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Saturated hydrocarbons react with carbon
monoxide in the presence of magnesium powder
and potassium peroxodisulfate in trifluoroacetic
acid (TFA) to afford the corresponding car-
boxylic acids as major products and alkyl
trifluoroacetates as minor products in high
yields. The use of equimolar amounts of magne-
sium (5 mmol) and K,S,0g(5 mmol) is best for
this reaction. Cyclohexane is carboxylated most
effectively at 80°C for 30 h using 50 atm CO,
3 ml of TFA and 1 mmol of cyclohexane, giving
80% conversion (95% conversion yield) based
on cyclohexane. The reactivity of various satu-
rated hydrocarbons has been determined by
competitive reactions of equimolar amounts of
cyclohexane (5 mmol) and another hydrocarbon
(5mmol). The order of decreasing reactivity
obtained is cycloheptane> cyclohexane> cyclo-
pentane > n-propane > methane. Copyright
© 1999 John Wiley & Sons, Ltd.
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INTRODUCTION

Hydrocarbons, the main component of petroleum
oil and natural gas, are abundantly available and th
cheapest chemicals in the world. Therefore, th
direct conversion of hydrocarbons, especially
saturated hydrocarbons, as a building block fo

r

functionalization products and higher hydrocarbons
is one of the most promising routes for future
organic syntheses because of enormous reserves of
hydrocarbons in various areas of the world. More-
over, there has been a strong economic motivation
to transform hydrocarbons directly and commer-
cially into more valuable functionalized products
such as alcohaols, esters, aldehydes, ketones, acids,
peroxides, amines and other solid or liquid
products; over the last two decades it has greatly
stimulated a large volume of commercial research
to discover a fundamentally new route of hydro-
carbon transformation, which constitutes an ex-
tremely important research field of contemporary
chemistry. In addition, a new system of hydro-
carbon transformation could help to reduce petro-
leum pollution and other important environmental
problems. However, it is difficult and challenging
to achieve such a goal due to the low reactivity of
hydrocarbons and selectivity of functionalized
products™

The functionalized products (alcohols, alde-
hydes, acids etc.) are more reactive than the
saturated hydrocarbons, and thus the thermodyna-
mically more favorable complete combustion of
hydrocarbons to carbon dioxide and water takes
place. Therefore, the most sophisticated method
should be developed under very mild reaction
conditions that would convert hydrocarbons into
more valuable liquid or solid chemicals and fuels in
high yield without total oxidation. However, there
is no such existing process satisfying these
requirements. In recent years, scientists have been

étruggling to achieve such a goal through numerous
eresearch

routes. These researches include the
exploitation of both reactions that occur without
the participation of metals or metal compounds, and
reactions that involve metals or their compounds.
Both of these reactions usually occur in either the
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tion reactions of hydrocarbons occur under severe
conditions (high pressure and temperature) which
makes them very unselective. These reactions are
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catalytic or non-catalytié-*? The solution-phase come this problem to make the direct carboxylation
hydrocarbon functionalizations seem to be a veryof hydrocarbons industrially feasible. In this paper,
promising field, due to their ease of operation undemve report the carboxylation reaction of saturated
mild conditions, and hold the greatest promise ofhydrocarbons with CO promoted by magnesium
selectivity!® Cyclohexane oxidation in the liquid powder (Mg) in TFA using KS,Og as an oxidant.
phase is one such process which has considerable
industrial importance because it supplies raw
materials such as cyclohexanol, cyclohexanone
and adipic acid for the production of nylon-6 and EXPERIMENTAL
nylon-66.

