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Abstract—The oxidative functionalization of methane (O,, CO, 95°C, Rh!!/Cu">1'/CI~ catalytic system)
was studied in an aqueous acetic or propionic acid medium. It was shown that oxidative decarbonylation of
carboxylic acids takes place along with methanol and methyl carboxylate formation.
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The oxidative catalytic functionalization of satu-
rated hydrocarbons, especially methane, is one of the
most important problems of petroleum chemistry and
natural gas chemistry (e.g., see [1—7]). Gas-phase
methane oxidation on heterogeneous catalysts does
not provide satisfactory selectivity for the desired
functionalized, oxygen-containing products because
of their deep oxidation [8]. This is why the develop-
ment of catalysts operating in the liquid phase is prom-
ising [9]. Unexpectedly, the Pd/C—CoCl, catalytic
system turned out to be efficient in the functionaliza-
tion of C,—C, hydrocarbons by the action of O, and
CO in trifluoroacetic acid [10], which is a reaction-
stopping agent [9].

Carbon monoxide (CO) is an essential coreactant
in the Rh"'/I-/ClI-, Rh™/Cu" "/CI-, and Rh"/Fe'"
/Cl- — homogeneous systems for direct methane
oxidation with dioxygen in aqueous trifluoroacetic
acid, to give methanol (or trifluoromethyl acetate) and
formic acid [11-—-17].

CH, + CO + 0,5C00] CO,.

CH;0H (CH;0CCF;)
Il +
o
HCOOH

Scheme 1.

The catalytic activity of these systems at 95°C and
CH,, CO, and O, gas pressures of 6.0, 1.84, and
0.56 MPa, respectively, attains 100—150 mol CH,/mol
Rh h). On the basis of analysis of the kinetic isotope
effect (ky/kp) for methane and the solvent (CF;COOD
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and CH;COQOD) and the results of experiments with
180-labeled H,0, CF;COOH, and O,, a reaction
scheme that includes the activation of methane on
oxo- [11, 13, 14] and peroxo- [16] rhodium complexes
has been proposed. The presence of water [7]
enhances the efficiency of the Rh'/I-/Cl- and
Rh"™/Cu''/CI~ catalytic systems. To learn more about
these systems, in this work we studied the behavior of
propionic and acetic acids under the action of O, and
CO in the Rh"'/Cu®"'/CI" catalytic system.

EXPERIMENTAL
Materials

The chemicals RhCl; - (H,0), (Rh 34.5 wt %),
NacCl, CuO, H,SO,, and HCIO, were of the reagent
grade; H,O was doubly distilled; reagent-grade
CH;COOH was distilled; C,H;COOH (Merck) was
used as received; n-heptane primary reference fuel was
purified by rectification; and reagent-grade dioxane
was refluxed over sodium metal over 2 h and then dis-
tilled. The gases used had the following purity: CH,
(99.8%), CO (99.9%), O, (99.9%), grade A He, spe-
cial purity grade nitrogen, and H, (99.0%). The deu-
terated compounds D,O (99.9 at %), CD,;COOD
(99.5 at %), and D,SO, (98.0 at %) were used without
further purification; CD, (98.2 at %) was condensed
twice at a liquid nitrogen-temperature and then evap-
orated at —60 to —50°C for the removal of heavy
impurities, e.g., CCl,.
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Catalytic experiments were carried out in a stain-
less steel reactor of a 34-cm? capacity lined with fluo-
roplastic. The contact of the liquid phase with the
metal was completely eliminated, and the vapor—gas
phase had minimal contact with the metal in the
unheated part of the reactor. An RhCl; solution in H,O
or D,O, NaCl, and CuO were loaded into the reactor,
then a solvent (CH;COOH, C,H;COOH, or
CD;COOD) was added. The water concentration was
brought to the required value by adding an H,SO,/H,0
or D,SO,/D,0 solution. To ensure the accurate com-
ponent concentrations and water/carboxylic acid
ratio, the catalytic system was prepared by weighing all
components, including liquid materials, in a special
vessel. The total volume of the liquid phase was 2.5 or
5 cm?. A fluoroplastic disk was placed into the reactor
for better stirring, and the reactor was sealed and con-
nected to a gas-mixing device equipped with a 10-MPa
pressure gauge with a scale factor of 0.04 MPa. The
reactor was fed with CH, (6 MPa), or a CH, — CD,
(6 MPa) mixture, or CD, (4 MPa); O, (0.56 MPa); and
CO (1.84 MPa) in the given sequence. Helium
(6 MPa) was supplied instead of methane in some
runs. The introduction of helium was needed in order
to maintain the CO and O, partial pressures at a con-
stant level for the correct comparison of the experi-
mental results in the presence and absence of meth-
ane. In addition, this was necessary for safety reasons
to prevent explosion. For the gas ratio to be varied, it is
necessary first to calculate gas compositions to avoid
the formation of explosive mixtures. The reactor jacket
was connected to a water thermostat preliminary
heated up to the experimental temperature. Experi-
ments were carried out with intense agitation of the gas
and liquid phases with the use of a shaker. When the
run was over, the reactor was quickly cooled to 12°C,
and the gas phase was sampled for analysis. The liquid
phase was quantitatively recondensed in a vacuum into
a liquid nitrogen-cooled receiver and analyzed by
chromatography and H' NMR.

