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Structural Modifications of Mononuclear Ruthenium Complexes:
A Combined Experimental and Theoretical Study on the Kinetics of
Ruthenium-Catalyzed Water Oxidation**
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Practical-efficiency catalysis of the water oxidation process
(2H,0—0,+4e” +4H") is the highly sought element of
emerging artificial photosynthetic energy-conversion tech-
nology."? While oxygen evolution in naturally occurring
photosynthesis, which supports nearly all existing life forms,
relies on a sophisticated Mn-based complex,*3! the majority
of artificial molecular water-oxidation catalysts (WOCs) are
Ru-based complexes with relatively simple polypyridyl
ligands.[**!

Recently emerged evidence in favor of alternative O,-
evolving mechanisms for Ru-catalyzed water oxidation,?
such as solvent water nucleophilic attack (WNA) and direct
O—O coupling via interaction of two M—O units (12M),P>¢#!
demonstrated dramatic mechanistic consequences of differ-
ent ligand designs, which are yet to be fully rationalized.
Understanding of intricate ligand-dependent preferences for
one mechanism over the other is necessary for further
progress to be made.>”! Unfortunately, vast structural differ-
ences between Ru-bound ligands of WOCs which operate by
the WNA or I2M mechanism hampers determinations of
ligand influence on catalytic pathways.

Herein we report the synthesis of monomeric ruthenium
complexes [Ru"(pda)L,] (H,pda: 1,10-phenanthroline-2,9-
dicarboxylic acid; L is pyridine (py) in 1a, 4-picoline (pic)
in 1b, or 4-bromopyridine in 1¢), which led us to the
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unprecedented discovery that a small alteration of a Ru-
bound ligand, that is, replacement of 2,2'-bipyridine-6,6'-
dicarboxylate (bda)® with pda, changes Ce'"-driven catalytic
water oxidation from a binuclear to a mononuclear process.
Our experimental work, combined with a theoretical model-
ing study, shed light on the reaction intermediates and
provided insight into the reaction pathways.

The crucial coordination features of previously reported
[Ru"(bda)(pic),] (2) are 1) the large O-Ru-O cleft, which
allows straightforward access of a solvent water molecule to
the Ru center, and 2) the flexible bipyridine backbone, which
provides adaptability to the Ru-ligand matrix at various
oxidation states of the complex.®™ We also reported that the
kinetics of Ce™-driven catalytic water oxidation at pH 1 is
second-order in the complex and, more importantly, an
uncommon seven-coordinate Ru™—(OH) dimeric intermedi-
ate was isolated and structurally characterized.®™" On the
basis of these findings we suggested a bimolecular catalytic
mechanism through direct interaction of two highly oxidized
Ru(bda)—O units, which was further rationalized by DFT
calculations. [

Given the above considerations, we decided to investigate
whether changing from a flexible to a highly preorganized
(ie., rigid)'"”! backbone in 2 would give any insight into the
structure-mechanism relationship. Complexes la-¢ were
synthesized in a one-pot reaction by heating [Ru(dmso),Cl,]
and H,pda to reflux in the presence of 1,8-diazabicyclo-
[5.4.0]Jundec-7-ene overnight, followed by addition of the
corresponding 4-substituted pyridines. We derived structures
of 1a—c (Figure 1) from 'H NMR, HRMS, and elemental
analysis data.l'!l Specifically, the "H NMR spectra of 1a—c¢ in
CD;0D show two doublets and one singlet in the range of d =
8.1-8.5 ppm, assigned to the six protons of pda, and indicative
of a C,,-symmetric Ru"-pda (equatorial) plane in 1a—c.
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Figure 1. Molecular structures of 1a—c and [Ru" (bda) (pic),] (2).
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At the B3LYP/lacvp** level of density functional
theory,'?! which reproduced the X-ray crystal structure of 2
very well,®! we found that in isolated [Ru(pda)L,] com-
plexes 1) pda is essentially planar;®! 2) the Ru"-pda (equa-
torial) plane is C,,-symmetric; 3) the distance between the
two oxygen donors O1 and O2 is about 0.2 A shorter than that
of an uncoordinated pda, and thus indicates bending dis-
tortions of carboxylate units on complexation (the reorgan-
ization energy™! of pda due to complexation with Ru'' is ca.
31 kcalmol™); 4) the expanded O-Ru-O angle is larger than
that of [Ru"(bda)(pic),] (ca. 130.5° versus ca. 124.7°, respec-
tively)."!

