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Cu(OAc),-catalyzed partial oxidation of
methane to methyl trifluoroacetate in the
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Guochuan Yin, Dong-guo Piao, Tsugio Kitamura and Yuzo Fujiwara*
Department of Chemistry and Biochemistry, Graduate School of Engineering, Kyushu University, 6-10-1
Hakozaki, Fukuoka 812-8581, Japan

Simple transition-metal salts were investigated of great practical interest. Various catalyst systems
as the catalysts for the partial oxidation of have also been investigated for the partial oxidation
methane. In trifluoroacetic acid (TFA), methane  of methane to oxygenates in the liquid phase.
could be efficiently converted to methyl tri-  Recently we reported that the vanadium-containing
fluoroacetate by the Cu(OAcYK,S,0g catalyst  heteropolyacid catalyst systems gave high yields of
system. A quantitative yield (96.3%) based on methyl trifluoroacetat&.In continuing studies on
methane has been obtained under the optimized C-H bond activation, we report here our new
conditions. A possible mechanism involving results on the partial oxidation of methane to
radical intermediates has been suggested for methyl trifluoroacetate using a Cu(OAatalyst
this reaction. Copyright © 2000 John Wiley & in trifluoroacetic acid (TFA).

Sons, Ltd.
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Received 25 February 2000; accepted 27 March 2000 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
INTRODUCTION be efficiently converted to methyl trifluoroacetate
obuctio (1) and methyl acetate?) by metal catalysts with

Partial oxidation of the lower alkanes, such asPotassium persulfate ¢§,0g) as the oxidant, as
methane, to oxygenates is a challenging problem ifghown in Eqn [1].
chemistry, because they are the least reactive in the Cat./K,S,0;

hydrocarbon family, and their expected productsCH, CF;C0O,CH3 4+ CH3CO,CH;
are more reactive than the alkanes in general, which TFAITFAA

causes selectivity problems. Methane is the least 1 2
reactive of the alkanes [C—H bond energy: 1]

105 kcal molt (439 kJ molY)]. Furthermore, the

expected products, methanol, formaldehyde and Inthe absence of catalyst, methyl trifluoroacetate

formic acid, are more reactive than methane, which1) and methyl acetate) were obtained in the total

results in difficulty in obtaining high yields of these yield of 4.6% based on methane (Table 1, entry 1).

expected products. However, methane is the mosAlthough TiO(acag) (acac = acetoacetate) has no

abundant of the hydrocarbons, and its utilization iscatalyst activity (total yield 4.4%; entry 2), higher
yields of 11%, 13.3% or 15.7% could be obtained
when Fe(OAcg), Cry(OAc), or Mn(OAc), was used

* Correspondence to: Yuzo Fujiwara, Department of Chemistry andS the catalyst, respectively (entries 3, 4 and 5). In

Biochemistry, Graduate School of Engineering, Kyushu University, t(N€se cases, methyl aceta?g¢omprised more than
6-10-1 Hakozaki, Fukuoka 812-8581, Japan. half of the product. However, methyl trifluoro-
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Table 1 Partial oxidation of methane to methyl
trifluoroacetate(1) and methyl acetate(2) by various
catalyst8

Entry Catalyst Yield (%)°  Ratio (1:2)
1 — 4.6 41:59

2 TiO(acac) 4.4 38:62

3 Fe(OAc) 11.0 34:66

4 Cr,(OAc), 13.3 47:53

5 Mn(OACc), 15.7 18:82

6 Cu(OAc) 29.2 98:2

7 Cu(PA), 5.7 100:0

8 Cu(bpy)(OAc), 7.5 89:11

2 Reactionconditions: 25-ml autoclave,catalyst0.054mmol,
CH, 20atm, TFA 5ml, TFAA 10mmol, K,S,05 5mmol,
100°C with stirring for 20h.

b GCyield basedon methane.

acetate(1) wasobtainedas a major productwhen

Cu(OAc) waschosenasthe catalyst,andthe total

yield was as high as 29.2% (entry 6). No methyl

acetatdq2) wasdetectedn the productsif Cu(PA)

(PA = pyridine-2-carboxiate) was used as the

catalyst(entry7). A smallamountof methylacetate
(2) was formed in the reaction with Cu(b-

py)-(OAc), (bpy= bipyridyl) asthe catalyst(entry
8). Theseresultssuggestethat,if coppersaltswere
used as the catalysts,high selectivity of methyl

trifluoroacetatg1) could be obtained.

Thus, the partial oxidation of methane was
investigatedin detail with a Cu(OAc), catalyst.
The time courseof methaneoxidationis shownin
Fig. 1. The initial yield of the products,methyl
trifluoroactate(1) andmethylacetatd2), increased
with increasingreactiontime. If the reactionwas
carriedout at 80 °C, the highestyield (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%)
couldbe obtainedif thereactionwascarriedout at
100°C for 30h, andtheyield wentdownto 33%at
40h.