In a typical methane oxidation run, the autoclave
was charged with RhCl, (6.25 x 10~3 mmol) and NaCl
(18.75 x 10~ mmol) as a solution (0.25 g) in
D,O ([RhCl;] = 2.5 x 103 mol I"! and [NaCl] =
7.5 x 1073 mol I"!). Then, 0.25 g of D,SO, solution in
D,0 ([D,SO,] = 0.96 x 10~ mol I"), 2.27 g of
CD;COOD, and 10 mg CuO were added. The CH,
(6.0 MPa), O, (0.56 MPa), and CO (1.84 MPa) gases
were supplied to the autoclave. The duration of the run
was 2 h.

In a typical propionic acid oxidation run, the auto-
clave was charged with 10 mg of CuO and 2.5 ml of the
solution prepared as follows: to 1.0 ml of aqueous solu-
tion containing [RhCl;] = 5 x 1072 mol I7! and
[NaCl] =0.15 mol 17!, 1.4 ml of H,0, 0.56 ml of H,SO,
in H,O (3.9 mol 17!), and 17 ml of C,H;COOH were
added. The gases were supplied in the sequence of He
(4 MPa), O, (0.56 MPa), CO (1.84 MPa), and He
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again until reaching a total pressure of 8.4 MPa. The
duration of the run was 2 h.

Analysis

The gas phase was analyzed by GC (thermal con-
ductivity detector, He) in a model 3700 chromato-
graph (Khromatograf experimental plant, Moscow) at
55°C. A column packed with molecular sieves 5A
(0.2—0.3 mm, 3 m x 3 mm) was used for determination
of O,, N,, CH,, and CO, and a 2 m x 2.5 mm Porapak
Q (0.115—0.200 mm) column was used for the CO,
analysis.

The liquid phase was analyzed by GC (flame ion-
ization detector, N,) on a Chrom-5 chromatograph
with glass columns (2.5 mm id). Acetic acid was deter-
mined on a 2-m Separon CHN (0.115—0.200 mm)
column at 130°C, with dioxane as an internal stan-
dard, and propionic acid was determined on a Separon
SDA column (2.4 m) at 140°C, with n-heptane as an
internal standard. The products of CH, oxidation in
CD;COOD/D,0 were analyzed by 'H NMR on a
Brucker AC-200 P spectrometer (200 MHz) and a
Tesla BS 587 A spectrometer (80 MHz). The admix-
ture of CHD,COODin CD;COOD was used as an
internal standard in quantitative measurements.

The initial CH,/CD, ratio was measured by mass
spectrometry with an MI-1201 instrument equipped
with a needle leak valve, a prevacuum vessel pressure
of 10~ torr, an electron ionization energy of 70 eV, and
an ionization current of 0.2 mA. The GC/MS deter-
mination was conducted on an Automass 150 instru-
ment (Delsi-Nermag) with a DN200 gas-liquid chro-
matograph (Delsi), using a CPSil chromatographic
column of 5 25 m x 0.15 mm, d = 1.2 um
(Chrompack); He as the carrier gas in the constant
pressure (1.2 bar) mode; split injection at a split ratio
of 1:50 and 50. 7;,;=220°C; and the following temper-
ature programming: 7;, = 40°C (4 min), T,,= 250°C
(4 min), 10°C/min. In the electron ionization mode,
resolution was at least 2.0 M (where M = m/7) in the
range of m/z 18—131. To analyze the isotopic compo-
sition, the spectra were recorded in the scanning mode
over the range of m/z 15—100, at a scanning time of
100 ms. The software suites Lucy ver.2.0 and AMDIS
ver. 2.62 were used for the processing of the GC/MS
results. To sample the reaction solution, it was placed
in a test tube sealed with a membrane, heated up to
~60°C, and head-spaced with a chromatographic
syringe heated to ~50°C. The amount of the gas phase
injected into the chromatograph was 50—100 pl.

