathode reaction:
4H+ + 4e– → 2H2; Eo = 0.0 V vs. NHE at pH = 0). The water
oxidation step in artificial photosynthesis is complicated as it
involves multiple protons and electrons transfer and formation
of an oxygen–oxygen bond. The high energy thermodynamics
along with over potential present in reality make the oxidation
step even more challenging.[3] Beside the thermodynamic diffi-
culties of the water oxidation step, the stability of water oxid-
ation catalyst (WOC) under highly oxidizing condition is also
seriously challenged as catalysts lost activity due to decomposi-
tion.[4] Thus more investigation is required to understand the
reaction mechanism of the water oxidation step and possible
deactivation pathways that derail the system to cause decom-
position to develop efficient artificial photosystem device for
useful conversion and storage of solar energy into high-energy
chemicals such as H2.

After the first report of molecular WOC, cis,cis-[(bpy)2-
(H2O)RuIIIORuIII(OH2)(bpy)2](ClO4)4 (the “blue dimer”, bpy = 2,2′-
bipyridine),[5] by Meyer et al. in 1982, several WOCs based on
rare earth (Ru, Ir)[3] and earth abundant[6] first row transition
metal ions have been developed and studied. Although Ru is
rare on earth and thus expensive, Ru-based complexes have
attracted much attention towards researchers because of their
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superior performance and higher stability under oxidizing con-
dition.[3,7] The 1st row transition metal ions, being kinetically
labile in general, often undergo easy ligand decoordination/
hydrolysis in aqueous medium and thus lose the molecular na-
ture very easily.[8] This leads to the formation of metal oxides/
hydroxides nanoparticles which generally exhibit catalytic activ-
ity; therefore, the characterization of the active species and
mechanistic investigations with these complexes become more
complicated.[9] However, ruthenium, being a 4d element, nicely
keeps the balance between kinetic lability and inertness and
maintains the molecular nature at a very wide range of pH.

One of the criteria for a metal complex to promote water
oxidation catalysis is that it should acquire adequate oxidation
potential by forming a high-valent metal-oxo species. Therefore,
the ligand having high electron donating ability would be a
judicious choice to design a catalyst for the easy access of metal
ions at higher oxidation state.[10] The Ru-aqua polypyridyl com-
plexes are particularly interesting because they can access high
oxidation states and form Ru-oxo species via proton-coupled
electron transfer (PCET) pathway at a narrow potential gap, and
thereby reduce the over potential to a large extent.[11] The
pentadentate-polypyridyl transition metal complexes show in-
teresting oxidative properties,[12–15] including water oxid-
ation.[16–18] The pentadentate scaffold has few advantages: (i) it
ensures the binding with metal ion in square pyramidal fashion
so that one coordination site become free to accommodate
aqua ligand in order to attain an octahedral geometry, thus
facilitating PCET processes; (ii) it enhances the stability of metal
complexes due to chelate effect, thus preventing decomposi-
tion via ligand decoordination; and (iii) it enhances the σ-donat-
ing property due to its inherent rigidity which might help in
accessing the high-valent state.

Researchers have emerged taking advantage of the interest-
ing properties of the pentadentate scaffold of N,N-bis(2-pyridyl-
methyl)-N-(bis-2-pyridylmethyl)amine (N4Py) ligand to charac-
terize the high-valent metal-oxo species with Fe[13] and Mn.[14]

The Ru complex with N4Py ligand, [Ru(N4Py)(OH2)](PF6)2 (1Aq)
was shown to undergo PCET process to generate high-valent
Ru=O species which catalyzed the oxidation of alcohols and
olefins.[15] Motivated by the interesting oxidation chemistry of
metal ions with pentadentate scaffold of N4Py ligand, we have
designed a new pentadentate ligand, N-benzyl-N-((6-(6-methyl-
pyridin-2-yl)pyridin-2-yl)methyl)dipyridin-2-yl-methanamine
(N2Py-MeBpy-Bz). Here in, we report the syntheses and charac-
terizations of RuII complexes: [Ru(N2Py-MeBpy-Bz)(Cl)](PF6)·
MeCN, 2Cl·MeCN; [Ru(N2Py-MeBpy-Bz)(OH2)](PF6)2·3H2O·MeOH,
2Aq·3H2O·MeOH and [Ru(N2Py-MeBpy-Bz)(MeCN)](PF6)2·-
0.5MeCN·H2O, 2ACN·0.5MeCN·H2O (Figure 1). We are interested
in exploring the chemically driven water oxidation with com-
plexes 1Aq and 2Aq (Figure 1). Complex 2Aq shows higher activ-
ity than 1Aq. The presence of a bipyridyl moiety in the penta-
dentate ligand architecture improves the reactivity. Electro-
chemical and kinetic analysis suggest water oxidation at single-
site of Ru where O–O bond formation proceeds via formal ruth-
enium(VI)-oxo intermediate. This differs from other reported
polypyridyl based Ru complexes where RuV state is the active
intermediate.[11d,17,19] The deactivation process of catalyst 2Aq
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has also been studied. Mass spectroscopic studies aimed at in-
tercepting possible decomposition products revealed that li-
gand degradation via oxidative N-debenzylation pathway pri-
marily derailed complex 2Aq from its water oxidation activity.
Thus these studies might provide new mechanistic insights to-
wards water oxidation through ruthenium(VI)-oxo intermediate
as well as the possible deactivation pathway which might help
to come up better design of catalyst for optimum performance.

Figure 1. Mononuclear RuII complexes discussed in this work.

Results and Discussion

Design, Syntheses of Ligands and RuII Complexes and
Characterizations

The pentadentate ligand N4Py has attracted much attention to
researchers because of its unique property to generate active
metal-oxo species for oxidative reactions.[13–15] The rigidity im-
posed by the di-2-pyridylmethanamine moiety increases the σ-
donating ability, thus stabilizes the high-valent state. Therefore,
we became interested to explore the water oxidation by high-
valent ruthenium-oxo species with ligands having di-2-pyridyl-
methanamine moiety. In this context, we have chosen re-
ported[15] N4Py ligand and developed a new pentadentate
mononucleating chelating ligand, N2Py-MeBpy-Bz, having di-2-
pyridylmethanamine and bipyridyl moieties. The pentadentate
scaffolds have been judiciously chosen to ensure an aqua liga-
tion at the vacant site so that the high-valent ruthenium-oxo
species would be generated via PCET process.

The RuII complexes, 1Cl and 1Aq were synthesized by follow-
ing the literature method and the physicochemical properties
(see experimental section and Figures S1–S5 in the Supporting
Information) of both the complexes agreed with that described
in the literature.[15] The complex 1Cl was further characterized
by single-crystal X-ray crystallography. A perspective view of
the cationic part of 1Cl is shown in Figure S6, with crystallo-
graphic parameters listed in Tables S1–S2, Supporting Informa-
tion. As shown in Figure S6, the RuII center adopts a distorted
octahedral geometry where five coordination sites are satisfied
by pentadentate N4Py ligand and the sixth position is occupied
by Cl– ion. The chloride and the tertiary amine nitrogen are in
trans position. The basic structural features (i.e. bond lengths,
bond angles) of 1Cl resemble very closely with its aqua ana-
logue, 1Aq.[15]

The new ligand N2Py-MeBpy-Bz was synthesized in a multi-
step synthetic procedure. The Schiff base condensation be-
tween di-2-pyridylmethanamine[20a] and 6′-methyl-2,2′-bipyr-
idine-6-carbaldehyde[20b] and further reduction with NaBH4
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yielded N-((6-(6-methylpyridin-2-yl)pyridin-2-yl)methyl)-di-
pyridin-2-yl-methanamine (N2Py-MeBpy). Treatment of N2Py-Me-
Bpy with benzyl chloride in presence of N,N-diisopropylethyl-
amine yielded the final ligand N2Py-MeBpy-Bz. The ligands were
characterized by NMR spectroscopy (Figures S7, S8). The reac-
tion of N2Py-MeBpy-Bz with cis-[Ru(DMSO)4Cl2],[20c] in methanol
under inert atmosphere resulted a new chloro-ligated mono-
nuclear Ru complex, [Ru(N2Py-MeBpy-Bz)(Cl)](PF6) (2Cl). The com-
plex 2Cl was formed in a molecular self-assembly process, by
stepwise replacement of labile DMSO and Cl– of cis-
[Ru(DMSO)4Cl2] with ligand under refluxing condition. Recrys-
tallization of 2Cl from acetonitrile afforded analytically pure
complex 2Cl·MeCN. The synthesis of aqua-ligated complex,
[Ru(N2Py-MeBpy-Bz)(OH2)](PF6)2·3H2O·MeOH (2Aq·3H2O·MeOH)
was accomplished by treating 2Cl with AgPF6 in methanol/wa-
ter mixture under refluxing condition. An acetonitrile coordi-
nated complex was obtained during recrystallization of
2Aq·3H2O·MeOH from MeCN solvent. Since MeCN is stronger
donating ligand than aqua, H2O can easily be replaced by
MeCN to form the complex [Ru(N2Py-MeBpy-Bz)(MeCN)](PF6)2·
0.5MeCN·H2O (2ACN·0.5MeCN·H2O). Elemental analysis data are
in good agreement with the above formulations for all three
new RuII complexes. All three new complexes have been charac-
terized by various spectroscopic techniques. Further, X-ray dif-
fraction analyses have been carried out for 2Cl·MeCN and
2ACN·0.5MeCN·H2O complexes (see below).

IR spectrum of 2Aq displayed broad absorption due
to ν(O–H) of water at ca. 3450 cm–1. A weak absorption at ca.
2250 cm–1 due to the ν(C≡N) stretching vibration of coordi-
nated acetonitrile was observed for complex 2ACN. All three
complexes displayed an intense IR absorption at ≈ 840 cm–1,
due to the presence of PF6

– counter anion. The MALDI-MS spec-
tra authenticated the formation of metal-ligand complex (Fig-
ures S9, S10).

