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Despite current interest in the biological roles of vanadium,
its application in catalysis is still an underdeveloped field of
research.l. We have already reported that amavadine, a
natural vanadium complex present in some Amanita fungi
and whose biological function is still unknown, can exhibit
haloperoxidase- and peroxidase-type activities and act as a
catalyst for the oxidation of some biological thiols, as well as
for the peroxidative halogenation, hydroxylation, and oxo-
functionalization of alkanes and aromatic compounds.P!
Following this work, we have been searching for other
reactions that could be catalyzed by this and related V
complexes, in particular the conversion of methane—the
main component of natural gas and the most abundant and
least reactive alkane—into functionalized products with
added commercial value.! Recently attention has focused
on the metal-catalyzed transformation of CH, and CO into
acetic acid,"" as well as the formation of carbonylated
products without requiring the use of noxious CO, such as the
conversion of CH, into methyl esters!'?l and into acetic acid
(and methanol).”! The latter, the reaction of CH, and CO,
catalyzed by NaVO,/pyrazine-2-carboxylic acid (in the pres-
ence of H,0O, in aqueous solution), occurs in very low yield
based on CH, (ca. 0.01%) and at a considerable pressure
(50 bar) of this gas, although at low temperature (40°C).
The reaction also proceeds with CO, which apparently is the
carbonylating agent even when CO, is used (CO is then
formed by reduction of CO, by methyl and/or hydroxyl
radicals).’l We now report the unprecedented (to our knowl-
edge) conversion of CH, into CH;COOH in the absence of
either CO or CO,, in a novel single-pot catalytic reaction
[Eq. (1)] under considerably mild conditions and in high yields.
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The catalytic systems are based on a V"V or V¥ complex
with poly- or bidentate N,O or O,0 ligands in the presence of
the peroxodisulfate salt K,S,0O4 as the oxidizing agent and in
trifluoroacetic acid as the solvent. The V catalysts include:
oxovanadium(v) complexes 1 and 2 of the type [VO(N,0-L)];
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synthetic amavadine 3 and its model 4, which are Ca?* salts of
VIV complexes with N,O ligands; and V'V vanadyl complexes
5-9 of the type [VO(O,0-L),]. Turnover numbers (TONs,
moles of acetic acid per mol of metal catalyst) and yields
(based on methane) are given in Table 1, and typical
conditions include conducting the reaction in CF;COOH at
80°C with molar ratios of CH4:V catalyst and K,S,05:V
catalyst of 46:1 (corresponding to CH, pressure of 5 atm) and
200:1, respectively. Usually the yields were determined after a
reaction time of 20 h, but often much shorter times were
sufficient to attain close values (see entries 1 and 11 for yields
obtained after 2 h; the former is 92% of that in entry 2
obtained after 20 h).

[VO(N(CH,CH,0),)] 1
[VO(N(CH,CH,0),(CH,COO0)] 2
Ca[V(ON(CH(CH,)C0OO0),),] 3

Ca[V(ON(CH,COO),),] 4

[VO(maltolate),] 5

(maltolate = basic form of 3-hydroxy-2-methyl-4-pyrone)
[VO(HOCH,CH,N(CH,CO,),)] 6

[VO(CF;C00),] 7

[VO(CF;S0;),] 8

VOSO, 9

The most active catalysts, which can give yields over 50 %
and TONs close to 30, are complex 1 within the type
[VO(N,0-L)], both amavadine (3) and its model 4 of the
[V(N,0-L) salts, and complexes 5, 7, and 8 of the type
[VO(O,0-L),]. In contrast 2, 6, and 9 exhibit much lower
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Table 1: Conversion of methane into acetic acid.l?