RESULTS AND DISCUSSION

It was found that the oxidation of methane does not
proceed in dioxane, tetrahydrofuran, and acetonitrile
in the presence of Rh!''/Cu®!"/Cl~ both in pure sol-
vents and with addition of water or H,SO,.
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Fig. 1. The product yield in the methane oxidation as a
function of D,SO,4 concentration in CD;COOD at the
mole fraction of water mD,0 = 0.6: (1) CHy, (2) CH;0D,

and (3) CH;0C(0)CD3; [RhCl3] 2.5 x 1073 mol 17},

[Cu] =5.0x 102 mol I}, [NaCl] = 7.5 x 1073 mol I},
CH4=6MPa, 0, =0.56 MPa,CO = 1.84 MPa, T=95°C, 2 h.

In the CD;COOD/D,0 medium, the CH, oxida-
tion in the Rh'"'/Cul!'/Cl~ system affords the prod-
ucts shown in Scheme 2:

CH,0D
CH;0CCD;

CH, + CO + O, CD;CO0D/D,0 5
HCOOD
Scheme 2. CH,COOD

To activate dioxygen in the rhodium—copper—
chloride catalytic system, a reducing agent is required.
When CO is used as a reductant, acetic acid is found in
the reaction products and the intensive catalytic oxi-
dation of CO to CO, simultaneously occurs
(reaction (1))

CO + 1,20, R/e/cr ¢, (1)

Free radicals do not contribute to methane oxida-
tion under the conditions of our experiments [16].
Methanol is the major product in the absence of

sulfuric acid1 Unexpectedly, acetic acid without the
nondeuterated methyl group was found in the prod-
ucts. This product may be formed if methanol gives
acetic acid in the reaction with CO [18]. However,
methanol and methyl iodide do not interact with CO
in the presence of O, under our experimental condi-

2
tions , and are converted into methyl trideuteroace-

! Sulfuric acid was added to the solution in certain runs with ace-
tic or propionic acid, in order to increase the acidity to the level
corresponding to CF;COOH.

2RhCl; = 1.5 x 1072 mol 1"}, KI = 2.5 x 1072 mol I"!, DCI =
0.12mol 171, CD;COOD-D,0.
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Fig. 2. The product yield in the methane oxidation as a
function of D,O concentration in CD3;COOD at
[D,SO4] =0.19 mol L CH;0D, (2) CH;COOD, and
(3) CD3;COOCH;; [RhCl5] 2.5 x 1073 mol 17!, [Cu'l] =
5.0x102mol1~!, [NaCl] =7.5x 10~ mol1~!, CH, = 6 MPa,
0, =0.56 MPa, CO = 1.84 MPa, T=95°C, 2 h.

tate and methyl chloride, respectively [13, 17]. Thus,
the mechanism of acetic acid formation during the
oxidative carbonylation of methane (Scheme 1, Fig. 1)
must differ from that of the formation of acetic acid
from methanol and CO catalyzed by rhodium iodide
compounds (Monsanto process) [18].

The acidity of the medium has an effect on the
composition and the yield of the methane oxidation
products: as [D,SO,] is increased, methyl acetate
becomes the major product, the methanol yield
decreases, and a small maximum in the acetic acid
yield is observed (Fig. 1). If the methanol yield
dropped as a result of its D,SO,-catalyzed esterifica-
tion, the total concentration of methyl acetate and
residual methanol would be constant. However, this
was not the case. Consequently, methane hydroxyla-
tion or acetoxylation are significantly accelerated by
the action of D,SO,.

At the given concentration of deuterosulfuric acid
[D,SO,4] = 0.19 mol I, the decrease in the D,O con-
centration to 5 mol 17! slightly increases the yield of
acetic acid and significantly increases the total yield of
methyl acetate and methanol. However, there is no
oxidation in glacial acetic acid. These two observa-
tions support the hypothesis that the reaction with
methane yielding the products observed involves the
nucleophilic attack of the water or acetic acid mole-
cule. Within the range of 0—5 mol 1!, there is an opti-
mal water concentration at which the yield of methyl
acetate attains the maximum.

