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Methanol Oxidation by Methane**
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The direct oxidation of methane to methanol has long been
one of the most important challenges in chemical reactivity.!"
Methane is the primary component of natural gas and is used
both as a fuel and a feedstock. However, transportation and
storage of methane are more demanding than for liquid
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methanol. Conversion of methane to methanol is difficult
owing to the strong methane C—H bond (105 kcalmol )™
and the ease of over-oxidation of methanol. Much effort has
been devoted to this challenge, using both homogeneous and
heterogeneous processes. Heterogeneous methane oxidation
has been explored with many metal oxides, typically at high
temperatures.'¥ Studies of low-temperature, homogeneous
methane oxidation have been inspired by the methane-
oxidizing enzymes™ and the discovery by Shilov et al. of the
catalytic conversion of methane into CH;OH and CH;Cl with
aqueous platinum salts.”! Most of the enzymatic, biomimetic,
and heterogeneous reactions are thought to follow free-
radical pathways.*” In contrast, the various Shilov-type
systems utilizing soft heavy-metal ions are thought to have
organometallic mechanisms initiated by methane binding to
the metal.®)

Herein, we describe a new approach to direct methane
oxidation, using aqueous osmium tetroxide and sodium
periodate (OsO,/NalO,). Methanol overoxidation is still an
issue in this system but remarkably methane inhibits the
oxidation of methanol under these conditions. OsO, and
RuO, could be the only two binary metal oxides whose
reactivity with CH, has not been reported before, because
their volatility and toxicity prevent heterogeneous, high-
temperature studies. RuO, oxidizations of higher alkanes
have been described™ and we have reported OsO, oxidations
of H,'" and higher alkanes (not methane) in basic aqueous
solutions.'!]

Solutions of OsO, and NalO, in D,O react with CH, at
50°C to give CH;0H, CH,(OH),, and CO, [Eq. (1)]. This

050, /NalO,

CH CH,OH + CH,(OH), + CO, (1)

4D,0at50°C
reaction—and all of the reactions described herein—used
50 mM concentrations of OsO, and NalO, in D,0O in a flame-
sealed NMR tube containing 9.5 atm of methane (12 mm)
at 50°C."¥1 The products were observed and quantified by
'"H NMR spectroscopy, referenced to a solution of CgMeg in
C¢Dg in a sealed capillary in the NMR tube: 6 =3.38 ppm,
CH,0OH, 0.32 mm; 6 =4.85 ppm, CH,(OH),, 0.24 mm (Fig-
ure 1 A). Oxidation of *CH, (99 % "C) under the standard
conditions occurs similarly, with the *C{'H} NMR spectrum
showing *CH,0OH, “CH,(OH),, and *CO, at 6 =49, 82, and
125 ppm, respectively (Figure 1B). Monitoring by '"H NMR
spectroscopy showed that the methanol concentration
reached 0.28 mm within 4 h of reaction and rose only slightly
over the following 5 days (Figure 1C). The final methanol
concentration is only 0.6 % of the starting OsO, and NalO,
concentrations, and 2.7 % of the starting methane concen-
tration. The reactions are carried out anaerobically, so Os"™
and I" are the only oxidants present.'! No methane
oxidation products are detected by 'H and *C NMR spec-
troscopy using aqueous NalO, without OsO,, or in OsO,
without 10, . The latter experiment was performed with
phosphate buffer to set the pH to 4.3, the characteristic
pH value of 50 mm periodate solutions. Thus, both OsO, and
NalO, are needed for the formation of methanol.
Mechanistically, methane oxidation is unlikely to involve
hydroxyl radicals given the mild conditions (OH* was ruled
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Figure 1. Oxidations of methane (9.5 atm) by OsO, and NalO,, both
50 mm in D,0O, at 50°C. The asterisk peaks are due to the capillary
standard (CsMeg and H,0 in C¢D¢). A) "H NMR spectrum for >CH,
oxidation after 3 days. B) C{'"H} NMR spectrum for *CH, oxidation
after 3 days. C) Time course for the oxidation of '’CH,.

out in the higher-temperature, high-pH value oxidation of iso-
butane based on the clean selectivity for oxidation of the
tertiary C—H bond!"). Methane coordination to osmium is
also very unlikely given the limited affinity of OsO, for strong
ligands, such as pyridine.™ Perhaps the pathway involves
[342] addition of a methane C—H bond to two oxo groups, as
has been suggested in computational studies of CH, reactions
with OsO, and RuO,,"® and in experimental and computa-
tional studies of OsO, and RuO, oxidations of H, and higher
alkanes.”!17]

The oxidation of methanol by OsO, and/or NalO, has also
been examined. There are a number of reports of alcohol
oxidations by OsO, and by iodates, and IO, has been used as
the terminal oxidant in OsO,-catalyzed reactions.'¥ We find
that 5 mm “CH,;OH is completely oxidized within 3 h at 50°C
by OsO,/NalO, under 9.5atm of argon (Figure2C). In
contrast, oxidation of *CH;OH under the same conditions
except with 9.5 atm 2CH, instead of Ar, proceeds much more
slowly: most of the methanol still present after 5 days at 50°C
(Figure 2 A, B). Methanol oxidation is slowed by a factor of
approximately 10° by 9.5 atm CH,,
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Figure 2. Oxidations of CH;OH (5 mm) by OsO, and NalO,, both
50 mm in D,0, at 50°C. The asterisk peaks are due to the capillary
standard (CsMeg and H,O in C¢D). A,B) Under 9.5 atm '2CH,:

A) initial "H NMR spectrum, B) after 5 days. C) Time courses for the
oxidations under 9.5 atm ">CH, (o) or 9.5 atm Ar (0). Inset: initial
stage of the reaction under 9.5 atm Ar for 0-3.5 h.