In the solution phase the reactions may be .
uncatalyzed®" or radical- or metal-catalyzed. Materials
The radical ion SQ~ which is generated from the All reagents were of analytical grade and were used
thermal decomposition of 85>~ at 100°C in  without further purification. Methane, propane and
agueous solution abstracts hydrogen from methan€0O gases were purchased from Sumitomo Pure
and ethane to generate alkyl radicals of the type R Chemical Co. Magnesium (Kanto Chemical Co.,
R radicals react further with SO to form Inc.), TFA, K;S,05 (Wako Pure Chemical Indus-
ROSQ .8 In the functionalization reactions of tries, Ltd), cyclohexane (Kishida Chemical Co.),
cyclohexane, various types of transition-metalcycloheptane, cyclopentane (Nacalai Tesque, Inc.),
compounds have been used, such as aluminophoadamantane (TCI Chemical Co.), nonanoic acid
phates of Co, Cr, Fe, Mn, Ti, and ¥;mangane- and n-butyric acid (Katayama Chemical Co.) were
se(ll) salen complex? copper salts and copper obtained commercially. Cyclopentyl trifluoroace-
crown ether! a cobalt(lll) alkyl peroxide com- tate, cyclohexyl trifluoroacetate, cycloheptyl tri-
plex;?? and titanium silicalite?® Various types of fluoroacetate and adamantyl trifluoroacetate have
heteropolyacid€2°and methane mono-oxygenase been prepared in our laboratory.
of Fe(ll)* are remarkably active to transform
hydrocarbons to their oxidized products.

All the processes described above are oxidativr:Appar'?'tus
transformations of hydrocarbons. Like oxidation, The reactions were carried out in a 25-ml stainless
carboxylation of hydrocarbons to carboxylic acids steel autoclave. The product mixtures were ana-
is also an interesting and important functionaliza-lyzed by a Shimadzu GC-8A gas chromatograph
tion process. No industrially suitable process forequipped with a flame ionization detector by using
direct carboxylation of hydrocarbons to carboxylica 3 mx 3mm i.d. stainless steel column packed
acids is available at present. This process demandsith Unisole 10T+ H3PO, (5 + 0.5%) on 80/100
strong economic feasibility to produce carboxylic mesh Uniport HP with injection/detection tempera-
acids from hydrocarbons, due to the minimumtures of 220°C and a column temperature of 18D
energy and stage required. But until now only ourfor cycloalkanecarboxylic acids and 130 for
groug%‘g’gand some othef&“®have reported the acetic acid and butyric acid. The unreacted
direct catalytic conversion of hydrocarbons with hydrocarbons and the product esters in the reaction
CO to carboxylic acids using potassium peroxodi-mixtures were analyzed by the same gas chromato-
sulfate (K.S,0g), and oxygen as oxidants in the graph by using a 5 3 mm i.d. stainless steel
presence of transition-metal catalysts in trifluoro-column packed with silicon OV-17 with injection/
acetic acid (TFA) and also in water {8). detection temperatures of 220 and a column
Recently, we reported that lanthanoid oxidetemperature of 15€C.
(Ybo03) prorggtes the direct conversion of methane
to acetic acid’ in TFA with K5S,05 as an oxidant. .
Ytterbium acetate also catalyzes the carboxylatior{: rt‘)’cedurg for the carboxylation of
reaction of methane with CO in water in the 'Yyarocaroons
presence of sodium hypochlorite (NaClO) as anA 20-ml glass tube equipped with a Teflon-coated
oxidant. Addition of a small amount of Mn(OAc) magnetic stirring bar (12 mm, octagonal) was
increased the yield of acetic acld.One of the charged with magnesium (5 mmol) and potassium
problems which has been encountered for all ofperoxodisulfate (5 mmol). In the case of liquid
those processes is the lower conversion rate ofiydrocarbons, the required amounts of hydrocarbon
hydrocarbons. Therefore, it is necessary to overand TFA were added to the mixture successively.

Copyright© 1999 John Wiley & Sons, Ltd. Appl. Organometal. Chemi.3, 539-547 (1999)
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Then the tube was placed in a 25-ml stainless ste€lable 1 Effect of metal powders and salts on the
autoclave. The autoclave was closed and flushedarboxylation of cyclohexarie

with carbon monoxide three times to replace the air -
inside it, then pressurized with carbon monoxide. In Yield

the case of gaseous hydrocarbons, they werentry Metal or salt (mmol) (%)
introduced after closing the autoclave. Then the

