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Water Oxidation Reaction

ABSTRACT: Two mononuclear ruthenium(II) complexes of the types [Ru(trpy)(HL')- inflance ot Danging Carbore Groupon |

(OH,)]*" (1%9) and [Ru(trpy)(L*k-N?0)] (2) [where trpy = 2,2":6/,2"-terpyridine, HL' =
2-(2-pyridyl)benzimidazole, H,L* = 2-(pyridin-2-yl)-1H-benzo[d]imidazole-4-carboxylic
acid] have been synthesized and thoroughly characterized by analytical and spectroscopic
[UV—vis, NMR, high-resolution mass spectrometry, and IR] techniques. Complex 19 has
been further characterized by X-ray crystallography. In an acidic aqueous medium (pH 1),
complex 2 undergoes carboxylate/water exchange readily to form an aqua-ligated complex,
[Ru(trpy) (H,L*-k-N*)(OH,)]*" (2*9), having a dangling carboxylic group. This exchange
phenomenon has been followed by IR, '"H NMR, and UV—vis spectroscopic techniques.
Electrochemical analyses of 1* and 21 (Pourbaix diagram) suggest the generation of a
formal Ru¥=0 species that can potentially promote the oxidation of water. A comparative
study of the water oxidation activity catalyzed by 19 and 2% is reported here to see the effect
of a dangling carboxylic group in the catalytic performance. Complex 29 shows an
enormously higher rate of reaction than 1*%. The pendant carboxylic group in 29 participates in an intramolecular O—O bond
formation reaction with the reactive formal Ru¥=0 unit to form a percarboxylate intermediate and provides an electron-deficient
carbon center where water nucleophilic attack takes place. The isotope labeling experiment using '®O-labeled water verifies the
attack of water at the carbon center of the carboxylic group rather than a direct attack at the oxo of the formal RuY=0 unit. The
present work provides experimental evidence of the uncommon functionality of the carboxylic group, the oxide relay, in molecular
water oxidation chemistry.

Bl INTRODUCTION as well as modulate the reactivity by forming a hydrogen bond
with incoming water.'” The carboxylate moiety in a ligand can
play diverse roles to control the catalytic performances of metal
complexes. It can actively stabilize the high-valent states of
metal complexes owing to its strong o-donating ability. In
Sun’s Ru(bda) complex, the strong ¢ donation from the two
carboxylate groups has allowed one to access the reactive
[Ru¥(0O)(bda)(pic),]* species (H,bda = 2,2'-bipyridine-6,6'-
dicarboxylic acid; pic = 4-picoline) at a much lower
overpotential.'”> In Llobet’s Ru(tda) molecular catalyst
(Hytda = [2,2":6",2"-terpyridine]-6,6"'-dicarboxylic acid), the
dangling carboxylate group acts as a pendant base that assists
proton-coupled electron-transfer (PCET) processes through
intramolecular proton relay and also plays a significant role in

The generation of hydrogen fuel by splitting of water is a
promising strategy to develop an environmentally friendly and
sustainable energy economy.'™* In this endeavor, the water
oxidation step is the major concern because it is an
energetically challenging reaction with enormous complexity.
During water oxidation reaction, removal of hydrogen atoms
(H* + e7) from a water molecule and the making of an O—O
bond are two major aspects that a catalyst should execute
effectively.”™® To develop an effective catalyst, the judicious
design of a ligand is essential. In recent years, strategies are
taken to design ligands that not only govern the primary
coordination sphere but also fine-tune the secondary
interactions.”” "> In this regard, the design of molecular
catalysts containing a carboxylate functional group in the

ligand scaffold has gained much attention in order to develop Received:  October 6, 2021
efficient water oxidation catalysts (WOCs), particularly with Published: January 4, 2022
ruthenium metal ions."' ™'~ In a natural oxygen-evolving

complex of photosystem II, the manganese ions are
surrounded by numerous negatively charged oxo and
carboxylate ligands that provide a coordination environment
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reducing the energy barrier of the rate-limiting O—O bond
formation step through its hydrogen-bonding interactions,
allowing one to achieve a very high turnover frequency.'” It has
been found that the carboxylate'® or phosphonate'* groups
present in the secondary coordination sphere of ruthenium-
based WOCs work well as proton acceptors at neutral-to-basic
pH conditions, while the anionic sulfonate group can facilitate
proton relay even in strong acidic conditions during catalysis.'>

Beside those various functionalities, Ahlquist et al. revealed
one more unique function of the carboxylate—the oxide
relay—Dby density functional theory (DFT) calculations.”” The
calculations with [Ru(tda)(py),] (py = pyridine) show that,
instead of water nucleophilic attack (WNA) directly at Ru'=
O, the closely placed pendant carboxylate promptly reacts with
oxo to form a O—O bond and facilitates water oxidation via an
oxide relay pathway. This oxide relay functionality of the
pendant carboxylate group is anticipated to be the key reason
to achieve an extremely high reaction rate with the [Ru(tda)-
(py),] complex.”® However, experimental evidence for the
oxide relay pathway are yet to be achieved to validate the
proposal.

