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Abstract: Proton-coupled electron-transfer oxidation of
a RuII@OH2 complex, having an N-heterocyclic carbene
ligand, gives a RuIII@OC species, which has an electronically
equivalent structure of the RuIV=O species, in an acidic
aqueous solution. The RuIII@OC complex was characterized
by spectroscopic methods and DFT calculations. The oxidation
state of the Ru center was shown to be close to + 3; the Ru@O
bond showed a lower-energy Raman scattering at 732 cm@1 and
the Ru@O bond length was estimated to be 1.77(1) c. The
RuIII@OC complex exhibits high reactivity in substrate oxidation
under catalytic conditions; particularly, benzaldehyde and the
derivatives are oxidized to the corresponding benzoic acid
through C@H abstraction from the formyl group by the RuIII@
OC complex bearing a strong radical character as the active
species.

High-valent metal–oxo complexes are an important class of
compounds, because they are found as reactive intermediates
in oxidation by metalloenzymes and synthetic oxidation
reactions.[1,2] In studies on the metal–oxo complexes, a very
important question is whether a double bond is formed
between the metal center and the oxo ligand or if the oxo
ligand has a radical character in a metal–oxyl electronic
structure.[3, 4] The radical character of the oxo ligand is crucial
to evaluate the reactivity in hydrogen-atom-abstraction from
a substrate.[5] Among metal–oxo complexes, RuIV=O com-

plexes have been a category of the most intensively inves-
tigated, owing to the high performance in catalytic oxidation
reactions of not only organic substrates but also water.[6–9]

RuIV=O complexes are formed through proton-coupled
electron-transfer (PCET) oxidation of the corresponding
RuII–aqua complexes and they also oxidize C@H bonds of
substrates through a PCET mechanism.[10] Despite plenty of
studies on the properties and reactivity of RuIV=O complexes,
RuIII–oxyl (RuIII@OC) complexes, which have a single s-bond
between the Ru ion and the oxyl ligand and bear an
electronically equivalent structure of RuIV=O complexes,
have yet to be accessed. In light of the “oxo-wall”, which is
located between Groups 8 and 9 in the periodic table as
proposed and elucidated by Gray and co-workers,[3b] an
octahedral d4 RuIV ion should have an oxo ligand connected
by a double bond: the RuIV=O structure is more stable than
the RuIII@OC structure and no rational strategy has been
established to stabilize the RuIII@OC structure.[5, 11, 12] In this
study, we employed a tridentate ligand (H-BPIm)[13] including
an N-heterocyclic carbene (NHC) moiety, which exerts strong
s-donation and trans influence to form a RuIII@OC complex,
and revealed the reactivity of the RuIII@OC complex in
oxidation of organic substrates.

Syntheses of [RuIICl(BPIm)(bpy)]+ (1) and [RuII(BPIm)-
(bpy)(OH2)]2+ (2) are described in Scheme 1 and the details
are given in the Supporting Information. Characterization of
1 and 2 was conducted with 1H NMR spectroscopy (Fig-
ure S1), ESI-TOF-MS spectrometry (Figure S2), elemental
analysis and X-ray crystallography. The crystal structures of
1·Cl (Figure S3) and 2·(ClO4)2 (Figures 1a and S4) indicate
that the coordination manner of the BPIm ligand is not
meridional but facial, which is consistent with the 1H NMR
spectra (Figure S1). The strong trans influence of the NHC
ligand[14] was also clearly reflected on the crystal structure of

Scheme 1. Synthesis of a Ru(NHC)–aqua complex, 2.
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1·Cl. The bond distance of Ru@Cl in 1 is 2.5250(12) c, which
is longer than those of other RuII@Cl complexes (2.39–
2.41 c), having a pyridine ligand at the trans position of the Cl
ligand.[15]

