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Herein is presented a single-site Ru complex bearing a
carboxamide-based ligand that efficiently manages to carry out
the four-electron oxidation of H,0. The incorporation of the
negatively charged ligand framework significantly lowered the
redox potentials of the Ru complex, allowing H,0 oxidation to be
driven by the mild oxidant [Ru(bpy)3]3+. This work highlights that
the inclusion of amide moieties into metal complexes thus offers
access to highly active H,0 oxidation catalysts.

In efforts towards developing a sustainable and clean energy
resource, extensive research has been devoted towards the
splitting of H,O into O, and H, (Eq. 1).1 Here, the design of
robust artificial water oxidation catalysts (WOCs) appear to be
the stumbling block in attempts to develop systems for
generation of solar fuels. Several research groups are
therefore pursuing the construction of robust artificial WOCs
based on Ru,z'3 Mn,4 Fe,5 Cu®and Co.”

2H,0>4H +4e +0, (1)

In order to develop more efficient WOCs, single-site Ru
complexes where the metal is coordinated to a negatively
charged ligand have been studied. The use of such ligand
frameworks offers the possibility to stabilize the metal center
at a highly oxidized state by electron-donation to the metal
center, which results in lowering of the redox potentials.8 The
resulting high-valent metal species are important catalytic
intermediates during the oxidation of H,0 and may be a key to
accessing highly active and robust WOCs.? Recent studies
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focusing on the incorporation of negatively charged ligands
have shown that such complexes can result in Ru WOCs with
sufficiently low redox potentials to allow H,O oxidation to be
driven by Iight.10

We have recently reported on the unexpected formation of
the single-site Ru complex 2 bearing a mixed
pyridinecarboxylate ligand (1) (Fig. 1). Complex 2 was found to
have sufficiently low redox potential to allow H,0 oxidation to
be driven by the mild single-electron oxidant [Ru(bpy)g]3+ (bpy
= 2,2'-bipyridine).11 It was also markedly more active than the
corresponding dicarboxylate complex.12 The incorporation of
the amide moiety into WOCs thus seemed to create a suitable
ligand framework for producing robust catalysts. It was
therefore reasoned that replacing the carboxylate unit in
ligand 1 by an additional amide moiety, to give the
dicarboxamide ligand 3, could potentially offer the access to
an even more active catalyst. Indeed, the substitution of ligand
1 with the dicarboxamide ligand 3 (Hspdca = 2,6-pyridine-
dicarboxamide), resulted in a more active Ru-based WOC (4,
Fig. 1). When using the mild one-electron oxidant [Ru(bpy)g,]3+
at neutral pH, the designed Ru complex 4 managed to reach
turnover numbers (TONs) close to 400 and turnover
frequencies (TOFs) of ~1.6 s, which is almost a two-fold
increase compared to Ru complex 2 housing the mixed
carboxylate-amide ligand 1.

Ru complex 4, [Ru(H,pdca)(pic)s]’, was synthesized from
the commercially available dicarboxamide ligand 3 (H,pdca =
2,6-pyridine-dicarboxamide) by refluxing a solution of ligand 3,
Ru(DMSO)CI, and Et3N overnight. To this solution was added 4-
picoline and the resulting solution was further refluxed for 48
h. This afforded Ru complex 4 as an orange solid in 25% vyield.
Complex 4 was characterized by 'H NMR, high-resolution mass
spectrometry (HRMS), X-ray crystallography, elemental
analysis and UV-vis spectroscopy to confirm the structure of
the single-site Ru complex 4.

Single crystals of X-ray diffraction quality were obtained
from an aqueous-methanolic solution. The crystal structure of
Ru complex 4 is depicted in Fig. 2. The structure reveals that
the Ru" center is located in a slightly distorted [RuNg]
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Fig. 1 Structures of the previously reported single-site Ru complex 2 containing ligand
1 and Ru complex 4 based on the dicarboxamide ligand 2,6-pyridine-dicarboxamide (3,
Hapdca).
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Table 1. Selected bond lengths (A) and angles (°) for Ru complex 4.

Bond Lengths

Ru(1)-N(1) 2.032(2) Ru(1)-N(4) 2.110(2)
Ru(1)-N(2) 1.973(2) Ru(1)-N(5) 2.098(2)
Ru(1)-N(3) 2.033(2) Ru(1)-N(6) 2.117(2)
Bond Angles