Motivated by this diverse functionality of the carboxylic
group, we intend to investigate the effect of the carboxylic
moiety on the catalytic performance in a comparative manner.
For this purpose, we have chosen a reported mononuclear
complex, [Ru(trpy)(HL')(OH,)]** (129)*! and developed a
new mononuclear complex, [Ru(trpy) (L*-x-N*0)] (2), where
trpy = 2,2':6',2"-terpyridine, HL' 2-(2-pyridyl)-
benzimidazole, and H,L* = 2-(pyridin-2-yl)-1H-benzo[d]-
imidazole-4-carboxylic acid (Chart 1). In an acidic medium,

Chart 1. Ruthenium(II) Complexes Studied in This Work
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exchange of carboxylate/water occurs in complex 2 to generate
a catalytically important aqua-ligated complex, [Ru(trpy)-
(H,L*x-N?)(OH,)]** (2*9), having a dangling carboxylic acid
group. Herein, we report a comparative water oxidation activity
catalyzed by complexes 129 and 2% in an acidic medium (pH
1). Complex 29 shows a higher catalytic performance than
1%, The presence of a dangling carboxylic group in complex
2% enhances the reaction rate several times. By performing an
isotope experiment, using '®O-labeled water under catalytic
condition, we found evidence of the incorporation of a heavier
oxygen isotope into the carboxylic group, validating the oxide
relay mechanism. Thus, the present work provides new
mechanistic insight toward water oxidation through the
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participation of a pendant carboxylic group in the O—-O
bond formation reaction.

B RESULTS AND DISCUSSION

Synthesis and Characterizations. The compound [Ru-
(trpy) (HL')(OH,)](ClO,),-H,0 [1%4(ClO,), H,0] was syn-
thesized from its chloro precursor [Ru(trpy)(HL')(CI)]-
(Cl0,)-CH,CN-H,0 [1¢(Cl0,)-CH;CN-H,0] by treatment
with AgNO; in water under refluxing conditions, following the
literature procedure.”’ The neutral nitrogen of the benzimida-
zole group coordinates with the ruthenium(II) center. The
chloro- and aqua-ligated complexes were characterized by
elemental analysis and by various spectroscopic techniques
(see the Experimental Section and Figures S1—S9). The
molecular structure of 1*? has been determined by single-
crystal X-ray crystallography (Figure 1 and Tables S1 and S2).

Figure 1. ORTEP (20%) view of the metal coordination environment
in the crystal of 149(ClO,),-H,0. Carbon atoms are not labeled.
Hydrogen atoms are omitted for clarity.

The complex has a distorted octahedral geometry where
terpyridine coordinates in a meridional fashion and the ligand
HL' coordinates in a cis orientation. The sixth coordination
site is occupied by an aqua molecule. The pyridyl nitrogen of
the HL' ligand and the aqua group are in trans position,
confirming isolation of the isomer, as depicted in Chart 1.
The ligand H,L*> was synthesized via a different route from
that reported earlier.”” In a one-pot reaction, 1:1 condensation
of 2-amino-3-nitrobenzoic acid with 2-pyridinecarboxaldehyde
produced the Schiff base product, which upon four-electron
reduction by Na,$S,0, resulted in the ligand 2-(pyridin-2-yl)-
1H-benzo[d]imidazole-4-carboxylic acid (H,L*). The ligand
was characterized by NMR ('H and '*C) spectroscopy
(Figures S10 and S11). A strong band at 1700 cm™' was
observed in the IR spectrum due to the V(C=O)asym
stretching vibration of the —COOH group (Figure S12).
The reaction of H,L* with [Ru(trpy)Cl;] in methanol in the
presence of excess triethylamine under refluxing conditions
and an inert atmosphere yielded the new mononuclear
complex [Ru(trpy)(L*k-N*0)]-CH;0H-2H,0 [2-CH;O0H"
2H,0], where the deprotonated anionic nitrogen of the
benzimidazole group coordinated with the metal center. The
negative inductive effect of the carboxylate moiety facilitates
deprotonation of the benzimidazole NH proton. Molar
conductivity measurement confirms the nonelectrolyte nature
of the complex in methanol. The complex was characterized by
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Scheme 1. Carboxylate/Water Exchange of Complex 2 with Variation of the pH and the Structures below Showing the DFT-
Optimized Structures of (Left) 2, (Middle) 2*%, and (Right) 2*? at a Singlet Ground State”
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Figure 2. '"H NMR spectra of 2 in (top) CD;0D and (bottom) acidic D,O/CD;0D (4:1, v/v; pD 1.4). The blue circles represent four sets of

signals of 2H integration for the trpy ligand.

elemental analysis and by various spectroscopic techniques
[electrospray ionization high-resolution mass spectrometry
(HRMS-ESI), attenuated-total-reflectance Fourier transform
infrared (FTIR-ATR), NMR, and UV-—vis]. In the HRMS-
ESI(+) spectrum, two peaks at m/z 287.0395 {calcd m/z
287.0346 for [2 + 2H]**} and at m/z 573.0669 {calcd m/z
573.0613 for [2 + H]*} are observed, authenticating formation
of the complex (Figure S13). The FTIR-ATR spectrum of a
solid sample of 2 shows a strong band at 1550 cm™ due to the
1(C=0),qm stretching vibration of the carboxylate group

(Figure S14). Notably, the £(C=0),q,, stretching frequency
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of the carboxylate group in complex 2 is red-shifted compared
with that of the free H,L* ligand (1700 cm™"). This can be
accounted for by considering the back-donation of electrons
from the ruthenium(II) d orbital to the z-antibonding orbital
of the carbonyl group. Because the ruthenium(II) complex is
diamagnetic, complex 2 was characterized by 1D and 2D NMR
spectroscopy (Figures S15—S17). The '"H NMR spectrum of
complex 2 in CD;O0D shows 18 proton resonances in the
aromatic region. The C; symmetry of the complex is indicated
by observing four sets of signals of 2H integration for the trpy
ligand. Two protons of trpy labeled as proton HS and HS’
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resonate at two different chemical shift values. In the *C NMR
spectrum, the carbon resonance signal of the carboxylate group
is shifted downfield for complex 2 compared to that of the free
H,L? ligand. This observation indicates coordination of the
carboxylate moiety to the ruthenium(II) center, causing a
coordination-induced downfield shift. The UV—vis spectrum
of 2 in anhydrous methanol is displayed in Figure S18. It
shows two types of charge transfer [metal-to-ligand charge
transfer (MLCT), Ru(dz) — ligand(pz*); ligand-to-ligand
charge transfer (LLCT), ligand(pz) — ligand(pz*)]
bands.>*** The absorption bands at 4 = 234, 275, and 317
nm are tentatively assigned as LLCT transitions. The MLCT
bands are observed at 4 = 346, 362, 503, and 534 nm.

