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A series of Ru(IV)-oxo complexes (4–6) were synthesized from the corresponding Ru(II)-aqua complexes

(1–3) and fully characterized by 1H NMR and resonance Raman spectroscopies, and ESI-MS

spectrometry. Based on the diamagnetic character confirmed by the 1HNMR spectroscopy in D2O, the

spin states of 5 and 6 were determined to be S ¼ 0 in the d4 configuration, in sharp contrast to that of 4

being in the S¼ 1 spin state. The aqua-complexes 1–3 catalyzed oxidation of alcohols and olefins using

(NH4)2[Ce
IV(NO3)6] (CAN) as an electron-transfer oxidant in acidic aqueous solutions. Comparison of

the reactivity of electrochemically generated oxo-complexes (4–6) was made in the light of kinetic

analyses for oxidation of 1-propanol and a water-soluble ethylbenzene derivative. The oxo complexes

(4–6) exhibited no significant difference in the reactivity for the oxidation reactions, judging from the

similar catalytic rates and the activation parameters. The slight difference observed in the reaction rates

can be accounted for by the difference in the reduction potentials of the oxo-complexes, but the spin

states of the oxo-complexes have hardly affected the reactivity. The activation parameters and the

kinetic isotope effects (KIE) observed for the oxidation reactions of methanol indicate that the

oxidation reactions of alcohols with the RuIV]O complexes proceed via a concerted proton-coupled

electron transfer mechanism.
Introduction

High-valent metal-oxo complexes are one of the most important

classes of compounds because of their indispensable roles as

reactive intermediates in a number of biological and chemical

oxidation reactions.1–3 Therefore, formation and reactivity of

high-valent metal-oxo complexes and the reaction mechanisms

have been intensively investigated for decades.4–10 One of the

major procedures to form high-valent metal-oxo complexes is

proton-coupled electron-transfer (PCET) oxidation of metal-

aqua complexes using water as an oxygen source of the oxo

ligand.11,12 The PCET pathway plays an important role in the
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oxygen-evolving complex (OEC) in photosystem II.13,14 OEC

consists of a tetranuclear Mn-oxo cluster residing at the reaction

center and the cluster catalyzes four-electron oxidation of water

to evolve molecular oxygen. It has been proposed that an aqua-

ligated manganese site in the cluster is oxidized to generate a

MnV]O species via a PCET process and the resulting MnV]O

species acts as a reactive intermediate to oxidize a water molecule

to give molecular oxygen.13

Meyer and co-workers have developed catalytic water-oxida-

tion systems using Ru(OH2)-polypyridyl complexes11 and mech-

anisms of catalytic water-oxidation systems using RuV]O

complexes produced via PCET reactions with one-electron

oxidants have been extensively studied.15–18 In addition, RuIV]O

complexes, which are formed by PCET oxidations of corre-

sponding Ru(II)-aqua precursor complexes, have also been

intensively investigated to gain mechanistic insight into the

oxidation reactions of organic substrates.19However, as far as we

know, few catalytic oxidation systems for organic substrates have

been reported, including PCET processes to generate an active

metal-oxo species.12b Recently, we have reported catalytic oxida-

tion systems, where a PCET oxidant was employed to oxidize

RuII–OH2 complexes (1 and 2) to form the corresponding reactive

RuIV]O complexes (4 and 5) and organic substrates such

as alcohols and olefins were catalytically oxidized with high

efficiency to give a single oxidized product from a substrate.20,21
Chem. Sci., 2012, 3, 3421–3431 | 3421
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We report herein a novel RuII–OH2 complex (3) with a pen-

tadentate N4Py ligand (N4Py ¼ N,N-bis(2-pyridyl-methyl)-N-

bis(2-pyridyl)methylamine)22 as a candidate for an oxidation

catalyst of organic substrates. We have also prepared a new

Ru(IV)]O complex (6) in an S ¼ 0 spin state.20b Including the

former RuII–OH2 complexes (1 and 2), there are available three

different precursor complexes with similar ancillary ligands as

tris(2-pyridylmethyl)amine (TPA) derivatives. Those precursor

complexes can be oxidized to afford corresponding RuIV]O

species exhibiting different reduction potentials and different

spin states. Therefore, by preparing the three different Ru(IV)]O

complexes (4–6 in Fig. 1), we can investigate the details of the

influence of difference of spin states of RuIV]O complexes on

the reactivity together with mechanistic insights into oxidation of

organic substrates on the basis of kinetic analysis. In addition, we

examined the effect of the reduction potentials of the active

metal-oxo species on the PCET reactivity.
Results and discussion

Molecular design and synthesis

Herein, we have prepared three kinds of ruthenium(II)-aqua

complexes (1–3 in Fig. 1), which have TPA and its derivatives,

2-(6-carboxyl-pyridyl)methyl-bis(2-pyridylmethyl)amine (6-

COOH-TPA)23 and N4Py as ligands. As we reported previously,

the RuIV]O complex with TPA (4) was revealed to be in the S¼
1 spin state in water,20a whereas the RuIV]O complex with

6-COO�-TPA (5) showed the unprecedented spin state, S ¼ 0, in

water.20b One of the main reasons that the complex 5 shows such

an unusual spin state for RuIV complexes is the distorted coor-

dination environment of 6-COO�-TPA: the distorted coordina-

tion environment allowed the additional coordination of a water

molecule to the Ru center to afford a seven-coordinated and

pentagonal bipyramidal structure. The coordinated water

molecule enabled the complex to form hydrogen bonding

between water molecules of the solvent. The seven-coordinate

environment has been suggested to stabilize the diamagnetic

S ¼ 0 spin state of the Ru(IV)-oxo complex compared to the

paramagnetic S ¼ 1 spin state.20b Therefore, we have employed

another pentadentate TPA derivative, N4Py, as a ligand in this
Fig. 1 Molecular structures of high-valent Ru(IV)]O complexes.

