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The process of water oxidation presents a significant challenge in the development of artificial pho-
tosynthetic systems. This complexity arises from the necessity of charge accumulation, involving
four electrons and four protons, and 0-0 bond formation. The strategy of using redox-active ligands
in conjunction with metals is recognized as an effective approach for managing this charge accumu-
lation process, attracting considerable attention. However, the detailed mechanisms by which the
electronic effect of the redox-active ligands affect the reactivity of the catalytic centers remain am-
biguous. In this study, the electronic effect of a series of mononuclear Ru complexes furnished with
redox-active ligands ([(LzN5-)Ru'-OH]*, R = OMe, 3a; Me, 3b; H, 3¢; F, 3d; CF3, 3e) was examined on
water oxidation. A correlation was observed between redox potentials and substituent constants
(opara), indicating that different successive redox pairs are influenced by electron effects of varying
intensities. Particularly, the ligand-centered oxidation (E {[(LN5-)*Ru!V=0]2*/[(LN5-)RuV=0]+}) shows
a greater dependence than the metal-centered PCET oxidations, E(Ru-OH/Ru"-OH.) and
E(RuV=0/Ru-OH). The critical intermediate, [(LN5-)*RuV=0]2%*, formed through ligand-centered
oxidation, triggers O-0 bond formation via its reaction with water. The rate constants of this crucial
step can be effectively modulated by the substituents of the ligand. This study provides intricate
insights into the role of the redox-active ligand in regulating the water oxidation process and further
substantiates the effectiveness of the synergistic interaction of redox ligands and metals in control-
ling the multi-electron catalytic process.
© 2023, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

modynamic potential (1.23 V vs. NHE, pH = 0), and the slow
formation of 0-0 bond [1-4]. In nature, these challenges are

Water oxidation, which involves the conversion of two mol-
ecules of water into oxygen, four protons, and four electrons
(2H20— 02 + 4H+ + 4e-), is a vital half-reaction. This process
presents significant challenges for artificial photosystems due
to the necessity of successive 4H*/4e- transfers, a high ther-

adeptly managed by the CaMn4Os cluster within photosystem II
(PSII), which demonstrates efficient catalytic performance
[5-7]. Inspired by that, numerous molecular water oxidation
catalysts (WOCs) have been developed based on noble metals
ruthenium [8-22], iridium [23-28] and earth-abundant metals
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Fig. 1. (a) Redox ligand-assisted water nucleophilic attacked on Ru!V=0 in water oxidation catalysis. (b) This study: the core structures of the designed
RulV=0 intermediates with different substituents to explore the relationship between the electron effect and catalytic activity.

manganese [29-32], iron [33-39], cobalt [40-44], nickel
[45-47], and copper [48-56], after the first homogeneous WOC
(Blue dimer) reported in 1982 [57]. Significant strides have
been made in understanding the mechanisms behind catalytic
water oxidation, particularly with well-defined molecular cata-
lysts [58-61], and notably with ruthenium systems [62-64].
For instance, a mechanism involving a single-site Ru catalyst
[15,65], where water launches a nucleophilic attack on
high-valent Ruv=0 to form O-O bonds (known as the WNA
pathway), was first proposed by Meyer [65] and subsequently
corroborated by Lloret-Fillol [66]. However, despite these ad-
vancements, the scientific community continues to seek a
deeper understanding of the mechanistic details. This includes
a focus on how to regulate the reactivity of high-valent Ru=0
intermediates.