Carboxylate Decoordination and Generation of
Aqua-Ligated Species [Ru(trpy)(H,L2-x-N2)(OH,)1** (2"9)
at pH 1. To promote water oxidation, the metal complex
should have an access of water ligation. For complex 2, there
are two possibilities to generate the catalytically important Ru-
aqua species: (i) substitution of the labile carboxylate group by
water, and (ii) direct coordination of a water molecule to the
metal center to generate a seven-coordinated (CN7) species.
The latter possibility is highly unlikely because in the case of 2
a pentagonal-bipyramidal geometry of CN7 species would be
highly distorted and sterically hindered. This can be justified if
the structural features of 19 are viewed. Although we do not
have the X-ray structure of 2, it can be presumed that complex
2 will have a structural feature similar to that of 1*9 because
both complexes possess a very much comparable ligand
environment. In 19, the bond angles around the ruthenium
center in the equatorial plane range from 78 to 101°,
confirming that a limited space is available for seventh
coordination. This is further verified from the DFT-optimized
structure of 2 shown in Scheme 1. So, apparently, in the case of
2, the first option may lead to the generation of a Ru-aqua
species. Thummel et al. reported the displacement of
carboxylate by water under acidic conditions with the
[Ru(trpy)(L)]* complex (L = 1phenanthroline-z-carboxylate)
to generate a Ru-aqua complex. o

The carboxylate/water exchange event of complex 2 was
followed spectroscopically under acidic conditions. The FTIR-
ATR spectrum of complex 2 in methanol shows a strong band
at 1562 cm™ due to the (C=0),,, stretching vibration of
the coordinated carboxylate group. When the solution of
complex 2 in methanol is acidified with perchloric acid, the
1(C=0),4 band is shifted to higher wavenumber (1710
cm™'), indicating that protonation and, consequently,
decoordination of the carboxylate group have taken place
(Figure S19). This protonation process is also manifested in
the '"H NMR spectrum of 2 when recorded in acidic D,O (pD
1.4)/CD;0D (4:1, v/v). As shown in Figure 2, the proton
resonance signals are altered somewhat because of generation
of the protonated species 229 (vide infra).'® The C, symmetry
is retained in the protonated complex as well because we also
observe four similar sets of signals of 2H integration for the
trpy ligand.

Further, we followed the proton-induced decoordination
events of the carboxylate group by UV—vis spectrophotometry
at various pH values. The sample solution of 2 was prepared in
aqueous Britton—Robinson (B.—R.) buffer at pH 9.1
containing 20% of CF;CH,OH. The latter was used to
dissolve the compound in an aqueous medium. As shown in
Figure S20, the spectrum of 2 at pH 9.1 resembles well that
obtained from anhydrous methanol (the same numbers of the
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MLCT bands), implying that in an aqueous basic medium (pH
9.1) the carboxylate remains coordinated with the ruthenium-
(II) center. The slight differences in the band positions and
intensities that are observed might happen because of the
change in the dielectric constant of two different solvents.
Upon decreasing the pH gradually by the addition of triflic
acid, we observed a color change from red to brown. We also
see a change in the MLCT bands by changing the pH from 9.1
to 1.

As can be seen in Figure 3, four MLCT bands at 520, 485,
360, and 340 nm are observed at pH 9.1, whereas at pH 1, only

35000
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30000 - ——pH91

—~ 25000
-

§ 20000
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~ 15000 -
10000 -
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0

T T
500 600
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Figure 3. UV—vis spectra of 2 measured at (red) pH 9.1 and (blue)
pH 1.

one MLCT band at 498 nm is found. This observation can be
realized by considering protonation of the ligand L* and
consequent carboxylate/water exchange in acidic conditions,
which alters the primary coordination sphere of the metal ion.
Scheme 1 represents two successive protonation processes at
ligand L* and subsequent generation of monoprotonated
[Ru(trpy) (HL*x-N*)(OH,)]* (2*) and double-protonated
2% aqua-ligated species from complex 2, with a gradual
decrease of the pH. In both the 2*9" and 29 complexes, the
dangling carboxylate/carboxylic group can form a strong
intramolecular hydrogen bond with the ligated water molecule,
as found in their optimized structures (Scheme 1). The
spectroscopic titrations over the pH ranges from 9.1 to 5.0 and
from 5.0 to 1.0 are shown in Figures S2la and S22a,
respectively. We determined two protonation constants (pK,)
of values 7.8 and 1.5 by sigmoidal fitting of the titration curves
shown in Figures S21b and S22b, respectively. The first pK,
(pK, = 7.8) corresponds to protonation of the benzimidazole
nitrogen to form the monoprotonated species 2%, whereas
the second pK, (pK, = 1.5) is assigned for further protonation
of the carboxylate to generate 2. To support these
assignments, we further calculated the pK, values of the
benzimidazole NH and carboxylic acid group in 2 by DFT
calculation. The pK, values are computed to be pKa(NH)cal =
9.02 and pKa(COOH)cal = 1.22. The difference between the
experimental and computed values is within the error limit
expected for DFT methods.”>™" So, it is evident that the
double-protonated complex 24 is formed predominantly from
2 under highly acidic conditions (pH 1). The HRMS-ESI(+)
spectrum of 2 in an aqueous acidic (pH 1) solution shows a
major signal at m/z 287.0345 corresponding to the [2%1 —
H,0]*" ion (Figure $23), implying the formation of 29 from 2
under acidic conditions. The aqua-ligated complex is able to

