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Two mononuclear ruthenium(II) complexes based on dianionic
{N4} ligands and with axial pyridines have been prepared and
characterized crystallographically (1) or by 2D NMR spectro-
scopy using residual dipolar couplings (2). The {N4} ligands
provide a constrained equatorial coordination with one large
N� Ru� N angle, and additional non-coordinating N atoms in
case of 2. Their redox properties have been investigated
(spectro)electrochemically, and their potential to serve as water
oxidation catalysts has been probed using cerium ammonium

nitrate (CAN) at pH 1.0. Complex 1 undergoes rapid degrada-
tion, likely via ligand oxidation, whereas 2 is more rugged and
exhibits 80% efficiency in the CeIV-driven water oxidation, with
a high initial turnover frequency (TOFi) of 3.07×10

� 2 s� 1 (at
100 equiv. CAN). The initial rate of O2 evolution exhibits 1

st

order dependence on catalyst concentration, suggesting a
water nucleophilic attack mechanism. Repeated addition of
CAN and control experiments show that high ionic strength
conditions (both NO3

� and CeIII) significantly decrease the TOF.

Introduction

A sustainable energy supply of the future should use chemical
fuels whose production is resource-conserving and environ-
mentally friendly.[1–3] Artificial photosynthesis and the solar-
driven generation of hydrogen from water are considered as a
potential solution to lower the consumption of carbon-based
fossil resources.[4–7] The oxidative half-reaction of water splitting,
viz. the four-electron oxidation of water to dioxygen, is a key
step in this context. However, this oxygen evolution reaction
(OER) is thermodynamically and kinetically demanding, and it
requires robust and powerful catalysts that can withstand harsh
reaction conditions. Among molecular water oxidizing catalysts
(WOCs), ruthenium-based systems are particularly prominent
and exhibit the most promising catalytic performance. Extensive
mechanistic studies have been performed for both mono- and
dinuclear ruthenium WOCs[8–15] and have shown that the critical
O� O bond formation may occur via coupling of two metal oxo
units (I2 M) or nucleophilic attack of water onto a high valent
Ru=O centers (WNA) depending on the design and electronic
structure of the catalyst.[16–18] More recently, for complexes with

non-coordinating N-atoms close to the active site, an alternative
mechanism has been proposed where oxidizing equivalents are
stored on the ligand via O-atom transfer (OAT) to generate an
N� oxide group; O� O coupling then proceeds via the interaction
of a high-valent Ru=O and the N� O unit.[19]

Over the last decades, impressive catalytic activities have
been achieved with ruthenium-WOCs based on tetradentate
(bda: type A)[20,21] or pentadentate (tda: type B)[12] ligands
(Figure 1) in which oligopyridyl chelating scaffolds are equipped
with peripheral carboxylate groups, and reaction pathways are
tuned by modification of the axial ligands.[22,23] It has been
shown that these complexes can form seven-coordinate
Ru� OHx intermediates, and the metal reaches a high +V
oxidation state;[24–26] oxidation at relatively low potentials is
facilitated by the anionic carboxylate groups that lower the
overall charge of the complexes. The bda-derived complexes
usually follow the I2M mechanism while tda-based systems
favor a WNA scenario assisted by the dangling carboxylate
groups that serve as H-bond acceptors for the water
nucleophile.[27–29] On the other hand, much efforts have been
directed toward the immobilization of efficient WOCs on solid
supports without compromising the stability and performance
of the system.[30–33] To that end, type A and B complexes have
been equipped with various anchoring groups for successful
immobilization on carbonaceous surfaces,[31,34–36] but immobili-
zation on metal oxide supports is complicated by the preferred
interaction of the ligand carboxylates with the surface.

A family of topologically related ruthenium complexes
bearing equatorial ligands with only N-donors, such as the
tetradentate N4 ligands 2,2’:6’,2’’:6’’,2’’’-quaterpyridine (qpy;
type C; Figure 1)[37] or 2,2-(1,10-phenanthroline-2,9-
diyl)bis(pyridine) (bpb; type D; Figure 1)[38,39] have been found to
also serve as WOCs and to generate O2 after treatment with an
oxidant. However, due to their neutral N-donor ligands these
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complexes are positively charged, which usually leads to higher
redox potentials and often favors detrimental leaching of
immobilized catalysts into an aqueous solution. During chem-
ical water oxidation, the two catalysts C and D initially undergo
ligand oxidation at the outer pyridyl rings to form the qpy/bpb-
N,N’’’-dioxide (ONNO) ligands, and the resulting [Ru-
(ONNO)(pic)2]

2+ complexes are considered as the actual and
active WOCs.

With the aim of combing beneficial features of both classes
of Ru-based WOCs A/B and C/D -viz., exploiting anionic ligand
character but using N-donors only, in an overall complex
topology similar to the above catalysts- we now introduce the
two new ruthenium complexes 1 and 2 (Figure 1). Their
synthesis and characterization are reported, as well as prelimi-
nary studies on their ability to serve as WOCs.

Results and Discussion

Synthesis and characterization of H2L2 and ruthenium
complexes

Proligand H2L1 was prepared following a previously reported
protocol,[40,41] and H2L

2 was synthesized via a similar procedure
using 2,2’-bipyridine-6,6’-dicarboxylic acid and 2,3-diamino-
pyridine, which were coupled under acidic condition
(Scheme 1). The reaction of H2L

1 and [RuCl2(C6H6)]2 in presence
of NEt3 in degassed MeOH followed by the addition of an
excess amount of pyridine leads to the formation of complex
[L1Ru(py)2] (1) as a brown solid. Complex [L2Ru(py)2] (2) is
obtained similarly, but using RuCl2(dmso)4 as the ruthenium
precursor (Scheme 2).