N(1)-Ru(1)-N(2)  79.50(8) N(2)-Ru(1)-N(6)  178.27(7)
N(1)-Ru(1)-N(3)  158.98(7) N(3)-Ru(1)-N(4)  93.30(7)
N(1)-Ru(1)-N(4)  88.20(7) N(3)-Ru(1)-N(5) 88.10(7)
N(1)-Ru(1)-N(5)  91.18(7) N(3)-Ru(1)-N(6) 98.76(7)
N(1)-Ru(1)-N(6) 102.18(7) N(4)-Ru(1)-N(5) 177.64(7)
N(2)-Ru(1)-N(3) 79.55(8) N(4)-Ru(1)-N(6) 90.96(7)
N(2)-Ru(1)-N(4)  89.48(7) N(5)-Ru(1)-N(6) 86.95(7)
N(2)-Ru(1)-N(5)  92.64(7)

octahedral configuration. The electron-rich dicarboxamide
ligand scaffold 3 thus stabilizes the Ru center and makes it
possible to isolate the complex at the Ru" state. In the
equatorial plane, three positions are occupied by the three
nitrogen atoms from the tridentate 2,6-pyridine-
dicarboxamide ligand 3. The fourth position in the equatorial
plane and the two axial positions are occupied by 4-picoline
ligands.

A comparison of the crystal structure of the previously
reported Ru" complex 2,"* shows that the bond angle N(1)-
Ru(1)-N(3) in Ru complex 4 is close to that found in complex 2,

Fig. 2 X-ray crystal structure of the single-site Ru complex 4 at 50% probability level.
Hydrogen atoms (except the N-H) and PFg have been omitted for clarity.
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158.98° and 160.0°, respectively (see Tables S2 and S3). The
Ru-N(pic) distances are all ~2.10 A, which is longer than in the
related Ru" dicarboxylate complex [Ru(pdc)(pic)3]2+ (H,pdc =
2,6-pyridinedicarboxylic acid).12 All of the Ru-N bond distances
are in general slightly longer in Ru complex 4 than those found
for complex 2 (see Table S3).

HRMS analysis of Ru complex 4 in aqueous
methanol/acetonitrile solutions showed a major peak at m/z
544.1172 with a distinct isotopic pattern (Fig. S3), which can
be assigned to [Ru"'(Hzpdca)(pic)g]+ (4). Additionally, a peak at
m/z 492.0854 could be observed (Fig. S5), which corresponds
to the acetonitrile-containing Ru-species
[Ru'"(Hzpdca)(pic)z(MeCN)]". In this species, one of the picoline
ligands has been displaced for a solvent acetonitrile molecule.
However, for the Ru complex to become catalytically active it
is important to have access to the corresponding aqua
complex. Formation of this aqua complex allows for proton-
coupled electron transfer (PCET) and allows for the
synchronous removal of protons and electrons, thus avoiding
charge accumulation and high-energy intermediates.”® The
picoline-aqua ligand displacement was therefore studied by
HRMS. Upon dissolution of Ru complex 4 in aqueous solutions,
a peak at m/z 469.0683 appeared (Fig. S4). This peak
corresponds to the Ru'"—aqua species
[Ru'"(Hzpdca)(pic)z(OHz)]+, which  shows that ligand
displacement occurs in aqueous solutions to generate the
catalytically important Ru-aqua species.

The electrochemical properties of Ru complex 4 were
subsequently studied in aqueous solution at neutral pH by
cyclic voltammetry (CV) and differential pulse voltammetry
(DPV). Under neutral pH, the cyclic voltammogram of complex
4 shows a rapid increase of current at 1.21 V vs. NHE, which is
due to the catalytic oxidation of H,O (Fig. S7). The
electrochemistry of Ru complex 4 was further analyzed by DPV
under neutral conditions (Fig. S8). DPV of complex 4 revealed
three redox peaks at 0.18, 0.94 and 1.15 V vs. NHE (see Table
2). Based on previous work with Ru complex 2, these events
can be assigned to the Ru"/Ru", RUV/Ru" and Ru'/Ru" redox
couples, respectively. It should be noted that the
corresponding redox potentials for the related Ru complex 2
were found to occur at 0.35, 0.72 and 0.92 V vs. NHE. From the
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Table 2. Summary of the electrochemical data for single-site Ru complex 4.°

Redox couple Eyjp (V vs. NHE)

Ru"/Ru" 0.18
Ru"/Ru" 0.94
Ru"/Ru" 1.15
EDI’\SE( 1.21

% Electrochemical measurements were performed in an aqueous phosphate
buffer solution (0.1 M, pH 7.2). All potentials were obtained from DPV and are
reported vs. NHE. Conditions: Scan rate 0.1 V s, glassy carbon disk as working
electrode, a platinum spiral as counter electrode and a saturated calomel
electrode (SCE) as reference electrode. Potentials were converted to NHE by
using the [Ru(bpy)s]**/[Ru(bpy)s]** couple as a standard (E1/2=1.26 V vs. NHE).

obtained electrochemical data it is obvious that the
substitution of the carboxylate moiety in Ru complex 2 for an
amide unit to form Ru complex 4 alters the electrochemical
properties of the Ru complex. However, the change is not
straightforward because the Ru"/Ru" redox couple is
decreased as might be expected, while the higher potentials
are increased.