The redox behavior of 2·(ClO4)2 in an aqueous solution
was investigated by cyclic and square-wave voltammetries
(CV and SWV) at room temperature. At pH 2.5, which was
controlled with addition of HClO4 to the aqueous solution of
2·(ClO4)2, the CV showed a reversible redox wave at + 0.86 V
vs. NHE and a broad irreversible oxidation wave at + 1.6 V vs.
NHE (Figure S5). In the Pourbaix diagram, the potential of
the first redox process showed no dependence on the solution
pH (Figure S6). On the other hand, the potential of the
second oxidation step lowered as the solution pH increased,
with a slope of @108 mV/pH in the acidic region, indicating
that the first redox step should be a 1 e@ process and the
second oxidation should be a 1 e@/2 H+ process.[16] Therefore,
the first wave was assigned to the oxidation of 2 to form
[RuIII(BPIm)(bpy)(OH2)]3+ (3) (Scheme 2). The assignment
was a UV/Vis titration experiment of 2 with (NH4)2-[CeIV-
(NO3)6] (CAN) (Figure 2a), 1H NMR and ESR spectros-
copies, and single-crystal X-ray crystallography.

Upon addition of CAN to an aqueous solution of
2·(ClO4)2, whose pH was set to 0.6 with addition of nitric
acid, the absorption band at 490 nm decreased and instead
a new absorption band at 627 nm arose with an isosbestic
point at 547 nm (Figures 2a and S8a). The change was
saturated by addition of 1 equiv of CAN; the solution color
changed from orange to blue. The absorption band at 627 nm
was assigned to the LMCT transition from the NHC ligand to
the RuIII center in 3 using TD-DFT calculations (Figure S9).
The 1H NMR spectrum of 3 showed relatively broad signals in
the range from @25 to 20 ppm, reflecting the paramagnetic
character of 3 (Figure S10b). The ESR spectrum of 3 in water
at 5 K exhibited a signal at g?= 2.419 and gk= 1.586 (Fig-

ure S11). Thus, the root mean square of g-values, hgi, was
determined to be 2.177, which was a typical hgi value for RuIII

complexes (S = 1/2): approximately 2.2.[17] In the crystal
structure of 3·(ClO4)3 (Figure 1b), three perchlorate ions
were included as counter anions. The bond length between
the Ru center and the oxygen atom of the aqua ligand was
shortened in 3·(ClO4)3 (2.099(4) c) as compared to that in
2·(ClO4)2 (2.119(3) c), reflecting the increase in the valence
number of the Ru center from + 2 to + 3 (Table S2).

Further addition of CAN to the aqueous solution of 3
induced decrease of the absorption band at 627 nm with an
isosbestic point at 495 nm (Figures 2b and S8b). The absorb-
ance change was completed with addition of over 7 equiv of
CAN (Figure 2 b, inset). This can be ascribed to the high
second-oxidation potential of 2 at + 1.6 V vs. NHE, which is
comparable to the reduction potential of CAN in an acidic
aqueous solution (+ 1.61 V vs. NHE);[18] thus, the oxidation of
3 with CAN to give complex 4 requires addition of excess
CAN to complete the reaction. According to the Pourbaix
diagram of 2 (Figure S6), the oxidation of 3 to afford 4 should
be a 1 e@/2 H+ process. 1H NMR spectral titration of 3 with
CAN exhibited signals ascribable to a different paramagnetic
species from 3 (Figure S10c) in a wider range of @35 to
30 ppm as compared to those of 3 (S = 1/2), suggesting that
complex 4 should be in the S = 1 spin state.[19]

Further characterization of 4 was performed with ESI-
TOF-MS spectrometry and resonance-Raman (rR) spectros-
copy. The ESI-TOF-MS spectrum of 4, which was derived
from the oxidation of 2 by CAN in H2

16O and diluted with
CH3CN, showed a peak cluster of a divalent cation at m/z =

262.01, which was assigned to [Ru(16O)(BPIm)(bpy)]2+ (calcd.
262.04); with use of H2