autoclave was heated with stirring at 8D for 20 h. None 0.04 0.8
After the reaction, the autoclave was cooled on ice g MM% 8'%)5 i'g
bath for 15 min and then opened. The contents of4 MggCI 0.03 06
carboxylic acids in the liquid reaction mixtures ¢ MgBri 0.03 0.6
were analyzed by GC-8A using nonanoic acid as ang Mg® 0.01 0.2
internal standard in the case of cycloalkanecar- 7 Zn 0.07 1.4
boxylic acids; in the case of acetic acid and butyric 8 Zn(OAc), 0.04 0.8
acid, n-butyric acid and acetic acid were used as?9 Ni 0.06 1.2
internal standards, respectively. For determininglO NiO 0.05 1.0
the optimum reaction temperature, the reactionsll; Ni(%AC)z 882 82
were carried out at different temperatures from13 Ag(OAC) 0.02 04

room temperature to 9. The experiments on the
time course of the reaction were performed fromageaction conditions: 25-ml autoclave, cyclohexane (5 mmol),
0.5 hto 90 h. To determine the optimum amounts ofmetals or salts (1 mmol), 45,0z (5 mmol), TFA (5 ml), 5¢°C,
cyclohexane and TFA and the pressure of CO, the&0h.

reactions were carried out by varying the amount of, Deterdm'”ed bly oc.

h of these. The other conditions were fixed ins osed On cyclohexane.

eac . Reaction without KS,0g.

those cases.

Procedure for the competitive . ,
reaction a glass insert charged with metal powders or salts,

] ) K>S,0g, TFA and cyclohexane at 5@ for 20 h.
A 20-ml glass tube equipped with a Teflon-coatedThe representative results obtained are summarized
magnetic stirring bar (12 mm, octagonal) wasin Table 1.
charged with magnesium (5 mmol), potassium

peroxodisulfate (5 mmol), and then TFA (3 ml). £
Then equimolar amounts of cyclohexane (5 mmol) O +CO M or salt
and any other liquid hydrocarbon (5 mmol) were K,S,05, TFA [1]

added in the mixture. The tube was placed in a 25- 50°C,20 h
ml stainless steel autoclave. The autoclave was M = Me. Zn. AL Ni
closed and flushed with CO three times to replace & a A
the air inside it, then pressurized with CO (50 atm). The reaction of cyclohexane with CO in the
In the case of gaseous hydrocarbons, 7 atnpresence of KS,Og alone yielded a lower amount
(5 mmol) of gas was introduced after pressurizing(0.04 mmol, 0.8% yield based on cyclohexane) of
with CO (50 atm). Then the autoclave was heatectyclohexanecarboxylic acid (entry 1). By addition
with stirring at 80°C for 5 h. After the reaction was of magnesium powder (entry 2), the yield of
completed, the autoclave was cooled on an ice bathyclohexanecarboxylic acid was increased remark-
for 15 min and then opened. The product contentsably (2.4% yield based on cyclohexane). Although
were analyzed in the same way as described aboveinc powder and nickel powder (entries 7 and 9)
gave slightly higher yields than that of entry 1, they
were much less than entry 2. Aluminum powder
(entry 12) did not work significantly in this
RESULTS AND DISCUSSION carboxylation of cyclohexane. All the metal oxides
and salts used in this reaction (entries 3, 4, 5, 8, 10,
We have investigated the carboxylation of cyclo-11 and 13) gave lower vyields than the blank
hexane with CO in the presence of metal powdersexperiment (entry 1). On the other hand, the
or metal salts and 5,05 in TFA (Eqgn [1]). The reaction with magnesium alone in TFA gave a
reaction was carried out in a 25-ml autoclave usingvery low yield (entry 6).