3422 | Chem. Sci., 2012, 3, 3421–3431
work to attain a distorted coordination environment22 for

achieving a seven-coordinate structure in water.

The synthesis of a Ru(II)-aqua complex of N4Py, [RuII(N4-

Py)(OH2)](PF6)2 (3), was accomplished by the treatment of

[RuIICl(N4Py)](PF6)
24 with AgPF6 (Scheme 1). Full character-

ization of 3 was carried out using 1H NMR spectroscopy, ESI-

TOF-MS spectrometry, elemental analysis, and X-ray diffraction

analysis (vide infra). The aqua-complex 3 was oxidized to the

Ru(IV)-oxo complex, [RuIV(O)(N4Py)(OH2)](PF6)2 (6), with

(NH4)2Ce
IV(NO3)6 (CAN) as an oxidant. The characterization of

6 was performed by using 1H NMR and resonance Raman

spectroscopies and also ESI-TOF-MS spectrometry (vide infra).
Crystal structure of 3

A single crystal of 3 suitable for X-ray crystallography was

obtained by vapor diffusion of octane into its CH2Cl2 solution.

An ORTEP drawing of the cation part of 3 is depicted in Fig. 2.

Complex 3 was crystallized into a monoclinic lattice with the

space group of P21/n: the asymmetric unit consisted of the

cationic part of 3, [RuII(N4Py)(OH2)]
2+, two PF6

� ions as

counter anions, and a CH2Cl2 molecule as a solvent molecule of

crystallization. One of the two PF6
� ions and a half of the co-

crystallized CH2Cl2 molecule were overlapped on one position by

disorder. The bond lengths between the central Ru(II) ion and the

pyridine nitrogen atoms of N4Py are in a normal range,25

however, that of Ru–N1 (tertiary amino nitrogen) is relatively

shorter as compared to other Ru–Nx (x ¼ 2–5) distances: the

short bond between Ru and N1 should be derived from the

strong s-donation due to the tertiary amine properties of N1.

The bond length of Ru–O1 (2.172(5) �A) was slightly longer than

those reported so far for RuII–OH2 (2.10–2.14 �A).26 The number

of counter anions and the bond distances around the Ru center

strongly indicate that the oxidation state of the Ru center should

be +2. The Ru center was positioned in mean planes consisting of

O1–N1–N2–N4 and O1–N1–N3–N5 with deviations from the

planes of 0.024 and 0.021 �A, respectively. On the other hand, the

Ru center is largely deviated from the mean plane consisting of

N2–N3–N4–N5 to the opposite direction of N1 with the distance

of 0.263 �A. This deviation was also related to the fact that all the

bond angles of N1–Ru–Nx (x ¼ 2–5) for five-membered chelate

rings are smaller than 90� (Table S1 in ESI†) and that the bond

angles of N2–Ru–N4 (165.38(18)�) and N3–Ru–N5 (165.14(19)�)
are both much smaller than 180�. In addition, a trend was

observed that the pyridine rings bonded to the methine carbon of

the N4Py ligand (pyridine rings containing N2 and N3) were

largely tilted relative to an equatorial plane compared to the
Scheme 1 Synthesis of [RuIV(O)(N4Py)](PF6)2 (6).

This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 Crystal structure of the cation part of 3. Each atom is described

with a thermal ellipsoid at 50% probability. Selected bond lengths (�A):

Ru–O1: 2.172(5), Ru–N1: 1.967(5), Ru–N2: 2.057(4), Ru–N3: 2.052(4),

2.061(4), Ru–N5: 2.060(5), and angle (�): O1–Ru–N1: 177.63(18).
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pyridine rings bonded to the methylene carbons (pyridine

rings containing N4 and N5). The dihedral angles between the

O1–N1–N2–N4 plane and the N2- and N4-pyridine rings were

30.5� and 13.5�, respectively, and those between theO1–N1–N3–N5

plane and the N3- and N5-pyridine rings were 51.4� and 12.4�,
respectively. The tilting may disturb the efficient p-back dona-

tion from the Ru center to the pyridine rings. As a result of the

distortion of the coordination environment around the Ru

center, the Lewis acidity of the Ru center should increase.

Spectroscopic and electrochemical characterization of 3

The spectroscopic titration of complex 3 was performed in Brit-

ton–Robinson (B.–R.) buffer27 by addition of a 10 M NaOH

aqueous solution using absorption spectroscopy. On the basis of

the absorbance changes, the pKa values of the aqua ligand in 3

were determined as shown in Fig. S1 in the ESI.† The pKa1 value

for the first deprotonation of the aqua ligandwas determined to be

1.85 � 0.02 and the pKa2 value for the deprotonation of the

hydroxo-ligand was determined to be 12.0 � 0.1. The pH-

dependent absorption spectral changes were reversible. For

comparison, spectroscopic and electrochemical data of theRu(II)-

aqua and Ru(IV)-oxo complexes are summarized in Table 1.

Cyclic and differential-pulse voltammograms (CV and DPV,

respectively) of 3were alsomeasured inB.–R. buffer at various pH
Table 1 Summary of the analytical data for 1–3

1d 2e 3

pKa1
a 2.1 3.5 1.85 � 0.02

pKa2
a 8.5 — 12.0 � 0.1

E1/2 (RuII/III, V vs. SCE) at pH 1.8b +0.48 +0.40 +0.60
E1/2 (RuIII/IV, V vs. SCE) at pH 1.8b +0.75 +0.68 +0.87
n(Ru]16O)c [cm�1] 806 833 801
n(Ru]18O)c [cm�1] 764 788 761
Dn(16O–18O) [cm�1] 42 45 40

a 0.1 M solution in B.–R. buffer titrated with a 10 M NaOH aqueous
solution at room temperature. b 0.1 mM solution in B.–R. buffer at
room temperature; scan rate: 0.1 V s�1. c Data obtained using
resonance Raman spectroscopy. d Ref. 20a. e Ref. 20b.