Both complexes were purified by column chromatography,
and in the case of 1 crystals suitable for X-ray diffraction could
be grown by slow evaporation of a solution of the complex in
chloroform. The molecular structure shown in Figure 2 confirms
the expected constitution with [L1]2� serving as a dianionic
tetradentate equatorial ligand and with pyridines in the axial
positions, giving an {N6} coordination environment for the
central RuII ion. The Ru� N bonds involving the inner pyridyl
rings of [L1]2� (Ru1� N1 1.963 Å, Ru1� N2 1.967 Å) are signifi-
cantly shorter than the Ru� N bonds involving the outer
benzimidazolato groups (Ru1� N3 2.133 Å, Ru1� N4 2.145 Å),
which is caused by the rigidity and the acute bite angles of the
tetradentate ligand framework. As a result, the angle
N3� Ru1� N4 (122.4°) is widened by 32° relative to the ideal
octahedral geometry and much wider than all other N� Ru� N

Figure 1. Previously reported mononuclear ruthenium water oxidation
catalysts based on bda (A),[20] tda (B)[12] qpy (C),[37] and bpb (D)[38] ligand
scaffolds (top and middle), and new complexes 1 and 2 reported in this
work (bottom).

Scheme 1. Synthetic procedure for the preparation of H2L
2

Scheme 2. Synthesis of complexes 1 and 2.
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angles in 1, possibly allowing a seventh ligand (such as water)
to bind in the open cleft of the equatorial plane.

Both complexes have been characterized in solution by 1D
and 2D NMR spectroscopy and electrospray ionization mass
spectrometry (ESI(+)-MS; see Supporting Information). The
ESI(+) mass spectrum in MeOH shows the expected protonated
ion [LRu(py)2+H]

+ at m/z 647.1 (1) and 649.2 (2) even after
storing the MeOH solutions for longer times, indicating that the
axial pyridine ligands are not substituted under those con-
ditions. The 1H NMR spectrum of 1 in MeOH-d4 shows 10
distinct resonances in the region typical for aromatic groups,
reflecting the C2V symmetry of the complex. In case of 2,
however, 13 signals integrating to 22 protons are observed in
that region (including some signal overlap; Figure S18), indicat-

ing a lower symmetry. To elucidate the structure of 2 in
solution, residual dipolar couplings (RDCs) were measured in
addition to conventional 2D-NMR methods.

The correlation between H-12 and H-10 in the 1H-1H NOESY
spectrum of 2 (highlighted as green boxes in Figure 3) suggests
the formation of an in, out isomer as the main product, where
the two imidazo[4,5-b]pyridine units are oriented in the same
direction. For residual dipolar couplings (RDCs) experiments,
C� H coupling constants were measured using the CLIP-HSQC[42]

on both an isotropic sample and an anisotropic sample in a
swollen cross-linked polystyrene[43,44] from which the RDCs can
be extracted (Figures S35 and S36). For these measurements,
THF-d8 was used as a solvent instead of MeOH-d4 as methanol
does not swell polystyrene. For the analysis of the RDCs, MSpin
was used.[45] There, a list of RDCs assigned to the respective
C� H groups is compared to theoretical RDCs of a structure
model, which is in this case a geometry optimized structure
calculated by Gaussian 16 (Figure 4<A).[46] The difference
between the experimental and the theoretical RDCs is ex-
pressed by a quality factor that indicates how well the RDCs
and their assignment to particular C� H groups fit the
structure.[47] Thus, a proposed structure can be confirmed while
all the signals can be safely assigned in the respective solvent
used. In the case of complex 2, the theoretical RDCs fit
excellently with the experimental values (Figure 4B), which
confirms the structure model of an in, out isomer with a quality
factor of 0.04. Notably, even the signals of the bipyridine unit,
for which there is no external connectivity information, could
be assigned this way (Figure S37); an assignment with the
groups 2–4 and 2’-4’ swapped leads to a much poorer agree-
ment of experimental and theoretical RDCs with a quality factor
of 0.23.

Figure 2. Molecular structure of 1. For clarity, hydrogen atoms and solvent
molecules have been omitted.

Figure 3. 1H-1H-NOESY spectrum of complex 2 in MeOH-d4 at room temperature. The correlation between H-12 and H-10 is highlighted with green boxes.
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The reasons for the isolation of only the in, out isomer of 2
remain unclear. It may be speculated that formation of 2 is
preferred because of the highly polar conditions used for its
synthesis (MeOH solvent, excess NEt3 and pyridine), favouring a
higher dipole moment of the product. However, the yield of
pure 2 isolated after column chromatography is rather low, and
it may well be that other isomers are formed as well but are lost
during workup.

Protonation studies

Since chemical water oxidation studies are performed under
low pH conditions (0.10 M aqueous triflic acid; vide infra), the
potential protonation of 1 and 2 and the stability of the
complexes in acidic environment were investigated. To that
end, titrations of MeOH solutions of 1 and 2 with aqueous HOTf
were monitored by UV-vis spectroscopy (Figure 5). Upon the
addition of acid, the characteristic intense absorption of 1 and 2
around 380 nm (tentatively attributed to metal-to-ligand charge
transfer, MLCT) gradually decreases, and two new bands arise at
slightly higher energy (350 and 362 nm); no further changes are
observed after the addition of two equivalents of acid,
indicating that twofold protonation is possible (inset Figure 5).
Subsequent addition of base (1,5,7-triazabicyclo[4.4.0]dec-5-
ene; TBD) fully recovers the original spectra of 1 and 2,
suggesting good stability of the protonated complexes. The
in situ generation of protonated species [1H2]2+ and [2H2]2+

was also confirmed by NMR spectroscopy, which furthermore
showed that protonation of the imidazo[4,5-b]pyridine units of
2 occurs at the peripheral N-atoms of the 5-membered rings
(not the 6-membered rings; see Supporting Information).