The UV/Vis spectra of 2Cl (in MeCN), 2Aq (in 0.1 M aqueous
CF3SO3H) and 2ACN (in MeCN) are displayed in Figures S11, Fig-
ure S12 and Figure S13, respectively. As expected, two types of
charge-transfer bands [MLCT: Ru(dπ) → ligand(pπ*) and LLCT:
ligand(pπ) → ligand(pπ*)] are observed for all three RuII com-
plexes.[11b,11f,17] For complex 2Cl the two MLCT bands are ob-
served at 509 nm and 353 nm along with two intense LLCT
bands in the near-UV region at 302 and 251 nm. The MLCT
band of complex 2Aq was shifted to 467 nm which is consistent
with the replacement of a weak-field Cl– ion with a water mole-
cule.[17b] The two intense LLCT transitions for 2Aq were ob-
served at 297 and 248 nm. The MLCT and LLCT bands of 2ACN

were observed at 437, 397 nm and 291, 254 nm, respectively. As
seen from the UV/Vis spectra a significant shift in the position
of MLCT bands were observed for all three complexes, indicat-
ing that the π-accepter character of the pentadentate ligand
varies with substitution of monodentate ligand from Cl– to H2O
to MeCN.

As RuII complexes are diamagnetic, complexes 2Cl, 2Aq and
2ACN were also characterized by 1D and 2D NMR spectroscopy
(Figures S14–S18). The chemical shift values are listed in corre-
sponding experimental section. Few features are noticeable in
1H NMR spectra: (i) the predominating tendency is for a down-

Eur. J. Inorg. Chem. 2019, 164–177 www.eurjic.org © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim166

field shift of 1H resonances upon coordination to the positively
charged metal ion (coordination-induced shift), (ii) the methyl
protons and methine proton appear as singlet, as observed
with free ligand, however, (iii) for the methylene protons
[CH2Ph & CH2(Bpy)] four doublet signals for 2Cl [CH2Ph: 3.27 &
4.16 ppm, J = 15.2 Hz; CH2(Bpy): 3.74 & 4.52 ppm, J = 17.6 Hz]
and 2ACN [CH2Ph: 3.45 & 4.17 ppm, J = 14.4 Hz; CH2(Bpy): 3.85 &
4.76 ppm, J = 18.0 Hz]; whereas two doublet & one multiplet
(overlap of two resonances) signals for 2Aq [3.39 (d, 1 H, J =
14.4 Hz), 3.78–3.87 (m, 2 H), 4.60 (d, 1 H, J = 17.6 Hz)] are ob-
served – attesting the fact that each methylene proton became
magnetically non-equivalent after complexation, (iv) among
two pyridyl moieties, the H6 proton of the pyridine group
which is trans to the Cl–/H2O/MeCN resonates at the most
downfield in the corresponding complexes [2Cl: 9.60 (d, 1 H,
J = 5.2 Hz); 2Aq: 9.50 (d, 1 H, J = 8 Hz); 2ACN: 9.51 (d, 1 H, J =
5.2 Hz)]. Few noticeable changes in 13C NMR for 2Cl and 2ACN

are observed as well compared with the free ligand (Figures S8,
S15, S18). For instance, the two methylene carbons [CH2Ph &
CH2(Bpy)] resonate at same position (δ =39.95 ppm) in case of
free ligand, where as they resonate at two different positions in
metal complex [CH2Ph: 58.38 (2Cl), 59.17 (2ACN); CH2(Bpy): 60.92
(2Cl), 61.25 (2ACN)].

Transformation of 2Aq to 2ACN (NMR and UV/Vis Study)

The transformation of 2Aq → 2ACN was observed when the 1H
NMR spectrum of 2Aq was recorded in CD3CN. The Figure 2
depicts the spectral-change when 2Aq was dissolved in CD3CN.
A benchmark used in the analysis of NMR spectra was the
methine proton of di-2-pyridyl moiety. The gradual loss of sin-
glet peak of methine proton at δ = 6.09 ppm for 2Aq with con-
current evolution of new singlet at δ = 6.15 ppm indicates the
substitution of bound H2O with CD3CN. Within an hour ≈ 36 %
2ACN was formed (Figure 2 bottom); and in prolonged time
(≈ 12 h) a clean progression to a single acetonitrile-coordinated
product (2ACN) was observed (Figure 2 top).

Figure 2. 1H NMR (600 MHz, 300 K) spectral-change during the course of
transformation of complex 2Aq to 2ACN: (bottom) after 1 hr of sample prepara-
tion [few signals for 2ACN are marked with *]; (top) after 12 h of sample
preparation. Sample was prepared by dissolving 2Aq in CD3CN.
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The substitution process of labile aqua by MeCN for 2Aq was
further monitored by UV/Vis spectroscopy. As shown in Fig-
ure 3, upon addition of excess acetonitrile into an aqueous
(CF3SO3H, pH 1) solution of 2Aq the MLCT band with λmax at
467 nm is progressively blue-shifted to 437 nm with isosbestic
point at 446 nm. This finding corroborated the formation of
acetonitrile-coordinated complex, as the final spectra obtained
resembles with that of isolated 2ACN shown in Figure S13. The
appearance of isosbestic point indicates a clean transformation
of complex 2Aq to 2ACN. The substitution kinetics were meas-
ured under pseudo first order condition with excess acetonitrile.
A plot of first-order rate constant (kobs) vs. [MeCN] was linear
passing through the origin, revealing a first-order dependence
of the rate on the concentration of acetonitrile and from the
slope the overall second-order rate constant was determined to
be 3.05 × 10–2 M–1 s–1 at 30 °C (Figure S19).

Figure 3. A representative UV/Vis spectral-change over time after addition of
MeCN into an aqueous CF3SO3H acid solution (pH 1) of 2Aq at 30 °C. [2Aq] =
0.100 mM; [MeCN] = 0.255 M. The black line represents the initial spectrum
of 2Aq prior MeCN addition; and red line represents final spectrum. Arrow
indicates absorption change.

Description of Structures

(a) [Ru(N2Py-MeBpy-Bz)(Cl)](PF6)·MeCN (2Cl·MeCN)

The complex was crystallized into a monoclinic lattice with the
space group of Pc (#7). The asymmetric unit consists of two
[Ru(N2Py-MeBpy-Bz)(Cl)]+ units, two PF6 ions as counter anions,
and two MeCN molecule as a solvent of crystallization; there-
fore the formula for one unit is represented as [Ru(N2Py-MeBpy-
Bz)(Cl)](PF6)·MeCN (2Cl·MeCN). The two units are discriminated
by use of suffixes “a” & “b” for atoms corresponding to the
donor atoms coordinate to for Ru(1) and Ru(2), respectively. A
perspective view of the cationic part of complex 2Cl·MeCN (for
unit corresponds to Ru(1)) is shown in Figure 4 and selected
bond lengths and bond angles for both the units are displayed
in Table 1. The six coordination of RuII center is satisfied by five
nitrogen donor atoms from the ligand and chloride ion. The
chloride ion Cl(1a/1b) and one of the pyridyine-N atom,
N(1a/1b) of di-2-pyridyl moiety are trans to each other. The
Ru–Nx (x = 1a/1b, 2a/2b, 3a/3b) bond lengths are in a normal
range (average distance = 2.083 Å),[17a] however, one of the two
Ru–N bonds of bipyridyl moiety is relatively shorter [Ru(1/2)-
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N(4a/4b) = 1.950(5) Å (average)] while the other bond is longer
[Ru(1/2)–N(5a/5b) = 2.116(5) Å (average)] compared to other
Ru–Nx (x = 1a/1b, 2a/2b, 3a/3b) distances, due to strain imposed
in the ligand framework. Among two Ru–N(pyridine) distances,
the Ru(1/2)-N(1a/1b) bond length [2.042(5) Å (average)], which
is trans to the chloride ion, is shorter than other Ru(1/2)–
N(2a/2b) distances [2.1075(6) Å (average)]. The Ru–Cl distance
[2.4564 Å (average)] is slightly longer than that in 1Cl but
shorter than those reported in literature.[17a] The Ru center is
deviated from the mean planes consisting of N1–N2–Cl–N4,
N1–N3–Cl–N5 and N2–N3–N4–N5 with the distance of 0.1598,
0.1308 and 0.0142 Å (average value of the corresponding plane
of two units), respectively. The equatorial bond angles around
Ru center largely deviates from the ideal 90° and the axial bond
angles are shorter than 180°, implying that the structure is
highly distorted. The dihedral angles of bipyridine and N2-pyr-
idine rings with N2–N3–N4–N5 plane are 18.414° and 28.907°

Figure 4. ORTEP (30 %) view of the metal coordination environment in the
crystal of [Ru(N2Py-MeBpy-Bz)(Cl)](PF6)·MeCN (2Cl·MeCN). Only donor atoms
are labeled. Hydrogen atoms are omitted for clarity.

Table 1. Selected bond lengths (Å) and angles (o) of [Ru(N2Py-MeBpy-Bz)-
(Cl)](PF6)·MeCN (2Cl·MeCN).