This journal is ª The Royal Society of Chemistry 2012
values (Fig. S2 in ESI†) and the Pourbaix diagram was drawn

based on the results of the electrochemical measurements and the

pKa values obtained (Fig. 3). Above pH 1.8, the aqua ligand of 3

should be deprotonated on the basis of the pKa1 value, and thus,

the initial state of the complex for the electrochemical measure-

ments is [RuII(OH)(N4Py)](PF6) (RuII–OH�). In the Pourbaix

diagram, the potential of the first oxidation step is constant to be

+0.55 V vs. SCE up to pH 2.5, and in the pH range over 2.5, it

decreases as the solution pH increases with an inclination of

�0.054 V/pH, indicating the 1e� and 1H+ process of the RuII–

OH� complex to give [RuIII(O)(N4Py)]+ (RuIII–O2�). Therefore,
the pKa value of [RuIII(OH)(N4Py)]2+ was estimated to be 2.5.

The potential of the second one-electron oxidation step decreased

up to pH 2.5 with an inclination of �0.055 V/pH, which was

ascribed to a proton-coupled process of RuIII–OH� /

[RuIV(O)(N4Py)]2+ (RuIV]O). Above pH 2.5, the second

oxidation potential was determined to be constant (+0.87 V vs.

SCE), independent of the pH value and thus the process can be

ascribed to the change from RuIII–O2� to RuIV]O. The one-

electron reduction potential (+0.90 V vs. SCE) of the RuIV]O

species at pH 2 is higher than those of 1 (+0.75 V)20a and 2

(+0.68 V),20b allowing us to expect higher reactivity of 3 for

oxidation reactions as compared to those of complexes 1 and 2

(vide infra).

Electrochemical oxidation of the aqua complexes 1–3 at

+1.3 V (vs. SCE) in B.–R. buffer clearly indicated the two-step

spectral changes due to generation of the corresponding Ru(III)

complexes and the Ru(IV)-oxo complexes with clear isosbestic

points (Fig. 4). The reactions were completed in 1 h. In the case of

1, the electrochemical oxidation for the first 30 min gave rise to

the spectral change with two isosbestic points at 565 and 256 nm

and a new broad absorption band around 500 nm, as shown in

Fig. 4a. For the next 30 min, the isosbestic point was shifted to

294 nm and a new broad band appeared at 410 nm (Fig. S3 in

ESI†). As for the complex 2, the spectral change for the first 30

min proceeded with an isosbestic point at 600 nm to give a new

broad absorption at lmax ¼ 548 nm as depicted in Fig. 4b. The

isosbestic point for the spectral changes of 2 during the next
Fig. 3 A plot of redox potentials against solution pH (Pourbaix

diagram) for complex 3 in B.–R. buffer. Potentials were determined

relative to SCE (as 0 V) at room temperature. The squares and blue line

indicate the RuII/III couples, and the circles and red line correspond to the

RuIII/IV couples.

Chem. Sci., 2012, 3, 3421–3431 | 3423
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Fig. 4 Spectral changes every 15 min during the electrochemical

oxidation of (a) 1, (b) 2, and (c) 3 in B.–R. buffer (pH 1.8; sample

concentration, 0.5 mM) at room temperature. The initial spectrum of

each complex and the final spectrum are indicated as the blue and red

lines, respectively.

Fig. 5 1H NMR spectra of complex (a) 6 and (b) 3 in D2O. The asterisks

(*) denote signals derived from the ammonium ions of CAN.
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30 min was observed at 287 nm (Fig. S3b in ESI†). As the

oxidation of 3 proceeded, the MLCT absorption at 440 nm

gradually faded and instead a new broad absorption was

observed at 260–300 nm (Fig. 4c). For the first 30 min, two

isosbestic points appeared at 325 and 258 nm, and during the

next 30 min, no isosbestic point was observed within the wave-

length range measured. The absorption spectral changes in the

course of the electrochemical oxidations of complexes 1–3 ended

at the elementary electric charges of 0.198 C for 1, 0.201 C for 2,

and 0.188 C for 3, loaded into the solution, which are comparable

to the theoretical value for the two-electron oxidation of RuII

species to form the corresponding RuIV complexes (0.193 C).

The ESI-MS spectrum was measured for the aqueous solution

of 6 generated by the oxidation with CAN and a peak cluster was

observed at m/z ¼ 242.56 with the feature of a divalent cation,

which was ascribable to the signal of [6� 2PF6]
2+ (Fig. S4 and S5

in ESI†). When the oxidation of 3 was performed in H2
18O, the

peak cluster was shifted to m/z ¼ 243.54, assigned to 18O-labeled

[RuIV(18O)(N4Py)]2+ (calcd 243.54) (Fig. S4b in ESI†) via the

substitution of the 16O-aqua ligand with H2
18O.28 The ESI-MS
3424 | Chem. Sci., 2012, 3, 3421–3431
spectrum of the complex 6 generated electrochemically displayed

the same features as those for the sample obtained by the

oxidation of 3 with CAN (Fig. S6 in ESI†).