For complex 1, single crystals of [1H]PF6 and [1H2](CF3SO3)2
were obtained by treating solutions of the complexes in CH2Cl2
with HPF6 or CF3SO3H, respectively, and subsequent slow
diffusion of diethyl ether into solutions of the crude products in
MeOH. X-ray diffraction analyses confirmed protonation at the
peripheral N atoms of the benzimidazole groups (Figure 6); the
N-bound H atoms could be located and are found to H-bond to
the respective anion. Ru� N bonds involving the equatorial
tetradentate ligand undergo only minor changes compared to

Figure 4. Calculated structure model of 2 showing the preferred orientation
in oriented solution along the z-axis and the least preferred orientations
along the y-axis (A). The theoretical RDC for the C� H groups of complex 2
plotted against the experimental RDC of each C� H group, respectively (B).

Figure 5. UV-vis titration of 1 (top) and 2 (bottom) with aqueous HOTf and
TBD in methanol at room temperature.

Figure 6. Molecular structures of [1H]PF6 and [1H2](CF3SO3)2. Most hydrogen
atoms (except the N� H) and disorders have been omitted for clarity.
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the parent neutral complex 1; elongation is most pronounced
for the Ru� Nimid bonds involving the benzimidazole� N (~0.03 Å)
in line with protonation at those moieties (see Table 1). Also the
wide angles N3� Ru1� N4 in [1H]PF6 (123.5°) and N1� Ru1� N1’ in
[1H2](CF3SO3)2 (123.2°) are essentially unchanged (33°; versus
32° in 1), indicating that the deviation from ideal octahedral
geometry and the presence of a potentially accessible seventh
coordination site remain under acidic conditions.

Electrochemical properties

The redox properties of complexes 1 and 2 were investigated in
a 1 :1 mixture of aqueous CF3SO3H (0.10 M, pH=1.0) and 2,2,2-
trifluoroethanol (TFE) using cyclic voltammetry (CV) and square
wave voltammetry (SWV); as shown above, protonated species
[1H2]2+ and [2H2]2+ are present under those conditions. 1H NMR
spectroscopy confirmed that [2H2]

2+ is stable in that solvent
mixture for at least 48 h, without signs of loss of axial pyridines.
Redox waves at E1/2=1.23 V ([1H2]

2+) and E1/2=1.16 V ([2H2]
2+;

all potentials vs. RHE) are assigned to the reversible one-
electron RuIII/RuII couple; oxidation to the RuIII species is slightly
more facile for [2H2]

2+ whose {N4} ligand [H2L
2] is less e� -

donating. At higher potentials both complexes feature an
electrocatalytic current (Eonset is around 1.5 V for [1H2]

2+ and
1.4 V for [2H2]

2+; Figure 7).
Chemical reversibility of the RuIII/RuII redox process was

further studied by UV/vis-spectroelectrochemistry in a 1 :1
mixture of aqueous HOTf (0.10 M, pH=1.0) and TFE (Fig-
ure S40). Initial spectra are similar to those observed for
protonated species [1H2]2+ and [2H2]2+ in the titration experi-
ments, cf. Figure 5. Upon oxidation at 1.35 V ([1H2]

2+) or 1.25 V
([2H2]2+) vs. RHE, the intensity of the bands at 320, 346, and
362 nm slightly decreases and the broad band at 480 nm
vanishes after conversion to the RuIII species. The original
spectra of [1H2]2+ and [2H2]2+ are fully recovered after electro-
chemical re-reduction at 1.10 V or 1.12 V, respectively. To
further quantify the variation of the band intensity at 480 nm,
and to ascertain that the same spectral changes occur upon
chemical oxidation, a concentrated solution (10� 3 M) of [2H2]2+

was titrated with cerium(IV) ammonium nitrate (CAN) up to the
addition of 1 equiv. (Figure 8). Spectral signatures for the
electrochemical and chemical oxidation processes indeed show
good agreement.

To examine the ruggedness of the complexes at high
potentials under catalytic conditions, repetitive CV scans were
carried out, cycling the potential range 0.80–1.83 V vs. RHE at a

scan rate of 50 mV/s (Figure 9). A considerable decrease of the
electrocatalytic current as well as a decrease of the wave for the
RuIII/RuII couple are observed in case of [1H2]

2+, indicating
gradual decomposition of the complex on the time scale of the

Table 1. Selected distances [Å] and angles [°].

1 [1H]PF6 [1H2](CF3SO3)2

Ru� Nbipy 1.963(3)/1.967(3) 1.9545(16)/1.9629(15) 1.959(3)
Ru� Nimid 2.133(3)/2.145(3) 2.1581(15)/2.1791(15) 2.169(3)
Ru� Npy 2.086(3)/2.092(3) 2.0838(15)/2.1085(17) 2.096(3)
Nbipy� Ru� Nbipy 80.43(14) 80.21(7) 80.45(16)
Nimid� Ru� Nimid 122.42(13) 123.54(6) 123.15(15)
Npy� Ru� Npy 175.37(13) 175.91(6) 174.2(2)

Figure 7. Cyclic voltammetry of 1 (top) and 2 (bottom) in a 1 :1 mixture of
aqueous triflic acid (0.10 M, pH=1.0) and TFE at different scan rates using
glassy carbon as a working electrode, platinum as a counter electrode, and
MSE as a reference electrode (complex concentration: 10� 3 M); blank
measurements recorded under the same conditions (solid grey). The insets
show the corresponding SWVs. All potentials are referenced versus the RHE
scale.