https://doi.org/10.1021/acs.inorgchem.1c03105
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Figure 4. Electrochemical behaviors of complexes 1% (red line) and 2% (black line) in an acidic aqueous solution (pH ~1, CF;SO;H) containing
20% CF3;CH,OH: (a) CV diagrams (background-subtracted); (b) SWV curves. Conditions: [complex] = 1 mM for CV and 0.25 mM for SWV;
scan rate of CV = § mV/s; for SWV, frequency = 15 Hz and amplitude = 0.025 V; working electrode, glassy carbon.

participate in PCET processes, which facilitate the generation
of catalytically active high-valent ruthenium—oxo intermediates
at lower potential (vide infra).'>"'>71%23723
Electrochemical Study. The redox properties of 19 and
in situ generated 2 were analyzed by cyclic voltammetry
(CV) and square-wave voltammetry (SWV) in an aqueous
triflic acid (pH 1) solution containing 20% CF,CH,OH. All
redox potentials were measured with a standard calomel
reference electrode and were converted to the normal
hydrogen electrode (NHE). The CV and SWV curves of 1%
and 2% are shown in Figure 4. The CV curve of 1*? shows one
reversible oxidation wave along with an electrocatalytic wave at
an onset potential of ~1.6 V. The SWV curve of 1*9 exhibits
two oxidation peaks at 0.99 and 1.75 V, which are tentatively
assigned as the oxidations of Ru" — Ru" and Ru"" — Ru,
respectively. Similar to 1%9, 2%9 also shows one reversible
oxidation wave along with a high electrocatalytic wave at an
onset potential of ~1.54 V in pH 1. In the SWV curve, the two
redox peaks observed at 0.88 and 1.74 V for 2*9 are assigned as
the Ru® —» Ru™ and Ru™ — RuY oxidation events,
respectively. In both cases, the one-electron nature of the
first reversible oxidation wave has been confirmed by
controlled potential electrolysis (CPE@1.05 V) analysis,
whereas the two-electron nature of the second oxidation
event has been apparently assigned based on the Pourbaix
diagram (see below). Notably, the Ru'/Ru" redox potential of
224 (0.88 V) at pH 1 is 100 mV lower than that of 1% (0.99
V). In complex 2*9, the dangling —CO,H group most likely
involves a strong intramolecular hydrogen-bonding interaction
with the coordinated water molecule, which might facilitate the
removal of proton from water via a PCET process during
oxidation to the Ru'™ state. On the other hand, the oxidation
potential for the formation of formal Ru" species is only 10 mV
lower. For both complexes, the potential for RuV generation
lies in the onset of the catalytic wave, suggesting that the high-
valent formal Ru" triggers the water oxidation reaction. The
higher electrocatalytic current of 2*9 compared to that of 1%
observed in the CV diagram at pH 1 confirms the superior
catalytic activity of 29 toward water oxidation, implying that
the dangling carboxylic group plays a vital role in boosting the
water oxidation reaction (vide infra). However, it should be
noted that we observed a lower intensity of the electrocatalytic
current with complex 2 at neutral-to-basic pH conditions
compared to pH 1 (Figure S24). This phenomenon is
attributed to the shifting of equilibrium from the catalytically
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active form 29 to the inactive form 2 by changing the pH from
highly acidic to basic conditions (2% — 2).

To gain more comprehensive insights into the various redox
compositions generated during oxidation, we studied the
electrochemical behavior of complex 1* and the Ru-aqua
species derived from 2 as a function of the pH in a B.—R.
buffer aqueous solution containing 20% CF;CH,OH. The
Pourbaix diagrams of both of the complexes are depicted in
Figure 5. The redox potentials were measured by SWV
(Figures S25 and S26) and are represented in Figure 3.
Interestingly, we observe two distinct Pourbaix diagrams, even

@ 4 <+— [Ru(trpy)(HL')(O))”
’ -52 [Ru’(trpy)(L")(O)""
1 .5 -1 v 1 2+ |
[Ru"(trpy)(HL")(O)] ! |
120 [Ru"(trpy)(L)(O)]'
|
1

T Ru"(trpy)HL)OH)®

E (V vs NHE)
F
1

oo [RU"(trpy)(L)(OH)"
[Ru"(trpy)(HL')(OH,)" 59 >y

0.6
[Ru'(trpy)(HL")(OH,)I** 08
0'3 T T T T T T T T
0 1 2 3 4 5 6 7 8 9
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(b) 1.81-25 [Ru’(trpy)(HL™x-N,)(O)I"
1.6 -1 v 2 3+
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g 1‘2 T n 2 2+
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Figure 5. Pourbaix diagrams of (a) complex 19 and (b) the Ru-aqua
species derived from 2.
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Table 1. Redox Potentials and Catalytic Data for the Present Ru-OH, Complexes and the Related Complexes Reported in the

Literature at pH ~1

E1/2 (V) vs NHE

entry complex” 1II/11 IV/11L
1 [Ru(trpy) (HL') (OH,)]** (1%9) 0.99 1.18°
2 [Ru(trpy) (H,L*-k-N?)(OH,)]** (249) 0.88
3 [Ru(trpy) (bpy) (OH,)]** 1.06 122
4 [Ru(trpy) (phenCO,)]*
5 [Ru(trpy) (Mebim-py) (OH,)]* 1.12 1.48
6 [Ru(trpy) (phenSO;)]* 1.11
7 cis-[Ru(trpy)(qc) (OH,) ]* 0.82
8 trans-[Ru(trpy)(qc) (OH,)]* 0.67 1.20
9 cis-[Ru(trpy) (pic) (OH,)]* 0.86 1.31
10 trans-[Ru(trpy) (pic) (OH,)]* 0.76 1.09