The amount of methyl acetate formed under the
experimental conditions exceeds by at least an order of
magnitude the amount of the catalyst (rhodium)
loaded both in the presence (table, run 5) and in the
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Catalytic oxidative functionalization of methane in aqueous acetic and propionic acids. [RhCl;] = 2.5 x 103 mol 171,
[NaCl] =7.5x 103 mol 17!, [Cu "] =5 x 102mol I"!, T=95°C, P02 =0.56 MPa, Pcg=1.84 MPa,2h

No. Organic acid Watez,l In organicil Methane® Products®
mol I acid, mol 1
1 2 3 4 5 6
8.0 0.2
ZC) CH3COOH Hzo HzSO4 CH4: CD4 =0.81 CH3COOCH3 . CH3COOCD3 =67
8.0 0.2
3 CD;COOD D,0O 0 CH, CD;COOCD;5: CD;COOCH;=1.83
17.1
4 CH;COOH H,0 0 CD, CH;COOCH;: CH;COOCD5=17.5
16.0
5 CH;COOH H,0 H,S0O, CH,4 CH;COOCH; (5.5 x 102 M)
7.7 0.2
6 CH;COOH H,0 H,SO, od CH;COOCH; (3.1 x 1072 M)
7.0 0.2
7 C,H;COOH H,0 HCIO, CH,: CD,=0.14 | C,H;COOCHj;, C,H;COOC,Hs,
16.0 0.22
8 C,H;COOH H,0 — CD, C,H;COOCHj;, C,H;COOC,H;
16.0
9 C,H;COOH H,0 H,SO, CD, C,H;COOCHj;, C,H;COOC,H;
7.0 0.1
10 C,H;COOH H,0 H,SO, CH, C,H;COOCHj;: C,H;COOC,Hs=1.9
7.0 0.1
11 C,H;COOH H,0 H,S0, |09 C,H;COOCH;: C,H;COOC,H;= 1.7
7.0 0.11
Notes: a) CH4 (6.0 MPa), CD,4 (4.0 MPa) + He (2.0 MPa); b) the qualitative composition and the ratio were determined by GC/MS; c) reac-

tion time, 1 h; d) methane is substituted by helium.

absence of methanol (table, run 6). Thus, methane is
not the only source of methanol and its ester. At least a
portion of these products is formed from acetic acid,
the solvent component. This makes it impossible to

measure the isotopic kinetic effect kcy /kcp, by the
method of competitive reactions; i.e., in the joint oxi-
dation of methane and tetradeuteromethane. For
example, in the oxidation of the CH,: CD, = 0.76
mixture, the light and heavy esters are formed in acetic
acid in a ratio of ~70, which cannot be explained
(table, runs 1, 2).

Note that in the CD,;COOD/D,O system,
HCOOD, CH;COOD, CH;0D, and CH;0C(O)CD;
can be formed from CH,4 only. Taking this circum-
stance into account, we can approximately estimate
the KIE for methane in acetic acid as ((ky/kp) = 6)
from the ratio of ~6 of the products of CH, and CD,
oxidation in CD;COOD and CH;OOH, respectively

3
(table, runs 3, 4).

Unexpectedly, it turned out that neither the oxida-
tion of CD, nor the joint oxidation of CH, and CD, in

31t is assumed that the reaction is first-order in methane and
KIE = 1 for the solvent, as in the case of CF;COOH(D) [14].

propionic acid yields deuterated products (table, runs
7—9). Nevertheless, not only methyl propionate
expected as a methane oxidation product, but also
ethyl propionate was formed in these runs, which, in
principle, cannot result from nonradical oxidation of
methane. The absence of deuterated methyl propi-

onate4 in the reaction products cannot be accounted
for by the fact that the CD, oxidation rate in propionic
acid (as in the case of acetic acid) is sixfold lower than
the rate of CH, oxidation. Moreover, when methane is
replaced with helium, the same products are formed
and almost in the same ratios (table, runs 10, 11). All
these observations indicate that methane is not sub-
jected to oxidation in propionic acid, unlike the cases
of acetic acid, and does not participate in the forma-
tion of methyl propionate. Being far from the carbox-
ylic group, the methyl group of propionic acid proba-
bly behaves as a saturated hydrocarbon and competes
with sparingly soluble methane in the reaction of the
active intermediate.

