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ABSTRACT

VO(acac),
CHy + CO ———— > CH;COOH
K,S,03, CF;COOH
93% on CHy

The VO(acac), (acac = 2,4-pentanedionato) catalyst in the presence of K,S,04 and CF;COOH has been found to efficiently transform methane
and CO to acetic acid selectively. The reaction of methane (5 atm) with CO (20 atm) at 80 °C for 20 h gives acetic acid in 93% yield based on
methane. Other vanadium compounds such as V,0s, V,0s, and NaVO; and various vanadium-containing heteropolyacids such as HsPV,-
M010040, H4PVW1;049, and HsSiVW;;04 also work as catalysts.

Herein we report the highly efficient transformation of acid based on methane in these metal-catalyzed reactions
methane and CO to acetic acid by a vanadium catalyst inare low. Therefore, there is a need to investigate new catalyst
the presence of ¥5,05 and CRCOOH. systems to increase the methane-based yield from the
Activation and functionalization of €H bonds of alkanes  practical point of view.
have attracted great attention recently in connection with  In continuing studies on €H bond activationgf® we have
resources for energy and chemicals production. Particularly, found that the VO(acag}atalyst in the presence 06805
methane, a major component of natural gas, is the mostand CECOOH affords acetic acid almost quantitatively from
abundant organic molecule, so its selective and high-yield methane and C&.We report this novel reaction of methane
conversion into useful chemicals is strongly desired in with CO in the presence of a catalytic amount of VO(agac)
industry? In 1992, we reported the first direct catalytic to afford acetic acid almost quantitatively (eq 1).
conversion of methane and CO to acetic acid by the Pd-
(OAC)/CU(OACKK S,05/CFCOOH and Cu(OAG)K-S,0¢/ CHe + 00 ———®h __ coon
CRCOOH catalyst systenfsMost recently, we found that Kz5705, CF{COOH
the Yb(OAc)Mn(Ac)./NaCIO/HO catalyst system causes
methane carboxylation, giving acetic aéidicetic acid
synthesis from methane and CO by Hogeveen étamid
Olah et af has been reported using magic acids. Further-  (2) (a) Nishiguchi, T.; Nakata, K.; Takaki, K.; Fujiwara; €hem. Lett.
more, kS, assisted, RnCl-catalyzed, and V-calalyzell 1297, AT 1342, () Myl T Nekat, . vamaie, v Tanguehs
carboxylations of methane with CO were reported by Sen k.; Miyata, T.; Jintoku, T.; Kitani, A.; Taniguchi, Y.; Takaki, K.; Fujiwara,

i ni i ic Y. Bull. Chem. Soc. Jpri993,66, 3755-3759. (d) Nakata, K.; Yamaoka,
and Lin and Shul'pin et al. However, the yields of acetic Y.; Miyata, T.; Taniguchi, Y.; Takaki, K.; Fujiwara, 0. Organomet. Chem.
1994,473, 329—334. (e) Nakata, K.; Miyata, T.; Taniguchi, Y.; Takaki,

* Corresponding author. Tel and Fax: 81-92-642-3548. K.; Fujiwara, Y.J. Organomet. Chen1995,489, 71-75. (f) Fujiwara, Y.;
(1) (a) Shilov, A. E Activation of Saturated Hydrocarbons by Transition  Takaki, K.; Taniguchi, Y Synlett1996 591-599. (g) Kurioka, M.; Nakata,
Metal ComplexesReidel Publishing Co.: Dordrecht, 1984. (b) Hill, C. L.  K.; Jintoku, T.; Taniguchi, Y.; Takaki, K.; Fujiwara, YChem. Lett1995,

To improve the acetic acid yield, we first examined the
catalytic activities of various vanadium compounds and

Activation and Functionalization of Alkangd/iley-Interscience: New York, 244.
1989. (c) Crabtree, R. HChem. Re. 1995,95, 987-1007. (d) Shilov, A. (3) Asadullah, M.; Taniguchi, Y.; Kitamura, T.; Fujiwara, YAppl.
E.; Shul'pin, G. B.Chem. Re. 1997,97, 2879-2932. Organomet. Chenl998,12, 277—284.
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heteropolyacids using 36,05 (5.0 mmol) as an oxidant in K>S,0g was found to be the best oxidant (TON 27.5) for
CRCOOH (5.0 mL) for the reaction of methane (40 atm) the VO(acag) catalyst in CECOOH. Other oxidants such
with CO (20 atm). The results are summarized in Table 1. astert-BuOOH and NaOCI also work, while the TONs are
low (TON: 6—9).1! The reaction depends on the solvent.
s CRCOOH is the best solvent for the carboxylation of
Table 1. Reaction of Methane and CO Leading to Acetic Acid methane. Water _Can also serve as f"‘ solvent, although the
in the Presence of Various Metal CatalystsSiOs and turnover number is low (TON: 5.9). Figure 1 shows the plot

