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Simple transition-metal salts were investigated
as the catalysts for the partial oxidation of
methane. In trifluoroacetic acid (TFA), methane
could be efficiently converted to methyl tri-
fluoroacetate by the Cu(OAc)2/K2S2O8 catalyst
system. A quantitative yield (96.3%) based on
methane has been obtained under the optimized
conditions. A possible mechanism involving
radical intermediates has been suggested for
this reaction. Copyright # 2000 John Wiley &
Sons, Ltd.
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INTRODUCTION

Partial oxidation of the lower alkanes, such as
methane, to oxygenates is a challenging problem in
chemistry, because they are the least reactive in the
hydrocarbon family, and their expected products
are more reactive than the alkanes in general, which
causes selectivity problems. Methane is the least
reactive of the alkanes [C–H bond energy:
105 kcal molÿ1 (439 kJ molÿ1)]. Furthermore, the
expected products, methanol, formaldehyde and
formic acid, are more reactive than methane, which
results in difficulty in obtaining high yields of these
expected products. However, methane is the most
abundant of the hydrocarbons, and its utilization is

of great practical interest. Various catalyst systems
have also been investigated for the partial oxidation
of methane to oxygenates in the liquid phase.1–7

Recently we reported that the vanadium-containing
heteropolyacid catalyst systems gave high yields of
methyl trifluoroacetate.8 In continuing studies on
C–H bond activation, we report here our new
results on the partial oxidation of methane to
methyl trifluoroacetate using a Cu(OAc)2 catalyst
in trifluoroacetic acid (TFA).

RESULTS AND DISCUSSION

Some transition-metal compounds were investi-
gated as the catalyst for the partial oxidation of
methane to oxygenates. These results are summar-
ized in Table 1. In TFA with a small amount of
trifluoroacetic anhydride (TFAA), methane could
be efficiently converted to methyl trifluoroacetate
(1) and methyl acetate (2) by metal catalysts with
potassium persulfate (K2S2O8) as the oxidant, as
shown in Eqn [1].

CH4 ÿÿÿÿÿÿÿÿÿÿ!
Cat./K2S2O8

TFA/TFAA
CF3CO2CH3� CH3CO2CH3

1 2

�1�
In the absence of catalyst, methyl trifluoroacetate

(1) and methyl acetate (2) were obtained in the total
yield of 4.6% based on methane (Table 1, entry 1).
Although TiO(acac)2 (acac = acetoacetate) has no
catalyst activity (total yield 4.4%; entry 2), higher
yields of 11%, 13.3% or 15.7% could be obtained
when Fe(OAc)2, Cr2(OAc)4 or Mn(OAc)2 was used
as the catalyst, respectively (entries 3, 4 and 5). In
these cases, methyl acetate (2) comprised more than
half of the product. However, methyl trifluoro-
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acetate(1) wasobtainedasa major productwhen
Cu(OAc)2 waschosenasthecatalyst,andthe total
yield was as high as 29.2%(entry 6). No methyl
acetate(2) wasdetectedin theproductsif Cu(PA)2
(PA = pyridine-2-carboxylate) was used as the
catalyst(entry7).A smallamountof methylacetate
(2) was formed in the reaction with Cu(b-
py)2(OAc)2 (bpy= bipyridyl) asthe catalyst(entry
8).Theseresultssuggestedthat,if coppersaltswere
used as the catalysts,high selectivity of methyl
trifluoroacetate(1) could beobtained.

Thus, the partial oxidation of methane was
investigatedin detail with a Cu(OAc)2 catalyst.
The time courseof methaneoxidationis shownin
Fig. 1. The initial yield of the products,methyl
trifluoroactate(1) andmethylacetate(2), increased
with increasingreactiontime. If the reactionwas
carriedout at 80°C, thehighestyield (21.1%)was
obtainedat a reactiontime of 40h, and the yield
then decreasedto 13.2% at 50h due to over-
oxidation of the products.The bestyield (40.2%)
couldbeobtainedif thereactionwascarriedout at
100°C for 30h, andtheyield wentdownto 33%at
40h.

Then the effect of temperatureon the reaction
wasinvestigated(Fig. 2). If thereactionwasrun at
60°C for 20h, theyield of 1 and2 wasonly 2.3%.
With increasingtemperature,the yield increased
continuously.A yield of 29.2%couldbeobtainedat
100°C and 38.4% at 120°C. With increasing
temperature,theoxidant(K2S2O8) would probably
decompose more rapidly, catalyzed by the
copper(II)cationin TFA to form theHSO4

� radical,
which abstractsa hydrogenatomfrom methane.