In a recent study, we discovered that a redox-active ligand
assists in charge accumulation through proton-coupled elec-
tron transfer (PCET). This process further aids the formation of
an 0-0 bond by moderating the reactivity of the Ru!V=0 species
toward a water nucleophilic attack (Fig. 1(a)) [67]. However,
there remain several unresolved queries regarding the role of
the redox-active ligand in catalysis involving multiple electrons
and protons. Consequently, we sought to examine the water
oxidation mechanisms in detail, specifically for the
[(LrN5-)Rul-OH]*, catalyst, where ligand oxidation is crucial in
instigating 0-O bond formation via RulV=0 at a pH of 7.0. By
incorporating both electron-donating and elec-
tron-withdrawing substituents at the redox-active ligand site
(Fig. 1(b)), we can deduce how the ligand's electronic attributes
influence the catalyst's activity while preserving a consistent
local ligand environment. With this objective, we evaluated a
series of structurally similar ruthenium complexes
[(LuN5-)Rulll-OH]+, featuring both electron-donating and elec-
tron-withdrawing groups at the para-position of the
N-phenylacetamide segments (R = OCHs (3a), CHs (3b), F (3d),
or CF3 (3e), Scheme 1) in this study. Electrochemical analyses
demonstrated that these added substituents can modulate the
redox potential of the complexes through the electronic effect
of the ligand. In the consecutive three-step oxidation, the im-
pact of the substituent on the redox potentials progressively
intensified, signifying that the ligand center was oxidized in the
third step, forming the [(LN5-)+*RulV=0]2+ intermediate. Under
catalytic conditions, the overpotentials of these catalyst fami-
lies significantly diminished with the increasing elec-

tron-donating influence of the substituents. The Hammett cor-
relation (p = 1.0) between kobs and opara further demonstrates
that 0-0 bond formation via the nucleophilic attack of water on
the Ru!lV=0 unit corresponds to the rate-determining step in the
catalytic cycle. These detailed investigations clarify how the
redox-active ligand enables easier access to higher redox levels
of the metal ion and manages the reactivity of Ru!V=0 towards
0-0 bond formation.

2. Experimental
2.1. Materials

All chemicals used in this study, except ligands 1a-1e and
complexes 2a-2e and 3a-3e, were purchased from a commer-
cial company and used without further purification, unless
otherwise specified. Deionized water was purified using a Mil-
1i-Q ultrapure water purification system.

2.2. Instrumentation

1H and 13C NMR spectra were recorded on a Bruker Avance
400 spectrometer, ESI-HRMS data were recorded on an
LCMS-IT/TOF (Shimadzu, Japan), and X-ray diffraction studies
were conducted using an Xcalibur E X-ray single-crystal dif-
fractometer. The data were collected using four-circle kappa
diffractometers equipped with CCD detectors. The data were
reduced and corrected for absorption [68]. Solution, refine-
ment, and geometrical calculations for all crystal structures
were performed using SHELXTL-97, and PLATON SQUEEZE
was used to remove the undetermined disordered solvent [69].

All electrochemical data were collected using a CHI-630

Ru(DMS0),Cl,
—_—
NaH, DMF

2a: R=0CH, 3a: R=0OCH;
2b: R=CHjs 3b:R=CH,
2c:R=H 3c:R=H
2d:R=F 3d:R=F
2e:R=CF; 3e:R=CF;

Scheme 1. Synthetic procedure and structures of the ruthenium (III)
complexes [(LrN5-)Ru-OH]* (R = OMe, 3a; Me, 3b; H, 3¢[67]; F, 3d; CFs,
3e).
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Fig. 2. Crystallographic structures of 2a (CCDC 1977765), 2b (CCDC 1977762), 2d (CCDC 1977769), and 2e (CCDC 1977767). The thermal ellipsoids
are displayed at a 30% probability. Hydrogen atoms and solvents have been omitted for clarity.

electrochemical workstation, and a three-electrode system was
applied. Specifically, the working electrode (WE) was a glassy
carbon electrode (GC, 0.07 cm2), counter electrode (CE) was a
platinum wire electrode, and reference electrode (RE) was a
saturated calomel electrode (Hg/HgClz, saturated KCl solution)
for the aqueous phase or an AgNO3/Ag electrode for the organ-
ic phase. Before electrochemical experiments, GC electrode was
required to be polished continuously with 0.3 and 0.05 pum
alumina (Alz03). Subsequently, it was washed and cleaned with
the deionized water. All potentials used in this study were cor-
rected using a normal hydrogen electrode (NHE, in aqueous
solution) or ferrocene (Fc*/? in an organic solvent).