4 The analytical procedures used in this work allowed for the deter-
mination of methyl propionate in a concentration of 10~3 mol/l.
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Fig. 3. The product yield in the propionic acid oxidation as
a function of H,O concentration in the absence of H,SOy:

(I) C,HsCOOC,Hs, (2) C,HsCOOCH;, (3) C,HsOH,
(4) CH3;COOH, and (5) CH;0H; [RhCl3] 2.5 x 10> mol I,

[Cul] =5.0x 102 mol 17!, [NaCl] = 7.5 x 103 mol 171,
He =6 MPa, CO = 1.84 MPa, 0, =0.56 MPa, T=95°C, 2 h.

Methyl propionate, ethanol, ethyl propionate, and
acetic and formic acids were found in the products of
propionic acid oxidation (Figs. 3—5).

For interpretation of the mechanism of the trans-
formation of carboxylic acids, it is important that no
transformation products of acetic and propionic acids
have been found in an He, He + O,, or He + CO

2 4 6 8 10 12 14 16 18
H,0, mol 1!

Fig. 4. The product yield in the propionic acid oxidation as
a function of H,O concentration: (I) C,H;OH,

(2) C,HsCOOC,Hs, (3) CH;0H, (4 CH;COOH,
(5) CHsCOOCH3, (6) CH30H + C,HsCOOCH;, and
(7) CH5OH + C,HsCOOC,Hs; [RhCl3] 2.5 x 1073 mol 17!,
[Cull] = 5.0 x 102 mol 1"}, [NaCl] = 7.5 x 103 mol 171,
[H,SO,] = 0.1 mol I"!, He = 6 MPa, CO = 1.84 MPa,
0,=0.56 MPa, T=95°C, 2 h.
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Fig. 5. The product yield in the propionic acid oxidation as
a function of H,SO, concentration: (/) C,H;OH,
(2) CH;0H, (3) C,H;COOC;,Hs, (4 CH3COOH, and
(5) CHsCOOCH3; [RhCl5] 2.5 x 107 mol 171, [Cull) =
5.0x 1072 mol 1!, [NaCl] = 7.5 x 103 mol I"!, [H,0] =
7.0mol I"!, He = 6 MPa, CO = 1.84 MPa, O, = 0.56 MPa,
T'=95°C,2h.

atmosphere. Thus, the decarbonylation of these acids
requires the presence of both CO and O,:

2 RC(O)OH + CO + O,
—~ RC(O)OR + 2CO, + H,0 )
R = CH3, Csz.

Although the mechanism of the reaction under
study is complex, some preliminary conclusions can
be made. The stability of propionic acid in the absence
of CO indicate the participation of CO in decarbony-
lation. The stoichiometric oxidation of carbon mon-
oxide with rhodium(III) compounds involves the
intermediate formation of the rhodium(III) complex
with CO [19]. Therefore, the oxidative decarbonyla-
tion of carboxylic acids and the oxidation of CO can be
considered coupled reactions with the same interme-
diate. The rhodium(I1I) complex with CO and car-
boxylic acid can be this intermediate. Most of the
amount of CO (~90%) is oxidized to CO, according to
reaction (1) under our experimental conditions. Car-
bon dioxide can be formed from rhodium(III) carbonyl
acetate (1) via two routes. One is the nucleophilic attack
of water on coordinated CO and the reduction of rhod-
ium(III) to rhodium(I) (Scheme 3, reaction (3)). The
other involves the intrasphere attack of the coordi-
nated carboxylate anion on coordinated CO and the
intermediate formation of complex 2 (Scheme 3,
reaction (4)). Both reactions are well known in the
coordination chemistry of palladium [20].
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L,,—1|1hl +CO, + 2HX 3)
Co ho OC-R
LM*I:{h”IXZ =t C”) .
OC-R 1
[ L,,_lﬁh X3
0 C-0-C—R 4
(0]
2
X=0H", CI", RCOO™
Scheme 3.