Figure 8. UV/vis spectra for the chemical oxidation of [2H2]
2+ from RuII (dark

green) to RuIII (light green) upon titration with CAN in steps of 0.10 equiv.,
up to 1 equiv..
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experiment. Complex [2H2]2+ exhibits higher stability judged by
the unchanged wave for RuIII/RuII couple, but also displays a
continuous decrease in electrocatalytic current.

Water oxidation catalysis with CeIV as a chemical oxidant

The potential of both 1 and 2 to serve as catalysts for
chemically driven water oxidation has been studied using CAN
as a sacrificial oxidant under acidic conditions. Catalysis is
initiated by the addition of 100 equiv. of CAN to a 1 mM
solution of the complex in aqueous triflic acid (0.10 M, pH=

1.0); thus the formation of 25 equiv. of O2 (TON 25) would
correspond to an efficiency of 100%. In these experiments, gas
evolution was recorded simultaneously by online manometry
and an optical oxygen sensor, and comparison of the two data
sets provides information on whether gases other than O2 are
generated.

Complex 1 (present as [1H2]
2+ at pH 1.0) shows a significant

gap between the manometry (blue) and oxygen sensor (red)
readings after the first addition of 100 equiv. CAN, suggesting
the production of other gases during the catalysis (Figure 10,
top). Hence the headspace of the reaction cell was analysed by

GC-MS, which showed the presence of significant amounts of
CO2 (Figure S41). It is thus likely that oxidative degradation of
the ligand to CO2 occurs under harsh WOC conditions, in
agreement with the instability of [1H2]2+ found at high electro-
chemical potentials. Hence, WOC with 1 was not investigated
any further.

In contrast, complex 2 (present as [2H2]2+ at pH 1.0) reaches
a TON of around 20, corresponding to a good efficiency of 80%
under identical conditions (100 equiv. of CAN in 0.10 M aqueous
HOTf at 25 °C). Manometry and oxygen sensor measurements
are in very good agreement (Figure 10, bottom), indicating that
O2 is the only gas produced during catalysis. Furthermore, the
reaction is fast with a rather high initial turnover frequency
(TOFi) of 3.07×10

� 2 s� 1, which compares favourably with the
value reported for C (2.5×10� 2 s� 1;[37] note that 100-fold higher
excess of CAN has been used in the latter case, viz.
10.000 equiv.). TOFi values for 2 are similar to those of some
active pyrazolate-bridged diruthenium WOCs featuring solely N-
donor ligands (1×10� 2–7×10� 2 s� 1), which have been studied
under identical conditions (see Table 2).[17,48]

The chemical stability and activity of 2 was further
investigated by adding further 100 equiv. of the oxidant CAN at
the end of the first experiment, resulting in an overall TON of

Figure 9. Repetitively measured CVs of complexes [1H2]
2+ and [2H2]

2+ in a
1 :1 mixture of aqueous triflic acid (0.10 M, pH=1.0) and TFE at a scan rate
of 50 mV/s within the range 0.80–1.83 V vs. RHE. WE: glassy carbon, CE:
platinum, Ref: MSE.

Figure 10. Chemically driven water oxidation catalysis of 1 (top) and 2
(bottom) upon addition of CAN into a solution of the complex in an aqueous
triflic acid solution (0.10 M, pH=1.0) at 25 °C. The oxygen evolution is
monitored simultaneously by on-line manometry (blue) and optical oxygen
sensor (red).
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39 (efficiency of 76%; Figure 10, bottom). Good agreement
between manometry and oxygen sensor readings suggests that
the catalyst remains intact after the first run. However, the TOFi
is much lower in the second run (0.18×10� 2 s� 1), which may be
explained by the presence of large amounts of free nitrate and/
or CeIII ions originating from the CAN oxidant. Anation by
nitrate (which competes with water for the active coordination
sites)[49–51] or interaction of the catalyst with CeIII have previously
been reported for several ruthenium-based WOCs. When
200 equiv. of CAN are added to a freshly prepared solution of 2,
initially the manometry trace for O2 evolution is similar to the
one for the first run using 100 equiv. CAN up to a TON of 20,
but the reaction rate then decreases as well (Figure S42). In
order to probe the effect of NO3

� and CeIII ions on the rate of
catalysis, the water oxidation experiment was conducted in the
presence of 600 equiv. NaNO3, 100 equiv. Ce(NO3)3 or a
combination of both (viz. 300 equiv. NaNO3+100 equiv. Ce-
(NO3)3) to emulate the ionic strength conditions with respect to
NO3

� or/and CeIII resulting after completion of a catalytic first
run with 100 equiv. of CAN. The findings presented in Fig-
ure S42 show that both, the addition of NaNO3 or Ce(NO3)3 prior
to water oxidation initiated by CAN, leads to significantly lower
TOFs and deceleration of catalysis. Also, the active catalyst‘s
concentration might gradually decrease due to the dissociation
of the axial pyridine ligands at high Ru oxidation states, which
could reduce the reaction rate, particularly in the second run.
Hence the slowdown of water oxidation over the time scale of
the experiment, or upon repeated addition of CAN, can be
attributed, at least in part, to the change in the solution
composition during the time scale of the WOC experiment.