3. Results and discussion

3.1. Synthesis and Characterization

Our previous study showed that the redox-active site of the
ligand significantly improved the reactivity of RulV=0 toward
water oxidation [67]. Therefore, the substituents were installed
at the para-position of the N-phenylacetamide fragment, which
not only avoided the steric hindrance effect but also maintained

(1a-1e) and the corresponding Ru complexes (2a-2e and
3a-3e) were prepared (Scheme 1; synthetic details are listed in
the SI) and characterized via 'H NMR (Figs. S9-516), 13C NMR
(Figs. S25-528), and ESI-HRMS (Figs. S35-542). The molecular
structures of 2a-2b and 2d-2e were further verified using
single-crystal X-ray diffraction (Fig. 2). All the structures dis-
played a typical distorted octahedral geometry around the Rull
center, similar to the reported structure of 2¢ [(LyN5-)Rull-CI]
[67]. These ligands with different substituents, 1a-1e, coordi-
nate with the Ru atom via five N atoms, and an extra Cl- anion is
in trans position to the amidate N atom. Similar to the synthesis
of 3¢ [(LuN>-)Rull-OH]* [67], hydroxylated 3a-3b and 3d-3e
were also prepared using the corresponding chlorides 2a-2e
and characterized via ESI-HRMS (Figs. S39-542).

3.2.  Redox properties of the prepared ruthenium complexes

To investigate the effect of the substituents on the redox
properties of 3a-3e, cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) were conducted in propylene car-
bonate (PC) using a GC electrode. The potentials were correct-
ed using Fc#/0 in propylene carbonate. As shown in Fig. 3(a), all

the original coordinated geometry. These redox ligands five complexes displayed three successive reversi-
(a) 3a (®) 3a
—3b —3b
3c 3c
3d 3d
3e — 3eRyRy" Rul/Ru!l L
on G
—~~ I
S| — < M
g g ]l /I’ ///
5 £ ' g
O
/\__/—/}—’ 3 ,' ,
< (’( /I //
1 /
I /l 7
1 g
M > “A[ /\__J'/\ 5“A[
-0.4 0.0 0.4 0.8 1.2 -0.5 0.0 0.5 1.0

E (V vs. F¢”h

E (V vs. F")

Fig. 3. CVs (a) and DPVs (b) of 1.0 mmol/L 3a-3e. They were obtained using a glassy carbon (GC) electrode in 0.1 mol/L "BusNPFs propylene car-

bonate solution.
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Table 1
Summary of redox potentials (vs. Fc*/9) for Ru-based complexes 3a-3e
in propylene carbonate«.

Complexe R Opara” Rull/1 RuV/t L+Ruv/LR
3a OCH3 -0.27 -0.30 0.44 0.60
3b CHs -0.17 -0.27 0.56 0.80
3c H 0 -0.23 0.63 0.90
3d F 0.06 -0.22 0.64 0.88
3e CF3 0.54 -0.16 0.78 1.07

a All potentials are obtained from the DPV tests in Fig. 3(b). ® These
Hammett substitution constants (opaa) describe the effects of para
substitution on benzoic acid, as obtained from ref. [70].

ble/quasi-reversible redox waves. Based on the reported DFT
calculations of 3c [(LuaN>-)Rull-OH]* [67], the three oxidative
processes were assigned to the metal oxidation of RullVIl and
RulV/ll couples and ligand-centered oxidation (Fig. 3(b)). The
corresponding oxidative potentials of this family of Ru com-
plexes are presented in Table 1. As anticipated, the potentials of
each redox couple increased as the electron-donating ability
decreased. To compare the influence of the electronic proper-
ties of the substituents on the three oxidative processes, Ham-
mett-correlated curves between the redox potentials of 3a-3e
and substituent constants (opara) are plotted and fitted linearly,
as shown in Fig. 4. The results showed that the first two (pro-
ton-coupled) electron-transfer processes were slightly affected
by the substituent groups, with slopes of 0.17 and 0.38, but the
ligand-centered oxidation step was significantly affected with
an observed slope of 0.50. The variations in the slopes were
attributed to the following: for the first two processes, the met-
al center lies far away from the substituent groups, resulting in
less electron density change on the metal center; thus, the first
two oxidation processes show relatively small slopes; however,
the third oxidation process occurs at the ligand center, and the
redox property of the ligand center can be easily regulated by
the attached substituent groups. Hence, the third oxidation
displays a large slope. These experimental results reveal that
the ligand can undertake a partial charge and avoid excessive
charge accumulation at the metal site. Additionally, upon grad-
ual addition of water to the PC solutions of 3a-3b and 3d-3e,