Resonance Raman spectroscopy suggests the existence of a

Ru]O double bond in 6 (n ¼ 801 cm�1) and the Raman scat-

tering band was shifted to n ¼ 761 cm�1 with the use of H2
18O in

place of H2
16O as the solvent for the formation of the Ru(IV)-oxo

complex (Fig. S7 in ESI†).29 The observed isotope shift (Dn ¼
40 cm�1) showed a good agreement with the calculated value

(Dn¼ 40 cm�1) for the Ru]O harmonic oscillator.20 The Raman

shift of the RuIV]O bond for 6 is comparable to those of 4 with

TPA (806 cm�1)20a and [Ru(O)(TPA)(bpy)]2+ (805 cm�1),30 but

lower than that (833 cm�1) of 5 with 6-COO�-TPA.20b

The 1H NMR spectrum of 6 generated by the oxidation of 3

with CAN31 in D2O showed well-resolved signals in the range of

3–9 ppm, indicating a diamagnetic character of 6, and thus the

spin state of 6 is obviously S¼ 0 (Fig. 5) at room temperature. In

addition, the yield of 6 based on the amount of 3 was nearly

quantitative, as estimated by peak integration of the 1H NMR

signals relative to that of DSS (4,4-dimethyl-4-silapentane-1-

sulfonic acid) added as an internal reference. The assignments of

the 1HNMR signals due to both 3 and 6were performed with 2D
1H–1H COSY and 1D NOE measurements (Fig. S9 and S10 in

ESI†). In a comparison of the spectrum of complex 6 in D2O with

that of 3, most of the 1H NMR signals of 6 exhibited downfield

shifts due to the higher oxidation state of the Ru(IV) center in 6

than those of 3 with Ru(II), and thus, the Lewis acidity of the Ru

center should be enhanced in 6 to exert stronger electron-with-

drawing effects on the ligand. Characteristic differences in the 1H

NMR spectra between 3 and 6 were observed for the signals of

6-Hs of the pyridine rings bonded to the methylene carbon

(doublet), the proton of the methine carbon (singlet), and the

methylene protons (AB quartet); the shift widths (Dd) for the

proton signals from complex 6 to 3 were�0.40, +0.97, +0.95 and

+1.24 ppm, respectively. The large downfield shifts of the

methine- and methylene-protons may be ascribed to the effect of
This journal is ª The Royal Society of Chemistry 2012
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the increase in the oxidation number at the Ru center as a Lewis

acid, affecting most strongly the s-donating amine nitrogen (N1)

of the N4Py ligand through the strong s-bond between them.

The effect of oxidation of the Ru center also strongly influences

the electronic states of the carbons adjacent to the amine

nitrogen. The upfield shifts of 6-Hs of the pyridine rings bonded

to the methylene carbon (N4- and N5-pyridine rings)32 is prob-

ably ascribed to the tilt of the pyridine rings, which is caused by

the steric effect of the additional coordination of a water mole-

cule (vide infra). As a result of the tilting, the 6-Hs are located on

the ring currents of the pyridine rings bonded to the methine

carbons (N2- and N3-pyridine rings).

Origins of the unusual S ¼ 0 spin state for RuIV]O species

5 and 6

We have reported that a seven-coordinated pentagonal bipyra-

midal structure of the Ru center involving an additional aqua

ligand derived from the solvent, as suggested by DFT calcula-

tions on 5 with 6-COO�-TPA, plays a key role to stabilize the

singlet state relative to the triplet state in water.20b In the case of

6, a seven-coordinated structure with a solvent water molecule,

as well as in the case of 5,20b is indispensable to stabilize the S ¼
0 state of 6 (Fig. 6), since the coordination environment made of

the N4Py ligand is distorted from an ideal octahedron as seen in

the crystal structure of 3. As a result of the seven coordination,

the total electron density donated from the ligands in the basal

equatorial plane of the pentagonal bipyramid increased, the dxy
orbital of the Ru(IV) center is destabilized and the singlet state

becomes more favored than the triplet state. Thus the formula-

tion of low-spin 6 should be [Ru(O)(N4Py)(OH2)]
2+ in water.

Catalytic oxidation of organic substrates

By using the Ru(II)-aqua complexes, [RuII(TPA)(OH2)2](PF6)2
(1), [RuII(6-COO-TPA)(OH2)](PF6) (2) and complex 3, as cata-

lysts, catalytic oxidation reactions of benzyl alcohol and the

para-substituted derivatives, aliphatic alcohols (1- and 2-prop-

anols, and methanol), olefins (styrene and cyclohexene) and a

water-soluble ethylbenzene derivative were carried out with

CAN as an electron-transfer oxidant in D2O at room
Fig. 6 (a) Schematic description of a seven-coordinated structure of 6

and (b) the effect of the seven coordination on the energy levels of the dp
orbitals.

This journal is ª The Royal Society of Chemistry 2012
temperature. The product yields after stirring for 1 h were

determined using 1HNMR spectroscopy (Table 2 and Fig. S11 in

ESI†). As control experiments, we examined the reactions of the

substrates listed in Table 2 with CAN under the same reaction

conditions except in the absence of the catalysts to confirm that

the substrates employed were almost intact and persistent against

CAN under the reaction conditions.33

In the case of oxidation of benzyl alcohol derivatives, the two-

electron oxidation occurred to give the corresponding aldehydes

for primary alcohols (entries 1–4) and the ketone for a secondary

alcohol (entry 5). 1-Propanol underwent four-electron oxidation

to afford propionic acid (entry 6) and 2-propanol was converted

to acetone via two-electron oxidation (entry 7). Methanol with a

C–H bond dissociation energy of 96.0 kcal mol�1(ref. 34) could

be oxidized to afford formaldehyde through two-electron

oxidation (entry 8). Terminal and internal alkenes underwent

oxidative C]C bond cleavage; styrene was converted to benz-

aldehyde (entry 9) and cyclohexene to adipic acid via an eight-

electron oxidation (entry 10). A water-soluble ethylbenzene

derivative was also converted to afford the acetophenone deriv-

ative via a four-electron oxidation (entry 11).