CF,COOH:
cetic acid vield oy vaseaon .
catalyst (mmol) TONP CH; CO K3S,0s 35
none 0 0 0 0
H3PMO012040-30H,0 0.01 02 001 002 02 30 | .
H4PVMO011040-30H,0 1.11 222 056 112 222 C . |
HsPV2M010040-30H,0 1.23 245 064 128 245 o5 |
HePV3M0gOa0:30H,0 1.21 242 063 126 242
H7PV4M0gOa0:30H,0 1.46 202 076 152 292 20
HgPVsM07040-30H,0 1.21 242 063 126 242 e l
HaPWsM0s0a0-30H,0  0.02 04 001 002 04 O .
HsPW12040:30H,0 0.11 21 005 010 21 = 151
H4SiW12040-30H,0 0.01 01 0 0 0.1
HsSiVW11040-29H,0 1.56 311 081 162 311 10 -
H4SiW4M0gO40-29H,0  0.04 0.8 002 004 08
H4SiM01,040-28H,0 0.03 0.6 002 004 06 5 |
VO(acac); 1.38 275 071 142 275
VOS04-3H,0 2.00 39.9 1.03 206 39.9 0 , , , , , ,
V205 1.28 255 066 132 255
NaVOs; 1.41 282 073 146 282 0O 10 20 30 40 50 60 70
PrgO11 0.08 1.6 0.04 0.08 1.6 Pressure Of CH4 (atm)
Gd,03 0.19 38 010 020 38

a Figure 1. Plot of CH, pressure vs turnover number (TON) of the
CHy (40 atm, 193 mmol), CO (20 atm, 97 mmol), catalyst (0.05 mmol), .
K 25,08 (5.0 mmol), CECOOH (5.0 mL), 80°C, 20 hin a 120mL autoclave. VO(acac) catalyst (0.05 mmol). The reaction of Glednd CO (20

tm) in the presen f .0 mmol) an H (5 mL
b Turnover numbers (moles of acetic acid per mole of catalyst) determined atm) e presence of#0s (5.0 o) and CRCOOH (5 )

was carried out under the conditions of 80, 20 h in a 120 mL
by GLC based on the catalyst. autoclave.

As can be seen from the table, no acetic acid was formed in
the absence of catalyst. Addition of a catalytic amount (0.05
mmol) of vanadium compound increases the yield of acetic
acid. Interestingly, the vanadium-containing heteropolyacids
work as the catalyst, although the compounds are insoluble
in CRCOOH. Of the heteropolyacids tested;A¥Y;M0gO4
and HSiVW;,04 gave high turnover numbers (TON), 29.2
and 31.1, respectively. Furthermore, simple vanadium com
pounds such as VO(acacyOSQ,-3H,;0, and NavVQ were . . . .
found to have high catalytic activity (TON: 27.5, 39.9, and To increase the yield (.)f acetic acid based on methane., we
28.2, respectively, giving 0.71, 1.03, and 0.73% yields of examined the carboxylation of methane (5 atm) under various

acetic acid based on methane, respectively). We selecteagO Cporeosl_3|urze§ 'T_ the dpresentl:e. 0630, (10f \r/nomol),
VO(acac) as a catalyst for the reaction of methane and CO F3 o5 ( L m '),I and a clata ytlcl amo_:_Jrr]\t 0 _(acgalc)h 5
to convert to acetic acid because of its stability, solubility using a 25 mL stainless steel autoclave. The reaction wit

in CRCOOH, and simplicity of the catalyst and 5 atm of CO gave acetic acid in 37 and 45% yields based
’ ' on methane (the yields correspond to 92 and 45% based on

(4) Hogeveen, H.; Lukas, J.; Roobeek, C.JF.Chem. Soc., Chem. ~ CO), respectively? The yield increased with increasing

of CH, pressure vs TON of the catalyst of the reaction of
methane with CO to give acetic acid. From the figure, one
can see that the TON increases with increasing methane
pressure until 20 atm. The TON became constant (ca. 30) at
pressures of methane higher than 20 atm. On the basis of
these results, a VO(acat,S;0s/CFCOOH catalyst system
was found to be one of the best catalyst systems for efficient
“conversion of methane and CO to acetic acid.