18O as the solvent in place of H2
16O, the

peak cluster shifted to m/z = 263.02 by substitution of 16O with
18O (Figure S13). The rR spectrum of 4 in an acidic aqueous
solution (pH 4.0) at 276 K exhibited a Raman scattering
derived from the Ru@O bond at 732 cm@1; the use of H2

18O
caused a low-energy shift of the signal to 696 cm@1 (Fig-
ure 3a). The isotope shift (Dn) was 36 cm@1, which was
consistent with the theoretical value (Dncalc = 36 cm@1). The
energy value of the stretching band of the Ru@O bond was
significantly lower than those of RuIV=O bonds reported to
date (n = 780–833 cm@1).[9,20] Additionally, the experimental
value is close to that obtained from the DFT calculations on
the RuIII@OC structure of 4 in the triplet state (n = 767 cm@1;
Figure S14).[21] The bond order of the RuIII@OC bond was also

Figure 1. ORTEP drawings of 2·(ClO4)2 (a) and 3·(ClO4)3 (b) with 50%
probability thermal ellipsoids. The counter anions and hydrogen atoms
except those of the aqua ligands are omitted for clarity.

Scheme 2. Oxidation reaction of 2.

Figure 2. UV/Vis spectral titration of 2·(ClO4)2 with CAN in HNO3 aq
(pH 0.6) at 277 K: a) 0–1 equiv, b) 1–8 equiv. Insets: absorbance
changes at 495 nm for (a) and 547 nm for (b).
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estimated to be 1.3 by DFT calculations (Figure S16). There-
fore, the electronic structure of 4 can be assigned to the triplet
RuIII@OC state, rather than a RuIV=O state. The valence
number of the Ru center in 4 was confirmed by X-ray
absorption near-edge structure (XANES) spectroscopy. The
XANES spectra of 2, 3, and 4 at the Ru@K edge are shown in
Figures 3b and S17. The energy at the half-height (Ehh) was
gradually shifted to the higher region in the order of 2< 3< 4 ;
22120.6 eV for 2, 22 122.1 eV for 3, and 22122.6 eV for 4.
Comparing the Ehh values between 2 and 3, the shift width is
1.5 eV and thus the increase of the valence number of the Ru
center from + 2 to + 3 is adequately confirmed.[5c] In contrast,
the shift width of the Ehh value from 3 to 4 is only 0.5 eV, and
thus, the valence number of the Ru center in 4 should be close
to + 3, not to + 4. Extended X-ray absorption fine structure
(EXAFS) analysis on the aqueous solution of 4 allowed us to
estimate the Ru@O bond of 4 to be 1.77(1) c (Figure S18);
although the bond length is in the range of RuIV=O bonds
reported so far, in light of spectroscopic data and results of
DFT calculations, we concluded that the electronic structure
of 4 should be described as a RuIII@OC complex, rather than
a RuIV=O complex.

Catalytic reactivity of 2 in oxidation of organic substrates
was examined using CAN as a sacrificial oxidant in acidic
water (pH& 0.6) at 278 K, and the product yields after stirring
for 24 h were determined by 1H NMR spectroscopy (Tables 1
and S3).[22, 23] In the case of oxidation of 2-propanol and
cyclohexanol, the 2 e@ oxidation proceeded to give acetone
and cyclohexanone in 96% and 82% yields, respectively
(entries 1 and 2). 4-Nitrobenzyl alcohol was also oxidized to
4-nitrobenzaldehyde (entry 3).[24] Sodium ethylbenzene sul-
fonate underwent 4e@ oxidation to afford the corresponding
acetophenone derivative with a relatively low yield (entry 4).
It should be noted that benzaldehyde and the derivative were
also oxidized to give the corresponding benzoic acids
(entries 5 and 6); however, benzaldehyde and the derivatives
are generally difficult to be oxidized with RuIV=O com-
plexes.[9, 25] This indicates the higher reactivity of the elec-
tronically equivalent RuIII@OC species 4 as the active species in
C@H oxidation than RuIV=O species.[26] Terminal and internal
alkenes gave the corresponding diols, which should be derived
from cleavage of the epoxides under the strongly acidic
conditions (entries 7 and 8).