V/IV [V/11I] TOF” ko [TOF,. ¢ ref
1.75°¢ 0.014 0.13 this work
[1.74] 0.3 3 this work
1.92 0.01 24

0.15 16
1.65 2 26

0.88 1350 15
1.71 [6.8] 17
1.62 0.68 [42] 17
1.67 0.11 [0.3] 17
1.60 0.24 [1.2] 17

“Ligand abbreviations: trpy = 2,2":6",2"-terpyridine, bpy = 2,2-bipyridine, phenCO, = 1,10-phenanthroline-2-carboxylate, Mebim—gy = 3-methyl-1-
pyridylbenzimidazol-2-ylidene, phenSO; = 1,10-phenanthroline-2-sulfonate, qc = 8-quinolinecarboxylate, and pic = 2-picolinate. “Initial turnover
frequency (s7'). These values are determined from Ce'™-driven catalytic reactions at pH 1. “Electrocatalytic rate constant (s™') at pH 1. “Maximum
turnover frequency (s™'). These values are estimated from the foot of the wave analysis at pH 1. “Estimated from the Pourbaix diagram shown in

Figure Sa.

though the complexes have comparable coordination environ-
ments, implying that they are electronically difterent.

For 1%, the diagram indicates that at a Ru" state the
complex exists as [Ru'(trpy)(HL')(OH,)]*" in the entire
range of 0.85 < pH < 8.45. The Ru""/Ru" couple shows three
different slopes over three pH regions. In the pH range from
0.85 to 2.10, the Ru™/Ru" potential remains pH-independent,
implying only electron transfer for the [Ru'(trpy)(HL')-
(OH,)]*"/[Ru"(trpy) (HL')(OH,)]** couple. From pH 2.1 to
6.0, the Ru''/Ru"" potential decreases linearly with a slope of
—59 mV/pH, consistent with a one-electron and one-proton
(e, 1H*) PCET process for the [Ru™(trpy) (HL')(OH)]*"/
[Ru'(trpy) (HL')(OH,)]** redox couple. Thus, the pK, value
of [Ru™(trpy)(HL')(OH,)]** was determined to be 2.10,
which is comparable to those of other reported “Ru™-OH,”
species.'>>** At the higher region 6.05 < pH < 845, the
Ru'/Ru" redox potential decreases linearly with a slope of
—10S mV/pH, reflecting a one-electron and two-proton (le”,
2H*) PCET process for the redox couple [Ru"(trpy)(L')-
(OH)]*/[Ru'(trpy) (HL') (OH,)]*". Here, the sources of the
two protons might be one from ligand HL' and another from
the coordinated water. The Ru'/Ru'™ redox response was only
observed beyond pH 6.05. Between pH 0.85 and 6.0S, we did
not observe the corresponding redox wave probably because of
the slow kinetics of electron and proton transfer at the
electrode surface. However, the observed points can be
rationally extrapolated, as shown in the diagram. Between
pH 0.85 and 2.10, we assume a slope of —120 mV/pH for the
(le”, 2H*) PCET process to generate [RuIV(trpy)(HLl)(z
0)** from [Ru™(trpy)(HL')(OH,)]**. We obtain a slope of
—59 mV/pH in the range of pH 2.1-8.4S5. Therefore, we
assign the redox couple in the region 2.10 < pH < 6.05 to
[Ru™(trpy) (HL') (=0)]?*/ [Ru" (trpy) (HL') (OH) >,
whereas the redox couple in the range 6.05 < pH < 84S is
assigned to [Ru"(trpy)(L')(=0)]*/[Ru™(trpy) (L") (OH)]".
The oxidation potential to generate ruthenium(V) species is
found to be pH-independent in the pH ranges from 0.85 to
2.10 and from 6.05 to 8.45, whereas the potential decreases
linearly with a slope of —52 mV/pH from pH 2.10 to 6.0S.
Thus, the redox couples in the regions 0.85 < pH < 2.10, 2.10
< pH < 6.05, and 6.05 < pH < 845 can be assigned to
[Ru" (trpy) (HL') (=0)**/ [Ra" (trpy) (HL') (=0) >,
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[Ru"(trpy) (L") (=0)]**/[Ru'¥(trpy) (HL')(=0)]*", and
[Ru"(txpy) (L')(=0) ]/ [Ru" (trpy) (L') (Z0)]", respec-
tively.