Then the effect of temperatureon the reaction
wasinvestigatedFig. 2). If thereactionwasrun at
60°C for 20h, theyield of 1 and2 wasonly 2.3%.
With increasingtemperature the yield increased
continuouslyA yield of 29.2%couldbeobtainedat
100°C and 38.4% at 120°C. With increasing
temperaturethe oxidant(K,S,0g) would probably
decompose more rapidly, catalyzed by the
copper(ll)cationin TFA to form theHSO," radical,
which abstracts hydrogenatomfrom methane.

In the next step,the effect of the amountof the

Copyright© 2000JohnWiley & Sons,Ltd.
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Figure 1 Time courseof the partial oxidation of methaneto
estersl and2 by Cu(OAc), catalystReactionconditions:225-ml
autoclave, Cu(OAc), 0.054mmol, CH, 20atm, TFA 5ml,
TFAA 10mmol, K,S,0g 5 mmol, heatedat 100°C or 80°C
with stirring.

oxidant,K,S,0g, wasinvestigatedFig. 3). In 5ml
TFA and10mmol TFAA solventstheyield of the
productsl and2 increasedvith increasingamount
of KyS,0g. A yield of 7.7% was obtainedwhen
1 mmol of K,S,05 wasadded andthe highestyield
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Figure 2 Effect of temperatureon the partial oxidation of
methaneto estersl and 2 by Cu(OAc), catalyst. Reaction
conditions: 25-ml autoclave, Cu(OAc) 0.054mmol, CH,
20atm, TFA 5ml, TFAA 10mmol, K,S,0g 5mmol, heated
at varioustemperaturesvith stirring for 20h.
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30 Table 2 Quantitativeoxidation of methaneto esterst
and2 by Cu(OAc), catalysf
L
s 251 Product(1+2) Yield Ratio
« Entry TFA (ml) (mmol) (%P  (1:2)
= 204 A
5 1 5° 1.15 11.4 937
- 154 2 5 2.93 29.2 98:2
= 3 5 4.04 402 97:3
=2 10 4 5fe 2.05 40.8 98:2
o . 5 9 1.26 73.9 100:0
> 6 9¢ 1.32 77.7 98:2
= 54 7 o" 1.53 90 100:0
2 8 9 1.64 96.3 94:6
= 0
i o ! ! ! 2 Reactionconditions:25-ml autoclave Cu(OAc), 0.054mmol,
0 1 2 3 4 5 6 7 8  K,;S055mmolCH,20atm,TFAA 10mmol,heatecat100°C
with stirring for 20 h unlessotherwiseindicated.
K,S,04 (mmol) ® GC yield basedon CH,.
80°C.
d
Figure 3 Influenceof the amountof K,S,0g on the partial e g:?ﬂh'loatm
oxidation of methaneto estersl and2 by Cu(OAc), catalyst. ¢ CH:5 atm. '

Reactionconditions:25-ml autoclave Cu(OAc) 0.054mmol,
CH, 20atm, TFA 5ml, TFAA 10mmol, heatedat 100°C with
stirring for 20h.

(29.2%)couldbe obtainedvhen5 mmol of K,S,0g
was added. However, only a 3.1% vyield was
obtainedwhen 7.5mmol of K,S,0g was addedto
the reaction mixture, due to the large amountof
solid K»S,0g remainingundissolvedn the solvent
which causedessefficient stirring for the reaction.

Toimprovetheyield of theproductsthereaction
conditionswereoptimized;the resultsaresummar-
izedin Table2. The selectivity of methyltrifluoro-
acetate(1) is always above 90%; sometimes,no
methylacetatg2) is detectedentries5 and7). The
largestamount (4.04mmol) of the productswas
obtainedwith a yield of 40.2% (entry 3). At the
lower pressureof methaneg(5 atm), the yield could
reach73.9%(entry5). In particular,if aninert gas
(nitrogen)was present,almostquantitativepartial
oxidationof methanecould be attained(yield 90%
or 96.3%;entries7 and8).

Recently, we reportedthat the vanadium-con-
taining heteropolyacid-catalyzegartial oxidation
of methanecould give quantitativeyields (95%) of
methyl esters1 and 2 and, in some case, the
turnover numbers based on PV,Mo0,00.4 could
reachup to 161. Here, the turnover numbersof
copper(ll)could alsobe improvedup to 151 under
similar reaction conditions to those for a
PV,Mo0,40,o catalyst. This result showsthat the
simple coppersalt, Cu(OAc), is as active as the
complicatedheteropolyacidgor the partial oxida-
tion of methane.