Studies on catalytic O, evolution with 1a—¢ were carried
out by using Ce" as oxidant (2H,0+4Ce*'—0,+4H" +
4Ce*"). In these experiments, the amount of evolved O, was
monitored with an optical oxygen probe and verified by GC
end-point reading. After six hours of catalytic reaction,
turnover numbers (TONs) of 336, 310, and 190 were obtained
for 1a, 1b, and 1c, respectively. Based on the plots of O,
evolution in the interval of 0-3600s, we obtained initial
turnover frequencies (TOFs) of 0.092, 0.102, and 0.040 s* for
1a, 1b, and 1¢, respectively. In comparison with molecular
ruthenium catalysts reported by others,”! 1a—c are highly
efficient. Specifically, 1a—¢ show much better catalytic
stability than their [Ru"(bda)(pic),] analogue 2, which
achieved a high TON of 1200 and a high initial TOF of
4.5s7! under the same experimental conditions but lost its
catalytic activity over about 5 min.['¥)

Besides diverse catalytic performance of 1a—c relative to
2, we discovered that kinetics of catalytic water oxidation for
1a—cis clearly different from that of 2. A kinetic study showed
that the initial O, evolution rate for 1a—c under catalytic
conditions is first-order in catalyst concentration, as shown in
Figure 2 for the case of 1b. This indicates that a mononuclear
catalytic process is involved in the rate-determining step of
water oxidation by la—c, contrary to the indication of a
binuclear catalytic process for 2 under the same conditions.®!
This experimental result reveals that a small change in ligand
makes a big difference to the catalytic pathway. Additionally,
the reaction Kkinetics proved to be zero-order in Ce'
concentration (Figure S11 in the Supporting Information).

Investigation of the electrochemical properties of 1a—c in
aqueous CF;SO;H solution (pH 1.0) and phosphate-buffered
saline (50 mMm, pH 7.0) with [Ru(bpy);Cl,] (bpy: 2,2"-bipyr-
idine) as external reference (E;,(Ru'/Ru™)=126V vs.
NHE!""), revealed that for all three Ru complexes the
electrocatalytic water-oxidation onset potentials (ca. 1.55-
1.65 V vs. NHE in pH 1.0 medium and ca. 1.23 V vs. NHE in
pH 7.0 buffer) appeared at more anodic positions than the
two preceding waves assigned to Ru™/Ru' and Ru"™/Ru™,
respectively. For instance, the cyclic voltammogram (CV) of
1b displays a quasireversible wave at E;,, =0.97 V (Ru"/Ru™)
and an irreversible wave at £=1.36 V (Ru"™/Ru") in pH 1.0
medium (Figure S7), while the corresponding redox values for
its Ru"/Ru™ and Ru"/Ru" couples in pH 7.0 buffer appear at
E=0.82Vand E=1.14V respectively (Figure S8; all poten-
tials above are given in volts vs. NHE®). The previously
reported CV of [Ru"(bda)(pic),] also featured clearly sepa-
rated Ru"/Ru™ and Ru"/Ru"" waves prior to the emergence
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Figure 2. Upper: plots of O, evolution versus time at various concen-
trations of catalyst 1b: 0.04 mwm (m), 0.033 mm (A), 0.025 mm (0),
0.017 mm (@), and 0.008 mm (V). Lower: initial rate of O, evolution
at various concentrations of catalyst 1b, k=0.82 Lh™". A single
exponential function was used to fit the generated dioxygen versus
time plots during the period of 0-1 h (red curve, left); initial rate is
calculated as the slope of the curve at t=0.

of the water-oxidation onset at about 1.55 V! and are
qualitatively similar to the CV of 1b.

With its advantageously low catalytic overpotential, 1a—
1c can achieve visible-light-driven water oxidation in neutral
medium with [Ru(bpy);]*" as photosensitizer and S,04*" as
electron accepter (see the Supporting Information for
details).

