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Ruthenium-Catalyzed Selective and Efficient Oxygenation of
Hydrocarbons with Water as an Oxygen Source™**
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and Shunichi Fukuzumi*

The development of methods for the highly selective and
efficient conversion of abundant organic resources into
valuable products is crucial for a sustainable society. To
achieve this goal, extensive studies on the methodology of
efficient material conversion with metal complexes as cata-
lysts have been made for a long time.-?

High-valent metal-oxo species are key intermediates in
biological oxidations by metalloenzymes (mainly heme and
non-heme iron enzymes), which catalyze the oxygenation of
hydrocarbons in metabolic and catabolic processes.”* These
oxygenases involve high-valent metal-oxo species as reactive
species that arise by reductive activation of molecular oxygen
coupled with proton transfer.””! Peroxides such as hydrogen
peroxide can lead to a so-called “peroxide shunt” to perform
the catalytic oxygenation; this mechanism is found for
cytochrome P450® and methane monooxygenase.”) Thus, a
number of model systems for these enzymatic oxidations have
been developed to elucidate the reaction mechanisms and to
perform effective catalytic oxygenation of external substrates
with metal complexes involving the formation of high-valent
metal-oxo species.'"'? These systems usually require organic
solvents and excess amount of organic or inorganic peroxides
as both oxidants and oxygen sources. Moreover, in such cases,
the reaction pathways become complicated and give multiple
products. Consequently it is difficult to control the product
distribution that arises mainly from the inevitably produced
radical species.['*!¥
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Another strategy to generate a high-valent metal-oxo
species has been recognized in the oxygen-evolving complex
(OEC) in Photosystem II (PSII) for the photosynthesis to
oxidize water to produce dioxygen.™ At the OEC, a
manganese(V)-oxo species has been proposed to be formed
by proton-coupled electron transfer (PCET), and the depro-
tonation of coordinated water and the oxidation of the metal
center are thought to occur concertedly."® This strategy has
been applied to form and isolate high-valent metal-oxo
species to perform stoichiometric oxidation reactions;!”!
however, it has not been applied to catalytic oxidations with
transition-metal complexes as catalysts in water.

Inspired by the reactions at the OEC in photosynthesis,
we have tried to establish a novel catalytic oxygenation
system using water as both the solvent and the oxygen source
by virtue of PCET.I*l We report herein the formation of a
novel ruthenium(IV)-oxo complex and its reactivity toward
highly efficient and selective catalytic oxygenation and
oxidation reactions of various hydrocarbons in water, which
can be used as an oxygen source.

We synthesized a novel bis-aqua Ru" complex, [Ru™-
(tpa)(H,0),](PF), (1; tpa=tris(2-pyridylmethyl)amine)
(Figure 1a,b), by the treatment of [Ru''Cl(tpa)],(PF),*"
with AgPF, in water. Complex 1 exhibits a reversible two-
step deprotonation—protonation equilibrium, and the two pK,
values were determined by UV/Vis spectroscopic titration
(see Figure S1 in the Supporting Information) in the range of

Figure 1. Proposed structures of the cation of complex 1 (a) and that
of 2 (c) and their DFT-optimized structures with atom labeling (b for 1
and d for 2, respectively).
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0<pH<9. The first pK, value is 2.1 for the equilibrium
between [Ru(tpa)(H,0),]*" and [Ru(tpa)(OH)(H,0)]*, and
the second value is 8.5 for that between [Ru(tpa)(OH)-
(H,0)]* and [Ru(tpa)(OH),]. The cyclic voltammogram of 1
measured in the range of 0 < pH < 8 revealed that complex 1
shows reversible multistep redox behavior in water for
oxidation states ranging from Ru" to Ru"". Each redox
couple exhibited a cathodic shift (negative shift) in accord-
ance with the increase of pH (see Figure S2 in the Supporting
Information). The Pourbaix diagram of 1 indicates that the
redox behavior of 1 is proton-coupled electron transfer; the
Ru"/Ru™ slope is —62 mV/pH and the Ru"/Ru"v slope is
—58 mV/pH in the region of pHO to 8 (Figure 2).?"! This
result clearly indicates that 1 can give rise to high-valent
ruthenium-oxo species by PCET.
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Figure 2. E,;, vs pH plots (Pourbaix diagram) for 1 in aqueous Britton-
Robinson buffer. Potentials were determined relative to SCE (as 0 V) at
ambient temperature.