®  Ru"/Ru" R*=0.95, p=0.17
= Ru'Y/Ru™ R*=091, p=0.38
= L*RulY/LRuY R*=0.84, p=0.50
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Fig. 4. Hammett correlation between redox potentials and substituent
constants opara for Ru catalysts 3a-3e in PC.

the first two waves remained reversible or quasi-reversible,
but the ligand-centered oxidation became irreversible, and the
anodic current increased (Figs. S43 and S44). These electro-
chemical behaviors were consistent with those of 3c, indicating
an electrocatalytic water oxidation event.

3.3.  Electrocatalytic performance of ruthenium complexes for
water oxidation.

To examine the influence of the introduced substituents on
the catalytic water oxidation, complexes 3a-3e were also in-
vestigated via electrochemical methods in aqueous phosphate
buffer solutions (PBS, 0.1 mol/L, pH=7.0) at room temperature
(Fig. 5). All potentials reported in the aqueous solution were
compared to those of the normal hydrogen electrode (NHE).
Considering 3c as the reference catalyst [67], the other Ru
complexes also displayed three oxidative events in CVs (Fig. 5),
which were assigned to Rull/Il, RulV/, and L+*/L. In the third
oxidative wave, all Ru complexes exhibited rapid incremental
currents, indicating catalytic processes. Moreover, the CVs of all
complexes were documented at different scan rates, and the
resulting normalized catalytic currents of the third wave were
strongly dependent on the scan rate (Figs. S45-5S48), which is
consistent with the catalytic water oxidation process. Notably,
the catalytic overpotentials of the Ru complexes 3a-3e were
strongly affected by the nature of the introduced substituents
(Fig. 6(a)); stronger electron-donating groups led to larger
negative shifts in the onset potentials. However, the elec-
tron-withdrawing groups were reversed (Table 2). This trend
was expected based on the electronic effect of the substituents,
as electron-donating groups are more readily able to allow the
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Fig. 5. CVs at 100 mV/s scan rate (a) and DPVs (b) of 1.0 mmol/L
3a-3e obtained via GC electrode in 0.1 mol/L PBS (pH = 7.0).
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oxidation of the ligand center.

3.4. Catalytic kinetics and mechanistic analysis of ruthenium
catalysts

According to the above discussion, complexes 3a-3e can act
as catalysts to electrocatalyze water oxidation. However, there
are some differences in the onset potentials and kobs (Table 2).
To better understand the electrocatalytic behavior of the cata-
lysts, we further investigated the redox properties of 3a-3e at
different pH values and performed a kinetic analysis of the cat-
alytic process.

3.4.1. Kinetics analysis.

Figs. S49-S52 show that the peak currents of the diffu-
sion-controlled and catalytic processes are linearly dependent
on the bulk concentrations of the catalyst, 3a-3b and 3d-3e.
Thus, the reversible process obeys the Randles-Svecik equation
in Eq. (1), and the peak current of the catalytic process can be
expressed using Eq. (2) [71]. In these equations, F denotes the
Faraday constant, A denotes the electrode surface area, ia de-
notes the peak current of the diffusion-controlled wave, and icat
denotes the peak current of the catalytic wave. Furthermore,
the bulk concentration of the catalyst is denoted by [cat.], while
Dcat denotes the diffusion coefficient of the catalyst. Here, ncat =
4 signifies the electrochemical stoichiometry for water oxida-
tion.