Entry Cat. p(CH,) p(CO) t [h] TONH Yield
[atm]®! [atm]® [96]
1 1 5 - 2 9.2 19.7
2 1 5 - 20 10.0 21.4
3 1 5 5 20 10.9 235
4 1 5 15 20 10.4 22.2
5 1 3 15 20 5.1 18.5
6 1 8 15 20 24.7 33.7
7 1 12 15 20 28.2 25.6
8l 1 5 15 20 10.4 353
ol 1 5 5 20 3.9 42.7
10 2 5 - 20 2.2 4.8
11 3 5 - 2 7.0 15.3
12 3 5 - 20 13.4 29.4
13 3 5 5 20 9.7 21.2
14 3 5 15 20 8.1 17.3
150 3 5 15 20 12.0 54.3
16 4 5 - 20 9.6 20.9
17 4 5 15 20 9.6 20.6
18 4 12 15 20 27.9 25.4
19t 4 5 15 20 5.4 24.5
20 5 5 - 20 6.8 14.9
21 5 5 15 20 8.2 17.6
22 6 5 - 20 2.0 4.5
23 7 5 - 20 1.8 3.8
24 7 5 5 20 10.5 23.0
25 7 5 20 20 8.8 19.0
26 8 5 - 20 6.7 14.6
27 8 5 5 20 10.1 22.1
28 8 5 20 20 12.1 29.0
29 9 5 - 20 1.0 2.2
30 9 5 20 20 2.3 5.0

[a] Reaction conditions (unless stated otherwise): metal complex catalyst
(0.0625 mmol), K,S,04 (12.5 mmol, i.e. 200:1 molar ratio of K,S,05 to
metal catalyst), CF;COOH (23 mL), 80°C, in an autoclave (39-mL
capacity). Amounts of CH, or CO gas correspond to 0.572 molatm™,
with pressure measured at 25°C; for example, 2.86 and 8.58 mmol gas
for pressures of 5 and 15 atm, respectively. The catalyst complexes were
prepared according to the literature: 1,14 3,051 4,051 5 (16 8 '7] New
complexes 2, 6, and 7 were prepared by processes similar to those for 1,
of[18], and for 8, respectively, but with the appropriate ligand. VOSO,,
CF;COOH, and K,S,04 were purchased from Merck or Aldrich.

[b] Measured at 25 °C. [c] Turnover number (moles of acetic acid per mol
of metal catalyst) determined by GLC or GC-MS; the reaction mixture,
with an internal standard, was filtered to remove the ionic species and
the metal complex, diethyl ether was added (which leads to further
precipitation), and the reaction mixture was filtered again. [d] Molar yield
[%] based on CH,, i.e. moles of acetic acid per 100 moles of methane.
[e] Less CH, was used (1.84 mmol) than in the conditions described in
footnote [a] by using a higher volume of CF;COOH (28 mL). [f] Five
times more metal catalyst (0.312 mmol) was used. [g] Less CH, was
used (1.02 mmol) than in the conditions described in footnote [a] by
using a smaller reactor (23.5 mL): metal catalyst (0.046 mmol), K,S,Oq
(9.2 mmol i.e. 200:1 molar ratio of K,S,04 to metal catalyst), CF;COOH
(17 mL). [h] Less CH, was used (1.02 mmol) than in the conditions
described in footnote [a] by using a higher volume of CF;COOH (32 mL).

activities. Of the oxo-V complexes with aminoalcohol ligands
(basic forms), 1 is the most active, whereas the activity
decreases on replacement of alcoholato by carboxylato
groups; that is, 2 and 6 are less active than 1 (Table 1,
entries 10, 22, 2). The active species, at least for the [VO(N,O-
L)] and [V(N,O-L)]* types, are believed to have the metal in
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the +5 oxidation state (the starting blue V" complexes 3 and 4
are oxidized by K,S,0; to the respective red V¥ forms).

Interestingly, the carboxylation of CH, does not require
CO. With amavadine (3) and its model 4, as well as with
complex 1, yields of acetic acid within the 20-30% range
(TON ca. 10-13) are commonly obtained under standard
conditions (entries 12, 16, and 2). CH, is the carbon source for
the methyl group of acetic acid as we demonstrated by using
B3C-labeled CH,. The product, *CH;COOH, was determined
by the C{!H} and *C NMR spectra of the reaction solution.
The carbon source of the carboxylic acid group, in the absence
of CO, is CF;COOH, which is known*! to undergo radical
reactions with K,S,0g derivatives to form, for example, CO,.
However, our reactions do not appear to proceed via a free
CO, intermediate or free CH;0OH, since the former does not
promote the carboxylation and the latter is not converted into
the acid under our experimental conditions.