Copyright© 1999 John Wiley & Sons, Ltd. Appl. Organometal. Chem.3, 539-547 (1999)
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0.6 makes the Mg/KS,Og ratio lower than unity, which
again results in an induction mood. From these
051 a results we decided that 5 mmol each of magnesium
04 1 and K;S,0Og are best for this reaction. Thus the
= b following experiments were all carried out using
€ 03 4 these amounts.
=t All the chemical reactions are very sensitive to
£ 02 - the temperature, with respect to conversion yield
and selectivity of the desired product. Therefore,
0.1 1 we investigated the optimum reaction temperature.
. 3 The experiments were performed from room

temperature to 90C. Representative results are
shown in Fig. 2. Curve$ and2 are the variation of
the yields of cyclohexanecarboxylic acid (the major
Figure 1 Effect of the amounts of §S,05 and Mg on the  product) and cyclohexyl trifluoroacetate (a minor
carboxylation of cyclohexane (5 mmol) with CO (20 atm) in product) with temperature, respectively. The reac-
TFA (5 ml) at 50°C for 20 h: @) effect of the amount of Mg tion proceeds even at room temperature, giving
using K5,04 (5 mmol); ) effect of the amount of k5,05 both major and minor products in 0.25 mmol and
using Mg (5 mmol). 0.04 mmol yields, respectively. The yields in-
creases sharply with increasing the temperature up
to 80°C, where the maximum yield of cyclohex-
Since it become apparent that magnesiumanecarboxylic acid is 1.75 mmol (35% yield based
powder with K;S,0g promotes the carboxylation on cyclohexane) and of cyclohexyl trifluoroacetate
of cyclohexane significantly, we investigated var-itis 0.31 mmol (6.2% yield based on cyclohexane).
ious factors that affected the efficiency of the After that the yields decrease with increasing the
reaction of Eqn [1]. temperature. Several reasons for the decreasing
First, we carried out experiments to determinetrend of products may be considered here. One may
the optimum amounts of magnesium andS§0s  be the self-decomposition of cyclohexanecar-
for the reaction. The results are depicted in Fig. 1.boxylic acid and cyclohexyl trifluoroacetate at high
These experiments were carried out in two differenttemperatures to smaller molecules, which are
ways, a and b: a with 5mmol of K;S,0s and obtained on the GC chart as several peaks. The
different amounts of magnesium, arn with
5 mmol of magnesium and different amounts of
K,S,0s. The yield of cyclohexanecarboxylic acid 20
in the reaction with 5 mmol of KS,0O5 increases
slowly as the amount of magnesium is increased to
2 mmol, giving 0.14 mmol of the cyclohexanecar-
boxylic acid. After that the yield increases drama- 1
tically as the amount of magnesium is increased, up _ 1.2
to 5 mmol where the yield of product is 0.48 mmol.
Further addition of magnesium up to 8 mmol
increases the yield asymptotically, but a large
excess of magnesium causes a slight decrease in th
product &). An almost similar phenomenon was 0.4
observed in this reaction when various amounts of f
K,S,05 were added with a fixed (5 mmol) amount o la 4
of magnesmmbi). . 20 40 60 80 100
Comparing the experimengandb, aproceeded
through a short induction period. It is also noted
that the yield was decreased sharply by addition of &igyre 2 Effect of temperature on the carboxylation of
large amount of KS,0g compared with the case of cyclohexane (5 mmol) in the presence of Mg (5 mmol),
the magnesium. One explanation of this trend is thak ,S,05 (5 mmol) and CO (50 atm) in TFA (3 ml) for 20 h:
the addition of a large excess of,80g in the (1) yield of cyclohexanecarboxylic acic2)yield of cyclohexyl
reaction mixture with a fixed amount of magnesium trifluoroacetate.

(mmol)

g
g
= 081
<
€

Temperature (°C)
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20 100 cyclohexane in the reaction mixture. Therefore,
1 7 although the amount of the product (in mmol)
161 <—| r 80 3 increases until the addition of the optimum amount
S _6Of; of cyclohexane, the percentage yield based on
é ' ° cyclohexane decreases [cunde 2)].
< c . . . .
S o8] a - Finally, we investigated the effect of time-course
E e 2 on the carboxylation reaction of cyclohexane. The
04 ] -2 L0 o experiments were carried out from 0.5 to 90 h.
2 From Fig. 4 it can be seen that the yield of
0 ' . , 0 cyclohexanecarboxylic acid increases dramatically