An increase in the water content should promote
reaction (3). Indeed, the yield of the decarbonylation
products decreases with an increase in the water con-
centration (Fig. 4; curves 1, 2, 7), thereby confirming
indirectly the truth of the assumption on which
Scheme 3 is based. It is likely that the coordinated
hydroxyl ion, rather than the free water molecule,
attacks the coordinated CO molecule in reaction (3),
as in the case of oxidation of olefins with palladium(II)

CO

I H,0 or
Ln_thlIlXQ . Lniliihnlxz R'COOH
C—R
I R
o
3 4

The suggested scheme agrees with the fact of the
formation of ethanol and ethyl propionate from propi-
onic acid or methanol and methyl acetate from acetic
acid.

Within the framework of this scheme, the role of
copper reduces to the reoxidation of rhodium(I) in the
catalytic cycle with respect to copper (reactions (6)
and (7)):

2Cu"' + Rh! — 2Cu' + Rh'", 6)

2Cu' + %0, + 2H* — 2Cu'"' + H,0. @)

Hydrogen peroxide can appear as a result of the
reactions of both Rh(I) and Cu(I):

Rh!' + O, + 2H* — Rh'" + H,0,, )

2Cu' + O, + 2H* — 2Cu'' + H,0,. (8a)

The formation of hydrogen peroxide was observed
during the oxidation of Cu' to Cu! with molecular
oxygen [22].

The considered reaction sequence does not contra-
dict the experimental results, but it does not cover all
reactions occurring in the Rh™/Cu''/Cl~/propionic
acid system. The fact of the methanol formation in the

CHEPAIKIN et al.

salts [21]. Indeed, the admixtures of sulfuric acid
increase the yield of the decarbonylation products by
decreasing the fraction of hydroxo complexes (Fig. 3;
curves 1, 3; Fig. 4, curves 1, 2, 7).

Compounds of type 2 can eliminate CO, to give the
acyl complex of type 3 [20]. This is another CO, for-
mation route:

Ln—llzh‘“x2 Ln—EI{thZ +CO,
C-0-C—R C-R (3)
0 o)
2 3

Complex 3 is similar to the intermediate in the
Monsanto process [18], the key stage of which is the
reversible intrasphere insertion of CO in the Rh—C
bond. We assume that complex 3 is in equilibrium with
its isomer 4, which interacts with a nucleophilic agent
(water or carboxylic acid) to give the corresponding
alcohol or ester:

CcO

I ]
L,—Rh'X + HX + ROH or RCOOR
or RX

oxidative decarbonylation of propionic acid confirms
this statement. Moreover, the yields of methanol +
methyl propionate and ethanol + ethyl propionate
depend on the concentrations of H,O and H,SO, in
different manners: the [methanol + methyl propi-
onate] concentration increases, whereas [ethanol +
ethyl propionate] decreases, with an increase in the
water concentration (Figs. 3, 4); with an increase in
the concentration of H,SO,, [methanol + methyl pro-
pionate] passes through a maximum, and [ethanol +
ethyl propionate] does not change (Fig. 5). This leads
to the conclusion that the formation of methanol and
ethanol (and their esters) involves different active
intermediates.

In the reactions of propionic acid, acetic acid,
methanol, and methyl propionate are not formed in
the sequence of transformations C,H;COOH —
C,H;O0H — CH;COOH and the subsequent decar-
bonylation of CH;COOH according to the mecha-
nism given above, because the joint oxidation of
C,D;s0D and propionic acid yields only deuteroethyl
propionate (C,H;COOC,D;), rather than acetic acid
deuterosubstituted, at the methyl group.

PETROLEUM CHEMISTRY Vol. 51
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In the products of propionic acid oxidation in the
deuterated solvent, deuterosubstituted acetic acids
were found, which contain one or two D atoms in the
methyl group. This is indicated by signals at m/z 62
(CH,DCOOD or CHD,COOH) and m/z 63
(CHD,COOD or CD;COOH) comparable in inten-
sity with the signal of the molecular ion of acetic acid
(m/z) 60) in the mass spectrum averaged over the chro-
matographic peak. Moreover, the signal intensities at
m/z 44 (CO, and CH,DCO) and m/z 45 (COOH and
CHD,COO) in the mass spectrum of acetic acid
obtained in the oxidation of propionic acid are sub-
stantially higher than the intensities of these signals in
the standard spectrum of CH;COOH (Fig. 6a).

The methyl propionate molecular ion cluster found
in the reaction products consists of ions having m/z 88,
89, and 90 with comparable intensities. The spectrum
of the reaction product practically coincides with the
tabulated spectrum of methyl propionate in the range
of m/z 29—32 (C,H" fragment ion) (Fig. 6b). These
two observations indicate that methyl propionates dif-
fering by the depth of deuteration contain the deute-
rium atoms only in the methoxy group.