ia = 0.496n4FA[Cat.](naFvDcat/RT)05 @
icat = ncatFA[Cat.] (KobsDcat) 05 (2

Based on the plot of icat/ia versus v-95 in the same ranges
(Figs. S45-548), the observed rate constant for water oxidation
catalysis, kobs, is determined as 0.52, 0.72, 1.26 [67], 1.60, and
3.47 s-1 for 3a-3e, respectively. Furthermore, a linear rela-
tionship between introduced substituent constants (opara) and
the kobs can be established (Fig. 6(b)). This linear Hammett plot
indicates that the substituents fine-tune the electronic param-
eters of the catalytic center, and the catalytic rate-determining
step remains unchanged. The activities of complexes 3a-3e
increased with increasing substituent constants, indicating that
electron-withdrawing substituents accelerate the rate of water
oxidation. This is due to the fact that the electron-withdrawing
group decreases the electron density of the metal center, which
enhances the oxidation of [(LrN5-)**RulV=0]2+ species. The
Hammett reaction constant slope result, p = 1.00, indicates a

Table 2
Summary of electrochemical data, determined pKa values, and catalytic
parameters for Ru catalysts 3a-3e in 0.1 mol/L PBS (pH = 7.0).

Eonset Overpotential ~ Kobs

Complexe R (V vs. NHE) (mv)s (s1) pKa
3a OCH3 0.93¢ 113 052  6.52
3b CHs 0.97 153 072  6.28
3c H 1.02 203 126  6.03
3d F 1.03 213 1.60 5.85
3e CF; 1.12 303 347 533

aThe Eonset of 3a was estimated from CV because of interference from
the second oxidation wave. » The overpotentials were determined by
subtracting the theoretical potential at pH = 7.0 (0.817 V vs. NHE) from

Eonset.
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significant reduction in positive charge during the
rate-determining step. Furthermore, the activities of complexes
3a-3e also escalated with increasing onset potentials (Fig.
6(c)) due to the more favorable thermodynamic driving force
at higher potentials. Reducing the onset potential necessitates
the presence of electron-donating groups, while increasing the
catalytic activity calls for electron-withdrawing groups. Conse-
quently, modifications to molecular catalysts often result in a
trade-off between kobs and the effective overpotential (7efr) for
initiating catalysis.

3.4.2. Protons and electrons transfer in water oxidation cataly-
SIs.

In line with the Nernst equation, Pourbaix diagrams (Figs.
S53-S56) for catalysts 3a-3b and 3d-3e can be generated DPV
experiments conducted under varying pH conditions (Figs.
S§57-S60). These diagrams display electrochemical oxidative
behaviors similar to those of catalyst 3¢ in the E-pH diagram
[67]. The first reversible wave transitioned from being
pH-independent (Eg. (3)) to pH-dependent for catalysts 3a-3e,
respectively, demonstrating slopes of approximately 57-60
mV/pH (Eq. (4)) within the pH range of 5.3-6.5, as indicated in
Egs. (3) and (4).

[(LrN5-)Rull-OHz]* — e~ — [(LrN5-)Rulll-OHz]2+ 3)
[(LrN5-)Ru-OHz]* — e- — H* = [(LrN5-)Rull-OH]* 4)

The second quasi-reversible waves are strongly
pH-dependent with slopes of 100-130 mV/pH (4 < pH < 6, Eq.
(5)) and 47-55 mV/pH (pH > 6, Eq. (6)), which conform to
proton-coupled electron-transferred oxidative processes.

[(LrN5-)Rul-OHz]2* — e~ — 2H* — [(LrN5-)RulV=0]* (5)
[(LrN5-)Rul-OH]* — e- — H* = [(LrN5-)RulV=0]+ (6)

The third oxidative steps are pH-independent process (Eq.
(7)), indicating that the generated [(LrNS-)Ru!V=0)]* can be
further oxidized via one-electron process to provide
[(LrN5-)**Rulv=0]2* intermediate with oxidized ligand. Fur-
thermore, DFT  calculations confirmed that the
N-phenylacetamide moiety of the [(LrN>-)**RulV=0]2* interme-
diates exhibited obvious spin populations and antiferromag-
netic couples with the metal center (Table S1).

(a) 9

[(L¥S-)RuV=0]* — e~ — [(LrN5-)**RulV=0]2+ (7)
Additionally, the pKa data for [(LrN5-)Rulll-OHz]2+ were ex-
tracted from the respective Pourbaix diagrams as follows: 6.52
for 3a, 6.28 for 3b, 6.03 for 3c [67], 5.85 for 3d, 5.33 for 3e
(Table 2), which exhibited a linear change with the substituent
constant (Fig. 6(d)). Stronger electron-donating substituents
efficiently increased the electron density at the Ru-OHz moiety
in the conjugate acid of 3a-3e, thus increasing pKa. Conversely,
areverse trend was observed for electron-withdrawing groups.

