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A new method of synthesis of acetic acid in water
has been developed from the carboxylation of
methane with carbon monoxide using lanthanide
catalysts. Ytterbium(III) acetate has been found
to be the most active catalyst among the
compounds of the lanthanide series in the
carboxylation reaction of methane with carbon
monoxide. Sodium hypochlorite or hydrogen
peroxide was used as the oxidant in this reaction.
Sodium hypochlorite exhibited more favorable
activity than hydrogen peroxide in the reaction.
The catalytic activity was improved by the
addition of transition-metal salts such as man-
ganese(II) acetate. The best result has been
found at a ratio of manganese(II) acetate to
ytterbium(III) acetate of 1:10. The optimum
reaction conditions (reaction temperature,
40°C; time, 20 h; methane, 20 atm; carbon
monoxide, 5 atm) have been obtained.# 1998
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INTRODUCTION

The direct conversion of methane as a building
block for functionalization products and higher

hydrocarbons is one of the most promising routes
for future organic synthesis because of the enor-
mous proven world reserves (1.4� 1011/m3 as
CH4) of it as the major ingredient of natural gas,1

which is now used mainly as a relatively inexpen-
sive and clean burning fuel. However, it is difficult
to achieve such a goal because methane has the
least reactivity of all hydrocarbons and control of
the product selectivity is difficult because of the
higher reactivity of the functionalized products
(methanol, formaldehyde etc.) compared with that
of methane, and because the thermodynamically
more favorable complete combustion of methane to
carbon oxides and water takes place. Therefore,
finely tuned reaction conditions to achieve high
conversion without total oxidation are required. At
present, however, there is no commercially avail-
able process satisfying these requirements. The
scientific challenges for developing the most
sophisticated methods that would convert methane
into more valuable solid or liquid chemicals and
fuels such as methanol, formaldehyde, ethylene,
acetylene, acetic acid etc. have greatly stimulated a
large volume of research over the last two decades.
This research includes gas-phase reactions (cataly-
tic or noncatalytic and usually at high temperatures
and pressures),2–8 radiation chemistry and electro-
chemistry as well as catalytic reactions in solution
or on solid surfaces via C–H bond activation.9,10

Among methods for the direct conversion of
methane as a building block for functionalization
products and procedures, solution-phase homo-
geneous metal-catalyzed functionalization of
methane has been recognized as one of the most
efficient and useful approaches.

According to the mechanistic aspects, homo-
geneous metal-catalyzed reactions are divided into
four categories: (1) oxidative addition;11–15 (2)
electrophilic substitution;16–18 (3) s-bond meta-
thesis19,20 and (4) biomimetic and metal-oxide
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reaction.21–28Electrophilicsubstitutionof methane
by palladium(II) and cobalt(III) catalyststo yield
methyltrifluoroacetatein trifluoroaceticacid(TFA)
hasbeenreported.29,30 A high-yield conversionof
methane to methanol in sulfuric acid by a
mercury(II) catalyst has also been reported31.
Among the valuableproductsof methaneconver-
sion, aceticacid is the most importantand useful
targetorganicmolecule;it is nowproducedthrough
this processinvolving many steps under severe
reactionconditions.

Aceticacidproductionfrom methaneconversion
on an industrial scale currently involves three
separatesteps:(1) high-temperaturesteam-reform-
ing of methaneover a nickel catalystto synthesis
gas; (2) high-temperatureconversionof synthesis
gasover coppercatalystto methanol;(3) carboxy-
lationof methanolto aceticacidmainly throughthe
Monsantoprocess.32

Onedisadvantageof this technologyis the large
energyrequirementof thefirst, highly endothermic,
step.The otherproblemis the numberof reaction
stagesrequired. Hence, the direct conversionof
methanewould be a more efficient route for the
productionof aceticacid. In 1992,we reportedthe
first directcatalyticconversionof methaneto acetic
acid using potassiumperoxodisulfate(K2S2O8) as
oxidantin thepresenceof transition-metalcatalysts
in TFA.33 It wouldbeagreatachievementif sucha
processwere made feasible by using water as
solvent and low-cost oxidant. The conversionof
methaneto aceticacidin waterusingoxygenasthe
oxidantin the presenceof RhCl3 catalysthasbeen
alsoreportedin the low yield andselectivity.34,35