The oxidation of 1 (0.9 pmol) with (NH,),[Ce™(NO;)]
(cerium(IV) ammonium nitrate, CAN; 10 pmol) in water
(3 mL) resulted in rapid color change from deep green to
brown at pH 2.0. The oxidized species exhibits an absorption
maximum at 465 nm (¢ ~3 x 10°m 'ecm™") (Figure 3a). Reso-
nance Raman spectroscopy on the oxidized complex, which
was generated by the reaction of 1 (2.5 umol) with CAN
(91 pmol) in H,"O or H,"®O (500 uL) at pHO0.5, with
excitation at 442 nm allowed us to observe a Raman scatter-
ing at 806 cm ™' (Figure 3b), assignable to the ruthenium-oxo
double bond (Ru=0). When H,"™O was employed as a
solvent, the peak was observed at 764 cm™' owing to an
isotopic shift of Av=42cm™'. This agrees well with the
calculated value for the 'O substitution in a Ru=O harmonic
oscillator (Av=40cm™") and is crucial evidence for the
formation of Ru=0 species with water as the oxygen source.
In comparison with data for other Ru=O complexes,”*! this
value falls in the lower region of those due to Ru™=O,
suggesting a rather weak bond. X-ray photoelectron spec-
troscopy (XPS) was also used to determine the valence of the
ruthenium center (see Figure S3 in the Supporting Informa-
tion). A high-energy shift of the Ru 3d;, peak relative to the
peaks of the Ru" or Ru™ complexes was observed (286.8 eV),
and this value corresponds to that of Ru'Y0,.?**! These

Angew. Chem. Int. Ed. 2008, 47, 57725776

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

a)

800

b)

|

Intensity

764 |

| 1
400 600 800 1000

viem™ —»

Figure 3. a) UV/Vis spectral change upon addition of CAN (10 umol)
to an aqueous solution of 1 (0.9 umol) in 3 mL of H,0 at pH 2.0,
before (trace 1) and after (trace 2) addition of CAN; b) Resonance
Raman spectra of [Ru"(*°0) (tpa) (H,0)]*" generated in H,'°O (trace 3)
and [Ru"("®0) (tpa) (H,0)]*" generated in H,"®0 (trace 4); 1 (2.5 umol)
and CAN (91 umol) in H,O (500 pL) at pH 0.5; measured at room
temperature with 442 nm excitation.

spectroscopic data clearly support the formation of a Ru™=0
complex. Together with the oxidation state obtained from the
Pourbaix diagram (Figure 2) (at pH=0, E,.((CAN)=1.0 Vvs
SCE in water), we assigned the oxidized complex to be
[RuY(O)(tpa)(H,O)]** (2). The Evans’ method® was
applied to determine the spin state of 2 and revealed that 2
has two unpaired electrons, that is, S =1.”"! These unpaired
electrons contribute to the radical character of the oxo ligand,
which reduces the double-bond character and lowers the
v(Ru=0) energy. Thus, we conclude that the oxidation of 1 by
CAN in water affords the intermediate-spin Ru"Y=0 complex
2.

We also performed DFT calculations to evaluate the
possibility whether the oxo ligand is located at the position
trans to the tertiary amino group (Figure 1c¢,d) or trans to the
axial pyridine moiety (see Figure S4 in the Supporting
Information). The former configuration is 6.4 kcalmol™
lower in energy than the latter at the B3LYP/LANL2DZ
level of theory.”® Thus, we assume that the oxo group binds to
the position frans to the tertiary amino group in 2 as shown in
Figure 1c. In the optimized structure, the length of the Ru=O
bond is estimated to be 1.804 A and that of the Ru—OH, bond
is 2.192 A. The length of the Ru=0 bond falls in the range of
those of crystallographically characterized Ru™Y=0 com-
plexes.”” The DFT calculations also indicate that the
Mulliken spin density is located at the Ru' center (0.96)
and the oxo group (1.05); thus a strong radical character can
be expected for the oxo group.
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Catalytic oxidation reactions of organic substrates with
CAN (67% purity determined by iodometry) and 1 were
examined in water at ambient temperature. When the
substrate was insoluble in water, the reaction was carried
out in a biphasic system. Product analysis and quantification
were made by 'H NMR spectroscopy using [D,]TSP (sodium
trimethylsilylpropionate-d,) as an internal standard.