The electrochemical studies with complex 2 over the pH
range 0.85—7.35 reveal two types of PCET processes for two
oxidation steps. The PCET events clearly indicate the
generation of Ru-aqua species from 2 via proton-induced
carboxylate/water exchange in the specified pH region. From
the pK, values of benzimidazole NH and carboxylic acid
(pK,(NH expt = 7.8 and pKa(COOH)expt = 1.5), it is evident that at
a Ru" state the aqua-ligated complex exists in two different
protonated forms, giving rise to species 221 in the region 0 <
pH < 1S and 249 in the region 1.5 < pH < 7.8. As shown in
the diagram, the first Ru/Rul potential decreases linearly
with the pH over the entire pH range with a slope of —53 mV/
pH, implying a (1e”, 1H*) PCET process. So, we tentatively
assign the redox couple in the region 0.85 < pH < 1.5 to
[Rul"(trpy) (H,L>-k-N?) (OH) 2 (2°%), [R(trpy) (HLL-x-
N?)(OH,)]*" (2*9), whereas the redox couple in the range
1.5 < pH < 7.35 is assigned to [Ru"'(trpy) (HL*-x-N*)(OH)]*
(2°%) /[Ru"(trpy) (HL*x-N*)(OH,)]* (2%9). On the other
hand, the second oxidation potential decreases linearly with a
slope of —25 mV/pH over the whole pH range. This
phenomenon can be ascribed as a two-electron and one-
proton (2e~, 1H*) PCET process for the formal [Ru"(trpy)-
(H,L*x-N?)(=0)** (2°°)/2°" and [Ru"(trpy)(HL?-k-
N?)(=0)]** (2°)/2°" redox couples in the regions of
085 < pH < 15 and 1.5 < pH < 735, respectively.
Furthermore, we calculated the redox potentials of the 2°H/
2% and 2°°/2°" couples by DFT calculation at pH 1. The
calculated potential’**~¢ values [E,,"" = 0.93 V vs NHE
(2°H/2%9); El/zv/nlcal =1.62 V vs NHE (2°%°/2°H)] are in well
agreement with the experimental values [E, /ZIH/ Hexpt =088V
vs NHE (2°1/2%9); E, ,"/™, = 1.74 V vs NHE (2°°/2°%)],
supporting the assignments of species at pH 1. The redox
potentials of the two Ru-aqua complexes (1% and 2*9) at pH 1
are summarized in Table 1 along with other relevant
ruthenium complexes previously reported in the literature.

Spectroscopic Redox Titration. The redox titrations of
both complexes 1%9 and 2%9 were performed with ceric
ammonium nitrate (CAN) in an aqueous 0.1 M CF,;SO;H
solution (pH 1) containing 20% CF;CH,OH to detect various
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intermediates formed upon oxidation. The titration was
followed by UV—vis spectrophotometry. The spectral changes
of 12 and 29 at different oxidation states in pH 1 are shown
in Figures S27 and 6, respectively. For 1*9, upon the successive

60000 I 2 2, 2+ ,aAq
—— [Ru'(trpy)(H,L*«-N*)(OH,)]*" (2*)
50000 — [Ru"(trpy)(H,L*«<-N*)(OH)I" (2*")
—— [Ru(trpy)(H,L*-c-N*)(0)]" (2°)
< 40000 +
E 10000
‘_0 -
= 30000 5
- g: 6000
20000 |
10000 | 3 x(nm)‘ 700 800
0 T T T T T
200 300 400 500 600 700 800
A (nm)

Figure 6. UV—vis spectra of 2*? at different formal oxidation states
generated from stoichiometric oxidation with Ce" in a pH ~1
aqueous CF;SO;H solution containing 20% CF;CH,OH.

addition of up to 1 equiv of CAN to the Ru' state, the
intensities of the 7 — #* band at 312 nm decrease steadily and
the band position gradually shifts to 323 nm. The intensities of
the MLCT band at 487 nm also decrease steadily. The finding
of isosbestic points at A = 275, 290, 325, and 395 nm indicates

a clean transformation from the Ru" to Ru™ state (Figure

S$28a). The addition of 1 equiv more of CAN to Ru" causes
the lowering of the band intensity at 323 nm, and the MLTC
band at 487 nm becomes almost featureless (Figure S28b).
This observation can be correlated with the conversion of the
Ru' state to the Ru!v state, as is evident from the titration
curve shown in Figure S28c. Upon further addition of CAN,
however, no significant changes in the absorption spectra were
observed, probably because of its rapid consumption for the
oxidation of water. Therefore, from the redox titration, it is
obvious that complex 1%? undergoes two successive one-
electron oxidations to generate Ru'™ and Ru! intermediates,
respectively. These findings support the formation of various
oxidation states as described in the Pourbaix diagram of 149
particularly at pH 1.

In the case of 29, with the incremental addition of up to 1
equiv of CAN to Ru", the intensities of the 7 — 7* band at
310 nm decrease progressively and the band position gradually
shifts to 325 nm, similar to 149, The intensities of the MLCT
band at 498 nm decrease steadily, while two new low-intensity
LMCT bands at 400 and 530 nm develop (Figure S29a). This
phenomenon can be attributed with generation of the Ru'™
state. The oxidation of Ru" to Ru"" happens in a single step, as
is evident from the isosbestic points at 4 = 273, 290, 325, and
413 nm. Upon the addition of 2 equiv more of CAN to the
Ru'! state, the intensities of the bands at 325, 400, and 530 nm
decrease progressively (Figure S29b). Further additions of
CAN do not significantly alter the spectral features. This can
apparently be ascribed to the formation of a Ru" intermediate
(Figure S29c). Therefore, complex 2% undergoes one- and
two-electron oxidations successively to formally generate Ru'™

15 5
(a) ~ (b) 2]
5{) o —10.M
. ——25M
124 ——100 uM 4 50 uM
150 uM —— 100 uM
_ ——200 ;M =
S 0.9 S 3
£ g
O 064 O,
0.3 1.
0'0 T T T T T 0 T T T T
0 100 200 300 400 500 600 0 100 200 300 400 500
Time (sec) Time (sec)
0.06
(C) 2%
0.05
"0
S 0.04-
£
= °
 0.03-
[
& 0.02
z
0.01 1
0.00 M

T
0.0 0.1 0.2

T
0.3 0.4

[Catalyst], (umol)

Figure 7. Oxygen evolution profiles at various concentrations of catalyst: (a) for 1*? and (b) for 2*% Conditions: a pH 1 CF;SO;H solution with

20% CF;CH,0OH (total volume 2 mL); [CAN] = 100 mM; T = 298 K.

complexes 149 (blue circles) and 2% (black circles).
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(c) Plots of the initial rate of O, production versus the amount of
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Scheme 2. Plausible O—O Bond Formation Pathway with 24
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and Ru" intermediates, respectively. Thus, for complex 29,
Ru'V seems to be a missing oxidation state, consistent with the
Pourbaix diagram as stated above.