The oxidation efficiency for alcohols except methanol is nearly

100%, in common with all the three catalysts. On the other hand,

the oxidation of olefins with catalyst 3 exhibited relatively low

efficiencies compared to the catalysts 1 and 2. The reason for the

low efficiency is probably due to the difference in the stability

among the three catalysts: the catalyst 1 is remarkably robust

under catalytic conditions and alive even after more than 2500

catalytic cycles,20a whereas the catalyst 3 was not so stable and

gradually decomposed under the same catalytic reaction condi-

tions. Therefore, the oxidation of olefins, the rates of which were

relatively slow as compared to those of alcohols, could not be

completed by 3 because the catalyst 3 decomposed before the

completion of the reaction.
Kinetic studies under pseudo-first-order conditions

In order to reveal the reaction mechanisms of the oxidations of

organic substrates with Ru(IV)-oxo complexes 4–6 and also to

compare the reactivity among the three Ru(IV)-oxo complexes in

the light of the difference of the spin states, we performed kinetic

analyses on the quantitative oxidation of 1-propanol with elec-

trochemically generated RuIV]O species 4–6. The reactions

were performed in the presence of an excess amount of 1-prop-

anol (25–150 mM) relative to the RuIV]O species (0.5 mM) in

B.–R. buffer and the rate constants were determined by moni-

toring absorbance changes at 624 nm for 4, 628 nm for 5 and

440 nm for 6 at various temperatures (Fig. S13 in ESI†). All the

time courses of the absorbance changes obeyed first-order

kinetics and the pseudo-first-order rate constants were deter-

mined with various concentrations of 1-propanol (Fig. 7 and S14

in ESI†). In the oxidation of 1-propanol with 4–6, saturation

behaviors of the pseudo-first-order rate constants (kobs) with

respect to concentration of 1-propanol were commonly observed

for 4–6 at all the temperatures examined, indicating the existence

of pre-equilibrium processes prior to the oxidation. Hence, non-

covalent interaction between 1-propanol and 4–6 results in

formation of the corresponding precursor complexes. The curve

fitting to the plots of kobs relative to concentration of the
Chem. Sci., 2012, 3, 3421–3431 | 3425
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Table 2 Summary of turnover numbers and the oxidation efficiency (%) of the catalytic oxidation reactions with 1–3 as catalystsa

Entry Substrate Product

Turnover numberb (efficiency, %)

Catalyst

1 2 3

1 100 (100) 100 (100) 100 (100)

2 100 (100) 98 (98) 95 (95)

3 98 (98) 96 (96) 91 (91)

4 93 (93) 91 (91) 90 (90)

5 90 (90) 88 (88) 85 (85)

6 50 (100) 47 (94) 42 (84)

7 100 (100) 98 (98) 82 (82)

8 CH3OH HCHO 25 (25) 23 (23) 22 (22)

9 46 (92) 42 (84) 39 (78)

10 25 (100) 23 (92) 9 (36)

11 38 (76) 35 (70) 33 (66)

a [Substrate]¼ 0.1 M, [CAN]¼ 0.2 M, [catalyst]¼ 1 mM. b Turnover number¼ [product]/[catalyst]; efficiency (%)¼ [product]� n/[CAN] (n: number of
electrons related to the oxidation).

Fig. 7 Pseudo-first-order kinetic analysis for the oxidation of 1-prop-

anol with complex 6 as oxidant (0.5 mM) in B.–R. buffer (pH 1.8) at 308

(red), 301 (purple), 288 (green), and 280 K (blue).
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substrate with eqn (1) gave the equilibrium constants (K) of the

pre-equilibrium processes and the rate constants (k) of the

oxidation reactions35 and those values obtained at various

temperatures are summarized in Table 3. The plots of the equi-

librium constants K and the rate constants k relative to the

inverse of the reaction temperatures (T�1) (van’t Hoff plots and
3426 | Chem. Sci., 2012, 3, 3421–3431
Eyring plots, respectively; see Fig. S15 in ESI†) allowed us to

obtain the thermodynamic parameters for the pre-equilibrium

processes and the activation parameters for the oxidation reac-

tions, respectively (Table 3).36

kobs ¼ kK[1-propanol]/(1 + K[1-propanol]) (1)

As indicated by the thermodynamic parameters for the pre-

equilibrium processes (DH and DS), the formation of the

precursor complexes is exothermic and the order of the DH

values suggests that the interaction between 1-propanol and the

RuIV]O complexes can be ascribed to the hydrogen bonding. In

the hydrogen bonding, the aqua ligand of 4 and the additional

aqua ligands of 5 and 6 affording a seven-coordination envi-

ronment should play an important role in stabilizing the adduct

between the oxo complexes and the substrate (vide supra). The

activation parameters determined from the Eyring plots shed

light on the transition states of the oxidation reactions and

provide some fundamentals to consider the difference in the

reactivities of 4–6. The activation parameters obtained here for

oxidants 4–6 are similar to each other, indicating that the reac-

tion proceeds via similar transition states for the three oxidants in
This journal is ª The Royal Society of Chemistry 2012
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Table 3 Kinetic data for oxidation reactions with complexes 4–6. (a)
Equilibrium constants of adduct formation between the oxidant and
1-propanol and the thermodynamic parameters; (b) pseudo-first-order
rate constants and the activation parameters for oxidation of 1-propanol
at various temperatures; (c) equilibrium constants of the adduct forma-
tion and pseudo-first-order rate constants for oxidation of sodium
4-ethylbenzene sulfonate at 295 K