Figure 11 (top) shows the time dependence of O2 evolution
for differing amounts of catalyst 2 ranging from 0.37–1.77 mM,
while maintaining the CAN concentration at 100 mM. No
initiation phase is discernible, and the initial rate of O2
formation for each catalyst concentration is obtained from a
linear fit to the O2 evolution traces for the first 80 s (see inset). A
first-order behaviour with respect to the catalyst indicates a
mononuclear mechanism, likely operating via WNA for O� O
bond formation. It may be speculated that the non-coordinat-
ing N-atom of the in-positioned imidazo[4,5-b]pyridine moiety
in 2 may H-bond to incoming water and thus assist a WNA
mechanism at a high-valent Ru=O intermediate.[52,53]

To gain information about the complex species present in
solution after catalysis, solutions of 2 in a 1 :1 mixture of 0.10 M
triflic acid (pH 1.0) and TFE (viz., conditions as above) were

treated with 30 equiv. CAN, and ESI(+) mass spectra were then
recorded. A dominant peak at m/z=490.1 (Figure S6) can be
assigned to the ion [L2Ru+H]+, which suggests that the
tetradentate {N4} ligand remains intact and bound to Ru, but
that the axial pyridine ligands are lost during catalytic water
oxidation. Therefore, the site of substrate (H2O) binding and the
exact identity of the catalytically active species remain unclear.
The ESI(+) MS experiments do not provide any evidence for
species containing an N-oxygenated ligand {L2Ox}, in contrast to
what was reported for catalysts C and D.

Summary and Conclusions

In this contribution we present two new ruthenium complexes
1 and 2 that have been designed to combine key features of
active mononuclear ruthenium WOCs A/B and C/D, namely (i) a
constrained tetradentate ligand scaffold that potentially allows
for water coordination in the equatorial plane, (ii) dianionic
character of the equatorial ligand scaffold to reduce the
complexes’ charge and overpotential like in A/B, and (iii) a
ligand scaffold providing N-donors only, devoid of carboxylate
groups, to prevent unwanted interactions with metal oxide
surfaces upon immobilization. Furthermore, it was anticipated

Table 2. Catalytic data for 1, 2, C and a series of pyrazolate-bridged
diruthenium WOCs containing N-donor ligands. 10.000 equiv. of CAN has
been used in case of C.

Complex TON
(equiv. CAN)

TOFi [s
� 1] ref

1 14.1 (100) 0.3×10� 2 this work
2 20.0 (100) 3.07×10� 2 this work
C 576 (10.000) 2.5×10� 2 37
pyrazolate-based
Ru2 complexes

17.0–22.6 (100) 1×10� 2–7×10� 2 17, 48

Figure 11. Top: O2 formation measured by manometry at indicated concen-
trations of complex 2 and constant CAN concentration (100 mM); the inset
shows the first 80 s of all experiments. Bottom: initial rate of O2 formation
(from the first 80 s of catalysis) vs. complex concentration.
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that the additional N-atoms in the imidazo[4,5-b]pyridine
groups of 2 might be able to serve as H-bond acceptor sites
and water shuttles, akin the carboxylate groups in A/B. The
structure of 1 was authenticated crystallographically. For 2,
based on detailed 2D NMR spectroscopic studies and using
residual dipolar couplings it was shown that the isolated
complex is the in,-out isomer. Both complexes 1 and 2 can be
protonated twice at the peripheral imidazole-type N atoms to
give [1H2]

2+ and [2H2]
2+, respectively, under acidic conditions.

Electrochemical analyses evidence a reversible redox process at
E1/2=1.23 V (for [1H2]2+) or 1.16 V (for [2H2]2+) vs. RHE and a
large catalytic current above the onset potential. However,
scanning to high potentials in repetitive CV measurements
indicates that 1 is not stable under the harsh conditions of
water oxidation; 2 appears to feature significantly higher
stability within the applied potential range. The performance in
chemically driven WOC was studied using CAN as a sacrificial
oxidant at pH 1.0. In agreement with the electrochemical
results, complex 1 is found to gradually degrade upon the
addition of CAN under catalytic conditions, and the formation
of CO2 gas (likely originating from ligand degradation) was
confirmed by GC-MS analysis. In contrast, complex 2 appears to
be significantly more robust, though ESI-MS data recorded after
CAN-driven WOC indicate the loss of the axial pyridine ligands.
Therefore, chemical anchors for surface immobilization would
likely have to be attached to the equatorial ligand scaffold. 2
features a first-order dependence of the initial rate of O2
evolution on catalyst concentration, suggesting that a water
nucleophilic attack mechanism (WNA) is operative. No evidence
for N-oxygenation of the non-coordinating N-atoms of the
imidazo[4,5-b]pyridine units in 2 was found, and hence the
involvement of OAT transfer via N� O group (similar to what
was reported for C and D[37,38]) seems unlikely. The beneficial
role of the additional non-coordinating N-atoms in 2, if
compared with 1, thus remains unclear, but one may speculate
that the in-positioned N-atom could possibly serve as a water
shuttle. Unfortunately, further experimental mechanistic inves-
tigations such as 18O labelling experiments were hampered by
the poor solubility of the complexes in aqueous solution.

Experimental Section

Materials and Methods

6,6’-bis-(1H-benzimidazol-2-yl)-2,2’-bipyridine (H2L1)[40] and
RuCl2(dmso)4

[54] were prepared according to protocols reported in
literature. Other reagents and solvents were purchased from
commercial sources. Solvents were degassed before use, and all
reactions were carried out under dried N2 using Schlenk line
techniques.
1H, 13C and 15N NMR spectra were recorded on Bruker Avance III HD
(AV400 MHz) and Bruker Avance III (500 MHz) spectrometers in
MeOH-d4.