Water Oxidation Catalysis. The oxidation of water to
dioxygen (O,) catalyzed by 19 and 2*9 was investigated in the
presence of CAN as a sacrificial oxidant in an aqueous 0.1 M
CF;SO;H (pH ~1) solution containing 20% CF;CH,OH.
Complex 2%9 was generated in situ by dissolving complex 2 in
an aqueous acidic solvent, considering 100% conversion. The
oxygen evolution was monitored by a differential pressure
manometer, and the presence of O, was identified by an
oxygen sensor at the end of the measurement. The oxygen
evolution kinetics were studied at various concentrations of
both catalysts (10—200 pM) containing excess CAN (100
mM) at 25 °C. The oxygen evolution curves catalyzed by 1%
and 2% are shown in parts a and b of Figure 7, respectively.
The initial rates of oxygen evolution are calculated from the
initial slope and plotted against [catalyst];, as shown in Figure
7c. In each case, the initial rate values increase linearly with
[catalyst];, suggesting a unimolecular reaction. The first-order
dependence with respect to [catalyst]; implies that only one
molecule of the complex is involved in the rate-determining
step. The initial turnover frequencies (TOF;) for 1*4 and 24
were calculated from the slope as 0.014 and 0.3 s,
respectively. The rate constant of 29 is remarkably higher
(~21 times) than that of 1*9 (see Table 1 for a comparison
with other related reported compounds). Although we could
achieve a higher TOF; for 2%, the catalytic performance is
limited to moderate turnovers. Using [complex]/[CAN] = S0
#M/100 mM, we could achieve only a few turnover numbers
(TON = 2 for 1*® and 30 for 2"9), suggesting that both
complexes suffered from degradation under highly oxidizing
Ce" conditions. Nevertheless, the presence of a —CO,H
moiety increases the robustness of 249 rather than 14, In an
electrochemical study, we also observed a much higher
catalytic current for 2%9 than 1%9, as shown in Figure 4a.
From an electrochemical study, we estimated the k, values of
0.13 + 0.02 s™" for 1*%and 3.00 + 0.10 s™" for 2*9 at pH 1 (for
details, see Figures S30—S35 and Table S3). Here also we
found a remarkably higher k., value for 29 than 1% (Table
1). Given the similar primary coordination environments in
both complexes, the above results point toward the fact that
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the dangling —CO,H group must be involved in fine-tuning of
the secondary coordination sphere to reduce the activation
energy barrier in the rate-limiting step. The presence of a
pendant carboxylic side arm in complex 2*9 can stabilize the
high-valent states of the complex or various other inter-
mediates through intramolecular hydrogen-bonding interac-
tion."” Moreover, it may participate in O—O bond formation,
promoting an oxide relay mechanism (vide infra).”® Therefore,
the presence of dangling —CO,H in 2% enhances the reaction
rate, whereas the absence of a carboxylic moiety in 149 makes
the catalyst inefficient.

Mechanism of O—O Bond Formation in 2%9. The
observed first-order dependence of the reaction rate with
respect to the catalyst concentrations implies a WNA
mechanism for the O—O bond formation step, as was mostly
reported in the literature for other related ruthenium
complexes.”® Scheme 2 shows two possible pathways for the
0-0 coupling step with complex 2% In a familiar WNA
pathway, water can attack directly at the oxo center of the
RuY=O0 unit to form the O—O bond. In another pathway,
instead of a direct water attack at the Ru'=0 center, the
oxygen of a pendant carboxylic group can first react with the
oxo moiety to form a O—O bond, followed by WNA at the
electrophilic carbon atom of the formed percarboxylate,
referred to as an oxide relay mechanism.*’

To verify the reaction pathway, we performed a catalytic
reaction using '*O-labeled water under one turnover condition.
In a typical experiment, complex 2 was dissolved in 100 uL of
CF;CH,OH containing 20 4L of neat triflic acid, and to it was
added 4 equiv of CAN dissolved in 380 uL of 97% H,"*O to
initiate the catalytic reaction. A similar experiment was also
performed using H,'°O instead of '8O-labeled water. At the
end of the reaction, the solvent was removed from each
reaction to obtain solid samples that were analyzed by HRMS-
ESI(+), FTIR-ATR, and resonance Raman spectroscopy.

The HRMS-ESI(+) spectrum of the sample obtained from
the catalytic reaction in H,'°O exhibits a peak corresponding
to [Ru(trpy) (HL*-k-N*)]* species at m/z 573.0608, which is
nearly two-mass-unit-upshifted to m/z 575.0698 for the sample
obtained from the reaction using '®O-labeled water (Figure
S36). The experimental isotope pattern of the '*O-labeled
sample is an overlapping signal of unlabeled and labeled
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complexes. The isotope pattern is successfully simulated with a
percentage ratio of [Ru(trpy)(HLZ—{CléOléo})]+:[Ru(trpy)—
(HL?>-{C'0'0})]*:[Ru(trpy) (HL*-{C'*0'*0})]* =
30:51:19. So, mass analysis clearly indicates that the oxygen
atom of the water molecule is incorporated into the carboxylic
moiety during the catalytic process. In the FTIR-ATR spectra,
as shown in Figure 8, the v(C=O0) vibration of the
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Figure 8. FTIR-ATR spectra of samples obtained after 2 was treated
with 4 equiv of CAN using (black line) 160-labeled and (red line)
180-labeled water (acidic pH).