(a) 4 5 6

K308K [M�1] 32 � 5 27 � 2 22 � 3
K301K [M�1] 36 � 5 41 � 2 28 � 2
K288K [M�1] 53 � 3 61 � 7 31 � 2
K280K [M�1] 92 � 6 92 � 4 45 � 5
DH [kJ mol�1] �23.8 � 0.2 �29.7 � 0.3 �16.2 � 0.8
DS [J K�1 mol�1] �4.8 � 0.3 �6.8 � 0.2 �2.6 � 0.1

(b) 4 5 6

k308K [10�3 s�1] 9.3 � 0.4 8.2 � 0.5 12.4 � 0.5
k301K [10�3 s�1] 6.9 � 0.3 5.2 � 0.5 9.0 � 0.2
k288K [10�3 s�1] 4.6 � 0.3 3.7 � 0.1 7.8 � 0.2
k280K [10�3 s�1] 2.9 � 0.5 2.6 � 0.1 5.0 � 0.2
DH‡ [kJ mol�1] 25.6 � 0.4 22.0 � 0.2 17.5 � 0.8
DS‡ [J K�1 mol�1] �201 � 3 �215 � 2 �225 � 10

(c) 4 5 6

K295K [M�1] 7.8 � 1.0 7.8 � 1.3 7.8 � 1.9
k295K [10�3 s�1] 17.7 � 1.0 15.8 � 1.2 15 � 2
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terms of energies and structures. In addition, the negatively large

activation entropies suggest the tight interaction between the

substrate and the oxidants during the dehydrogenation processes

(vide infra). The kinetic analysis was also conducted for the

oxidation of sodium 4-ethylbenzene sulfonate (EBS) with

oxidants 4–6 in water at 295 K. Unexpectedly, the pseudo-first-

order rate constants (kobs) exhibited saturation behavior relative

to the concentration of EBS, which has no hydroxy group, in

common for all the three oxidants (Fig. S16 in ESI†). The

obtained pre-equilibrium constants and the rate constants for the

oxidation of EBS at 295 K with 4–6 are summarized in Table 3c.

The equilibrium constants of the precursor complex formation

between the oxidant and the substrate in the oxidation of EBS

are smaller than those for the oxidation of 1-propanol, whereas

the rate constants of the former are larger than the latter. As EBS

does not possess any strong hydrogen-bonding sites, the pre-

equilibrium processes are possibly derived from weak non-

covalent interactions between the substrate and the oxidants

such as non-classical hydrogen bonding between the rather basic

oxo ligand and the substrate C–H bond.37 In addition, the larger

rate constants for the oxidation of EBS compared to those for the

oxidation of 1-propanol can be ascribed to the feasibility of the

hydrogen atom abstraction from EBS than that from 1-prop-

anol, as can be predicted from the values of bond dissociation

energies (BDEs) of C–H bonds: 84.6 kcal mol�1 for ethylbenzene

and 93.7 kcal mol�1 for 1-propanol.34
Fig. 8 Pseudo-first-order kinetic analysis for oxidation reactions of

CH3OH (blue line), CD3OH (red line) and CH3OD (green line) with

complex 6 as oxidant at 297 K. CH3OH and the deuterated derivatives

(CD3OH and CH3OD) were used as substrates.
Kinetic isotope effects on the oxidation of methanol

In order to obtain further information on the oxidation

process, studies of the kinetic isotope effects (KIE) with the

three RuIV]O complexes were conducted for the oxidation of

methanol at 297 K. The KIE values were determined as the ratio
This journal is ª The Royal Society of Chemistry 2012
of the rate constants (kH/kD) for the oxidation reactions of

CH3OH and deuterated methanol derivatives (Fig. 8 and S17 in

ESI†). The oxidation of CH3OH was performed in water in the

presence of one of the three oxidants (4–6) (0.5 mM). CD3OH

was formed in situ by addition of CD3OD (deuteration

percentage: 99.8%) into the solution of one of the three oxidants

in H2O. The oxidation of CH3OD with one of the three oxidants

was performed in a D2O solution of CH3OH (deuteration

percentage: 99.9%). The reactions were monitored by UV-Vis

spectroscopy to track the rise of the absorbance due to the RuII

species formed.

The pseudo-first-order rate constants for the methanol

oxidation also displayed saturation behavior as in the cases of

1-propanol and EBS described above. The equilibrium constants

and the first-order rate constants are summarized in Table 4. The

pre-equilibrium constants are larger in the cases of oxidation of

CD3OH in comparison with those of CH3OH for all the three

oxidants; however, those for CH3OD were comparable to those

for CH3OH. The KIE values for the hydroxy group, which were

determined by using CH3OH and CH3OD as substrates, were

negligible for the three oxidants to be 1.0 for 4 and 1.1 for 5 and 6

(Table 4). In contrast, the oxidation of CD3OH was clearly

retarded as compared to that of CH3OH to show KIE values to

be 2.5 for 4, 2.3 for 5, and 1.7 for 6 (Table 4). The KIE values of

CH3OD vs. CD3OH indicate that the hydrogen abstraction from

the methyl group is involved in the rate-determining step,

however, the hydrogen abstraction from the OH group is not

involved in the rate-determining step.