Ru(1)–N(1a) 2.043(5) Ru(2)–N(1b) 2.041(5)
Ru(1)–N(2a) 2.113(6) Ru(2)–N(2b) 2.102(6)
Ru(1)–N(3a) 2.094(5) Ru(2)–N(3b) 2.107(5)
Ru(1)–N(4a) 1.957(5) Ru(2)–N(4b) 1.943(5)
Ru(1)–N(5a) 2.121(5) Ru(2)–N(5b) 2.111(5)
Ru(1)–Cl(1a) 2.4464(15) Ru(2)–Cl(1b) 2.4664(15)
N(1a)–Ru(1)–N(4a) 96.9(2) N(1b)–Ru(2)–N(4b) 95.4(2)
N(3a)–Ru(1)–N(4a) 84.8(2) N(3b)–Ru(2)–N(4b) 84.4(2)
N(1a)–Ru(1)–N(3a) 80.8(2) N(1b)–Ru(2)–N(3b) 80.3(2)
N(1a)–Ru(1)–N(2a) 84.9(2) N(1b)–Ru(2)–N(2b) 85.9(2)
N(2a)–Ru(1)–N(3a) 79.81(19) N(2b)–Ru(2)–N(3b) 80.3(2)
N(4a)–Ru(1)–N(5a) 77.9(2) N(4b)–Ru(2)–N(5b) 77.7(2)
N(1a)–Ru(1)–N(5a) 98.3(2) N(1b)–Ru(2)–N(5b) 98.6(2)
N(2a)–Ru(1)–N(5a) 117.6(2) N(2b)–Ru(2)–N(5b) 117.7(2)
N(2a)–Ru(1)–N(4a) 164.0(2) N(2b)–Ru(2)–N(4b) 164.2(2)
N(3a)–Ru(1)–N(5a) 162.5(2) N(3b)–Ru(2)–N(5b) 161.9(2)
N(1a)–Ru(1)–Cl(1a) 175.41(15) N(1b)–Ru(2)–Cl(1b) 175.92(15)
N(2a)–Ru(1)–Cl(1a) 90.71(16) N(2b)–Ru(2)–Cl(1b) 90.41(16)
N(3a)–Ru(1)–Cl(1a) 97.11(15) N(3b)–Ru(2)–Cl(1b) 97.40(15)
N(4a)–Ru(1)–Cl(1a) 86.90(16) N(4b)–Ru(2)–Cl(1b) 87.73(17)
N(5a)–Ru(1)–Cl(1a) 84.93(15) N(5b)–Ru(2)–Cl(1b) 84.59(15)
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(average value of two units), respectively. Due to this tilting the
π-back bonding from the Ru center to the pyridine rings does
not occur effectively and consequently the Lewis acidity of the
Ru center should increase.

(b) [Ru(N2Py-MeBpy-Bz)(MeCN)](PF6)2·0.5MeCN·H2O
(2ACN·0.5MeCN·H2O)

The complex was crystallized into a triclinic lattice with the
space group of P1̄ (#2). The asymmetric unit contains a pair of
enantiomeric [Ru(N2Py-MeBpy-Bz)(MeCN)]2+ unit, four PF6 ions
as counter anions, and one MeCN & two H2O molecules as

Figure 5. ORTEP (30 %) view of the metal coordination environment of the
pair of enantiomers in the crystal of [Ru(N2Py-MeBpy-Bz)(MeCN)]-
(PF6)2·0.5MeCN·H2O (2ACN·0.5 MeCN·H2O). Only donor atoms are labelled.
Hydrogen atoms are omitted for clarity.

Table 2. Selected bond lengths (Å) and angles (o) of [Ru(N2Py-MeBpy-Bz)-
(MeCN)](PF6)2·0.5MeCN·H2O (2ACN·0.5MeCN·H2O).

Ru(1)–N(1a) 2.065(5) Ru(2)–N(1b) 2.044(5)
Ru(1)–N(2a) 2.123(5) Ru(2)–N(2b) 2.110(5)
Ru(1)–N(3a) 2.082(5) Ru(2)–N(3b) 2.080(5)
Ru(1)–N(4a) 1.970(5) Ru(2)–N(4b) 1.943(5)
Ru(1)–N(5a) 2.130(5) Ru(2)–N(5b) 2.134(5)
Ru(1)–N(6a) 2.040(6) Ru(2)–N(6b) 2.038(6)
N(1a)–Ru(1)–N(2a) 86.4(2) N(1b)–Ru(2)–N(2b) 86.7(2)
N(1a)–Ru(1)–N(3a) 80.1(2) N(1b)–Ru(2)–N(3b) 80.2(2)
N(1a)–Ru(1)–N(4a) 92.3(2) N(1b)–Ru(2)–N(4b) 92.0(2)
N(1a)–Ru(1)–N(5a) 97.4(2) N(1b)–Ru(2)–N(5b) 96.8(2)
N(1a)–Ru(1)–N(6a) 174.5(2) N(1b)–Ru(2)–N(6b) 175.2(2)
N(2a)–Ru(1)–N(3a) 79.7(2) N(2b)–Ru(2)–N(3b) 79.8(2)
N(2a)–Ru(1)–N(4a) 164.2(2) N(2b)–Ru(2)–N(4b) 164.1(2)
N(2a)–Ru(1)–N(5a) 118.4(2) N(2b)–Ru(2)–N(5b) 117.5(2)
N(2a)–Ru(1)–N(6a) 88.7(2) N(2b)–Ru(2)–N(6b) 90.1(2)
N(3a)–Ru(1)–N(4a) 84.6(2) N(3b)–Ru(2)–N(4b) 84.5(2)
N(3a)–Ru(1)–N(5a) 161.7(2) N(3b)–Ru(2)–N(5b) 162.5(2)
N(3a)–Ru(1)–N(6a) 96.5(2) N(3b)–Ru(2)–N(6b) 95.7(2)
N(4a)–Ru(1)–N(5a) 77.4(2) N(4b)–Ru(2)–N(5b) 78.4(2)
N(4a)–Ru(1)–N(6a) 91.6(2) N(4b)–Ru(2)–N(6b) 90.0(2)
N(5a)–Ru(1)–N(6a) 87.2(2) N(5b)–Ru(2)–N(6b) 87.9(2)

Table 3. Summary of the deprotonation constants and redox potentials of RuII-OH2 complexes.

Comp. RuII-OH2 RuIII-OH2 E1/2, V vs. NHE at pH 1

pKa pKa RuIII/II RuV/III RuVI/V

1Aq 12.0[14] 2.30[b] 0.90 1.22 1.56
2Aq 10.63[a] (10.70)[b] 1.90[b] 0.95 1.17 1.60

[a] Determined by spectrophotometric titration. [b] Determined from Pourbaix diagram.

Eur. J. Inorg. Chem. 2019, 164–177 www.eurjic.org © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim168

solvent of crystallization; so the formula for one molecule is
represented as [Ru(N2Py-MeBpy-Bz)(MeCN)](PF6)2·0.5MeCN·H2O
(2ACN·0.5MeCN·H2O). The perspective view of the pair of
enantiomers of [Ru(N2Py-MeBpy-Bz)(MeCN)]2+ is displayed in
Figure 5 and bond lengths and bond angles are listed in
Table 2. As that of 2Cl·MeCN, the RuII center adopts distorted
octahedral geometry and the basic structural features are unre-
markable.

Acid Base Equilibria

The pKa value for the aqua proton dissociation of complex 2Aq

was determined by spectroscopic titration ranging from pH 0.40
to 12.50 using UV/Vis absorption spectroscopy. The sample so-
lution for pH range of 0.40 < pH < 1.80 was prepared in an
aqueous solution of CF3SO3H acid and the required pH was
adjusted by adding neat CF3SO3H acid; whereas for higher pH
domain 1.80 < pH < 12.70 Britton–Robinson (B.-R.) buffer was
used and the pH was adjusted by addition of NaOH. As seen
from Figure S20, no significant change in MLCT band was ob-
served by varying the pH in the range pH = 0.40–8.50, indicat-
ing no deprotonation occurred in that pH domain. However, as
the pH value rises from 8.50 to 12.70, the maximum absorption
wave length for the MLCT band of 2Aq shows a red shift from
467 nm to 522 nm with a meaningful change in the molar
absorptivity of the band, because of the increase in the donat-
ing property of the hydroxyl group resulted from the deproto-
nation of the originally coordinated aqua ligand, leading to the
lowering in the MLCT transition energy. So on the basis of ab-
sorption changes in the pH range of 0.40–12.70, the deprotona-
tion constant (pKa) of the aqua ligand of complex 2Aq was de-
termined to be 10.63 as depicted in Figure S20c. The pKa value
determined for 2Aq is consistent with other related RuII-OH2

complexes.[11f,17a,21] For complex 1Aq Kojima et al. reported two
pKa values[15] for coordinated aqua ligand. As reported,[15] in
lower pH domain (pH 0.40–3.80) a slight red shift in the MLCT
band with almost no change in the absorption intensity was
observed. This small shift might happen due to the change in
the dielectric constant which may induce a non-negligible shift
in the MLCT band owing to the relatively large transition dipole
originating upon excitation. So pKa1 = 1.85[15] cannot be judged
as first deprotonation constant of aqua coordinated to RuII cen-
ter. Rather pKa2 = 12[15] is likely to be correlated with pKa of
coordinated water for 1Aq. Notably, the pKa of 2Aq is lower than
1Aq, implying the Ru center of 2Aq possesses greater Lewis acid
character than 1Aq (Table 3).