To gain mechanistic insights into the oxidation process of
benzaldehyde, kinetic studies were performed. The catalytic
oxidations of benzaldehyde were performed in D2O (pD& 1)
in the presence of CAN (0.31m) and various concentration of
2·(ClO4)2 (0.014–0.28 mm) at 283 K. The progress of the
reaction was monitored by the 1H NMR spectroscopy.[27] The
initial rates, v0, were determined with the slope of time-course
of benzoic acid formation. On the basis of the dependence of
v0 on the concentration of 2, the rate constant of the catalysis,
kcat

H, was determined to be 1.2m@1 s@1 (Figure S20). The
kinetic isotope effect (KIE) was also examined using deu-
terated benzaldehyde, PhCDO, under the same catalytic
conditions. The kcat

D value was also determined to be
0.15m@1 s@1 (Figure S21). Thus, the KIE value (kcat

H/kcat
D)

was 8.0, indicating that hydrogen atom abstraction from the
formyl group is involved in the rate-determining step of the
oxidation reaction. A Hammett plot was generated by using
other four benzaldehyde derivatives having various substitu-
ents at the para position to demonstrate that there was no
dependence of the initial rate on the substituents (1 =@0.07;
Figure 4). Such large KIE and small 1 values have also been
observed in galactose oxidase[29] and its model complex.[30]

The results indicate that any polarized transition state, which
has been suggested for the benzaldehyde oxidation with
a RuIV=O complex (1 =@0.65),[31] is not involved in the
hydrogen-atom-abstraction process by 4, and the oxidation of
benzaldehyde does not proceed through a nucleophilic path-
way. In the present catalytic reactions, benzaldehyde deriv-
atives are oxidized through a pure hydrogen-atom-transfer
mechanism. Therefore, we conclude that the RuIII@OC com-
plex (4) bears a strong oxyl radical character.

In conclusion, we have succeeded in the formation and
characterization of a RuIII@OC complex, which is electronically

Figure 3. a) rR spectra of 4 in H2
16O (red) and in H2

18O (blue) at 276 K
and the differential spectrum (black): Excitation wavelength: 441.6 nm.
b) Normalized XANES spectra of 2 (blue), 3 (green), and 4 (red) at the
Ru K-edge.

Table 1: Summary of Product Yields (%) and Turnover Numbers of the
Catalytic Oxidation Reactions with 2.[a]

Entry Substrate Product Yield [%] TON[b]

1 96 230

2 82 206

3[c] 28[d] 69

4 33 75

5 42 102

6 37 69

7 63 116

8 11:4[e] 27:8

[a] Reactions were performed under air at pH&0.6 and 278 K. [Sub-
strate]= 34 mm, [CAN]=75 mm, [2] = 0.14 mm, reaction time =24 h.
[b] TON = [Product]/[Catalyst]. [c] The reaction time was 1 h. See
Ref. [24]. [d] As a byproduct, 4-nitro-benzoic acid was also obtained in
5% yield. [e] Product ratio of cis :trans diols.
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equivalent to the corresponding RuIV=O species, with use of
a tridentate NHC ligand. The RuIII@OC complex exhibits high
reactivity in catalytic oxidation of organic substrates, includ-
ing benzaldehyde derivatives in the presence of a CeIV

complex as a sacrificial oxidant. In addition, the oxidation
reaction includes hydrogen-atom abstraction from the sub-
strate in a pure radical manner as the rate-determining step.
Our strategy to elongate the metal–oxo bond by the strong
trans influence of NHC ligands to reduce the p-bonding
interaction between the metal center and the oxo ligand can
provide a new category of metal–oxyl complexes with strong
radical character toward efficient catalytic oxidation reactions
of organic compounds. Exploring the application of the high
reactivity of the RuIII@OC complex to further substrate
oxidation is ongoing in our laboratory.
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