Therefore,thereis an urgentneedto investigate
thenewcatalystsystemin orderto overcomeall the
problems. All of the catalytic conversion of
methaneto moreusefulchemicalproductsinvolve
thed-block transition-metalcatalysts,althoughthe
long-neglectedlanthanideelements(f-block transi-
tion metals)arealsoactivein hydrocarbonconver-
sion.36,37 Recently, lanthanide elements have
becomeof considerableimportancein manyareas
of moderntechnologydueto somespecialproper-
tiessuchascatalysisandsuperconductivity,andin
advancedmaterials for optical, electronic, and
excellent magnetic properties. Various organo-
lanthanidecomplexesexhibit remarkableactivity
towards the C–H bonds of methane,38–40 the
polymerizationof olefins41–43 andchemicalvapor
deposition.44–46

Moreover,a different type of organolanthanide
compoundscan be usedas efficient and selective
catalystsand,therefore,they havebecomepower-

ful tools in synthetic organic chemistry.47 A
pioneering example of methane conversion to
methanol is reportedusing europium catalyst in
TFA, wherezinc dustandtitanium(II) asreductant
and promoter,respectively,have beenusedwith
Eu.48 Recently,we found that lanthanidecatalysts
causethe direct conversionof methaneto acetic
acid in TFA with K2S2O8 asoxidant.49

Here we describethe lanthanide-catalyzedcar-
boxylation of methaneto aceticacid with carbon
monoxide (CO) in water, where sodium hypo-
chlorite(NaClO)hasbeenusedas oxidant. Ytter-
bium(III) acetate [Yb(OAc)3] exhibits the best
catalyticactivity amongthe lanthanidecompounds
tested in water in the presenceof NaClO. The
addition of transition-metal salts promoted the
carboxylationreaction of methane.The catalytic
activity of ytterbiumwasincreasedremarkablyby
the addition of a small amountof manganese(II)
acetate[Mn(OAc)2]. The reactionproceedscataly-
tically, asshownin Eqn [1].

CH4� CO
NaClO/H2O, 40�C
������������!catalyst

CH3COOH �1�

EXPERIMENTAL

Chemicals

All reagentswereof analyticalgradeandwereused
without furtherpurification.MethaneandCOgases
werepurchasedfrom SumitomoPureChemicalCo.
Lanthanide(III) chloride, lanthanide(III) acetate,
manganese(II)acetate,sodium hypochloritesolu-
tion and hydrogenperoxide(H2O2) solution were
obtainedcommercially.The de-ionizedwater has
beenpreparedin our laboratory.

Apparatus

Thereactionswerecarriedout in a 25-ml stainless
steel autoclave.The product mixtures were ana-
lyzed by a ShimadzuGC-3BFgaschromatograph
equippedwith a flameionizationdetector,by using
a 2.1m� 3.0mmi.d. glass column packedwith
Unisole10T�H3PO4 (5� 0.5%)on 80/100-mesh
Uniport HP with injection temperature120°C.
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Procedure for carboxylation of
methane