Electrochemical Behavior

The redox behavior of RuII-OH2 complexes has been investi-
gated in aqueous media by cyclic voltammogram (CV) and
square wave voltammogram (SWV) method. The CV and SWV
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curves of 2Aq are displayed in Figure 6. As seen from Figure 6b,
the SWV curve of 2Aq in acidic aqueous condition (pH 1, CF3SO3

H) exhibits a sequence of three oxidative responses at 0.95,
1.17, and 1.60 V vs. NHE; whereas under nearly neutral aqueous
condition (pH 6.85, B.-R. buffer) it exhibits three well shaped
oxidative responses at 0.62, 0.77, and 1.17 along with barely
visible wave at 1.60 V vs. NHE. In order to know the number of
electron transfer involved in first two/three redox waves, con-
trolled potential electrolysis (CPE) was carried out at respective
pH. In acidic condition, pH 1 at 1.03 V vs. NHE (just after poten-
tial of first redox wave) a value of 0.95 electrons per complex
molecule was obtained, while at 1.35 V vs. NHE (just after po-
tential of second redox wave) a value of 3.20 electrons per com-
plex molecule was obtained (Figure S21). Similarly, CPE analyses
under neutral conditions (pH 6.85) at potential 0.65 (after first
redox wave), 0.95 (after second redox wave), and 1.35 V (third
redox wave) vs. NHE yielded a value of approximately one elec-
tron, two electrons, and three electrons per complex molecule,
respectively. So briefly from an electronic point of view 2Aq

favors one-electron transfer between RuII, RuIII and RuIV at
higher pH domain; while under acidic condition it shows a
tendency of one-electron and two-electron transfer for RuIII/II

and RuV/III processes, respectively (see Pourbaix diagram below).
Therefore, the three redox signals observed at 0.95, 1.17, and
1.60 V vs. NHE at pH 1 can tentatively be assigned as RuIII/II,
RuV/III, RuVI/V redox couple, respectively. The RuV and RuVI spe-
cies are genarated at lower applied potential as observed be-
fore for other Ru-compounds.[22] The CV of 2Aq at acid media
(pH 1, CF3SO3H) shows a larger electro catalytic wave on onset
potential at ≈ 1.50 V (Figure S22). This catalytic wave is associ-
ated to water oxidation catalysis, indicating complex 2Aq is ca-
pable of oxidizing water. The RuVI/RuV redox potential lies on
the onset of the catalytic wave, implying that the formal high-
valent RuVI species is the active species responsible for the ca-
talysis. Only few Ru-WOCs are reported in literature, where
high-valent RuVI species have been proposed to be an active
intermediate for water oxidation catalysis.[22a,22b,23] The in-
triguing capability of accessing such a high valent RuVI state
(due to the unique rigidness of the ligand and PCET process)
distinguishes complex 2Aq from other reported neutral polypyr-

Figure 6. Electrochemical behavior of 2Aq. (a) Cyclic voltammogram (red line) in acidic aqueous solution (pH 1, CF3SO3H) and (blue line) in B.-R. buffer at pH
6.85. (b) Square wave voltammogram in (red) acidic aqueous solution (pH 1, CF3SO3H); (blue) B.-R. buffer pH 6.85; (black dash) blank at pH 1. Conditions:
[2Aq] = 0.5 mM, scan rate of CV = 0.1 V s–1, for SWV frequency = 15 Hz, amplitude = 0.025 V, working electrode: glassy carbon.

Eur. J. Inorg. Chem. 2019, 164–177 www.eurjic.org © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim169

idyl based complexes where water oxidation was triggered via
RuV intermediate.[11d,17,19] Similar to complex 2Aq, complex 1Aq

displayed three peaks at 0.90, 1.22 and 1.56 V vs. NHE in pH 1
CF3SO3H acid media and from CPE analysis these three waves
can also be assigned as RuIII/RuII, RuV/RuIII and RuVI/RuV couples,
respectively (Figure S23). The corresponding redox potentials of
1Aq and 2Aq are very much comparable (Table 3). This is ex-
pected because of similar N5O-ligand environment for both the
complexes. However, in CV diagram a dramatic difference in
catalytic current was observed between the two complexes. As
depicted in Figure S24, complex 2Aq shows higher catalytic cur-
rent, whereas complex 1Aq shows marginal current with respect
to blank voltammogram. This finding suggests superior water
oxidation activity of 2Aq compared to 1Aq.

The Pourbaix diagram of complex 2Aq in the region of pH
0.48–11.52 (Figure 7) provides more comprehensive insights
into the electrochemical properties and redox compositions de-
pending on potential and pH of the medium (Figure S25). From
pKa value of 2Aq it is evident that complex exists as [RuII-OH2]2+

form at lower pH condition. In region 1.85 < pH < 10.56, the
redox potential of RuIII/RuII couple decreases linearly with a
slope of –58 mV/pH. This phenomenon can be ascribed as typi-
cal one-electron and one-proton (1e–, 1H+) PCET process
for [RuIII-OH]2+/[RuII-OH2]2+ redox couple. In the region of
pH > 10.56 and pH < 1.85, the RuIII/RuII redox potential be-
comes pH independent, reflecting only one-electron transfer
process for redox couples [RuIII-OH]2+/[RuII-OH] + and [RuIII-
OH2]3+/[RuII-OH2]2+, respectively. Therefore, from Pourbaix dia-
gram the pKa of [RuII(N2Py-MeBpy-Bz)(OH2)]2+ is estimated to be
10.70, which agrees very well with the result obtained from
spectrophotometric titration (Table 3), and the pKa of [RuIII-
(N2Py-MeBpy-Bz)(OH2)]3+ is determined to be 1.90. The RuIV/RuIII

redox couple was observed at higher pH domain 11.52 < pH <
2.35 (vide supra) and the redox potential decreases linearly with
increase of pH with a slope of –58 mV/pH, attesting (1e–, 1H+)
PCET process for [RuIV=O]2+/[RuIII-OH]2+ redox couple. However,
the RuIV/RuIII redox couple was not observed at stronger acidic
region (0.48 < pH < 2.35), instead we indeed observed forma-
tion of RuV species from RuIII (vide supra). So apparently RuIV

oxidation state might be a missing state in lower pH domain,
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while the formation of [RuIV=O]2+ is favored in higher pH do-
main. The next oxidation process is unique in the sense that it
involves variable number of electron transfer depending on pH.
The oxidation potential remains pH independent in the whole
region from pH 1.30 to 11.52, corresponding to formation of
[RuV=O]3+ species by 1e– transfer from [RuIV=O]2+ species. In
contrast, in pH domain of 0.48–1.30 the oxidation potential de-
creases linearly with a slope of –60 mV/pH. This phenomenon
can be attributed as oxidation from [RuIII-OH2]3+ into [RuV=O]3+,
a (2e–, 2H+) PCET process which is apparently equivalent to
(1e–, 1H+) process. As seen in Figure 6b, the intensity of oxid-
ation waves from III → IV → V in SWV curves are lower than II
→ III wave; this can be argued due to slow heterogeneous
electron-transfer kinetics from the solution to the electrode
surface as observed commonly for ruthenium-aqua com-
plexes.[19,22a,24,25] The redox composition of missing RuIV/RuIII

couple at stronger acidic region now can be attributed by draw-
ing an imaginary line as shown in Figure 7 with a slope of –116
mV/pH which refers to (1e–, 2H+) process for [RuIV=O]2+/[RuIII-
OH2]3+ couple. Further oxidation of [RuV=O]3+ species occurs at
a relatively constant potential of 1.60 V vs. NHE over the entire
pH 0.48–11.52 range. This can be regarded as only electron
transfer associated with generation of formal [RuVI=O]4+ spe-
cies. It is worth noticing that the [RuVI=O]4+/[RuV=O]3+ couple
for 2Aq lies well above than the thermodynamic potential for
the oxidation of water to dioxygen, indicating [RuVI=O]4+ spe-
cies could potentially trigger the oxidation of water. We have
reinvestigated the Pourbaix diagram of 1Aq at pH 0.50–4.7 (Fig-
ures S26–S27) and it differs from that reported by Kojima et
al.[15] The redox compositions of 1Aq are very similar to those
of 2Aq given the similar coordination environment provided by
N4Py and N2Py-MeBpy-Bz ligand. The pKa value of [RuIII(N4Py)-
(OH2)]3+ determined from Pourbaix diagram is 2.30, which is
higher than that of [RuIII(N2Py-MeBpy-Bz)(OH2)]3+ (Table 3). This
confirms again N2Py-MeBpy-Bz ligand induces greater Lewis acid
character in Ru center than N4Py.

Figure 7. Pourbaix diagram for complex 2Aq.

Spectroscopic Redox Titration of 2Aq

The redox titration of complex 2Aq with ceric ammonium nitrate
(CAN) in acid medium (pH 1 aqueous CF3SO3H solution) was
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performed by UV/Vis spectroscopy to detect intermediates
formed upon oxidation. The UV/Vis spectra of 2Aq at different
oxidation states are displayed in Figure 8. The oxidation of RuII

to RuIII complex proceeds in one step, as evident from the three
isosbestic points at λ = 332, 308, 281 nm and the linear increase
of 325 nm absorbance band up to the addition of one equiva-
lent of CAN (Figure S28). Upon one electron oxidation the
MLCT (467 nm, ε = 7170 M–1 cm–1) and π–π* (297 nm, ε =
21525 M–1 cm–1) bands of 2Aq are vanished and new bands at
310 nm (16550 M–1 cm–1), 322 nm (15000 M–1 cm–1) along with
a broad band at 365 nm (4500 M–1 cm–1) are emerged (Figure
S28a), as expected for the formation of RuIII species.[11f,17a] The
formation of RuIII species was further proved by EPR spectro-
scopy (Figure S29). The EPR spectrum, measured at 77 K, shows
a characteristic rhombic signal with gx = 2.76, gy = 2.18, gz =
1.57, which is typical for a low-spin S = 1/2 RuIII system.[26]

Addition of two more equivalents of CAN to RuIII resulted in
bleaching of 365 nm band with lowering the intensity of 310
nm peak (15200 M–1 cm–1) (Figure S28b), corresponding to the
formation of RuV species, as evident from isosbestic point at
270 nm (Figure S28b) and the titration curve (Figure S28c). No
appreciable spectral changes are observed beyond the addition
of third equivalent of CAN, probably due to its rapid consump-
tion for water oxidation catalysis. These finding corroborates
well with the electrochemical behaviour of 2Aq stated before.
Therefore, based on the Pourbaix diagram, the course of reac-
tions during titration at pH 1 can be summarized as follows
[Equation (1), Equation (2)]:

Figure 8. UV/Vis spectra of 2Aq at different oxidation states: [RuII-OH2]2+

(black), [RuIII-OH2]3+ (red), and [RuV=O]3+ (blue) generated from stoichiomet-
ric oxidation with CeIV in 0.1 M CF3SO3H (pH 1).