1H and 13C chemical shifts were referenced to the residual
solvent signal (δ(1H)=3.31 ppm, δ(1H)=4.87 ppm, δ(13C)=
49.00 ppm), 15N chemical shifts were referenced relative to nitro-
methane. In case of the residual dipolar coupling measurements,
THF was used as a solvent.

Electrospray ionization mass spectrometry (ESI-MS) was measured
with a Finnigan MAT LCQ mass spectrometer.

Cyclic voltammetry (CV) and Square Wave Voltammetry (SWV) were
performed with a Gamry interface (1010E) instrument using a
three-electrode set-up: glassy carbon as a working electrode,
platinum as a counter electrode, and MSE (mercury-mercurous
sulfate electrode) as a reference electrode. All final potentials were
reported vs. the RHE scale (reversible hydrogen electrode) using a
conversion factor of 0.64 V. The working electrode was cleaned
before the experiment by polishing it with alumina paste, and was
then dried. All electrochemical measurements were carried out in a
1 :1 mixture of 0.10 M aqueous triflic acid (pH 1.0) and TFE; TFE was
used to increase the solubility.

UV-vis spectroelectrochemistry (SEC) experiments were conducted
using a quartz cell with Pt mesh as a working electrode, Pt wire as a
counter electrode and MSE as a reference electrode in a mixed
solution of aqueous triflic acid (0.10 M, pH 1.0) and TFE (1 : 1). A
Metrohm Autolab PGSTAT101 potentiostat was used, and UV-vis
spectra were recorded with an Avantes AvaSpec-ULS2048L-StarLine
spectrometer and Avantes AvaLight-DH-S-BAL light source.

Chemical water oxidation experiments were performed in home-
made cells with a volume of 16.5 mL, and the temperature was
kept constant (25 °C) during the catalysis. Two cells were tightly
closed with a septum. Gas evolution was monitored simultaneously
with online manometry with a differential pressure manometer
(Testo 521-1) which was connected to a reference cell of nearly the
same size and a gas phase oxygen sensor (OXF900PT) which was
pierced through the septum of the reaction cell. The calibration
before each experiment was performed with a two-point calibration
in air and N2-atmosphere. For the experiment, the cell containing
the complex was degassed with N2 for some minutes and then
1.85 mL of degassed 0.10 M triflic acid (pH 1.0) was added to both
cells. After reaching the equilibrium between the reaction and
reference cell, 150 μL of aqueous triflic acid (pH 1.0) was added to
the reference cell, while 150 μL of a degassed solution of CAN in
aqueous HOTf (pH 1.0) with a concentration of 10� 3 M was added
to the measurement cell.

Ligand and Complexes synthesis

Synthesis of H2L
2

A mixture of 2,3-diaminopyridine (1.2 g, 10.56 mmol) and 2,2’-
bipyridine-6,6’-dicarboxylic acid (1.19 g, 4.8 mmol) in phosphoric
acid syrup (8 mL) was heated to reflux at 200 °C for 5 h. After
cooling to room temperature, the solution was poured into ice and
the formed precipitate was separated by filtration. The crude
product was suspended in water and neutralized with 25%
aqueous ammonia to give a slightly basic pH. The product was
obtained as a purple solid after filtration and washing several times
with water (yield: 67%).
1H-NMR (500.3 MHz, MeOH-d4+NaOH): δ [ppm]=8.38 (dd, J=7.8,
0.8 Hz, 2H, bpy-H), 8.20 (dd, J=4.8, 1.6 Hz, 2H, Ar� H), 8.11 (dd, J=
8.0, 0.9 Hz, 2H, bpy-H), 7.98 (t, J=7.8 Hz, 2H, bpy-H), 7.97 (d, J=
7.9 Hz, 2H, Ar� H), 7.02 (dd, J=7.8, 4.8 Hz, 2H, Ar� H).
13C-NMR (125.8 MHz, MeOH-d4+NaOH): δ [ppm]=163.7 (2 C,
imidazole� C), 161.1 (2 C, imidazole, Ar� C), 155.5 (2 C, bpy� C), 155.3
(2 C, bpy� C), 142.2 (2 C, Ar� C), 140.5 (2 C, imidazole, Ar� C), 139.5
(2 C, bpy� C), 125.6 (2 C, Ar� C), 122.8 (2 C, bpy� C), 121.3 (2 C,
bpy� C), 116.4 (2 C, Ar� C).
15N-NMR (50.7 MHz, MeOH-d4+NaOH): δ [ppm]= � 159.9 (4 N,
imidazole� N), � 114.8 (2 N, Ar� N), � 89.3 (2 N, bpy� N).
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MS (ESI+ ; MeOH): m/z (%)=391.5 (100) [M+H]+, 413.1 (95) [M+

Na]+.