This very surprising inhibition by methane has been
confirmed by two of the co-authors in a variety of experi-
ments over more than a year. We have used *CH,/*CH,OH
and “CH,/"*CH,OH, with different samples of OsO,, period-
ate, and D,0. The most dramatic observations come from
degas-reseal experiments. A long medium-walled NMR tube
was charged with 5.0 mm *CH;0H, OsO,, and NalO, in D,O
under our standard conditions. After three freeze-pump-
thaw-degas cycles, >’CH, was added and the tube flame-sealed
(all experiments carried out at 9.5 atm gas pressure!"™). After
4 days at 50°C, only 18% of the “CH,;OH had been
consumed (Figure 3 A). The solution was then frozen, and
the tube was cut open and returned to the vacuum line. The
methane was removed with three freeze-pump-thaw cycles
and replaced with argon, and the tube was re-sealed with a
torch. Upon further heating of the same solution—having
changed only the gas present—the methanol was consumed
within 3 h. Figure 3B shows the results of the complementary
experiment: in the first stage under Ar, 64 % of the *CH;OH
is consumed after 10 min but after resealing under ?CH, the
remaining "CH;OH was preserved over 5 days and ?CH;OH
was generated from '*CH,.

Figure 3 A shows that the inhibition is caused by a material
that is removed upon degassing. No inhibition is observed under
argon in the presence of the volatile oxidation products CO or
CO, (or formaldehyde or H,). A degas-reseal experiment in
which the initial methane was replaced with fresh methane
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Figure 3. Time courses for the degas—reseal experiments at 50°C

(5 mm "*CH;OH, 50 mm OsO,, 50 mm NalO, in D,0). A) Reaction
under 9.5 atm '*CH,, which was then degassed and resealed under
9.5 atm Ar at the arrow/dotted line. B) Reaction under 9.5 atm Ar then
9.5 atm '?CH, at the arrow (10 min).

showed no difference from a constant methane atmosphere.
These experiments indicate that the inhibition is caused by
methane, rather than products of methane oxidation.

Methanol oxidation by OsO,/NalO, is also inhibited by
CD,, but is not affected by 9.5 atm of Xe or Ar, 1 atm N,, or
30 uL CCl,. Preliminary experiments suggest that methanol
oxidation at 50°C is also inhibited by ethane and iso-butane
but not by 30 pL of cyclohexane. Inhibition by methane is not
observed in the presence of 500 mm phosphate buffer
(maintaining the pH of 4.4 set by 10, alone).

Under our standard conditions,”l methanol oxidations by
Os0, alone, or by NalO, alone, are much slower than with the
two oxidants together (36-43% "“CH;OH consumed after
200 h versus completely consumed in 3 h). The presence of
12CH, does not affect *CH;OH oxidation by OsO, alone and
slows the oxidation by NalO, by only a factor of about 4
(Supporting Information). Reactions of the separated oxi-
dants are roughly as fast as observed for CH,-inhibited OsO,/
NalO,. Thus an unusually active oxidant is formed from
OsO,/NalO,, consistent with the methane oxidation results.
There is, however, no optical spectroscopic evidence for any
interaction between OsO, and 10, . It should be noted that
under 9.5 atm CH,, the methane concentration in D,Ois 9.5 +
0.4 mM in all these solutions, varying only marginally with the
other materials present in solution.

The inhibition of a reaction by a low concentration of
methane is to our knowledge unprecedented. Methane is
usually viewed as a very inert material. Under the conditions
where inhibition is observed, only a small fraction of the OsO,
and NalO, are consumed, and there is no evidence from
optical or NMR spectroscopy for any interaction of methane
with any of the reagents. It is not clear whether the origin of
this highly unusual inhibition is a chemical effect, inhibiting
formation of the OsO,/NalO, active oxidant, or a physical
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effect related to unusual solvation in H,O/CH, (perhaps
related to H,O/CH, clathrates®)).

In conclusion, aqueous solutions of OsO, and NalO,
oxidize methane to give a small amount of methanol under
very mild aqueous conditions: 50°C, 9.5 atm CH,. Further
oxidation of methanol is competitive with methane oxidation.
The presence of methane substantially inhibits the oxidation
of methanol. Further studies are in progress to define the
scope, kinetics, and mechanisms of both the methane
oxidation and this unprecedented inhibition.
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