Water Oxidation Catalysis

The oxidation of water catalysed by complexes 1Aq and 2Aq

was investigated using CAN as the oxidant in aqueous CF3SO3H
solution (initial pH 1). Addition of excess amount of CAN to the
degassed solutions of complexes (final conc. of CAN = 60 mM

and complex = 1 mM) resulted in rapid O2 gas evolution. The
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evolution of oxygen gas was monitored by Ocean Optic fluores-
cence-based oxygen sensor (Neofox, FOSPOR-R) positioned in
the headspace of the custom made reaction vessel kept at 30 °C
using thermostat. The oxygen evolution curves by complexes
1Aq and 2Aq are displayed in Figure 9. After ≈ 1.25 h, maximum
turn-over numbers (TONs) of ≈ 1 and 6 with conversion effi-
ciency of 6 % and 40 % were obtained for complexes 1Aq and
2Aq, respectively.[27] No oxygen gas was detected without any
catalyst, affirming no air leakage occurred during the experi-
ment.

Figure 9. CeIV driven water oxidation with complex 1Aq (red line), 2Aq (black
line), RuO2 (Sigma–Aldrich, CAS: 12036–10–1; blue line) in pH 1 aqueous
CF3SO3H solution. Conditions: [Cat]f = 1 mM, [CAN]f = 60 mM, total volume =
2 mL. The green line represents the blank study.

Clearly, complex 2Aq showed higher activity compared to
complex 1Aq. This result is in accordance with the catalytic cur-
rent obtained during electrochemical analysis. Therefore, it is
evident that presence of bipyridyl moiety significantly improved
the water oxidation activity of 2Aq. The unique π-accepter prop-
erty of bipyridyl moiety most likely finely tunes the electrophilic
character of the Ru-oxo moiety, which would in turn control
the activity. A similar finding was reported by Zhao et al. where
the replacement of one of the pyridine group of tris(2-pyridyl-
methyl)amine (TPA) ligand with bipyridine improves the cata-
lytic activity of [Ru(DPA-Bpy)(H2O)]2+ complex (DPA-Bpy = N,N-
Bis(2-pyridinylmethyl)-2,2′-bipyridine-6-methanamine).[17a] The
catalytic performance of 2Aq is comparable to the reported
ones with similar structures;[17] however the activity is much
lower than the most efficient mononuclear Ru complex having
pentapyridyl ligand scaffold.[18]

Since CAN is very strong oxidant, potentially it could oxidize
the organic ligands and degrade the catalyst rapidly to some-
thing else which might be suspected as actual catalyst to make
oxygen.[28] Thus to establish the catalytic importance of 2Aq we
have verified the stability of complex 2Aq at initial stage of ca-
talysis using NMR spectroscopy by adding ten equivalents of
CAN. The 1H NMR spectrum obtained after treating the reaction
mixture with ascorbic acid clearly indicates catalyst 2Aq main-
tained its molecular integrity (Figure S30), implying its true cata-
lyst nature for O2 evolution. Further we have compared the
oxygen evolution kinetics of both the catalysts with catalytically
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active RuO2 which might form due to ligand degradation as
reported before in literature.[24] As can be seen from Figure 9,
the oxygen evolution kinetics of RuO2 differs significantly from
that of both the catalysts, ruling out the contribution of RuO2

in water oxidation reaction. Moreover, as seen in Figures S22,
S24, the reversible feature of the RuIII/II waves of both the com-
plexes in CV diagram were retained almost fully even if the scan
was done upto the electrocatalytic wave at 1.65 V vs. NHE,
which can be acheived by CAN at most, implying compounds
did not undergo rapid degradation. Although for complex 2Aq a
new wave at 0.7 V was observed probably due to the degraded
product (Figure S22 inset). However this degradation does not
correlate with the enhanced catalytic activity rather it can be
correlated with the deactivation of the catalytic process (see
below). These findings strengthen our belief that complexes act
as true catalyst rather than a precatalyst.

Deactivation Pathway of Catalyst 2Aq

Although complex 2Aq acts as true catalyst and shows moder-
ate activity, oxygen evolution was ceased after a certain time.
The major part of CAN remains unconsumed after catalysis, im-
plying other chemical reactions in competition with water oxid-
ation are also occurring with deactivation of water oxidation
ability of the catalyst. The potential deactivation pathways for
molecular Ru-WOCs would be the denaturation of catalyst due
to ligand modification, ligand oxidation or combination of both.
Llobet[29] and other[17] demonstrated the deactivation of Ru-
catalysts via oxidation of methylene groups to CO2 under
oxidizing condition. In order to identify the deactivation path-
way for catalyst 2Aq we performed a catalysis reaction with 1:30
[catalyst]:[CAN] ratio (where ≈ 6 TONs could be acheived) in pH
1 CF3SO3H. After completion of the reaction the evolved gas
was subjected to GC analysis, showing trace quantity of CO2

gas formation compared to O2 (CO2/O2 ≈ 1:10) (Figure S31).
The post-catalysis reaction mixture was then analysed by MALDI
mass spectroscopy. A major peak at m/z = 618.1 was observed
(Figure S32), assigned to [Ru(N2Py-MeBpy)(CF3SO3)]+ species
where the parent ligand N2Py-MeBpy-Bz was transformed to
N2Py-MeBpy via oxidative N-debenzylation pathway. The N-de-
benzylation process might have propagated via generation of
benzyl radical by high valent ruthenium species.[30] The puta-
tive oxidized prouduct of benzyl group such as benzoic acid
was detected by GC–MS (Figure S33). The benzoic acid might
have been genarated via oxidation of benzaldehyde as depicted
in Scheme 1. Further addition of another 30 equivalents of CAN
into the reaction mixture however did not produce measurable
amount of oxygen. Therefore, the product [Ru(N2Py-MeBpy)-
(CF3SO3)]+ could be attributed as deactivated form of the par-
ent catalyst, 2Aq. These findings indicate that the catalyst under-
went denaturation primarily due to the side-reaction where li-
gand modification took place via oxidative N-debenzylation
pathway along with minor degradation to CO2 as shown in
Scheme 1.

Kinetic Analysis of Water Oxidation

Although the catalytic performance of the complexes is limited
to a handful turnovers, the mechanistic study of water oxidation
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Scheme 1.

by these mononuclear complexes would be interesting as the
water oxidation proceeds via formal ruthenium(VI)-oxo state. To
understand the mechanistic steps involved in water oxidation
reaction we further performed kinetic study with complexes
1Aq and 2Aq. The key step involved in water oxidation catalysis
is the O–O bond formation. The following two pathways are
well accepted: (i) water nucleophilic attack (WNA) at electron
deficient high-valent metal-oxo group, and (ii) bimolecular radi-
cal coupling between two metal-oxyl groups (I2M).[31] To know
which pathway O–O bond formation occurred, the kinetic stud-
ies were carried out under excess CeIV condition at pH 1
CF3SO3H solution with both the RuII complexes. The rate of re-

Figure 10. (a) Plot of initial rate of CeIV consumption vs. [2Aq] at 1.5 mM CAN; (b) Plot of ln (initial rate) of CeIV consumption vs. ln [CeIV] in the presence of
2Aq.
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action was followed by monitoring the consumption of CeIV in
presence of catalyst using UV/Vis spectrophotometer. The 360
nm band was chosen to follow the CeIV consumption (Figures
S34–S35 for 2Aq). The initial rates of CeIV consumption were
used to analyse the kinetic data to avoid the effect of decompo-
sition of catalysts under strongly oxidizing conditions. When the
initial concentration of CAN was kept constant (1.5 mM) and
that of catalyst concentrations were changed (10–25 μM), the
initial rates of CeIV consumption were found to be linearly de-
pendent to the concentrations of 1Aq and 2Aq (Figure S36 for
1Aq and Figure 10a for 2Aq), implying first-order dependence
of catalyst concentration on rate. The kinetic studies were also
performed keeping initial concentration of both the catalysts
constant (0.015 mM) with varying concentration of CAN (0.75–
3.00 mM). The initial rate of CeIV consumption by 1Aq was found
to be independent with CAN concentration. On the other hand
the initial rate of CeIV consumption by 2Aq was partially de-
pendent on [CeIV] (order < 1). An order was estimated to be
0.23 by plotting ln (initial rate) vs. ln [CeIV] (Figure 10b).[25] This
implies that there is an auxiliary path consuming CeIV simulta-
neously. This auxiliary path might be correlated with the oxid-
ative N-debenzylation process leading to the deactivation of
catalytic activity of 2Aq (Scheme 1). By neglecting the minor
path for 2Aq, formally the rate law for both the complexes can
be expressed as rate = kobs[catalyst]1. The kobs values were cal-
culated to be 1.21 × 10–3 s–1 and 4.00 × 10–2 s–1 at 30 °C for 1Aq

and 2Aq, respectively. Thus the kcat = 3.03 × 10–4 s–1 for 1Aq and
kcat = 1.00 × 10–2 s–1 for 2Aq of the overall catalytic water oxid-
ation [Equation (3)] can be calculated as one-fourth of kobs since
four equivalents of CeIV were consumed for generation of one
equivalent of dioxygen.

The first-order dependence of rate with respect to catalyst
concentration implies a mononuclear mechanism where O–O
bond formation takes place via water nucleophilic attack (WNA)
on formal high-valent [RuVI=O]4+ species. The difference in reac-
tivity towards water oxidation for complexes 1Aq and 2Aq could
be rationalized by considering higher Lewis acid character of
metal center in 2Aq than 1Aq, as evident from pKa values, which
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might induce greater electrophilic character in Ru–O bond for
2Aq, facilitating the water nucleophilic attack. An expansion of
coordination number from six to seven at high-valent state of
1Aq, as demonstrated by Kojima et al.,[15] might also be taken
into account in rendering the electrophilicity of Ru–O bond.