The a-C–H bond in a hydrogen-bonded alcohol can be

oriented to the oxo ligand to undergo hydrogen atom abstraction

to give rise to a tightly condensed transition state, as reflected in

the negatively large entropy (DS‡), �201 � 3 J K�1 mol�1 for 4,

�215� 2 J K�1 mol�1 for 5, and�225� 10 J K�1 mol�1 for 6, as

given in Table 3. These data lend credence to the formation of

a hydrogen-bonded and well-organized transition state as

presented in Fig. 9.
Reactivity of Ru(IV)-oxo complexes with different spin states

In light of the kinetic parameters listed in Tables 3 and 4, no

significant difference in the reactivity was recognized among the
Chem. Sci., 2012, 3, 3421–3431 | 3427
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Table 4 Rate constants and equilibrium constants for the oxidation of
methanol with 4–6 at 297 K

4 5 6

kCH3OH [10�3 s�1] 5.0 � 0.3 4.5 � 0.3 5.1 � 0.3
KCH3OH [M�1] 44 � 6 43 � 7 62 � 15
kCD3OH [10�3 s�1] 2.0 � 0.6 2.0 � 1.0 3.0 � 0.1
KCD3OH [M�1] 43 � 4 47 � 9 96 � 19
kCH3OD [10�3 s�1] 5.0 � 0.3 4.1 � 0.2 4.8 � 0.1
KCH3OD [M�1] 32 � 3 41 � 5 63 � 7
kH/kD for CH3 2.5 2.3 1.7
kH/kD for OH 1.0 1.1 1.1

Fig. 9 Plausible hydrogen bonding between seven-coordinate RuIV]O

complexes with an aqua ligand and methanol.
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three kinds of RuIV]O oxidants showing different spin states for

the substrate oxidation reactions. A slight change in the rate

constants was observed in relation to the oxidizing ability of the

Ru(IV)-oxo complexes: the rate constants of 4–6 show linear

relationships with the one-electron reduction potentials of 4–6 as

demonstrated in Fig. 10. This observation indicates that the

slight difference in the reaction rates and the activation param-

eters is probably derived from the difference in the electron-

accepting ability of the three RuIV]O complexes,35 but not from

the difference in the spin state. Recently, Fujii and co-workers

have also revealed the relationship between the activation

barriers for oxidation reactions with iron-oxo complexes and the
Fig. 10 Plots of log k for the oxidation of 1-propanol with RuIV]O

complexes at various temperatures (at 308 K, filled circles and red line; at

301 K, filled triangles and blue line; at 288 K, filled squares and green line;

at 280 K, filled rectangles and black line) vs. the one-electron reduction

potentials of theRuIV]Ocomplexes (+0.75V for 4, +0.68V for 5, +0.91V

for 6). The one-electron reduction potentials vs. SCE were determined for

0.05 M solutions of 4–6 in B.–R. buffer (pH 1.8) at room temperature.

3428 | Chem. Sci., 2012, 3, 3421–3431
reduction potentials of the iron complexes.38 So far, many

examples have been examined to clarify the effects of difference

in the spin state of the metal center on the reactivity of transition-

metal complexes or organometallics.39,40 As a consequence, it has

been demonstrated that the high-spin state can exhibit higher

reactivity than the spin isomer at the low-spin state.39 As recently

discussed by Mayer et al.,41 however, the change in the reactivity

may not be caused directly by the difference in the spin state, but

by an indirect effect as a result of the difference in DG� and/or

reorganization energies of electron-transfer reactions. Thus,

Mayer41b and de Visser42 and their co-workers have indicated the

important effects of the bond dissociation free-energy (BDFE) or

bond dissociation enthalpy (BDE) of the metal-oxo complexes

on the reactivity for the oxidation reactions.
Mechanistic insight into hydrogen atom abstraction

Three possible reaction mechanisms can be considered for the H-

atom abstraction from substrates: one-step hydride transfer as a

two-electron oxidation step, electron transfer followed by proton

transfer (ET/PT), and concerted proton-coupled electron trans-

fer (PCET), in which a proton and an electron are transferred in a

concerted manner.43 Hydrogen atom transfer (HAT) reactions

are also defined as the simultaneous transfer of an electron and

proton between the same donor and acceptor.44 However, PCET

reactions typically involve different acceptors for the electron

and proton,45 as in the present case where an electron is trans-

ferred to the Ru(IV) center, but a proton is transferred to the oxo

ligand of RuIV]O complexes. Because there is no significant

difference in the reactivity between 1 with S¼ 1 and 2 and 3 with

S¼ 0, the one-step hydride transfer, which is spin-forbidden for 1

to give the product at the singlet state, is unlikely to occur. The

observation of the deuterium kinetic isotope effect (vide supra)

and the small slope of the linear correlations between log k and

E1/2 in Fig. 10 (0.7 at 308 K, 1.0 at 301 K, 1.4 at 288 K, and 1.3 at

280 K, respectively) indicate that the rate-determining step

cannot be electron transfer. As pointed out by Hammarstr€om

and co-workers,45 the rate constants of ET/PT should be much

more sensitive to the driving forces (DG�) of electron-transfer

reaction. Thus, a concerted PCET mechanism,46–51 which is spin-

allowed and irrespective of the spin states of the RuIV]O

complexes and energetically favorable, must be dominant in the

oxidation of substrates with the three oxidants 4–6.
Conclusion

We have synthesized a novel Ru(II)-aqua complex 3 and the

corresponding RuIV]O complex 6 by using pentadentate N4Py

as the auxiliary ligand and have determined the spin state of the

RuIV center in 6 to be the very rare S ¼ 0. As suggested for 5 by

DFT calculations,20b complex 6 could adopt a seven-coordinated

structure with a solvent water molecule, and as a result, the low

spin-state is energetically stabilized relative to the intermediate

spin state (S ¼ 1). We also employed other Ru(II)-aqua

complexes 1 and 2 together with 3, which bear similar pyridyl-

amine coordination environments, as catalysts for oxidations of

alcohols and olefins in the presence of CAN as an electron-

transfer oxidant in an aqueous buffer solution to observe efficient

and selective catalysis. Furthermore, the reactivity of the three
This journal is ª The Royal Society of Chemistry 2012
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analogous RuIV]O complexes 4–6 in oxidation reactions was