Synthesis of Complex 1

A solution of H2L
1 (300 mg, 0.77 mmol), [RuCl2(C6H6)]2 (197 mg,

0.4 mmol) and NEt3 (1 mL) in degassed methanol (20 mL) was
heated to reflux under N2 atmosphere for 1 day. Then, pyridine
(1.4 mL) was added and the reaction mixture heated for another
day. After cooling to rt, the resulting brown solution was filtered off
and the solvent was removed under reduced pressure. The
resulting brown crude product was purified by column chromatog-
raphy (DCM/MeOH 100 :2); brown complex 1 was obtained in 30%
yield. Single crystals suitable for X-ray diffraction were obtained by
slow evaporation of a solution of the complex in CHCl3.
1H-NMR (500.3 MHz, MeOH-d4): δ [ppm]=8.72 (d, J=8.2 Hz, 2H,
Ar� H), 8.59 (dd, J=8.1, 1.0 Hz, 2H, bpy� H), 8.30 (dd, J=8.0, 1.0 Hz,
2H, bpy� H), 8.06 (t, J=8.0 Hz, 2H, bpy� H), 7.87 (dd, J=5.2, 1.5 Hz,
4H, py� H), 7.73 (d, J=8.1 Hz, 2H, Ar� H), 7.68 (ddd, J=8.2, 7.1,
1.1 Hz 2H, Ar� H), 7.46 (ddd, J=8.1, 7.1, 1.0 Hz, 2H, Ar� H), 7.36 (tt,
J=7.6, 1.6 Hz, 2H, py� H), 6.85 (m, 4H, py� H).
13C-NMR (125.8 MHz, MeOH-d4): δ [ppm]=161.2 (Ph� C), 158.9
(imidazole� C),156.3 (bpy� C), 153.4 (py� C),143.4 (Ph� C), 142.5
(Ph� C), 137.9 (py� C), 135.5 (bpy� C), 125.9 (py� C), 125.3 (Ph� C),
124.8 (Ph� C), 123.6 (bpy� C), 122.7 (bpy� C), 117.6 (Ph� C), 116.8
(Ph� C).

MS (ESI+ ; MeOH): m/z (%)=647.1 (100) [M+H]+.

UV-vis (1:1 aqueous HOTf (0.10 M, pH 1.0) and TFE): λ [nm] (ɛ
[M� 1 cm� 1])=329 (3.3×104), 382 (1.6×104), 490 (br, 0.4×104), 561
(0.4×104).

Synthesis of complex 2

A suspension of H2L
2 (300 mg, 0.76 mmol), RuCl2(dmso)4 (300 mg,

0.61 mmol) and NEt3 (0.5 mL) in degassed methanol (50 mL) was
heated to reflux for 7 h. Pyridine (1.2 mL, 15 mmol) was then added
and the reaction mixture was heated at 80 °C overnight. After
cooling to rt, the solvent was removed under reduced pressure and
the product was purified by column chromatography (DCM/MeOH
100 :1); complex 2 was obtained in 10% yield as a brown solid.
1H-NMR (500.3 MHz, MeOH-d4): δ [ppm]=10.03 (dd, J=8.0, 1.4 Hz,
1H, Ar� H), 8.93 (dd, J=4.7, 1.4 Hz, 1H, Ar� H), 8.69 (d, J=8.0 Hz, 1H,
bpy� H), 8.66 (d, J=8.0 Hz, 1H, bpy� H), 8.52 (dd, J=5.0, 1.4 Hz, 1H,
Ar� H), 8.40 (d, J=7.8 Hz, 1H, bpy� H), 8.31 (d, J=7.8 Hz, 1H, bpy� H),
8.01–8.11 (m, 7H, py, bpy, Ar� H), 7.71 (dd, J=7.9, 4.9 Hz, 1H, Ar� H),
7.45 (dd, J=8.0, 4.6 Hz, 1H, Ar� H), 7.33 (tt, J=7.6, 1.5 Hz, 2H, py� H),
6.81 (m, 4H, py� H).
13C-NMR (125.8 MHz, MeOH-d4): δ [ppm]=162.9 (1 C, imidazole� C),
161.5 (1 C, bpy� C), 161.5 (1 C, imidazole� C), 161.5 (1 C, bpy� C),
156.5 (2 C, bpy� C), 156.3 (1 C, imidazole, Ar� C), 154.8 (1 C,
imidazole, Ar� C), 153.3 (4 C, py� C), 147.9 (1 C, Ar� C), 144.0 (1 C,
Ar� C), 138.0 (2 C, py� C), 137.8 (1 C, imidazole, Ar� C), 136.0 (1 C,
Ar� C), 135.3 (1 C, bpy� C), 135.2 (1 C, bpy� C), 127.9 (1 C, Ar� C),
125.9 (4 C, py� C), 125.7 (1 C, Ar� C), 124.6 (1 C, bpy� C), 124.5 (1 C,
bpy� C), 123.7 (1 C, bpy� C), 122.9 (1 C, bpy� C), 120.3 (1 C, Ar� C),
119.9 (1 C, Ar� C).
15N-NMR (50.7 MHz, MeOH-d4): δ [ppm]= � 196.0 (1 N,
imidazole� N), � 137.4 (2 N, py� N), � 125.5 (1 N, Ar� N), � 101.8 (1 N,
bpy� N), � 100.6 (1 N, Ar� N), � 99.1 (1 N, bpy� N).

MS (ESI+ ; MeOH): m/z (%)=649.2 (100) [M+H]+.

UV-vis (1: 1 aqueous HOTf (0.10 M, pH 1.0) and TFE): λ [nm] (ɛ
[M� 1 cm� 1])=331 (3.4×104), 374 (1.7×104), 430 (0.6×104), 497 (br,
0.3×104), 561 (br, 0.2 ×104).

Synthesis of singly protonated complex [1H]PF6

A solution of complex 1 (5 mg, 0.007 mmol) in CH2Cl2 (3 mL) was
treated with aqueous HPF6 (~55 wt.% in H2O, 3 μL, 0.03 mmol) and
the reaction mixture was stirred for 1 h at rt. The solvent was then
evaporated and the residue dissolved in MeOH. Single crystals
suitable for X-ray diffraction were obtained by slow diffusion of
diethyl ether into the solution of [1H]PF6 in MeOH.