In the next step,the effect of the amountof the

oxidant,K2S2O8, wasinvestigated(Fig. 3). In 5 ml
TFA and10mmol TFAA solvents,theyield of the
products1 and2 increasedwith increasingamount
of K2S2O8. A yield of 7.7% was obtainedwhen
1 mmolof K2S2O8 wasadded,andthehighestyield

Table 1 Partial oxidation of methane to methyl
trifluoroacetate(1) and methyl acetate(2) by various
catalystsa

Entry Catalyst Yield (%)b Ratio (1:2)

1 — 4.6 41:59
2 TiO(acac)2 4.4 38:62
3 Fe(OAc)2 11.0 34:66
4 Cr2(OAc)4 13.3 47:53
5 Mn(OAc)2 15.7 18:82
6 Cu(OAc)2 29.2 98:2
7 Cu(PA)2 5.7 100:0
8 Cu(bpy)2(OAc)2 7.5 89:11

a Reactionconditions:25-ml autoclave,catalyst0.054mmol,
CH4 20atm, TFA 5 ml, TFAA 10mmol, K2S2O8 5 mmol,
100°C with stirring for 20h.
b GC yield basedon methane.

Figure 1 Time courseof the partial oxidationof methaneto
esters1 and2 by Cu(OAc)2 catalyst.Reactionconditions:25-ml
autoclave,Cu(OAc)2 0.054mmol, CH4 20atm, TFA 5 ml,
TFAA 10mmol, K2S2O8 5 mmol, heatedat 100°C or 80°C
with stirring.

Figure 2 Effect of temperatureon the partial oxidation of
methaneto esters1 and 2 by Cu(OAc)2 catalyst. Reaction
conditions: 25-ml autoclave, Cu(OAc)2 0.054mmol, CH4

20atm, TFA 5 ml, TFAA 10mmol, K2S2O8 5 mmol, heated
at varioustemperatureswith stirring for 20h.
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(29.2%)couldbeobtainedwhen5 mmolof K2S2O8
was added. However, only a 3.1% yield was
obtainedwhen7.5mmol of K2S2O8 wasaddedto
the reactionmixture, due to the large amountof
solid K2S2O8 remainingundissolvedin thesolvent
which causedlessefficient stirring for the reaction.

To improvetheyield of theproducts,thereaction
conditionswereoptimized;theresultsaresummar-
ized in Table2. Theselectivityof methyl trifluoro-
acetate(1) is always above90%; sometimes,no
methylacetate(2) is detected(entries5 and7). The
largest amount (4.04mmol) of the productswas
obtainedwith a yield of 40.2% (entry 3). At the
lower pressureof methane(5 atm), theyield could
reach73.9%(entry5). In particular,if an inert gas
(nitrogen)was present,almostquantitativepartial
oxidationof methanecouldbeattained(yield 90%
or 96.3%;entries7 and8).

Recently, we reportedthat the vanadium-con-
taining heteropolyacid-catalyzedpartial oxidation
of methanecouldgive quantitativeyields(95%)of
methyl esters 1 and 2 and, in some case, the
turnover numbers based on PV2Mo10O40 could
reach up to 161. Here, the turnover numbersof
copper(II)couldalsobe improvedup to 151under
similar reaction conditions to those for a
PV2Mo10O40 catalyst.This result showsthat the
simple coppersalt, Cu(OAc)2, is as active as the
complicatedheteropolyacidsfor the partial oxida-
tion of methane.

Radical intermediatesusually exist in reactions
with K2S2O8 as the oxidant.1,9–11 Some radical
characteristicswere also observedin our reaction
system.The effect of a radical scavengeron the
reactionis alsoshownin Fig. 4. Comparedwith the
reactionusingno radicalscavengerin the reaction
mixture, smaller amountsof the products were
formed in the reactionwith the radical scavenger
2,6-di-t-butyl-p-methylphenol(DBMP).After reac-
tion for 20h, only a 4.5%yield wasobtainedwith
addedDBMP, whereasa 29.2% yield could be
obtainedwithoutDBMP.This resultsuggeststhata
radicalintermediateoccursin thereactionprocess,
and could be trapped by the radical scavenger,
resultingin the lower yield. A possiblemechanism
is shownin Scheme1. In TFA assolvent,K2S2O8
would first be convertedto peroxodisulfuricacid
(H2S2O8). ThenH2S2O8 would be decomposedby
thecopper(II)catalystto form theHSO4

ÿ anionand
theHSO4

� radical,whichabstractsahydrogenatom
from methaneto form themethyl radical,which is
then oxidized by the copper(II) cation (a good
oxidant for the alkyl radical)1,12,13 to form the
methyl cation. Finally, the methyl cation would
reactwith TFA to give methyl trifluoroacetate(1).
The catalytic reactionis thoughtto be initiated by
the thermaldecompositionof H2S2O8 to form the
HSO4

� radical.Thekey stepfor thehigh selectivity
of methyl trifluoroacetate(1) mustbetheoxidation
of themethylradicalto themethylcationby Cu(II).