As 2Aq shows much higher activity than 1Aq we further focus
our kinetic study with 2Aq to get deeper insights of the mecha-
nistic steps. The oxidations of RuII → RuIII and RuIII → RuV [Equa-
tion (1) & (2), respectively] with CAN at pH 1 occurred very
rapidly and we could not determine the rates k1 and k2, respec-
tively, due to lack of stopped-flow techniques. Nevertheless
these two oxidation steps are expected to occur very fast since
the redox potential of CeIV/CeIII couple at pH 1 (1.61 V vs. NHE)
is high enough to proceed the first and second oxidation proc-
esses at the diffusion-limited rate. So it could be presumed that
k1 and k2 values would be much higher than catalytic rate kcat

[Equation (3)] and none of these electron transfer events would
represent the rate-determining step of the catalytic cycle. Upon
addition of another one equivalent of CAN to the resulting
[RuV=O]3+ species, a RuV → RuVI electron-transfer step [Equation
(4)] followed by water nucleophilic attack at formally [RuVI=O]4+

species to generate putative [RuIV-OOH]3+ species [Equation (5)]
can be rationalized by biphasic time-resolved absorbance trace
(Figure 11).

The global analysis (performed with ReactLab Kinetics ver-
sion 1.1),[32] based on the model in Equation (4) and (5) afforded
the rate constants as k3 = 2.90 × 102 M–1s–1, kO–O = 1.27 × 10–2

s–1. The experimental spectral changes, the fitted time trace at

Figure 11. Kinetics and spectroscopic data for formation of [RuVI=O]4+ from [RuV=O]3+ and subsequent formation of [RuIV-OOH]3+. (a) Spectral changes after
addition of one equivalent of CAN to [RuV=O]3+ in pH 1 CF3SO3H, [2Aq] = 0.14 mM. (b) Absorption trace at 360 nm (experimental points: blue dots; fitting:
green line). (c) Calculated absorption spectra of Ru-species based on global analysis. (d) Species distribution diagram vs. time.
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360 nm, calculated spectra for the various species involved dur-
ing catalysis [RuV=O]3+, [RuVI=O]4+, [RuIV-OOH]3+ and the calcu-
lated diagram for their time-dependent distributions are dis-
played in Figure 11. The calculated absorption profiles of [RuV=
O]3+, [RuVI=O]4+and [RuIV-OOH]3+ (Figure 11c) are in accordance
with the observed spectral profiles at t = 0, 40 and 250 s (Fig-
ure 11a), when the corresponding species are estimated to be
predominant according to the calculated species distribution
diagram (Figure 11d). The rate constant values for the reactions
involved in the catalytic reaction are summarized in Table 4.
The rate constant for O–O bond formation (kO–O) is little higher
but comparable with regard to the catalytic rate constant, kcat.
Therefore it can be concluded that the O–O bond formation
[Equation (5)] to generate the [RuIV-OOH]3+ species is likely to
be the rate-determining step for water oxidation catalysed by
2Aq. The calculated structure of [RuIV-OOH]3+ species (Figure
S37a, Table S3) by DFT method and the obtained O–O bond
length (1.378 Å) is in accordance with the characteristic metal-
peroxo complex. The subsequent step prior to oxygen libera-
tion might include proton-coupled oxidation of [RuIV-OOH]3+ to
[RuV-OO]3+ species, as proposed in previous studies.[19,23a,23c]

This step should not be a rate-determining step since the over-
all catalytic reaction is zero-order with respect to CAN concen-
tration. The final step would follow the liberation of oxygen
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from [RuV-OO]3+ via reductive elimination pathway. This step is
believed to be rapid as was demonstrated before by Meyer and
co-workers with [Ru(tpy)(bpm)(OH2)]2+ (tpy = 2,2′:6′,2′′-terpyr-
idine; bpm = 2,2′-bipyrimidine) complex at pH 0/CeIV condi-
tion.[19b] The optimized six-coordinate structure with terminal
peroxide of [RuV-OO]3+ is shown in Figure S37b (Table S4). The
structure is antiferromagnetically coupled doublet, as deter-
mined by Mulliken atomic spin densities (Ru, –0.77; O(proximal),

0.84; O(distal) 1.06, Figure S37c). The O–O bond length obtained
is 1.21 Å, implying it can be described as a d5 RuIII complex
coordinated to triplet oxygen.

Table 4. Summary of rate constants of CeIV driven water oxidation catalysed
by 2Aq in pH 1 CF3SO3H at 30 °C.

Reaction description Rate constant

Equation (1) k1 Rapid
Equation (2) k2 Rapid
Equation (4)[a] k3 2.90 × 102 M–1s–1

Equation (5)[a] kO–O 1.27 × 10–2 s–1

Equation (3)[b] kcat 1.00 × 10–2 s–1

[a] Calculated from global analysis. [b] Determined spectrophotometrically
under excess CeIV condition.

Therefore, on the basis of the discussions stated above we
proposed a catalytic cycle of water oxidation by 2Aq at pH 1 as
shown in Figure 12.

Figure 12. Proposed mechanism for water oxidation by 2Aq at pH 1.

Conclusions

In this paper, we report the syntheses and characterizations of
new mononuclear RuII complexes with a newly designed penta-
dentate ligand, N2Py-MeBpy-Bz. Using CeIV as oxidant, the Ru-
aqua complex, 2Aq catalyzed the oxidation of water more effi-
ciently than analogous complex 1Aq. The presence of bipyridyl
moiety in the ligand architecture of complex 2Aq significantly
improves the catalytic activity; thus the performance of a cata-
lyst highly depends on the electronic perturbation exerted by
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the ligand scaffold. Electrochemical studies along with kinetic
analysis on complex 2Aq suggest a mechanism where a formal
[RuVI=O]4+ species acts as an active intermediate which triggers
the O–O bond formation via water nucleophilic attack in a rate-
limiting step. The strong σ-donating property of the penta-
dentate scaffold helps to access such a high oxidation state.
The deactivation study on 2Aq revealed that the benzyl group
is prone to undergo oxidation under oxidizing condition. The
oxidative N-debenzylation process leads to the deactivation of
catalyst. The deactivated Ru complex and the oxidized product
of benzyl group such as benzoic acid were detected by mass
spectroscopy and GC–MS, respectively. Therefore the present
study revealed a new reaction mechanism for activation of wa-
ter molecule as well as the deactivation pathway that might
provide a lesson for the future development of efficient WOCs.

Experimental Section
Reagents and Materials: All reagents used in the present work
were obtained from commercial sources (Sigma Aldrich, Alfa Aesar,
TCI Chemicals (India) Pvt. Ltd. and Sisco Research Laboratories Pvt.
Ltd. (SRL) India) and were used without further purification. All or-
ganic solvents were purified/dried prior to use. Milli-Q water (18.2
MΩ) was used in preparation of pH 1 solution with trifluorometh-
anesulfonic acid (CF3SO3H). Di-2-pyridylmethanamine,[20a] 6′-
methyl-2,2′-bipyridine-6-carbaldehyde[20b] and cis-[Ru(DMSO)4-
Cl2],[20c] were prepared according to the literature method.

Syntheses of Ligands

N,N-Bis(2-pyridylmethyl)-N-(bis-2-pyridylmethyl)amine (N4Py):
It was synthesized from di-2-pyridylmethanamine and 2-picolyl
chloride hydrochloride under basic condition as described previ-
ously.[15]

N-Benzyl-N-((6-(6-methylpyridin-2-yl)pyridin-2-yl)methyl)-di-
pyridin-2-yl-methanamine (N2Py-MeBpy-Bz): The synthetic strat-
egy comprises the following two steps.

Step 1: Synthesis of N-((6-(6-Methylpyridin-2-yl)pyridin-2-yl)-
methyl)dipyridin-2-yl-methanamine (N2Py-MeBpy): Di-2-pyridyl-
methanamine (0.234 g, 1.261 mmol) and 6′-methyl-2,2′-bipyridine-
6-carbaldehyde (0.250 g, 1.261 mmol) were taken together in
100 mL round-bottom flask and dissolved in methanol (20 mL).
After stirring the reaction mixture for about 24 hours, an off-white
solid residue was isolated. The solid was then dissolved in 3:1 meth-
anol-chloroform mixture and NaBH4 (0.120 g, 3.172 mmol) was
added portionwise to it at 0 °C. The resulting solution was stirred
overnight at room temperature and then the solvent was evapo-
rated. The residue was treated with brine solution and extracted
with 3 × 50 mL of CH2Cl2. The combined organic layers were dried
with anhydrous Na2SO4, filtered and concentrated under reduced
pressure to afford the desired product as pale yellow oil (0.400 g,
Yield 86 %). 1H NMR (400 MHz, 300K, CDCl3): δ (ppm) = 2.63 (s, 3
H), 4.02 (s, 2 H), 5.24 (s, 1 H), 7.15 (m, 3 H), 7.34 (d, 1 H), 7.51 (m, 2
H), 7.61–7.70 (m, 3 H), 7.74 (t, 1 H), 8.21 (d, 1 H), 8.27 (d, 1 H), 8.59
(d, 2 H).