The low onset potential of 1.21 V vs. NHE of Ru complex 4
suggests that the complex is able of mediating catalytic H,O
oxidation when driven by the mild single-electron oxidant
[Ru(bpy)3]3+. To evaluate Ru complex 4 as a molecular WOC, an
aqueous solution (phosphate buffer; 0.1 M, pH 7.2) containing
complex 4 was added to the chemical oxidant [Ru(bpy)3]3+. The
gaseous products were subsequently analyzed in real-time by
mass spectrometry. Indeed, O, evolution was immediately
triggered upon the addition of an aqueous solution containing
Ru complex 4 to the oxidant (Fig. 4). The O, evolution
dependence on pH was also investigated and it could be
shown that pH 6.0 and 7.2 afforded the highest catalytic
activity (see Fig. S13 and Table S1). Background experiments
were also carried out to verify that complex 4 is necessary for
maintaining catalytic activity. In the absence of Ru complex 4,
spontaneous decomposition of the [Ru(bpy)3]3+ oxidant occurs
without any detectable formation of O,, highlighting that
complex 4 is essential for oxidizing H,0. It should be noted that
the low O, evolution yields, i.e. conversion yields from oxidant
to O,, depicted in Table 3 are due to competing pathways in
which the chemical oxidant [Ru(bpy)3]3+ is spontaneously
decomposed, thus resulting in unproductive reaction pathways
without any evolution of O,.

The catalytic activity of Ru complex 4 was compared with
that of the previously developed [Ru(bpb)(pic),]" complex
(Hybpb = N,N’-1,2-phenylene-bis(2-pyridine-carboxamide),
based on a tetradentate bisamide ligand scaffold, where O,
evolution halted after ~200 TONs because of the formation of
the catalytically inactive mono-carbonyl complex
[Ru(bpb)(CO)(OHz)].SC By contrast, such species do not appear
to interfere with Ru complexes 2 and 4. It is also important to
compare the catalytic efficiencies of Ru complexes 2 and 4. Ru
complex 4 is able to generate a TON of ~400 and a TOF of ~1.6
s", while complex 2™ is less efficient and produces a TON of
~200 and a TOF of ~1.32 s *. Although Ru complexes 2 and 4
have a high structural resemblance and share almost the same
tridentate ligand framework, there is a difference in catalytic

This journal is © The Royal Society of Chemistry 20xx
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activity. This effect is not clear but could originate from the
labile carboxylate unit that exists in the ligand scaffold in Ru
complex 2. It has previously been found that high-valent Ru-
oxo species are prone to undergo extrusion of CO, with
subsequent cleavage of the (hetero)aryl-carbonyl bond.™ This
sort of Ru-catalyzed decarboxylation would hence be regarded
as an unfavorable reaction pathway that limits the catalytic
activity of Ru complex 2. The small structural change when
exchanging the carboxylate unit in complex 2 to the amide
moiety in complex 4 apparently has a significant impact on the
catalytic activity. Realizing these small, but fundamental,
structural variations in artificial WOCs could thus be of value
for the development of more robust WOCs.

To conclude, through a rational molecular design, a highly
active WOC has been developed based on a carboxamide
ligand scaffold. The designed Ru complex 4 was found to have
a low overpotential for H,O oxidation, which is attractive, and
thus enabled H,0 oxidation to be driven by the mild chemical
oxidant [Ru(bpy)3]3+. It could be established that when driven
by [Ru(bpy)s]**, Ru complex 4 generated a TON close to 400,
which is almost a two-fold increase compared to Ru complex 2
that is based on the mixed carboxylate-amide ligand 1. These
findings are intriguing and it is believed that the results
presented herein will contribute to further development of Ru-
based WOCs for creating sustainable H,0 splitting devices.
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Fig. 4
complex 4. Reaction conditions: An aqueous phosphate buffer solution (0.1 M, pH 7.2,

(Upper) Plots of O, evolution versus time at various concentrations of Ru
0.50 mL) containing Ru complex 4 was added to the oxidant [Ru(bpy)s](PFs)s (3.6 mg,

3.6 umol). (Lower) Initial rate of O, evolution plotted as a function of the concentration
of Ru complex 4.
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Table 3. Summary of the catalytic data for Ru complex 4.°

Yield of O,

Catalyst concentration TON®
(4 - amount O,/amount

(1M) (nmol O,/nmol cat.) )
oxidant)

7.78 149 64.4%
6.81 181 68.5%
5.84 183 59.4%
4.86 214 57.9%
3.89 269 58.2%
2.92 305 49.4%
1.95 388 41.9%
0.97 319 17.2%

?Reaction conditions: An aqueous phosphate buffer solution (0.1 M, pH 7.2, 0.50
mL) containing Ru complex 4 was added to the oxidant [Ru(bpy)s](PFe)s (3.6 mg,
3.6 umol). b Turnover numbers (TONs) were calculated from moles of produced
0, / moles of catalyst. © Rates of O, evolution were calculated from the slopes of
linearly fitted O, evolution plots in the period of 30-90 s.
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