Commun 1969, 920;9|21. . o pressure of CO and reached 93% at 20 atm. In this case, the
42é59)_ Bagno, A, Bukala, J.; Olah, G. A Org. Chem1990,55, 4284= 0145 hased on CO and,B.0s are 23 and 8.7%, respec-
(6) Lin, M.; Sen, A.J. Chem. Soc., Chem. Comm:892, 892-893. tively.® This is the highest yield of acetic acid from methane

(7) Lin, M.; Sen, A.Nature1994,368, 613—615.
(8) Nizova, G. V.; Suss-Fink, G.; Stanislas, S.; Shul'pin, GIBChem.
Soc., Chem. Commuh998, 1885-1886. (11) From a practical point of view, expensive30gs would not be
(9) Fujiwara, Y.; Jintoku, T.; Takaki, KChemtechl990, 636—640. appropriate. The investigation to substituteSgOg with air (O,) is now
(10) Presented at the Symposium on Oceanian-Japanese Organic Chenunder way.
istry, Tokushima, Japan, December, 1996, and the International Forum on  (12) In all cases, the oxidation of CO leading to £3fid not occur under
Environmental Catalysis '97, Tokyo, Japan, March, 1997. these reaction conditions on the basis of gas analysis.
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and CO so far reported.Reactions at CO pressures higher
than 20 atm resulted in lower yields of acetic acid.

From the®C NMR spectra of the control experiments
using C-13 labeled CHand CO and the comparison with
authentic samples, it is confirmed that the methyl group and
carboxyl group of the acetic acid formed come from CH
and CO, respectively. Figure 2 shows tf& NMR spectrum

CF,CO0H

/\

CH,'*COOH
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Figure 2. Carbon-13 NMR spectrum of the reaction mixture after
the recation of CH4 with 13CO, showing that the sole product is
CH313COOH.

of the reaction mixture after the reaction of C&hd*3CO.
Except for two quartets due to GEFOOH used as solvent,

at 19.4 ppm) of acetic acid and the absence of a carbonyl
group (disappearance of the singlet at 182.3 ppm) (Figure 3).
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Figure 3. Carbon-13 NMR spectrum of the reaction mixture after

the reaction oft3CH, with CO, showing that the sole product is
13CH;COOH.
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Although the mechanism of the reaction is not yet clear
at this stage, a high oxidation state oxo-vanadium species
V(V)=0 could abstract bl from CH, to form a methyl
radical (CHe), which could react with CO to give an acetyl
radical (CHCOe). The CHCOe radical would give acetic
acid via oxidation by V(V3=O to CH,CO*. The details of
the mechanism are under investigatién.

In conclusion, we have found a new catalytic system that
converts methane and CO to acetic acid almost quantitatively.
The present reaction has the advantage that it employs cheap
methane and thus would have a potential to be industrialized

only a singlet at 182.3 ppm assigned to the carbonyl groupin the near future.

of acetic acid was seen. In contrast to this, the spectrum of

the reaction mixture of a similar reaction usif¢H, and

CO showed the presence of only the methyl group (singlet

(13) The volumetric productivity of the present reaction is 604010
mol/(cr® s) lower than required for a practical process. The challenges in
increasing volumetric productivity are also under way by optimizing the
reaction conditions and the apparatus.

(14) Typical procedure: In a 25 mL stainless steel autoclave were placed

VO(acac) (0.05 mmol), kS0 (10 mmol), CECOOH (20 mL), and a

Teflon-coated magnetic stirring bar. The autoclave was closed, flushed three

times with CO, and pressurized to 20 atm with CO (3.80 mmol) and then
5 atm with CH, (0.94 mmol). The mixture was heated at&with stirring

for 20 h. After cooling and venting of residual gases, the autoclave was
opened and the mixture was analyzed directly by GLC (Unisole 0T
H3POy) without aqueous workup using butyric acid as an internal standard
to give acetic acid (0.87 mmol) in 93% yield based on,CH
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(15) It is reported that radical initiators decompose;@BOH to give
CFse, which abstracts Hfrom CHs. However, the absence of VO(acac)
in our reaction gives a very low yield of acetic acid. (a) Sen,Chem.
Res.1998,31, 550-557. (b) Reference 2d.
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