A 25-ml stainlesssteelautoclavewaschargedwith
variouschemicalsin the following different ways:
(1) the lanthanidecatalyst (0.05mmol), NaClO
(10mmol, 9 mL 8.5% solution), and deionized
water(1 ml) wereintroducedinto theautoclave;(2)
theautoclavewaschargedwith lanthanidecatalyst
(0.05mmol), H2O2 (10mmol, 1 ml 35% solution)
and 9 ml deionizedwater; (3) the autoclavewas
charged with lanthanide catalyst (0.05mmol),
transition1-1 metalcatalysts(0.05mmol), NaClO
solution(10mmol, 9 ml, 8.5%solution),andwater
(1 ml); (4) various amounts of Mn(OAc)2 and
Yb(OAc)3 (0.05mmol atom), NaClO (10mmol,
9 ml 8.5% solution) and 1 mL water were intro-
ducedinto the autoclave;(5) variousamountsof
Yb(OAc)3 and Mn(OAc)2 (0.005mmol), NaClO
(10mmol,9 ml 8.5%solution)and1 ml waterwere
introducedinto the autoclave.A magneticstirring
bar was put in the autoclavein all cases.The
autoclavewas closedand flushedwith CO three
timesfor replacingtheair insidetheautoclavethen
pressurizing it carbon monoxide (10atm) and
methane(20atm). Then the autoclavewas closed
and heatedwith stirring at 80°C for 20h. For
determining the optimum temperature,the reac-
tions were carried out at different temperatures
from roomtemperatureto 120°C. The experiment
on the time courseof the reactionwasperformed
from 5 to 130h.Optimumpressuresof methaneand

CO were also determined by performing the
experimentsat variouspressures.In all cases,after
completing the reaction, the final mixture was
cooledonanicebathfor 15min, thentheautoclave
was openedand the acetic acid formed in the
reactionmixturewasanalyzedby GCusingbutyric
acid asan internalstandard.

RESULTS AND DISCUSSION

In the courseof our studieson the activation of
methane,we foundthatmethanereactswith CO in
the presenceof lanthanidesalts in TFA to yield
aceticacid.49 Theproblemencounteredat thisstage
was that the yield of acetic acid was as low as
0.05%basedon methane.In order to increasethe
yield and to make the reaction catalytic, we
investigatedthereactionof methanewith COusing
the lanthanidesalts togetherwith additives, and
found that the Yb(OAc)3/Mn(OAc)2/NaClO/H2O
systemgiveshigh yield of aceticacid.

First we investigatedthe lanthanide-catalyzed
carboxylationof methanein thepresenceof NaClO
or H2O2 in waterin a 25-ml autoclave.Theresults
aresummarizedin Table1. It canbeseenfrom the
table that the NaClO alonepromotesthe reaction
very slightly (entry1) andtheH2O2 alonedoesnot
work (entry 2). The reactionwaspromotedin low
yield by lanthanide(III)chloridein thepresenceof
NaClOin water.In thepresenceof 10mmol H2O2,

Table 1. Effect of oxidantson the lanthanoid-catalyzedcarboxylationof methanein watera

Oxidant Yield of AcOH

Entry Catalyst NaClO(mmol) H2O2 (mmol) (mmol)b (%)c TONd

1 None 10 — Trace Trace 0
2 None — 10 0 0 —
3 YbCl3 10 — 4.8 0.05 0.10
4 EuCl3 10 — 4.3 0.04 0.09
5 GdCl3 10 — 8.0 0.08 0.16
6 NdCl3 10 — 25.0 0.26 0.50
7 LuCl3 10 — 3.3 0.03 0.07
8 Yb(OAc)3 10 — 75.0 0.80 1.50
9 YbCl3 — 10 1.5 0.02 0.03

10 EuCl3 — 10 0 0 0
11 GdCl3 — 10 0 0 0
12 NdCl3 — 10 0 0 0
13 LuCl3 — 10 0 0 0

a Conditions:25-ml autoclave,CH4 (20atm), CO (10atm), catalyst(0.05mmol), NaClO (9 ml 8.5%solution� 1 ml H2O), H2O2
(1 ml 35%solution� 9 ml H2O), 80°C, 20h.
b Determinedby GC usingUnisole10T-H3PO4 (5� 0.5%).
c Basedon methane.
d Turnovernumber(TON) calculatedasproduct(mol)/catalyst(mol).
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only YbCl3 is activefor thereaction(entry9). The
bestresultwasobtainedwith Yb(OAc)3 andNaClO
in water (entry 8). The strengthof the oxidizing
agent may be the cause of the reactivity of
Yb(OAc)3 in the presenceof NaClO but not in
thepresenceof H2O2 in water.TheNaClOsolution
is strongly basic and H2O2 solution is almost
neutral.In the basicNaClOsolution,Yb3� will be
reducedto Yb2� by COdueto thepresenceof OHÿ,
a strong electron-donorligand. In fact, Yb3� is
reducedvigorously to Yb2� by Zn in tetrahydro-
furan (THF) (the electron-donorsolvent), which
causesthe cyclodimerizationof chalconeto give
cyclopentanolderivatives.50 Theseresultssuggest
that the lower-valent Yb speciessuch as Yb2�

causethe reaction.
It is also interestingto comparethe resultsof

entries3 and 8; the yield of acetic acid is much
higher with Yb(OAc)3 (about 15-fold) than with
YbCl3 under the samereactionconditions.These
resultsshowthat the presenceof ligandswith the
ytterbiumis significantlyimportantin thecarboxy-
lation reactionof methane.It may be saidthat the

chloride ligand, which is a comparativelystrong
electron-withdrawingligand, prohibits the forma-
tion of a lower-valent active oxo radical of
ytterbium.As a result the abstractionof hydrogen
atoms from methaneto form a methyl radical
becomesdifficult in thecaseof chlorideligand.The
yield of aceticacid is thusvery low in the caseof
YbCl3. Thehighestyield (0.8%basedon methane,
turnover number (TON) = 1.5, entry 8) was
obtained by the Yb(OAc)3/NaClO/H2O catalyst
system.

However, the yield of acetic acid is still low.
Then, we attempted to improve the catalytic
activity by adding the transition-metalsalts as
additivesto reduceYb3� to Yb2�. The resultsare
summarizedin Table 2. A traceamountof acetic
acid was formed only by the useof Yb(OAc)3 or
Mn(OAc)2, in eachcasein the absenceof NaClO
(entries2 and3, Table2). The yield of aceticacid
was increasedslightly by the addition of NaClO
(entries4 and 5). The coexistenceof threemetal
salts increased the yield remarkably, and the
additionof Mn(OAc)2 gavethebestresult(entry8).

Although the exact role of Mn(OAc)2 in the
Yb3�-catalyzedreaction is not clear, it could be
thoughtthatMn2� promotesthereductionof Yb3�

to Yb2� in alkalinesolution.In orderto studythis
point, we performedseparateexperimentsusing
concentratedhydrochloric acid (HCl, 0.85ml,
10mmol), ammoniasolution (NH3, 15M, 0.7ml,
10mmol) or sodium hydroxide solution (NaOH,
2 M, 5 ml, 10mmol), respectively,as an additive
(entries13, 14 and 15, Table 2). The addition of
HCl (entry13)gaveanegativeresultbecauseof the
absenceof OHÿ ion. Theadditionof ammoniaalso
gaveanegativeresult(entry14),but in thiscasethe
ammoniasolutionreactedvigorouslywith NaClO,
probablyto form NaOH andNH4Cl. Furthermore,
the addition of NaOH (entry 15) to the reaction
mixture slightly increasedthe yield. From these
results,OHÿ ligand, a strongly electron-donating
ligand, appearsto facilitate the reduction of the
Yb3� to Yb2� by Mn2�. Fromthedatain Table2,
onecanseethatYb(OAc)3/Mn(OAc)2/NaClO/H2O
is the bestcatalystsystemfor methaneconversion
to aceticacid.

Since a combinationsystemof Yb(OAc)3 and
Mn(OAc)2 wasfoundto beanactivecatalystfor the
carboxylationreactionof methane,we investigated
various factors that affectedthe efficiency of the
reaction. First, the effect of the molar ratio of
Yb(OAc)3 andMn(OAc)2 waschecked.To find out
the optimum ratio of the metal salts, the experi-
mentswere carriedout in two different ways: (1)

Table 2. Effect of transition-metalsaltsin theytterbium(III)-
catalyzedcarboxylationof methanein waterusingNaClOasan
oxidanta