also scrutinized in the light of kinetic analyses on the oxidation

reactions of organic substrates. As a result, the oxidation reac-

tion was indicated to involve a pre-equilibrium process to form

adducts between the Ru(IV)-oxo complexes and substrates

through hydrogen bonding for alcohols and non-covalent

interactions for EBS. Based on the activation parameters of the

reactions and the kinetic isotope effect on the oxidation of

methanol, it was clearly indicated that the slight difference in the

reaction rates can be accounted for by the reduction potentials of

the RuIV]O complexes and the spin states of the metal centers in

the Ru(IV)-oxo complexes not influencing the reactivity. It was

also clarified that the H-atom abstraction from substrates pro-

ceeded via a concerted PCET mechanism, in which a proton and

an electron are transferred simultaneously from the substrate to

the Ru(IV)-oxo complexes. Substrate oxidation is one of the most

important chemical processes not only for the chemical industry

but also for future energy production through artificial photo-

synthetic systems. The RuIV]O complexes presented here have

exhibited one of the strongest oxidation reactivities in an ener-

getically favorable PCET process involving a well-organized

transition state. This work may provide a valuable basis to

elucidate the reactivity of a high-valent metal-oxo complex in

oxidation reactions of organic molecules, especially in those

involving C–H bond functionalization.

Experimental section

General

Chemicals and solvents were used as received from Tokyo

Chemical Industry (TCI) Co., Wako Chemicals, or Sigma-

Aldrich Corp. unless otherwise mentioned. Synthetic details are

described in the ESI.† (NH4)2[Ce
IV(NO3)6] (CAN) was used as

received and its purity was determined to be 95% by iodometry

(see ESI†). UV-Vis spectra were obtained on a Shimadzu UV-

3600 spectrophotometer, equipped with a UNISOK cryostat

system, Unispecs. 1H NMR spectra were recorded on a JEOL

EX-270 spectrometer in D2O (deuteration percentage: 99.9%) at

room temperature and the chemical shift of each signal was

determined relative to DSS (4,4-dimethyl-4-silapentane-1-

sulfonic acid) as an internal reference. ESI-MS spectra were

recorded on a JEOL AccuTOF CS JMS-T100CS mass spec-

trometer. Electrochemical measurements were performed on a

BAS CV-1B voltammetric analyzer and an AUTOLAB

PGSTAT12 potentiometer in Britton–Robinson (B.–R.) buffer

(pH ¼ 1.8–12)27 at room temperature with a platinum disk as a

working electrode, a platinum wire as a counter electrode, and

Ag/AgNO3 as a reference electrode. The raw potential was

converted to those relative to SCE as 0 V by adding 0.29 V.

Measurements of pH values were performed on a Horiba F-51

pH meter. Sample solutions of 6 for resonance Raman spectro-

scopic measurements were prepared with a 2 mM H2
16O or

H2
18O solution of 3 (50 mL), which was oxidized by addition of a

20 mM aqueous solution of CAN (20 mL).

Electrochemical generation of 4–6

A platinum mesh and a platinum wire employed as a working

electrode and a counter electrode, respectively, were polished
This journal is ª The Royal Society of Chemistry 2012
with 3MHNO3 (aq.) and rinsed well with water and dried before

use. A silver wire was electrochemically oxidized in 0.1 M HCl

(aq.) to generate an AgCl thin layer on the surface, which reached

to 1 cm high from the tip of the wire. The Ag/AgCl wire was used

as a reference electrode. These three electrodes were immersed in

0.5 mM sample solutions in B.–R. buffer (2 mL) in an electro-

chemical vessel equipped with an optical cell of 2 mm optical

path length.27 To this electrochemical system was loaded +1.3 V

(vs. Ag/AgCl) potentiostatic voltage for 60 min with use of an

AUTOLAB PGSTAT12 potentiometer, and the process of the

reaction was monitored by UV-Vis spectroscopy.

General procedures for catalytic oxidation reactions of organic

substrates

A substrate (0.1 M) is dissolved in D2O (deuteration percentage:

99.9%) in the presence of a catalyst (1, 2 or 3) (1 mM) and DSS

(4 mM) as an internal standard to determine the chemical shifts

and also to quantify the substrate and the product. Before adding

an oxidant, the 1HNMR spectrum of the solution was measured.

After adding CAN (0.2 M) to the solution, the solution was

stirred for 1 h at 23 �C and then the 1H NMR spectrum of the

resulting solution was measured to determine the yield of the

oxidation product. The catalytic oxidation of p-methylbenzyl

alcohol with each catalyst was done three times to check the

reproducibility. For other substrates, the experiments were done

one time with each catalyst.

Kinetic studies on oxidation reactions with RuIV]O species

The RuIV]O species, 4, 5 and 6 (0.5 mM) were generated in

B.–R. buffer (pH 1.8) from the corresponding RuII-aqua

complexes 1, 2 and 3, respectively, through bulk electrolysis as

mentioned above. To the solution of the RuIV]O complex

generated, was added a substrate (1-propanol, sodium 4-ethyl-

benzenesulfonate, methanol and the deuterated derivatives) with

various concentrations and at various temperatures. The reac-

tion profiles were monitored by the rise of the absorption

assigned to the resulting RuII–OH2 complex at 620 nm for 4, 630

nm for 5, and 440 nm for 6. The error bars (drawn as hammer-

shaped orange lines) in figures for the kinetic studies and stan-

dard deviations of the kinetic and thermodynamic parameters in

tables were estimated with accuracy values of the fitting curves.
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