The catalytic oxygenation of cyclohexene was conducted
as follows: A solution containing 0.17m cyclohexene, CAN,
and 1 (molar ratio 100:200:1) in 3 mL of water was stirred at
room temperature for 30 min. No reaction occurred in the
absence of 1. '"H NMR and GC-MS analyses of the resultant
solution revealed that adipic acid, the product of an 8e
oxidation, formed as the sole product, and the catalytic
turnover number (TON)?! was determined to be 25 with
100% oxidant efficiency.”” The reaction was also conducted
in H,'"®0 as the solvent under the same conditions to examine
%0 incorporation into the product. In the electron-impact
mass spectrum we observed the same fragment pattern as that
observed for the authentic adipic acid, with isotopic shifts in
the range from 2 to 6. In addition, in the chemical ionization
mass spectrum we could observe the molecular ion peak of
adipic acid at m/z 155 ([M+H]");
this is 8 units higher than the mass
number of the authentic sample.

(entry 6, Table 1). An aliphatic terminal olefin, 1-hexene,
can be converted to valeric acid and formic acid with 100 %
selectivity and efficiency (entry 7, Table 1). An aromatic
alcohol, benzyl alcohol, can be oxidized to benzaldehyde with
97 % selectivity (TON = 84) and with 3% yield of of benzoic
acid (TON =3) (entry 8, Table 1). Aliphatic primary alcohols,
1-propanol (entry9, Table1) and 1-butanol (entry 10,
Table 1), are oxidized to the corresponding carboxylic acids
quantitatively with an efficiency of 100%. More remarkably
the C—H oxygenation of saturated hydrocarbon occurs under
mild conditions in water: the water-soluble sodium 4-sulfo-
nate-1-ethylbenzene is converted into the corresponding
acetophenone derivative selectively (entry 11, Table 1). The
alcohol dehydrogenation and ethylbenzene oxygenation
should proceed by hydrogen abstraction owing to the radical
character of the oxo group, as suggested by the DFT
calculations. This catalytic system exhibits high selectivity
and the yields of the products mainly depend on the solubility
of substrates employed.

For mechanistic insight we focused on the 8e oxidation of
cyclohexene to form adipic acid. Cyclohexanediol may be
formed from the acid-catalyzed hydrolysis of cyclohexene

Table 1: Catalytic oxidations of various hydrocarbons with the CAN/1 system in D,0."!

This ensures that all the oxygen Entry  Substrate Product (sel. [%]) Conv. [%] Ox. eff. [%]  TON
atoms derive from water and no o
radical-chain reactions such as | O HON\/BOH (100) 25 100 25
autoxidation were involved even b @ )O\/VY oH a
under aerobic conditions. 2 HO 0 (100) - 100 2560
The scope of further applica- O Q
. . ] [d HOX A~~~ OH
tions of the catalytic system with 1 3 o (100) 7 68 v
was also investigated (Table 1).
Cyclooctene also affords the corre- N Ar)O\H/OH (76) 56
sponding dicarboxylic acid (suberic 4 NaG SO/\ o 74 100
acid) at slightly elevated temper- * Ao (24) 18
ature (60°C) (entry 3, Table 1). A
water-soluble styrene derivative, N o) 0
sodium styrene-4-sulfonate, is con- 5t N803S/©/\ Aron + pon (100) 100 100 100
verted to 4-(1,2-dihydroxyethyl)-
id- - (0]
benzem?sulfonate as the acid-cata e (68) 68
lyzed ring-opened product of the o
corresponding epioxi('ie, which is tl}e glel ©/\ e o (32) 100 83 32
product of 2e oxidation product, in o
the presence of 2equiv of CAN HRoH (100) 100
(entry 4, Table 1). In the presence
of 8 equiv of CAN, the water-solu- OH o
) le] ANF YT N
ble styrene derivative can be fully 7 o} Hoon (1000100 100 100
oxidized to give the corresponding OH Q
f]
benzoic acid and formic acid 8 ©/\ @H (@7 87 90 84
(entry 5, Table 1) via diol and benz- o A~ OH
aldehyde intermediates, which can 9 I~ 0 (100) 50 100 50
be detected in NMR spectra in the OH
5P 10 ~~OH Ty (100) 50 100 50
course of the reaction. In sharp o
. . o
contrast, catalytic oxygenation of 1 o /@/\ Ar* 100) 45 . 45