Entry Catalyst TONb Yield %c

1 None — Trace
2 Yb(OAc)3

d — Trace
3 Mn(OAc)2

d — Trace
4 Yb(OAc)3 1.5 0.8
5 Mn(OAc)2 0.4 0.2
6 Fe(OAc)2 0.9 0.4
7 Ni(OAc)2 0.6 0.3
8 Yb(OAc)3/Mn(OAc)2 5.0 2.5
9 Yb(OAc)3/Fe(OAc)2 3.0 1.3

10 Yb(OAc)3/Cu(OAc)2 2.6 1.0
11 Yb(OAc)3/Ni(OAc)2 2.5 1.0
12 Yb(OAc)3/PV2Mo10O40 2.6 1.1
13 Yb(OAc)3/Mn(OAc)2

e 2.0 1.0
14 Yb(OAc)3/Mn(OAc)2

f 1.9 1.0
15 Yb(OAc)3/Mn(OAc)2

g 5.2 2.6

a Conditions: 25-ml autoclave,CH4 (20atm), CO (10atm),
Yb(OAc)3 (0.05mmol), transition-metal salt (0.05mmol),
NaClO (9 ml 8.5% solution� 1 ml H2O), 80°C, 20h. Yield
of acetic acid was determinedby GLC (FID) using Unisole
10T-H3PO4 (5� 0.5%).
b Basedon Yb(OAc)3.
c Basedon methane.
d Experimentwithout NaClO.
e ConcentratedHCl (10mmol) addedto the reactionmixture.
f 15M aq. NH3 solution (10mmol) added to the reaction
mixture.
g 2 M aq. NaOH solution (10mmol) added to the reaction
mixture.
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usingthevariousratiosof Mn(OAc)2 to Yb(OAc)3
and (2) using the various ratios of Yb(OAc)3 to
Mn(OAc)2; the resultsare listed in Table 3, from
which it can be seen that methane was best
carboxylated when the ratio of Yb(OAc)3 to
Mn(OAc)2 was10:1(entry3).Theyieldsdecreased
steadilywith anincreasingproportionof Mn(OAc)2
andfinally it becamezero(entries3–8).

Using 0.005mmol of Mn(OAc)2, the yield of
acetic acid increasedsharply with an increaseof

Yb(OAc)3 (entries9–14). Thesestrangephenom-
enaraisethequestionsof why andhowaverysmall
amount (0.005mmol) of Mn(OAc)2 activatesthe
Yb(OAc)3 in the carboxylationof methane.The
large amount of Mn2� may act as a radical
scavenger and the reaction becomes slower.
Furthermore,the large amountof Mn2� ion may
causethe formation of manganesecarbonylcom-
plexes,51 resultingin a lack of CO in the reaction
system.It shouldbenotedthatahighTON (69.1)is
obtainedwhentheYb/Mn ratio is 1:10althoughthe
yield of aceticacid is low (0.5%)(entry9).

The effect of temperatureon the carboxylation
reactionof methanewas investigatedfrom room
temperatureto 120°C. Carefulexaminationof Fig.
1 reveals that the yield of acetic acid increases
initially and reachesthe maximumvalue at 40°C
and then slowly decreaseswith temperature.One
explanation for this trend would be that the
decompositionof acetic acid increasesor a side-
reaction may be increasinglypromotedwith the
increasingtemperature.At room temperature,the
yield of aceticacid was low, and the color of the
final reaction mixture was pink, whereascom-
pletely colorlesssolutionsresultedwhenthe reac-
tionswereperformedabove40°C.

The time courseof the reactionof methaneis
shownin Fig. 2; it may be seenthat the yield of
aceticacid increasesrapidly up to 20h, and then
increasesslowly to attain the maximum value at
60h.