Synthesis of doubly protonated omplex [1H2](CF3SO3)2

Aqueous trifluoromethanesulfonic acid (0.66 M, 45 μL, 0.031 mmol)
was added to a solution of 1 (5 mg, 0.007 mmol) in CH2Cl2. After
stirring for 1 h at rt, the solvent was removed and the product was
dried under vacuum. Crystalline material was obtained by slow
diffusion of diethyl ether into a solution of [1H2](CF3SO3)2 in MeOH.
1H-NMR (600.3 MHz, MeOH-d4): δ [ppm]=8.83 (d, J=8.3 Hz, 2H,
Ar� H), 8.77 (dd, J=8.1, 1.0 Hz, 2H, bpy� H), 8.42 (dd, J=7.9, 0.9 Hz,
2H, bpy� H), 8.23 (t, J=8.0 Hz, 2H, bpy� H), 7.95 (m, 4H, py� H), 7.92
(ddd, J=8.3, 7.2, 1.2 Hz, 2H, Ar� H), 7.81 (d, J=8.2 Hz, 2H, Ar� H),
7.71 (ddd, J=8.1, 7.1, 1.0 Hz, 2H, Ar� H), 7.48 (tt, J=7.6, 1.5 Hz, 2H,
py� H), 6.96 (m, 4H, py� H).
13C-NMR (125.8 MHz, MeOH-d4): δ [ppm]=161.6 (bpy� C), 153.5
(bpy� C), 153.3 (py� C), 141.4 (Ar� C), 138.8 (py� C), 137.0 (bpy� C),
127.7 (Ar� C), 127.4 (Ar� C), 126.6 (py� C), 125.7 (bpy� C), 124.2
(bpy� C), 122.9, 120.3, 118.0 (Ar� C), 115.1 (Ar� C).

UV-vis (MeOH): λ [nm] (ɛ [M� 1 cm� 1])=320 (3.5×104), 356 (2.1×
104), 408 (0.5×104), 480 (br, 0.4×104).

Synthesis of Complex [2H2](CF3SO3)2

Aqueous trifluoromethanesulfonic acid (0.66 M, 45 μL, 0.031 mmol)
was added to a solution of 2 (5 mg, 0.007 mmol) in CH2Cl2 (2 m),
After stirring for 1 h at rt, the solvent was removed and the product
was dried under vacuum.
1H-NMR (400.3 MHz, MeOH-d4): δ [ppm]=10.17 (dd, J=8.1, 1.3 Hz,
1H, Ar� H), 9.20 (dd, J=4.7, 1.5 Hz, 1H, Ar� H), 8.83 (m, 2H, bpy� H),
8.66 (dd, J=5.4, 1.3 Hz, 1H, Ar� H), 8.50 (d, J=8.0 Hz, 1H, bpy� H),
8.46 (d, J=8.1 Hz, 1H, bpy� H), 8.20–8.27 (m, 3H, bpy, Ar� H), 8.05
(m, 4H, py� H), 7.99 (dd, J=8.1, 5.4 Hz, 1H, Ar� H), 7.77 (dd, J=8.2,
4.7 Hz, 1H, Ar� H), 7.45 (tt, J=7.6, 1.6 Hz, 2H, py� H), 6.93 (m, 4H,
py� H).
13C-NMR (100.7 MHz, MeOH-d4): δ [ppm]=162.7 (1 C, imidazole� C),
162.0 (1 C, bpy� C), 161.6 (1 C, bpy� C), 156.2 (1 C, imidazole� C),
154.9 (1 C, bpy� C), 153.3 (1 C, imidazole, Ar� C), 153.2 (5 C, py,
bpy� C), 150.3 (2 C, imidazole, Ar� C), 141.8 (1 C, Ar� C), 138.8 (2 C,
py� C), 138.4 (1 C, imidazole, Ar� C), 136.8 (1 C, bpy� C), 136.3 (1 C,
bpy� C), 130.7 (1 C, Ar� C), 128.9 (1 C, imidazole, Ar� C), 126.5 (4 C,
py� C), 126.4 (1 C, bpy� C), 126.3 (1 C, bpy� C), 125.1 (1 C, bpy� C),
124.8 (1 C, bpy� C), 123.9 (1 C, Ar� C), 123.0 (1 C, Ar� C), 121.1 (1 C,
Ar� C).
15N-NMR (40.6 MHz, MeOH-d4): δ [ppm]= � 231.0 (1 N,
imidazole� N), � 194.3 (1 N, imidazole� N), � 158.4 (1 N, Ar� N),
� 142.6 (2 N, py� N), � 101.4 (1 N, bpy� N), � 99.6 (1 N, bpy� N), � 97.3
(1 N, Ar� N).

UV-vis (MeOH): λ [nm] (ɛ [M� 1 cm� 1])=325 (3.6×104), 356 (1.7×
104), 487 (br, 0.3×104).
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X-ray crystallography

Crystal data and details of the data collections are provided in the
Supporting Information (see Table A1).

Deposition Numbers 2206588 (for 1), 2206589 (for [1H]PF6), and
2206590 (for [1H2](CF3SO3)2) contain the supplementary crystallo-
graphic data for this paper. These data are provided free of charge
by the joint Cambridge Crystallographic Data Centre and Fachinfor-
mationszentrum Karlsruhe Access Structures service www.ccdc.cam.
ac.uk/structures.
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