Step 2: Synthesis of N-Benzyl-N-((6-(6-methylpyridin-2-yl)pyr-
idin-2-yl)methyl)dipyridin-2-yl-methanamine (N2Py-MeBpy-Bz):
A mixture of benzyl chloride (0.133 g, 1.051 mmol), N2Py-MeBpy
(0.386 g, 1.050 mmol) and catalytic amount of KI (0.100 g,
0.602 mmol) in MeCN (50 mL) was stirred under dinitrogen atmos-
phere. To the reaction mixture a solution of diisopropylethylamine
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(DIPEA) (1.362 g, 10.539 mmol) in MeCN (20 mL) was added drop-
wise over a period of 30 minutes and it was heated to reflux for 48
hours under dinitrogen atmosphere. After cooling to room temper-
ature the resulting mixture was filtered through Celite and then the
solvent was evaporated under reduced pressure. The residue was
dissolved in dichloromethane (30 mL) and was washed with water
(3 × 30 mL). The organic layer was dried with anhydrous MgSO4.
Evaporation of the solvent yielded the crude product as yellow oil.
Purification was achieved by column chromatography on silica us-
ing hexane, ethyl acetate, methanol (2:2:1) mixture to afford 0.425 g
of ligand (Yield 88 %). 1H NMR (400 MHz, 300K, CDCl3): δ (ppm) =
2.62 (s, 3 H), 3.84 (s, 2 H), 3.96 (s, 2H), 5.39 (s, 1 H), 7.13–7.26 (m,
7H), 7.46 (t, 3H), 7.65–7.75 (m, 5H), 8.22 (t, 2H), 8.57 (d, 2H). 13C NMR
( 1 5 0 M H z , 3 0 0 K , C D C l 3 ) : δ ( p p m ) = 2 7 . 6 4 ( C H 3 ) , 3 9 . 95
(PhCH2NCH2bpy), 47.59 (Py2CHN), 114.08, 125.27, 125.66, 126.42,
126.99, 127.67, 127.75, 128.12, 128.24, 136.85, 139.28, 146.09,
146.44, 147.97, 149.18.

Syntheses of Mononuclear RuII Complexes

[Ru(N4Py)(Cl)](PF6) (1Cl): It was synthesized by literature proce-
dure.[15] N4Py (0.400 g, 1.089 mmol) and cis-[Ru(DMSO)4Cl2] (0.528 g,
1.089 mmol) were taken together in a two-necked round-bottomed
flask. Approximately 60 mL of 2-propanol was added and the solu-
tion was refluxed for 12 h under dinitrogen atmosphere. The reac-
tion mixture was then cooled to room temperature and removal of
the solvent under reduced pressure resulted dark brown residue.
The residue was then dissolved in ≈ 3 mL of water. Upon addition of
saturated aqueous solution of NH4PF6 (1 mL), reddish-brown solid
emerged. The precipitate was then collected by filtration. The crude
product was purified by column chromatography on silica using
CHCl3/MeOH (9:1 v/v) mixture of solvent as eluent. After removal of
the solvent a reddish-orange solid was obtained. It was then
washed with diethyl ether and then dried in vacuo. Yield: 0.210 g
(30 %). Single crystals suitable for X-ray structure determination
were obtained by slow evaporation of methanol solution of the
complex. Anal. Calc. (%) for [Ru(N4Py)(Cl)](PF6)2 (C23H21ClF6N5PRu):
C 42.57, H 3.26, N 10.79; found C 42.48, H 3.20, N 10.54. IR [solid
sample in KBr (cm–1), selected peaks]: 842 (ν(PF6

–)). MALDI (2,5-
dihydroxybenzoic acid, dhb as matrix, in methanol): m/z = 504.1
{[Ru(N4Py)(Cl)](PF6) – PF6

–}+; 622.3 {[Ru(N4Py)(Cl)](PF6) + dhb – H+ –
Cl– – PF6

–}+. 1H NMR (400 MHz, 300K, CD3CN): δ (ppm) = 4.24 and
4.35 (ABq, 4 H, JAB = 17.6 Hz, NCH2Py), 6.38 (s, 1 H, NCHPy2), 7.01 (d,
2 H, J = 7.6 Hz, H3 of Py2CHN), 7.26 (t, 2 H, H5 of Py2CHN), 7.33 (t,
2 H, H5 of PyCH2N), 7.55–7.60 (m, 2 H, H4 of Py2CHN), 7.82–7.89 (m,
4 H, H3 of PyCH2N and H4 of PyCH2N), 9.00 (d, 2 H, J = 4 Hz, H6 of
PyCH2N), 9.37 (d, 2 H, J = 4 Hz, H6 of Py2CHN). 13C NMR (100 MHz,
300K, CD3CN): δ (ppm) = 64.67 (NCH2Py), 78.50 (Py2CHN), 120.53,
123.85, 124.15, 124.69, 136.08, 136.57, 152.54, 155.26, 160.72,
163.97. Electronic spectrum [λmax, nm (ε, M–1 cm–1)] (in MeCN): 470
(11300), 382 (13600), 300 sh (3600), 257 (10740).

[Ru(N4Py)(OH2)](PF6)2 (1Aq): This complex was prepared by slight
modification of the reported procedure.[15] A solution of 1Cl

(0.200 g, 0.308 mmol) and AgPF6 (0.778 g, 3.075 mmol) in 80 mL of
water was refluxed for 12 h. The reaction mixture was then cooled
to ice bath. The insoluble white solid was removed by filtration
through Celite pad. The filtrate was concentrated to ≈ 8 mL and
addition of 1–2 drops of saturated aqueous solution of NH4PF6 re-
sulted the formation of yellow precipitate. The yellow precipitate
was recrystallized from warmed water. Yield: 0.120 g (50 %). Anal.
calcd. (%) for [Ru(N4Py)(OH2)](PF6)2 (C23H23N5ORuP2F12): C 35.58, H
2.99, N 9.02; found C 35.48, H 2.80, N 8.95. IR [solid sample in KBr
(cm–1), selected peaks]: 843 (ν(PF6

–)); 3410 (ν(OH) of water). MALDI
(2,5-dihydroxybenzoic acid, dhb as matrix, in 0.1M aqueous
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CF3SO3H solution): m/z = 618.1 {[Ru(N4Py)(OH2)](PF6)2 – H2O – 2PF6
–

+ CF3SO3
–}+. 1H NMR (D2O): δ (ppm) = 4.24 and 4.37 (ABq, 4 H, JAB =

17.4 Hz, NCH2Py), 6.38 (s, 1 H, NCHPy2), 6.98 (d, 2 H, J = 8 Hz, H3 of
Py2CHN), 7.22 (m, 2 H, H5 of Py2CHN), 7.31 (m, 2 H, H5 of PyCH2N),
7.53 (t, 2 H, H4 of Py2CHN), 7.85 (m, 4 H, H3 of PyCH2N and H4 of
PyCH2N), 8.77 (d, 2 H, J = 5.2 Hz, H6 of PyCH2N), 8.86 (d, 2 H, J =
5.2 Hz, H6 of Py2CHN). Electronic spectrum [λmax, nm (ε, M–1 cm–1)]
(in 0.1M aqueous CF3SO3H solution): 440 (6000), 360 (7670), 246
(12000).

[Ru(N2Py-MeBpy-Bz)(Cl)](PF6)·MeCN (2Cl·MeCN): To a refluxed so-
lution of cis-[Ru(DMSO)4Cl2] (0.631 g, 1.302 mmol) and anhydrous
LiCl (0.552 g, 13.020 mmol) in MeOH (60 mL) was added dropwise
a methanolic solution (10 mL) of N2Py-M eBpy-Bz (0.596 g,
1.302 mmol) over a period of 30 minutes. The reaction mixture was
then refluxed for 12 hours under dinitrogen atmosphere. The crude
reaction mixture was then filtered to remove inorganic particles.
The filtrate was concentrated in reduced pressure and cooled to
8 °C. Addition of saturated aqueous solution of NH4PF6 (1 mL) af-
forded reddish-brown precipitate. The solid was collected by filtra-
tion, washed with cold water and diethyl ether, and dried in vacuo.
The product was purified by column chromatography on silica us-
ing dichloromethane/methanol (20:1) mixture as an eluent. Re-
moval of solvent afforded the product as dark brown solid. It was
then recrystallized by slow diffusion of diethyl ether into a concen-
trated solution of complex in MeCN. Single crystals suitable for X-
ray crystallography were also obtained by this method. Yield:
0.325 g, ≈ 32 %. Anal. Calc. (%) for [Ru(N2Py-MeBpy-Bz)(Cl)]-
(PF6)·MeCN (C32H30ClF6N6PRu): C, 49.27; H, 3.88; N, 10.77; found C,
49.32; H, 3.75; N, 10.70. IR [solid sample in KBr (cm–1), selected
peaks]: 841 (ν(PF6

–)). MALDI (2,5-dihydroxybenzoic acid, dhb as ma-
trix, in MeCN): m/z 594.1 {[Ru(N2Py-MeBpy-Bz)(Cl)](PF6) – (PF6

–)}+. 1H
NMR (400 MHz, 300K, CD3CN): δ (ppm) = 2.80 (s, 3 H, bpyCH3),
3.27 (d, 1 H, Jab = 15.2 Hz, -NCHaHbPh), 3.74 (d, 1 H, Jcd = 17.6 Hz,
-NCHcHdbpy), 4.16 (d, 1 H, Jab = 15.2 Hz, -NCHaHbPh), 4.52 (d, 1 H,
Jcd = 17.6 Hz, -NCHcHdbpy), 6.06 (s, 1 H, Py2CHN), 7.01 (t, 1 H, J =
4 Hz), 7.27 (d, 1 H, J = 8 Hz), 7.35 (m, 2 H), 7.51 (m, 3 H), 7.62 (d, 2
H, J = 8 Hz), 7.70–7.81 (m, 4 H), 7.94 (t, 1 H, J = 8 Hz), 8.04–8.12 (m,
2 H), 8.17–8.23 (m, 2 H), 9.60 (d, 1 H, J = 5.2 Hz, H6 of PyaxPyeqCHN).
13C NMR (100 MHz, 300K, CD3CN): δ (ppm) = 26.92 (bpyCH3), 58.38
(-NCH2Ph), 60.92 (-NCH2bpy), 74.73 (Py2CHN), 120.24, 120.42, 121.90,
123.60, 125.02, 125.66, 126.74, 127.79, 129.23, 131.75, 132.02,
134.30, 135.11, 135.96, 136.63, 138.06, 149.15, 155.21, 157.98,
159.01, 159.63, 160.26, 162.58, 164.90. (Electronic spectrum [λmax,
nm (ε, M–1 cm–1)] (in MeCN): 509 (8335), 435 (5240), 353 (7640), 340
(7640), 302 (23730), 251 (21780).