dangling carboxylic group for the unlabeled sample appears at
1695 cm™', whereas this stretching vibration appears at the
lower wavenumber 1665 cm™" in the '*O-labeled sample (see
Figure S37 for the full-range spectra). The observed isotopic
shift of Avgy, = 30 cm™ is consistent with the calculated
isotopic shift value Av., = 34 cm™’, confirming incorporation
of the heavier oxygen isotope into the carboxylic moiety under
catalytic conditions. Similarly, in resonance Raman spectros-
copy with excitation at 512 nm, we observed an isotopic shift
of Avg,, = 30 cm™ upon 'O labeling in the v(C=0),,,
vibration (Figure S38). A controlled labeling experiment
without the addition of CAN showed that no '®O exchange
occurred at all between water and —CO,H for at least 6 h.
These findings undoubtedly validate the oxide relay pathway,
where WNA takes place at the carbon center of the
percarboxylate group instead of a direct attack at the oxo of

the formal Ru¥=0 unit (Scheme 2). As can be seen from the
DFT-optimized structure of the formal 2°° species at the
quartet ground state shown in Figure 9a, the oxygen atoms of
the pendant carboxylic group are positioned within a bonding
distance of around 3.024 A (average distance) from the
reactive oxo center of the Ru"=0 unit. Such a close proximity
can be anticipated to facilitate the intramolecular O—O bond
formation between the oxo and an oxygen atom of the
carboxylic group.

In 2°%, the quartet and doublet states are close to
degenerate. The ground quartet state is only 1.25 kcal/mol
lower in energy than the doublet state. The Mulliken spin-
density plots of both states are depicted in Figure S39. The
electronic structure of 2°* at the quartet ground state can be
described as [Ru''(trpy) (H,L*-k-N*)**(0°*7)]*", featuring a
low-spin Ru' center (S = '/,) ferromagnetically coupled with
an oxyl radical (S = '/,) and a H,L? ligand-based cation radical
(S ="'/,). While the basicity of the carboxylic group is largely
reduced at acidic pH, the highly reactive oxyl group”’ might
provoke O—H bond cleavage of the —COOH group and
promote O—O bond formation via a radical coupling pathway.
During the O—O bond formation step, the electron from H* is
formally transferred to the cationic-radicaloid benzimidazole
moiety of the ligand along with the release of a proton to
generate a putative doublet ruthenium(III) percarboxylate (3)
intermediate. The DFT-optimized structure and spin-density
plot for 3 are shown in Figures 9b and S40, respectively. The
O—0 bond distance (1.451 A) of the calculated structure of 3
is in agreement with the characteristic metal—peroxo complex.
The carbon atom of the percarboxylate intermediate is
electrophilic in nature with a partial positive charge of +0.39.
This makes the WNA at the carbon center favorable. In the
proceeding steps, once the water has attacked the electrophilic
carbon, breaking of the C—O bond would take place facilely to
form a putative ruthenium(III) hydroperoxo intermediate (4)
that undergoes further proton-coupled oxidation to release O,.
The solvent kinetic isotope effect value was determined to be
2.00 by comparing the CV curves of 2*? in H,0 (pH 1) and
D,O (pD 1.4), as shown in Figure S41. This result indicates
that the rate-determining step is associated with cleavage of the
O—H bond, which most probably occurs either during the O—
O bond formation step (2°*° — 3) or during the WNA step at
the carbon center of the percarboxylate (3 — 4). Further
computational studies should allow us to acquire detailed

partial charge +0.39

Figure 9. DFT-optimized structures of (a) quartet 2°* and (b) doublet ruthenium(III) percarboxylate intermediate (3) derived from 2”1 during
the catalytic process. Color code: Ru, magenta; C, gray; N, blue; O, red; H, white. Hydrogen atoms on the ligand carbon atoms are omitted for

clarity.
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Figure 10. Plausible reaction pathway for water oxidation mediated by 2 at pH 1.

mechanistic information. So, on the basis of the experimental
as well as preliminary computational studies discussed above,
we propose a plausible reaction pathway for water oxidation
mediated by 2 at pH 1, as shown in Figure 10.

B CONCLUSIONS

In this work, we have reported the synthesis and character-
izations of a new ruthenium(II) complex 2 along with a
previously reported aqua-coordinated complex 19, In an acidic
aqueous medium (pH 1), complex 2 undergoes protonation-
induced carboxylate/water exchange to produce catalytically
important aqua-ligated complex 2% Here we have demon-
strated the effect of a dangling carboxylic group toward the
water oxidation reactivity by comparing the catalytic perform-
ances of 1* and 2*%. The catalytic rates for 1*9 and 29 were
determined from the chemically induced reaction as well as
from the electrocatalytic current at pH 1. Complex 2*9 shows a
several times higher catalytic rate than complex 1*%. The
dangling carboxylic group in 2% enhances the rate of reaction
enormously by participating in the O—O bond formation
reaction, where instead of the direct attack of water at the
formal Ru'=0, oxygen of the closely placed pendant
carboxylic group reacts with Ru¥=0 to form the ruthenium-
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(II) percarboxylate intermediate that is attacked by water in
the follow-up steps. The labeling experiment with '*O-labeled
water confirms the incorporation of a labeled oxygen isotope
into the carboxylic group of 2% under catalytic conditions.
Here we provide for the first time experimental evidence of the
oxide relay functionality of the pendant carboxylic group for a
remarkable rate enhancement toward water oxidation,
supporting the prediction by Ahlquist et al. computationally.*’
Thus, the present study might help to develop the next
generation of advanced catalysts by judiciously incorporating a
carboxylic group into the ligand scaffold.
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