Figure 3 Influenceof the amountof K2S2O8 on the partial
oxidationof methaneto esters1 and2 by Cu(OAc)2 catalyst.
Reactionconditions:25-ml autoclave,Cu(OAc)2 0.054mmol,
CH4 20atm,TFA 5 ml, TFAA 10mmol, heatedat 100°C with
stirring for 20h.

Table 2 Quantitativeoxidationof methaneto esters1
and2 by Cu(OAc)2 catalysta

Entry TFA (ml)
Product(1� 2)

(mmol)
Yield
(%)b

Ratio
(1:2)

1 5c 1.15 11.4 93:7
2 5 2.93 29.2 98:2
3 5d 4.04 40.2 97:3
4 5e 2.05 40.8 98:2
5 9f 1.26 73.9 100:0
6 9g 1.32 77.7 98:2
7 9h 1.53 90 100:0
8 9i 1.64 96.3 94:6

a Reactionconditions:25-mlautoclave,Cu(OAc)2 0.054mmol,
K2S2O8 5 mmol,CH4 20atm,TFAA 10mmol,heatedat100°C
with stirring for 20h unlessotherwiseindicated.
b GC yield basedon CH4.
c 80°C.
d 30h.
e CH4 10atm.
f CH4 5 atm.
g CH4 5 atm andN2 5 atm.
h CH4 5 atm andN2 15atm.
i CH4 5 atm andN2 25atm.
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OthermetalionscouldalsodecomposeH2S2O8, but
would not efficiently oxidize the methyl radical to
themethylcation,resultingin thelow selectivityof
methyl trifluoroacetate(1). The by-productmethyl
acetate(2) wouldbederivedfrom aceticacidwhich
wouldbeformedfrom thereactionof CH4 andCO,
derived from the decompositionof TFA and/or
TFAA.8

EXPERIMENTAL

General

Methane(SumitomoPureChemical)andnitrogen
(BOC Gases)gaseswerecommercialgrade.TFA,
TFAA, Cu(OAc)2 and K2S2O8 were purchased
from WakoPureChemicals.Productanalyseswere
performedon a ShimadzuGC-8A with an internal
standard.

Oxidation reaction

To a 25-ml stainlesssteel autoclave,Cu(OAc)2
(0.0105g; 0.054mmol), K2S2O8 (1.35g; 5 mmol),
TFA (5 ml) andTFAA (1 ml; 10mmol)wereadded
successively.The autoclave was flushed with
methanethree times, then pressurizedto 20atm.
The reactionmixture was heatedat 100°C with
stirring for 20h. Finally, theproductswasanalyzed
by GC with an internalstandard.The formationof
the esters1 and 2 was confirmedby 1H and 13C
NMR spectra of the reaction mixture. Methyl
trifluoroacetate (1): 1H NMR (CF3COOH):
� = 4.04(s,CF3COOCH3);

13C NMR (CF3COOH):

� = 54.8 (s, CH3), 115.1 (q, CF3, JC–F= 282Hz),
162.6 (q, C=O, JC–F= 43.5Hz). Methyl acetate
(2): 1H NMR (CF3COOH): � = 2.17 (s, CH3CO,
3H), 3.81 (s, CH3O, 3H); 13C NMR (CF3COOH):
� = 19.5(s,CH3), 53.2(s,CH3O), 178.8(s,C=O).
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Scheme1 A possiblemechanismfor the partial oxidationof methanecatalyzedby the Cu(II) cation.

Figure 4 Influence of a radical scavengeron the partial
oxidationof methaneto esters1 and2 by Cu(OAc)2 catalyst.
Reaction conditions: *, 25-ml autoclave, Cu(OAc)2
0.054mmol, CH4 20atm,TFA 5 ml, TFAA 10mmol, K2S2O8

5 mmol, 100°C with stirring; !, as above, plus DBMP
0.54mmol.
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