styrene using 8 equiv of CAN gave

benzaldehyde (68%, TON =68)
and benzoic acid (32 %, TON = 32)
concomitant with formic acid
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[a] For procedure and conditions, see the Experimental Section. Ar=4-benzenesulfonato group.
[b] Conducted in 20 mL of D,O containing cyclohexene (15 mmol) and 1 (0.5 pmol). [c] Not available.
[d] Heated to 60°C and stirred for 4.5 h. [e] CAN (0.8 mmol). [f] Benzoic acid was also formed (3 %).
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oxide, and cyclohexanedione may also be formed by two 2e
oxidations of the diol. These plausible intermediates en route
to adipic acid were submitted to the catalytic conditions to
afford adipic acid as the sole product. This supports their
involvement as intermediates toward adipic acid. In both
cases, the absence of the catalyst 1 afforded a complicated
mixture of products, including small amount of adipic acid.
This lends credence to the indispensable role of 1 in the
selective oxygenation of cyclohexene to form adipic acid.
Thus, we propose a reaction mechanism involving the
epoxidation of cyclohexene, the hydrolysis of the epoxide to
give cyclohexane-1,2-diol, the 4 e oxidation of the diol to give
cyclohexane-1,2-dione, its subsequent Baeyer—Villiger-like
oxidation to give an acid anhydride, and a final hydrolysis
under strongly acidic conditions to give adipic acid
(Scheme 1).P All the oxidation steps are 2e oxidations,
which can be performed by 2 as the responsible species.

H30"

o

O

Scheme 1. A proposed mechanism for the catalytic oxygenation of
cyclohexene to produce adipic acid in H,0.

The stepwise mechanism is also supported by the results
of the oxidations of the water-soluble styrene derivative given
in Table 1 (entries4 and 5). The amount of CAN added
regulates the product distribution; this confirms that the
initial product is the diol derived from hydrolysis of the
epoxide and that the diol undergoes the C—C bond cleavage
to form the aldehyde, which is further converted to benzoic
acid and formic acid (see Figure S5 in the Supporting
Information).

We evaluated the durability of 1 in the course of the
catalysis. An aqueous solution of 1 (5.0 x 10~*m) was treated
with cyclohexene (1.0x107'm) and CAN (1.2 x107*m), and
after the reaction was complete more oxidant was added
several times. The production of adipic acid could be
duplicated and triplicated with no decrease in the product
amount upon addition of further portions of CAN to the same
reaction mixture (see Figure S6 in the Supporting Informa-
tion). The stability of 1in solution was ensured by UV/Vis and
NMR spectroscopy after catalysis was complete. This enables
us to establish a persistent catalytic cycle for substrate
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oxygenation or oxidation. Indeed, we observed a large
turnover number of 2560 for adipic acid formation at a
lower concentration of 1 and higher concentration of CAN
(entry 2, Table 1).

In summary, we have clarified the redox properties of 1
and the formation of the catalytically reactive intermediate-
spin Ru™—oxo species 2 from 1 by PCET. With 1 as a catalyst,
we have established a selective and efficient catalytic oxy-
genation system involving PCET to form reactive species in
water, which acts as both the solvent and as the oxygen
source. Since catalyst durability has been assured, larger
TON:Ss are expected with this system. In addition, according to
the Pourbaix diagram we can control the reactive species in
accordance with the pH value of the solution. This makes it
possible to form Ru¥=0 or Ru!(0O), species that probably
show higher reactivity than Ru'Y=0 species and allows us
access to a wider range of oxidation reactions through the
control of pH and the reduction potential of the oxidant.

Experimental Section

Synthesis of [Ru(tpa)(OH,),](PF,),*(H,0) (1-H,0): A mixture
including [RuCl(tpa)],(PF,), (378.0mg, 0.33 mmol) and AgPF,
(167.1 mg, 0.66 mmol) in H,O (33 mL) was refluxed for 12 h. The
deep-green solution was filtered through a membrane filter to remove
insoluble salt. The filtrate was condensed by rotatory evaporation to
give a green precipitate of 1. The precipitate was filtered and washed
with EtOH followed by ether and then dried in vacuo. The yield of
isolated 1 was 59% (286 mg). Elemental analysis: caled for
CsH,N,O,RuP,F,-H,0: C 29.32, H 2.96, N 7.72; found: C 29.40,
H 329, N 7.62.

General procedure for catalytic oxygenation reactions and
quantitative method: A solution was prepared in 1 mL of D,O to
contain 0.10 mmol of the substrate and 0.001 mmol of the catalyst 1
and a fixed amount of sodium trimethylsilylpropionate-d, ([D,]TSP)
as an internal standard for NMR quantification. The solution was
treated with 0.20 mmol of CAN, and the mixture was stirred at room
temperature for 30 min. The solution was directly analyzed by
"H NMR spectroscopy. Quantitative analysis was made on the basis
of calibration of peak integration of authentic sample relative to TSP.
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