3.4.3. Catalytic mechanism analysis of 0-0 bond formation.
According to the above discussion, the catalytic peak current
for water oxidation, ica, varies linearly with the catalyst con-
centration (Figs. S49-S52), which is consistent with single-site
ruthenium catalysis. CV experiments on water oxidation were
also performed in D20 (pD 7.4) phosphate buffer (Figs.
S61-S64). Analysis of these data revealed that the kinetic iso-
tope effects (KIE = icat, H20%/icat, D202 = knzo/kpz0) of catalysts
3a-3b and 3d-3e were 1.40, 1.30, 1.54, and 1.27, respectively.
This remarkable KIE was attributed to atom-proton transfer
(APT) in the catalytic rate-determining step [72]. Additionally,
the electrochemical behavior of the ruthenium catalysts at dif-
ferent buffer concentrations was investigated with a controlled
ionic strength of I = 0.462 mol/L in PBS (Figs. S65-S68). The
dependence of (icat/id)? on the phosphate concentration (0-0.2
mol/L) demonstrates that the buffer anion, as a proton accep-
tor, can contribute to water oxidation [72]. These results are
consistent with those of reference catalyst 3¢ [67] and fit the
WNA pathway. The KIE, buffer effect and linear Hammett cor-
relation collectively revealed that the active [(LrNS-)**RulV=0]2+
intermediate underwent nucleophilic attack by water mole-
cules to form 0-0 bonds with the assistance of a base (Eq. (8)
and Fig. 7(a)). This is the rate-determining step in the entire
cycle. The atomic dipole corrected Hirshfeld atomic charge
(ADCH) analysis exhibited that the O atom of Ru!V=0 unit in the
[(LrN5-)*Rulv=0]2* with electron-withdrawing substituents
held less negative charge, while the Ru atom exhibited more
positive charge (Table S2). This implies that the elec-
tron-withdrawing substituent can improve the reactivity of the

(b) 30

25 {mR=0CH,

AG# (kcal/mol)

10 T T T T
-0.2 0.0 0.2 0.4 0.6

Gpara

Fig. 7. (a) Energy barrier diagram of the 0-0 bond forming step via H20 nucleophilic attacking [(LzN>-)**RulV=0]2* intermediate. (b) Correlation be-

tween the activation Gibbs free energies (AG¥) and opara.
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RulV=0 with water molecule. The energy barriers of this chem-
ical process were evaluated via DFT calculations, which re-
vealed that the barriers decreased as the electron-withdrawing
ability of the substituents increased (Fig. 7(b)).
[(LrN5-)**Rulv=0]2* + H20 + Base?- -
[(LrN5-)Ru-OOH]* + H2P04 (8)

In the complex process of water oxidation catalysis, which
involves multiple proton/electron transfers, research on a fam-
ily of mononuclear ruthenium complexes with various substit-
uents has offered deeper insight into the catalytic mechanism
and regulation of activity. In this cycle, [(LrN5-)Rul-OHz]* is
readily oxidized to [(LrN>-)Rull-OH]* at a low potential through
the PCET process, with electronic regulation being relatively
insignificant due to the smaller thermodynamic driving force
required. Next, [(LrN5-)Rul-OH]+ undergoes further oxidation
via the same process to form [(LrN5-)RulV=0]*. This step is only
marginally influenced by electronic regulation because the
electron density at the metal center is reduced in the preceding
step. Electronic regulation becomes critical during ligand oxi-
dation. Here, electron-donating groups ease electron departure
from the redox-active site of the ligand, generating
[(LrN5-)**Rulv=0]2+ while electron-withdrawing groups exhibit
the reverse effect. Subsequently, the highly electron-deficient
[(LrN5-)**Rulv=0]2* intermediate is attacked by water, resulting
in 0-0 bond formation. This process is expedited as the elec-
tron density at the metal center decreases. Hammett linear
analysis reveals that the 0-O bond formation pathway is the
rate-determining step in the cycle. Following this,
[(LrN5-)Rul-O0H]* is formed, accompanied by an inner-sphere
two-electron transfer from the metal and ligand centers. After a
rapid PCET oxidation, dioxygen is released via the reductive
elimination of the peroxo species, allowing the catalysts to re-
turn to their initial state.