In the mass spectrum of methyl acetate found in
the products of propionic acid oxidation, ions at m/z
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43, 44, 45, and 46 were found in the cluster of acetyl
ions, indicating the deuteration of the acetyl moiety of
the ester molecule. Ions from M** to (M + 6)** were
found in the cluster of the molecular ion, thereby indi-
cating the presence of D atoms both in the acetyl and
methoxy groups of the molecule (Fig. 6¢).

In the absence of dioxygen, only the carboxylic
hydrogen atoms of acetic and propionic acids are
exchanged by deuterium. The H—D exchange was not
observed in the methyl acetate and methyl propionate
introduced into the solution. All these facts cannot be
rationalized within the framework of the mechanism
suggested above. According to this mechanism, the
shortening of the carboxylic acid carbon chain occurs
as a result of oxidative decarbonylation. The formation
of deuterosubstituted acetic acids during the oxidation
of propionic acid in D,O can indicate the existence of
the route that involves the methyl or the methylene
group.

We cannot rule out that the coordinated propionate
ion can be subjected to the inner-sphere oxidation by
the action of the peroxo group coordinated at the
rhodium atom [16]. The decarboxylation of the inter-
mediate malonate in the proton-donating medium
gives CDH,COOD:

0
1} 1} 1} &
Hzclj/ \O Hz(l: (|) H,0 H2(|: \Q H2(‘:/ \(? H,0,
H)C _Rh H,C Rh ™°py,c Rh HC
s " J N | Il | /N Il Il
H 0-0 OH O OH0-0
? ? %
H,C" 0 po H C/C\O H Dc”c\o
2 2 2 —CO 2
— I e N [ [
HO-C  Rn W56 DO- ¢ ki ki H,DCCOOD.
O O .0 0 o)

The possibility of the oxidation of propionic acid
into acetic acid via the intermediate formation of 3-
oxypropionic and malonic acids agrees with the pub-
lished data [23] on the oxidation of labeled
CH,;CH,"*COOH; acetic acid CH;'*COOH is formed by
the action of O, and CO in the presence of Pd/C—CuCl,

in aqueous CF;COOH. The formation of CD,HCOO—
and CD;COO groups can be accounted for by the
exchange of the methylene hydrogen atoms of malonic
acid for deuterium [24].

The presence of methyl propionate deuterated in
the methoxy group in the reaction products suggests

Fig. 6. Chromato-mass spectra of the products of propionic acid oxidation in the presence of D,SO,4 (0.2 M) and D,0 (7 M):

(A) the experimental peak of acetic acid (a) and the standard spectrum of acetic acid (b), (B) the experimental peak of methyl
propionate (a) and the standard spectrum of methyl propionate (b), and (C) the experimental peak of methyl acetate (a) and the

standard spectrum of methyl acetate (b); [RhCl;] = 2.5 x 10~ mol 1"}, [Cu!'] = 5.0 x 1072 mol I"!, [NaCl] = 7.5 x 107> mol I,
[H,0] = 7.0 mol I"!, He = 6 MPa, CO = 1.84 MPa, O, = 0.56 MPa, T=95°C, 2 h.
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that deuterosubstituted methanols are formed as a
result of oxidative decarboxylation of acetic acids deu-
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terosubstituted in the methyl group according to the
mechanism with participation of CO described above:

(0] (0]
H i H 1 (I? _ (“)
H\\C/C\O D-O D\\C/C\O _COo \ /C\ co NI O /C\
! ' _>‘l-120 ! o D¢ 9 —-b ¢ 0 |l|{h
— 2 —
HO ? I}h DO g lukh D Rh D o)
(0] (0] O (0] (”)
)/ _COZ
(0]
i ¢ co
H
v C. v CH,D—C—0—CHD
D-C”"Rh — D-C-Rh S,H;C00 C,H5C—OCHD 2+1ﬁh CHaDCOOD == 2
D 0 D o 0 o} o]
If this assumption is true, the ratio of the ion inten- REFERENCES

sities corresponding to DH,CO* and H;CO™ in the
averaged mass spectrum of methyl acetate should
coincide with the ratio of the ion intensities of

C,H,COOCH,D** and C,H;COOCH;" in the aver-

5
aged mass spectrum of methyl propionate . The fol-
lowing values were obtained for the intensity ratios:

Inﬂzco*/lﬂ3co* 0.48 and

Ic u.coocn,p/Ic,n.coocny = 0.46.