[Ru(N2Py-MeBpy-Bz)(OH2)](PF6)2·3H2O·MeOH (2Aq·3H2O·MeOH):
To a solution of 2Cl (0.150 g, 0.202 mmol) in 20 mL of methanol/
water mixture (1:1) was added dropwise an aqueous solution of
AgPF6 (0.204 g, 0.808 mmol) under dinitrogen atmosphere. The re-
action mixture was refluxed overnight, and the white precipitate
was separated by filtration through Celite pad. The filtrate was col-
lected and solvent was removed under reduced pressure until pre-
cipitation appeared. It was then collected and washed with diethyl
ether and dried in vacuo to yield a reddish-brown solid. Yield:
0.100 g, ≈ 52 %. Anal. Calc. (%) for [Ru(N2Py-MeBpy-Bz)(OH2)]-
(PF6)2·3H2O·MeOH (C31H39F12N5O5P2Ru): C, 39.08; H, 4.13; N, 7.35;
found C, 39.04; H, 4.07; N, 7.38. IR [solid sample in KBr (cm–1), se-
lected peaks]: 3450 (ν(OH) of water), 840 (ν(PF6

–)). MALDI (2,5-di-
hydroxybenzoic acid, dhb as matrix, in 0.1M aqueous CF3SO3H solu-
tion): m/z = 708.1 {[Ru(N2Py-MeBpy-Bz)(OH2)](PF6)2 - H2O - 2PF6

– +
CF3SO3

–}+. 1H NMR (400 MHz, 300K, D2O): δ (ppm) = 2.79 (s, 3 H,
bpyCH3), 3.39 (d, 1 H, Jab = 14.4 Hz, -CHaHbPh), 3.78–3.87 (m, 2 H,
-CHaHbPh & -CHcHdbpy), 4.60 (d, 1 H, Jcd = 17.6 Hz, -CHcHdbpy), 6.09
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(s, 1 H, Py2CHN-), 6.89 (t, 1 H, J = 4 Hz), 7.26 (d, 1 H, J = 4 Hz), 7.30–
7.32 (m, 2 H), 7.46–7.48 (m, 3 H), 7.53–7.63 (m, 4 H), 7.70 (d, 1 H,
J = 4 Hz), 7.78 (t, 1 H, J = 4 Hz), 7.93 (t, 1 H, J = 4 Hz), 8.07–8.08 (m,
2 H), 8.18 (d, 1 H, J = 8 Hz), 8.22 (d, 1 H, J = 8 Hz), 9.50 (d, 1 H,
J = 8 Hz, H6 of PyaxPyeq-CH-N). Electronic spectrum [λmax, nm
(ε, M–1 cm–1)] (in 0.1M aqueous CF3SO3H solution): 467 (7170), 360
sh (6020), 297 (21525), 248 (19280).

[Ru(N2Py-MeBpy-Bz)(MeCN)](PF6)2·0.5MeCN·H2O (2ACN·0.5
MeCN·H2O): This complex was obtained during recrystallization of
2Aq by slow diffusion of diethyl ether into a concentrated solution
of the complex in acetonitrile. Single crystals suitable for X-ray crys-
tallography were obtained by the same method. It was found that
during crystallization process water was replaced by MeCN. Anal
Calcd (%) for [Ru(N2Py-MeBpy-Bz)(MeCN)](PF6)2·0.5MeCN·H2O
(C33H33.5F12N6.5OP2Ru): C, 42.70; H, 3.64; N, 9.81; found C, 32.64; H,
3.37; N, 9.88. IR [solid sample in KBr (cm–1), selected peaks]: 2250
(ν(C≡N) of acetonitrile), 840 (ν(PF6

–)). 1H NMR (400 MHz, 300K,
CD3CN): δ (ppm) = 2.83 (s, 3 H, bpyCH3), 3.45 (d, 1 H, Jab = 14.4 Hz,
-NCHaHbPh), 3.85 (d, 1 H, Jcd = 18.0 Hz, -NCHcHdbpy), 4.17 (d, 1 H,
Jab = 14.4 Hz, -NCHaHbPh), 4.76 (d, 1 H, Jcd = 18.0 Hz, -NCHcHdbpy),
6.15 (s, 1 H, Py2CHN-), 7.14 (t, 1 H, J = 6 Hz), 7.39–7.42 (m, 3 H), 7.58
(m, 3 H), 7.68 (t, 1 H, J = 6 Hz), 7.74 (d, 1 H, J = 7.6 Hz), 7.77–7.80
(m, 2 H), 7.86 (t, 1 H, J = 8 Hz), 7.96 (t, 1 H, J = 8 Hz), 8.08–8.21
(m, 3 H), 8.28 (t, 2 H, J = 8 Hz), 9.51 (d, 1 H, J = 5.2 Hz, H6 of
PyaxPyeqCHN). 13C NMR (100 MHz, 300K, CD3CN): δ (ppm) = 27.03
(bpyCH3), 59.17 (-NCH2Ph), 61.25 (-NCH2bpy), 74.34 (Py2CHN),
121.08, 121.71, 122.33, 124.25, 125.47, 126.29, 126.68, 129.19,
129.82, 130.85, 132.11, 136.65, 138.15, 139.34, 154.32, 157.22,
158.07, 158.50, 158.69, 159.74, 162.84, 165.74. Electronic spectrum
[λmax, nm (ε, M–1 cm–1)] (in MeCN): 490 sh (3700), 437 (8250), 397
(7200), 291 (22360), 254 (15250).

Physical Measurements

General Instrumentation: Elemental analyses (C, H, N) were ob-
tained using Perkin–Elmer Elemental Analyzer (Model No 2400-
SERIESII). Spectroscopic measurements were made using the follow-
ing instruments: Electronic: Agilent 8454 diode-array spectropho-
tometer. FTIR (KBr, 4000–500 cm–1): Thermofisher Scientific Nicolet
6700 FTIR. MALDI: Bruker MALDI-TOF/TOF Ultraflextreme; X-band
EPR: Bruker ELEXSYS 580 spectrometer. NMR spectra were obtained
on Bruker 400/600 Ultrashield (400 MHz/600 MHz) NMR spectrome-
ter; chemical shifts are reported in ppm referenced to solvent resid-
ual peak. Purification of water (18.2 MΩcm) was performed with a
Milli-Q system (Millipore, Direct-Q 3 UV). pH was measured by Utech
pH tutor. O2 and CO2 gases were detected by GC (Thermofisher
Scientific Trace 1110 GC) with TCD and FID, respectively. GC–MS
analysis was carried out on Thermo Scientific Trace 1300 gas chro-
matograph connected with ISQ single quadrupole MS. The products
were identified by comparing their retention times and mass spec-
tral patterns to those authentic standards. Electrochemical measure-
ments (CV and SWV) were performed by using CH Instruments Elec-
trochemical Analyzer/Workstation Model 660E Series. A standard
three-electrode cell was employed with glassy carbon (3 mm diam-
eter) working electrode, a platinum-wire auxiliary electrode, and a
saturated calomel electrode (SCE) as reference. All potentials were
measured relative to SCE at 298 K and converted to NHE. Controlled
potential electrolyses were carried out using platinum mesh as
working electrode.

Crystal Structure Determinations: X-ray data were collected on a
Bruker SMART APEXII CCD diffractometer, with graphite-monochro-
mated Mo–Kα (λ = 0.71073 Å) radiation. The data for complexes
1Cl and 2Cl·MeCN were collected at 100(2) K; whereas for complex
2ACN·0.5MeCN·H2O the data was collected at 300(2) K. For data
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reduction a “Bruker Saint Plus” program was used. Data were cor-
rected for Lorentz and polarization effects; an empirical absorption
correction (SADABS v.2.10) was applied. Structures were solved by
SIR-2014/SIR-97 and refined by full-matrix least-squares methods
based on F2 using SHELXL-2014/7, incorporated in a WinGX 2014.1
crystallographic collective package.[33] All non-hydrogen atoms for
all the three complexes were refined anisotropically. The positions
of all hydrogen atoms were calculated assuming ideal geometries.
For 2Cl·MeCN TWIN refinement was performed. The hydrogen at-
oms of solvent water molecules for 2ACN·0.5MeCN·H2O could not
be assigned due to the poor quality of data. Thus, the refinement
of these two oxygen atoms were done without hydrogen atoms
joined to them. Pertinent crystallographic parameters are summa-
rized in Table S1 (Supporting Information).

CCDC 1816930 (for 1Cl), 1816931 (for 2Cl·MeCN), and 1816932 (for
2ACN·0.5MeCN·H2O) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre.

Kinetic Measurements: The kinetic experiments were carried out
spectrophotometrically, using an Agilent 8454 diode array spectro-
photometer, equipped with thermostatted cell holder. The tempera-
ture of the cell was maintained at 303 K by continuous flow of
water connected with a thermostat (Julabo, Model: Corio CD-200F).

Oxygen Evolution Measurements: The CeIV driven oxidation of
water was monitored by an Ocean Optic fluorescence-based oxy-
gen sensor (Neofox-GT, FOSPOR-R) positioned in the headspace of
the custom-made glass vessel with a water jacket. The cell tempera-
ture was maintained at 303 K by continuous flow of water con-
nected with a thermostat. Two-point calibration was performed un-
der air saturated and nitrogen saturated conditions. The aqueous
solution of RuII complexes (initial pH 1, CF3SO3H, 1.8 mL) was taken
into the custom made glass vessel. It was sealed with rubber sep-
tum and the oxygen needle sensor was inserted through the rubber
septum. The solution was deaerated with N2 gas flow for 20 min-
utes and then the catalysis was initiated by adding deaerated
0.2 mL of CAN solution {[catalyst]f = 1 mM, [CAN]f = 60 mM, total
volume of the solution = 2 mL}.
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