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Hydroxylation of Methane by a Sterically Hindered Ruthenium Complex 
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The sterically crowded cis-[Ru(dmp),S~](PF6), (dmp = 2,9 dimethyl-I ,lo-phenanthroline, S = Me3CN or H20) is 
capable of hydroxylating methane under mild reaction conditions utilizing H202 as the primary oxidant; oxidation of 
this complex with H202 is studied spectrophotometrically by UV-VIS and NMR spectroscopy implicating ruthe- 
nium(vi) as the active oxidant. 

The metal-catalysed hydroxylation of alkanes has been an 
important objective to further the understanding of the 
chemistry occurring in the iron-containing enzymes cyto- 
chromes P-4501-3 and methane monooxygenase .4.5 The active 
species in both enzymes is thought to be a high valent 
metal-oxo species. The conversion of methane to methanol, a 
storable fuel, makes this oxidation reaction a highly desirable 
goal.6 These objectives have led to research directed towards 
the oxidation of hydrocarbons by metal-oxo complexes.7 
Many polypyridyl ruthenium-oxo systems have been investi- 
gated,B--14 most are not catalytic,g-ll and few13715 have been 
demonstrated to be capable of oxidizing alkanes. The oxida- 
tion of saturated hydrocarbons utilizing t-butyl hydroperoxide 
has been reported to be catalysed by several cis-[RuI1- 
(L)2(OH2)2]2+ complexes15 (L = substituted 2,2' bipyridine or 
1 , l O  phenanthroline). 

The complex, ~is-[Ru(dmp)~S~](PF& (S = MeCN 1 or H20 
2),16 is shown in this work to be capable of hydroxylating 
methane with comparable selectivities, utilizing H202 as the 
primary oxidant. In a typical reaction, 10-5 moles of catalyst 
are dissolved in 20 ml of solvent and 30% aqueous H202 (10-2 
mol) is added. This solution is then pressurized to 4 atm of 
methane and heated to 75 "C, with stirring. Samples were 
analysed by GC and GCMS. Under these reaction conditions 
methane is oxidized to a mixture of methanol and formal- 

dehyde in a ratio of 4 : 1. Trace amounts of C02 and coupling 
products, such as dimethylether, are also observed. The 
reaction proceeds with a 1.7 conversion (125 turnovers per 
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Fig. 1 UV-VIS Spectra of [R~(d rnp)~(H~0)~] (PF& with the addition 
of hydrogen peroxide: (a)  0; (b)  0.5; (c) 1.0; (d)  1.5; (e) 2.0; v) 2.5; (8) 
3.0; ( h )  3.5; (i) 4.0; 0') 4.5; ( k )  5.0; (1) 5.5; (m) 6.0; ( n )  7.0 equiv. 
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appearance of three isosbestic points. At low concentration of 
added oxidant to 2, an isosbestic point appears at 395 nm with 
a decrease in the absorption at 490 nm and an increase in the 
absorption at 365 nm. This isosbestic point has been assigned 
to the oxidation of the ruthenium(I1) to ruthenium(II1). From 
3.5 to 4.5 equiv. of H202  a second isosbestic point is observed 
at 425 nm corresponding to the oxidation of the ruthenium(rr1) 
to ruthenium(1v). These spectral changes are similar to those 
observed by Meyer14.18 for the formation of RurV species by 
oxidation with CeIV. The 425 nm isosbestic point disappears 
upon further addition of H202 [curve (n ) ]  and this is attributed 
to the formation of RuVI. These same results are observed 
using OC1- as an oxidant. 

As illustrated in Fig. 2, the 1H NMR of 2 covers a &range of 
10. When 3 equiv. of H202 are added to 2, a spectrum with 
chemical shifts ranging from +60 to -20 results. These 
isotropic shifts are characteristic of a paramagnetic species. 
Groves and coworkers have observed similar shift due to 
[RuIV0]2+ 19 and [FeIV0]2+ 20 porphyrin complexes. We 
propose that the species shown in Fig. 2b is a ruthenium(1v) 
complex or a mixture of ruthenium(rr1) and (IV). An additional 
4 equiv. of H202 results in a spectrum characteristic of a 
diamagnetic species in which the phenanthroline resonances 
are slightly shifted downfield compared to the resonances in 2. 
This species is tentatively assigned as the cis- 
[ RuVI( d m ~ ) ~ (  0)2]2+. A similar 1H NMR spectrum is observed 
in samples taken from the reaction mixture during the 
induction period. 

The experiments reported here suggest that a ruthenium- 
0x0 species is capable of hydroxylating alkanes. Attempts to 
isolate the active species are underway. 

The authors would like to thank the National Science 
Foundation, grant 86 18766, as well as the US Army CRDEC 
for their financial support. 
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Fig. 2 'H NMR of [ R ~ ( d r n p > ~ ( o H ~ ) ~ ] ( P F & ;  (a)  before addition of 
H20z; ( b )  after addition of 3 equiv. of hydrogen peroxide 

day) and a 1.9% conversion (140 turnovers per day) in water 
and acetonitrile respectively. Control reactions without CH4 
did not yield C1 oxidation products. Utilizing OC1- with 2, 
gives rise to similar results as the H202-H20 system, although 
a slightly lower conversion was observed (1.2%) with trace 
amounts of chloroform and dichloromethane. 1H NMR and 
UV-VIS spectroscopy showed that decomposition of the 
catalyst had taken place after completion of the reaction 
(30 h). 

Under the same conditions used in the methane reactions, 
ethane is oxidized to a mixture of ethanol and acetaldehyde, 
and propane to propan-1-01, propanal and propan-2-01. Small 
amounts of coupling products are also observed. Adamantane 
was also found to be oxidized to adamantan-1-01. After 18 h 
adamantan-2-01 and adamantan-2-one were observed. 

A 5 h induction period is observed in the oxidation of 
methane. A longer induction period is also observed in 
aerobic epoxidation reactions using this sterically crowded 
complex.14 The nature of these induction periods are currently 
under study. 

The addition of AIBN [a free radical initiator, azo-bis(iso- 
butyronitrile)] to the methane oxidation in acetonitrile re- 
sulted in a 3% conversion with >1% of the products observed 
being coupling products (methyl ethyl ether and ethane). 
Addition of AIBN, in the absence of catalyst did not result in 
oxidation. In the presence of the free radical inhibitor, 
benzoquinone, oxidation was not observed. When the reac- 
tion was carried out in the presence of CC14, the formation of 
chloroform and dichloromethane was observed. These experi- 
ments suggest that radicals are involved in this oxidation. 

The addition of H202  to the ruthenium(1r) precursor 
complex was monitored by UV-VIS. As illustrated in Fig. 1, 
the addition of H202 to 2 leads to spectral changes and the 
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