Copyright© 2000JohnWiley & Sons,Ltd.

9 CH, 5atmandN, 5 atm.
" CH, 5atmandN, 15atm.
' CH,; 5atmandN, 25atm.

Radicalintermediatesusually existin reactions
with K,S,0g as the oxidant®>*! Some radical
characteristicavere also observedin our reaction
system.The effect of a radical scavengeron the
reactionis alsoshownin Fig. 4. Comparedvith the
reactionusingno radicalscavengein the reaction
mixture, smaller amountsof the products were
formedin the reactionwith the radical scavenger
2,6-dit-butyl-p-methylpheno(DBMP). After reac-
tion for 20h, only a 4.5%yield wasobtainedwith
added DBMP, whereasa 29.2% yield could be
obtainedwithout DBMP. This resultsuggestshata
radicalintermediateoccursin the reactionprocess,
and could be trappedby the radical scavenger,
resultingin the lower yield. A possiblemechanism
is shownin Schemel. In TFA assolvent,K,S,0q
would first be convertedto peroxodisulfuricacid
(H2S,0g). ThenH,S,05 would be decomposedby
thecopper(ll)catalystto form theHSQ, ™~ anionand
theHSQy, radical,which abstract&hydrogeratom
from methaneto form the methyl radical, which is
then oxidized by the copper ”1) cation (a good
oxidant for the alkyl radical)"***3to form the
methyl cation. Finally, the methyl cation would
reactwith TFA to give methyltrifluoroacetateg1).
The catalytic reactionis thoughtto be initiated by
the thermaldecompositiorof H,S,0g to form the
HSQ, radical. The key stepfor the high selectivity
of methyltrifluoroacetatg1l) mustbethe oxidation
of themethylradicalto themethylcationby Cu(ll).

Appl. Organometal Chem.14, 438-442(2000)



CATALYTIC PARTIAL OXIDATION OF METHANE

441

Othermetalionscouldalsodecomposél,S,0g, but
would not efficiently oxidize the methyl radical to
themethylcation,resultingin thelow selectivityof
methyl trifluoroacetatg1). The by-productmethyl
acetatg2) would bederivedfrom aceticacidwhich
would beformedfrom thereactionof CH, andCO,
derived from the decompositionof TFA and/or
TFAA®

EXPERIMENTAL

General

Methane(SumitomoPure Chemical)and nitrogen
(BOC Gases)gasesvere commercialgrade. TFA,
TFAA, Cu(OAc), and K,S,0g were purchased
from Wako PureChemicalsProductanalysesvere
performedon a ShimadzuGC-8A with aninternal
standard.

Oxidation reaction

To a 25-ml stainlesssteel autoclave, Cu(OAc)
(0.0105g; 0.054mmol), K,S,05 (1.35g; 5 mmol),
TFA (5 ml) andTFAA (1 ml; 20mmol) wereadded
successively. The autoclave was flushed with
methanethree times, then pressurizedo 20atm.
The reaction mixture was heatedat 100°C with
stirring for 20 h. Finally, the productsvasanalyzed
by GC with aninternal standardThe formation of
the estersl and 2 was confirmedby *H and **C
NMR spectraof the reaction mixture. Methyl
trifluoroacetate (1): 'H NMR (CF;COOH):
8=4.04(s, CF;COOCH,); *C NMR (CF;COOH):

K»S,03 + 2 CF3CO;H _\> H;S,04

2 CF3CO;K

CF3CO,H

Total yield of 1 and 2 (%)
[\®]
S
]

T T T T T
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Figure 4 Influence of a radical scavengeron the partial
oxidation of methaneto estersl and 2 by Cu(OAc), catalyst.
Reaction conditions: O, 25-ml autoclave, Cu(OAc)
0.054mmol, CH, 20atm, TFA 5ml, TFAA 10mmol, K,S,0g
5mmol, 100°C with stirring; W, as above, plus DBMP
0.54mmol.

6=54.8 (S, CH3), 1151(q, CF3, Jc_|:=282HZ),
162.6 (g, C=0, Jc_=43.5Hz). Methyl acetate
(2): 'H NMR (CF;COOH): §=2.17 (s, CH5CO,
3H), 3.81 (s, CH30, 3H); 1°C NMR (CF;COOH):
6=19.5(s, CHjy), 53.2(s,CH30), 178.8(s, C=0).

Acknowledgements GuochuanYin thanksthe JapanSociety
for the Promotionof Sciencefor a researchfellowship (no.
P99108).
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Schemel A possiblemechanisnfor the partial oxidationof methanecatalyzedby the Cu(ll) cation.
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