Although the mechanistic details are still unknown, the
carboxylation of methane may possibly involve the formation
of the methyl radical and the derived methyl cation (upon
hydrogen abstraction from CH, followed by oxidation, for
example, by a VY-oxo or V'-peroxo species) which would
react!'? with CF;COOH. The role of the chelating N,O and
0,0 ligands still remains unclear, but one can postulate their
involvement (upon decoordination of a single N or O atom of
the ligand) in proton-transfer steps, for example, among oxo-
or hydroxo-V species and CF;COOH or K,S,0g4 (which,
acting as an oxidant, can givel'2?7 HSO,~ and HSOy’). A related
role in promoting proton transfer from coordinated H,O, to
oxo ligands has been suggested!'] for some vanadium systems
such as nBu,NVO,/H,0,/0O,, whose activity towards alkane
oxygenation requires!® 3l particular N,O additives as cocata-
lysts (e.g. heteroaromatic aminocarboxylic acids like pyra-
zine-2-carboxylic acid). Moreover, in amavadine (3) and its
model 4, the hydroxyimino(1-) groups of the ligands, n?>-(O-
N <), are isoelectronic with peroxo(2—), and their possible
behavior as peroxo-like ligands also deserves consideration.

The formation of CH;COOH from CH, can be enhanced
by the presence of CO at sufficiently low pressures, which
suggests that CO can behave as a carboxylating agent, as was
clearly observed for 7 (Table 1, entries 23-25) and 8 (en-
tries 26-28). For 1 this enhancing effect is very small
(Figure 1), whereas for 3 and 4 (entries 12-14 and 16, 17) it
was not detected at all. Moreover, higher CO pressures often
result in an inhibiting effect (Figure 1 for 1 and entries 23-25
for 7), conceivably because ligation of CO lowers the activity
of the catalyst; we are investigating this possibility.
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Figure 1. Effect of CO pressure on the yield of acetic acid derived from
methane (at 5 atm) by using catalyst 1 and K,S,0; in CF;COOH (see
Table 1).
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The increase of CH, pressure (up to 12 atm in our work)
can have a notorious enhancing effect on the TONs (en-
tries 5-7 and 17, 18), whereas the yield tends to decrease after
reaching a maximum (entries 5-7). Higher yields can be
obtained when less CH, is used but at the same pressure (e.g.,
entry 8 vs. 4 and entry 15 vs. 14), or when more metal catalyst
is employed (entry 9 vs. 3).

The reaction does not occur in the absence of K,S,Oq,
CF;COOH (which is replaced by ethanol or water as the
solvent), or the V catalyst. Related complexes with other
metals, even of the same periodic group, display little or no
catalytic activity. The carboxylation by CO is also strongly
hampered when acetonitrile is used instead of CF;COOH.

This direct one-pot synthesis of CH;COOH from CH,
without required CO is a process whose simplicity and low
energy requirements contrast with the features of the
industrial route.*] The established synthesis involves three
separate stages: the metal-catalyzed high-temperature steam-
reforming of CH,, conversion of the derived synthesis gas to
CH;O0H, and final carboxylation of CH;OH with CO and
either an expensive Rh catalyst (Monsanto process) or an Ir
catalyst (BP-Amoco modified process). The route we now
report has also the advantage of requiring a cheap V catalyst,
but we are still searching for less expensive solvents,
carboxylating agents, and oxidants. The V catalysts used in
this work are also effective in the carboxylation of other
alkanes apart from CH, to give the corresponding carboxylic
acids, and the study of these catalytic reactions is underway.
Of particular interest is the behavior of amavadine, whose
catalytic activity is now extended to such interesting reactions.
Can they take place in natural conditions and also be of
biological significance ?
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