Theyield of aceticacidwasalsoaffectedby the
pressureof methaneandCO. Figure3 showsthat

Table 3. Effect of the ratiosof Yb/Mn on the carboxylationof methanea

Entry Yb(OAc)3 (mmol) Mn(OAc)2 (mmol) Ratio Yb/Mn TONb Yield (%)c

1 50.0 — — 1.5 0.8
2 — 50 — 0.4 0.2
3 50.0 5 10.0 5.5 2.8
4 50.0 27 2.0 5.1 2.6
5 50.0 50 1.0 3.1 1.7
6 50.0 253 0.2 2.4 1.2
7 50.0 500 0.1 0.0 0.0
8 50.0 1002 0.05 0.0 0.0
9 0.5 5 0.1 69.1 0.5

10 2.5 5 0.5 23.6 0.6
11 4.7 5 0.9 28.2 1.4
12 24.9 5 5.0 6.9 1.8
13 50.3 5 10.1 5.5 2.9
14 183.0 5 36.6 2.3 4.3

a Conditions:25-mlautoclave,CH4 (20atm),CO(10atm),NaClO(9 ml 8.5%solution� 1 ml H2O),80°C,20h.Yield of aceticacid
is determinedby GC usingUnisole10T-H3PO4 (5� 0.5%).
b Basedon Yb(OAc)3.
c Basedon methane.

Figure 1 Effect of temperatureon the yield of acetic acid.
Conditions: 25-ml autoclave, CH4 (20atm), CO (10atm),
Yb(OAc)3 (0.05mmol), Mn(OAc)2 (0.005mmol), NaClO
(9 ml, 8.5%solution� 1 ml H2O), 20h.
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the yield of acetic acid increasesrapidly up to
10atm and then slowly increasesuntil there is
20atmof methanepressure.No further increasein
acetic acid was observedabove 20atm methane
pressure.

In Fig. 4 theeffectof COpressureis shown.The
yield of aceticacid reachesthe maximumvalueat
5 atm and decreasesslowly with increasingCO
pressure.Thismaybeexplainedasfollows.At high
pressure, CO reacts with Mn2� ion to form
manganesecarbonylcomplexes.51 As a result, the

catalyst system loses the Mn2� ion and hence
catalytic activity decreaseswith increasing CO
pressure.

The possible mechanism of this Yb(OAc)3/
Mn(OAc)2/NaClO/H2O-catalyzed carboxylation
reactionof methaneis shown in Scheme1. First
Yb3� is reducedby Mn2� to Yb2� (step1),whichis
oxidized by NaClO to form an oxo Yb radical
(Yb3�-O�) and NaCl (step 2). The oxo radical
abstractsa hydrogenatomfrom methaneto form a
methyl radical which reactswith CO to yield an
acetylradical(steps3 and4). Theacetylradical is
thenconvertedto anacetylcationby Mn3� (step5).
The acetyl cation reactswith OHÿ to give acetic
acid (step6). The formationof NaCl arising from
step2 wasactuallyobservedin this reaction.

CONCLUSION

The Yb(OAc)3/Mn(OAc)2/NaClO/H2O catalytic
systemhasbeenfound to causethe carboxylation
reaction of methanewith CO under very mild
conditions such as 40°C for 20h with 20atm
methaneand 5 atm CO pressure.The roles of
Mn(OAc)2 and NaClO would be reduction and
oxidationof Yb ion, respectively.A 2.8%yield of
acetic acid basedon methane(TON = 5.54) was
attainedby thismethod.Sincethereactionemploys
cheapwaterassolventandmild conditions,it has
thepotentialto be industrializedin the future.

Figure 2 Effect of time on the yield of acetic acid.
Conditions: 25-ml autoclave, CH4 (20atm), CO (10atm),
Yb(OAc)3 (0.05mmol), Mn(OAc)2 (0.005mmol), NaClO
(9 ml, 8.5%solution� 1 ml H2O), 40°C.

Figure 4 Effect of pressure of CO on theyield of aceticacid.
Conditions: 25-ml autoclave, methane(20atm), Yb(OAc)3
(0.05mmol), Mn(OAc)2 (0.005mmol), NaClO (9 ml, 8.5%
solution� 1 ml H2O), 40°C, 20h.

Figure 3 Effect of pressureof methaneon theyield of acetic
acid. Conditions: 25-ml autoclave,CO (10atm), Yb(OAc)3
(0.05mmol), Mn(OAc)2 (0.005mmol), NaClO (9 ml, 8.5%
solution� 1 ml H2O), 40°, 20h.
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