4. Conclusions
In this study, a family of mononuclear ruthenium complexes,

3a-3d with substituted redox-active ligands, were prepared for
water oxidation catalysis. Electrochemical studies showed that

the substituents installed at the para position of the
N-phenylacetamide moiety had a strong linear correlation with
the redox potential and catalytic activity of the complexes. With
an increase in the valence of the ruthenium complexes, a more
obvious substituent effect suggests that the oxidative center
gradually changes from metal to ligand, and [(LN5-)+Rulv=0]2+
species with oxidized ligands finally form. This further sup-
ports the idea that redox-active ligands participate in the
charge accumulation. In catalysis, the substituent can also line-
arly regulate the catalytic overpotentials and turnover frequen-
cies in the range of 113-303 mV and 0.5-3.5 s-1, respectively.
When the electron-donating ability of the substituents is en-
hanced, the overpotential of the catalyst is effectively reduced;
however, the catalytic activity also decreases. Furthermore,
E-pH dependence, KIE, buffer effect, and Hammett linear cor-
relation revealed that the 0-O bond is formed by the nucleo-
philic attack of water on Ru!V=0, which is the rate-determining
step of the entire cycle. This study provides important insights
into the rational design and mechanistic study of lower-valent
metal-oxo, such as RulV=0, catalyzed by water oxidation.
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ST FEEMR AR TR FTECKE R AR

O, RS, WS F4EY, kA
UM AT AT R A H AR SR AT AR E, LA MN213164
PHE Ak L R AL TR H 0, F3100084

WE: KEQRH0 — de +4H" + O, 1) 2 HAA LN T AR R G0 1 Ok [ B, il J5a R Ak S5 B B 75 1A i
T, (H7K AL S NAE T 2N Bh J1 5 E R A Bk DL S OO A Bib B 197G FRALELA R, i AU SR m SN T8
GREMMIN. Jit, ATk T RKERE BT, IR O E oK S, 38 BUE 2 8 S Fh LR 3 O-OBt It A&
B TR, 4 O AR AR TR R B A AR, 3RS B N N R A B MR s A VE P, AR 55 SR AL
R AR 2 B S L () R AR, HE ASHE Iy P AR 1. BRI UL, SR N TR B /K A s 82 () A 3 2 R O— O B8 1) A2 ML i A2 SR A5,
I E . EIE RS A S 4 8 1 1 RIE A A 2 A Ha ey SRR AR . P AT AR 1 5 A e T AR
WS, 2B TR, SR, AR R TR AR TR T &R A R OVE L A et — 2D . IR, AR R R
T SRR AT PRI A AT K SR A AL [(L ™) Ru-OH]", MIE AL I 52 3 W1 B A Ay Sl A A A0 R T e R AR,
FEH T IR TR R =0T BRO- O 11 S AL . {E 80 A 3 5 T A P L 207 4] S {4 0 v 0 s o 2 % L i %
A RFRAT AL

AR T — RN AT AR R HURIE (1 B AT AL FI[(L: " )Ru™-OH]™ (R = OMe, 3a; Me, 3b; H, 3c; F, 3d; CF;, 3e), F/
s, 6P B BRS¢ R UL R BB T S5 7 VA 52 1 TR I FEL T RUORE X (AL A Oy M (P R R, FF 9 e ARt B R 1
Ru"“V=OfftbO-O B FR AL T SRIREHE.  FEAL 22 IR 45 SRR B, 7ERRER A 75 BR VU RN0.1 mol/ LB FR 22 v A Wi (pH = 7.0) f
IR I = A E SR I S A, I BB (1 B 2 25 R X LA AL I iR A AV AAT NI B3 se M. (H A Ak Ji HL 3
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