In our earlier study, HRMS allowed direct detection of
relatively stable intermediates involved in water oxidation by
2.1 Employing a similar HRMS technique, we observed that
in water containing 10% acetonitrile 1) the peak of [Ru'-
(pda)(pic),+H]" was the only major signal for starting
complex 1b; 2) on addition of Ce" to the solution, signals
of [Ru"(pda)(pic),+OH]" and [Ru"'(pda)(pic),]" appeared.
In our previous work, analogous HRMS signal of [Ru"(bda)-
(pic),+OH]" were correctly assigned to the seven-coordinate
[Ru"(bda)(pic),(OH)]", as confirmed by the X-ray crystal
structure of the seven-coordinate Ru'Y(OH) dimer.®*! Like-
wise, taking into account the similarly large O-Ru-O angle, we
assigned the signal of the singly positively charged OH adduct
to the seven-coordinate complex with Ru"™¥-bound OH group,
[Ru"(pda)(pic),(OH)]" (Figure 3).

To learn more about mechanistic aspects, we performed
DFT modeling at the B3LYP/lacvp** level in water within a
self-consistent polarizable continuum model;" electronic
structure analysis was performed by using Mulliken atomic
spin densities and natural bond orbital (NBO) analysis (see
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Figure 3. HRMS spectra assigned to [Ru" (pda) (pic),(OH)]*: measured
isotopic distribution (top right) and the calculated isotopic distribution
(bottom right). DFT-optimized structure of [Ru" (pda) (pic),(OH)]" with
all distances in angstrom (left).

complete account of computational methods in the Support-
ing Information).!*?

Based on combined results of HRMS and electrochemical
measurements we devised a sequence of proton-
coupled oxidations: [Ru™-OH,]"—[Ru""~OH]"—formally
[Ru'=0O]".’*! The calculated potentials for the formally
Ru"/Ru" and Ru"/Ru" proton-coupled oxidation steps are
1.67 V versus NHE and 1.28 V versus NHE, respectively,!'>%’!
consistent with electrochemical measurements.

Geometries of the above-mentioned aqueous complexes,
results of our earlier work,® and calculated ligand reorgan-
ization energies AE; (pda) and AE; (bda) (Table 1)!'2! high-

Table 1: Calculated ligand reorganization energies [kcal mol™"].H!

AE, (pda) AE, (bda)
[Ru"—OH,]* 32 26
[Ru™—OH]' 34 36
[Ru*=0]" 34 27

[a] All values for AE, were calculated at the B3LYP/6-31g**+ + level of
theory.

lighted the disparity between pda and bda ligands. Combined
torsion of the bipyridine backbone and O1-Ru-O2/N1-Ru-N2
planes adjusts bda to the positive charge (ionic radius) of the
ruthenium ion. This adjustability is mirrored by the variation
of AE;(bda), which is at maximum for the “high-stress”
[Ru"Y—OH]" complex with about 10° twist of the bipyridine
backbone and about 23° torsion between O-Ru-O and N-Ru-
N planes.”? Conversely, the rigidity of pda leaves very little
room for adaptability, as mirrored by a fairly constant
AE, (pda), although there is a clear mismatch between ionic
radii of Ru"™" (ca. 0.65-0.62 A) and the selectivity of pda
towards larger metal ions (ca. 1.0 A).””

To get an idea about the potential-energy profiles of O,
evolution catalyzed by 1b, we proceeded with modeling of
plausible mononuclear pathway (WNA) with attack on
formal complex [Ru¥(pda)=O]" proceeding with proton-
coupled reduction, formally Ru¥ —Ru™ (Scheme 1).* 0-O
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Scheme 1. Calculated O,-evolution pathway by WNA. AE* and AE are
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Figure 4. AWNATS for formal complex [Ru'(pda) (py);=O]". All bond
lengths are in angstroms.

bond formation is exothermic (AE=—5.5kcalmol™'); the
electronic energy barrier AE* is 13.3 kcalmol™!. In the
properly characterized transition state (TS, Figure 4), the
proton-accepting relay involves syn lone pairs of one of
COO" groups.” This finding is reminiscent of 1) the acid—
base proton relay in bleomycins,® and 2) involvement of
aspartate-COO™ in the naturally occurring oxygen-evolving
complex.”! The “shift” of Ru" occurs at the TS (see Figure 4),
because the cleft of pda is both rigid and too large for the ionic
radius of Ru™?" It is therefore intuitively reasonable that
auxiliary COO™ group participates in a proton reshuffle. For
the analogous WNA on formal complex [Ru"(bda)=0]", the
“shift” of Ru'" inside the cleft of bda occurs, too, but to a
lesser extent (Figure S15). For comparison, the barrier for O—
O bond formation by WNA on [Ru"(bda)=O]" is 18 kcal
mol ™. The higher barrier indicates that 2 does not go through
the WNA pathway as easily as 1b.