Thus, the oxidative functionalization of methane
in the rhodium—copper—chloride catalytic system by
the action of O,and CO substantially depends on the
solvent nature and its efficiency decreases in the order
CF;COOH—H,0 > CH;COOH-H,0 > C,H;COOH—
H,0O. Moreover, the solvents, namely acetic and propi-
onic acids, are not inert and are subjected to oxidative
transformations. Propionic acid blocks the methane
oxidation.
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PETROLEUM CHEMISTRY Vol. 51 No. 2 2011

1. A. E. Shilov and G. B. Shul’pin, Activation and Cata-
tic Reactions of Hydrocarbons (Nauka, Moscow) [in
Russian].

2. 1. 1. Moiseev, Kinet. Katal. 42, 5 (2001).
3. A.Sen, Acc. Chem. Res. 31, 550 (1998).

4. C. G. Jia, T Kitamura, and Y. Fujiwara, Acc. Chem.
Res. 34, 633 (2001).

5. R. H. Crabtree, J. Chem. Soc., Dalton Trans., 2437
(2001).

6. E. A. Grigoryan, Kinet. Katal. 40, 389 (1999).

7. E. G. Chepaikin, Kinet. Katal. 45, 331 (2004).

8. V.S. Arutyunov and O. V. Krylov, in Oxidative Transfor-
mations of Methane (Nauka, Moscow, 1998), p. 185 [in
Russian].

9. 1. P. Stolyarov, M. N. Vargaftik, D. 1. Shishkin, and

I. I. Moiseeyv, J. Chem. Soc., Chem. Commun., No. 14,

938 (1991).

M. Lin, T. Hogan, and A. Sen, J. Am. Chem. Soc.119,

6048 (1997).

A. P. Bezruchenko, G. N. Boiko, E. A. Grigoryan,

et al., Dokl. Akad. Nauk 363, 346 (1998).

E. G. Chepaikin, A. P. Bezruchenko, A. A. Leshcheva,

and E. A. Grigoryan, Dokl. Akad. Nauk 373, 66 (2000).

E. G. Chepakin, A. P. Bezruchenko, A. A. Leshcheva,

et al., J. Mol. Cat. A: Chem. 169, 89 (2001).

E. G. Chepaikin, A. P. Bezruchenko, and A. A. Leshcheva,

Kinet. Katal. 43, 550 (2002).

E. G. Chepaikin, A. P. Bezruchenko, G. N. Boiko, and

A. A. Leshcheva, Neftekhimiya 43, 434 (2003) [Pet.

Chem. 43, 395 (2003)].

E. G. Chepaikin, A. P. Bezruchenko, G. N. Boiko,

et al., Kinet. Katal. 47, 16 (2006).

E. G. Chepaikin, G. N. Boiko, A. P. Bezruchenko,

et al., Dokl. Akad. Nauk 353, 217 (1997).

10.

11.

12.

13.

14.

15.

16.

17.



142

18.

19.

20.

CHEPAIKIN et al.

P. M. Maitlis, A. Haynes, G. J. Sunley, and
M. J. Howard, J. Chem. Soc., Dalton Trans., 2187
(1996).

D. V. Sokol’skii and Ya. A. Dorfman, Catalysis by
Ligands in Aqueous Solutions (Nauka, Alma-Ata, 1972)
[in Russian].

1. I. Moiseev, M. N. Vargaftik, O. I. Gentosh, et al.,
Dokl. Akad Nauk SSSR 237, 645 (1977).

21. 1. I. Moiseev, O. G. Levanda,.and M. N. Vargaftik, J.
Am. Chem. Soc. 96, 1003(1974).

22. A. Zuberbuhler, Helv. Chim. Acta 50, 466 (1967).

23. C. Shen, E. A. Garcia-Zayas, and A. Sen, J. Am.
Chem. Soc. 122, 4029 (2000).

24. C. D. Nenitescu, Chimie organica (Editura Tehnica,
Bucuresti, 1960; Inostrannaya Literatura, Moscow,
1963), Vol. 1.

PETROLEUM CHEMISTRY Vol. 51 No.2 2011




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