The ligand—metal coordination in TS (WNA) in Figure 4 is
similar to that in weakly bound seven-coordinate complex
[Ru™(pda)(OH,)]" (Figure S14A), in which the “shift” of
Ru™ inside pda occurs for the reasons detailed above. On the
contrary, we found no such asymmetry in the analogous aqua
Ru"(bda) complex.[’ Furthermore, the “shift” of the Ru"
unit, combined with ligand reorganization, in the preceding
[RuV(pda)=O]" complexes requires less energy in comparison
with [Ru¥(bda®")=0]" (Figure S20). On the basis of these
results, we suggest that the smaller WNA barrier of 1b
(Table 2) is related to lower overall reorganization energy of
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Table 2: Calculated O—O bond formation barriers [kcal mol™] in water.
[Ru”(pda) (py)7=O]" [Ru” (bda) (py);=O]"

13.30 18.01
16.48 11.981

SWNA
Ru'=0 coupling

[a] Present work. [b] Reference [6a].

forming the TS, whereas the adjustability of bda could inhibit
reorganization of 2 towards the Ru™ TS (Figure S15) in the
WNA process. The disparity of the ligand reorganization
energies (Table 1) is additional support for our view of the
plausible cause of the mechanistic selectivity.

Proton-coupled one-electron oxidation of aqueous Ru
OOH (calcd 1.24 V vs. NHE) leads to formal peroxo complex
Ru™—0O (this oxidative step is unlikely to be rate-limiting
due to the very large excess of the oxidant). The subsequent
displacement of O, by a solvent water molecule has sub-
stantial driving force (AE=—15.8 kcalmol™!). The ground
electronic state of the peroxo complex is a triplet: one
unpaired electron is localized on ruthenium and one electron
is delocalized over the OO moiety. Remarkably, properties of
our Ru™—0O peroxo complex are in line with those
calculated by Van Voorhis and co-workers for comparable
analogue [Ru"(tpy)(bpm)(OH,)]**.1°!

We also checked the I12M pathway for 1b, making use of
the procedure described in our earlier study,® and obtained a
barrier of 16.4 kcalmol ™! (in water). Due to less torsion of O1-
Ru-O2/N1-Ru-N2 planes (Table S7), increased collision of
axial ligands hinders two formal (pda)Ru'=0 species getting
close and thus increases the barrier for their direct O—O
coupling in comparison to the coupling of two formal
(bda)Ru"=0 species investigated in our earlier work.[

In summary, we have discovered that a small alteration of
an Ru"-bound ligand, that is, replacement of 2,2’-bipyridine-
6,6'-dicarboxylate (bda) with 1,10-phenanthroline-2,9-dicar-
boxylate (pda), changes Ce™-driven catalytic water oxidation
from a binuclear to a mononuclear process. Combining the
results of electrochemical and HRMS studies allowed us to
propose that [Ru™(pda)(H,0)]" and [Ru"(pda)(OH)]" are
involved in the process as intermediates. We compared two
mechanisms by computational modeling—solvent water
nucleophilic attack and direct O—O coupling for WOCs
with pda and bda ligands—and obtained initial underpinning
of the experimental observations. Qualitatively, our study for
the first time suggests a link between a water oxidation
pathway and different geometries of WOC:s in catalytic states,
which indicates that the torsional flexibility of bda, the rigidity
of pda, and their reorganizations through the catalytic cycle
are implicated. The modeling study also indicated that a
dicarboxylate ligand may assist a proton-coupled nucleophilic
attack towards monomeric RuY=O by preorienting the
reactant water molecule and perhaps even promoting hetero-
lytic cleavage of an O—H bond.[*”)

Our findings help to bring the ligand-dependent “border-
line” between alternative catalytic pathways of water oxida-
tion into a spotlight, so that it can become better understood,
and stimulates design of more efficient catalysts for water
oxidation.
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