0 4 8 12 16 until 20 h. After that the yield increases asympto-
tically until 40 h. Over a prolonged time the yield of
cyclohexanecarboxylic acid decreases slowly
Figure 3 Effect of the amount of cyclohexane on the (curve 1). On the other hand, the yield of
carboxylation reaction in the presence of Mg (5 mmol) and cyclohexy! trifluoroacetate increases with the time
K25,0g (5 mmol) in TFA (3 ml) using 50 atm of CO pressure gradually until 60 h and finally it, also, decreases
for 20 h: (1) y_|eld of cyclohexanecar_boxyllc acid?)yield of slowly (curve?2).
cyclohexyl trifluoroacetate; 1(+ 2) yield of total products Then we investigated the carboxylation of
based on cyclohexane. . . .
various saturated hydrocarbons using the optimum
reaction conditions: hydrocarbon (5 mmol)
(methane 30atm, 25mmol), Mg (5mmol),
other possibility is the thermal decomposition of K,S,0g (5 mmol), TFA (3ml), CO (50 atm),
K,S,0g which would cause insufficiency of oxidant 80°C, 30 h. Representative results obtained are
in the reaction mixture. Moreover, the solubility of listed in Table 2. As indicated in Table 2, the
the gaseous educt CO usually decreases at higbarboxylation of methane resulted in low conver-
temperature, so the carboxylation step in thesion (1.1% based on methane) with 96% selectivity
reaction cycle inevitably becomes slow due to theof the product acetic acid (entry 1). The reaction of
low concentration of CO in the liquid phase at high n-propane [using 7 atm (5 mmol)] gave a moderate
temperature. Considering the results of Fig. 2, anyyield (10.6% conversion based on n-propane) of
further experiments were carried out at theproducts isopropionic acid, n-propionic acid and
optimum temperature, 8. isopropy! trifluoroacetate (selectivity 66:30:4)
Then we investigated the effect of the amount of(entry 2). On the other hand, the cyclic saturated
cyclohexane in the magnesium-promoted carboxhydrocarbons listed in Table 2 gave higher yields.
ylation reaction in the presence 0b80g in TFA
(Fig. 3). Careful examination of Fig. 3 reveals that
the yield of cyclohexanecarboxylic acid increases
constantly as the amount of cyclohexane is
increased to 5 mmol, where the yield of cyclohex-
anecarboxylic acid is 1.75 mmol. Then the yield
becomes almost constant until the addition of
10 mmol of cyclohexane, whereas the further
addition of cyclohexane causes a sharp decrease
in cyclohexanecarboxylic acid (curvd). The
product cyclohexyl trifluoroacetate increases to
attain a maximum value of 0.32 mmol at addition
of 5mmol of cyclohexane. Further addition of
cyclohexane does not change the yield of cyclo-
hexyl trifluoroacetate (curve). On the other hand,
the yield based on cyclohexane of the total product

is the highest (78%) when the smallest ar‘noumi:igure 4 Effect of time-course on the carboxylation reaction
(1 mmol) of cyclohexane was used. Then the totalyf cyciohexane (5 mmol) with CO (50 atm) in the presence of
yield decreases gradually with increasing amounivg (5 mmol) and KS,0g (5 mmol) at 80°C: (1) yield of

of cyclohexane added. The amount of unreactedyclohexanecarboxylic acid?) yield of cyclohexyl trifluoro-
cyclohexane increases with increasing addition ofacetate.

Cyclohexane (mmol)

Yield (mmol)

100

Time (h)
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Table 2 Mg/K,S,0g-promoted carboxylation of various hydrocarbdns

Mg/K2S,0
R—H+CO_MI/KeS0s o ot R0 —CO—CF; 2]
TFA,80°C,30h
1 2

Product (mmol§ Conversion Conversion yield
Entry Hydrocarbon 1 2 (mmol) (%f (%)°
1 CH, 0.25 0.01 0.26 11 100.0 (96:4)
2 P n-0.16 0.02 0.53 10.6 100.0 (30:66:4)

is0-0.35

3 O 1.28 0.43 1.95 39.0 87.7 (66:22)
4 O 1.75 0.31 2.15 43.0 95.8 (82:14)
5 O 0.66 0.10 0.80 80.0 95.0 (83:13)
6 O 0.75 1.42 2.40 48.0 90.4 (31:59)
7 @ 0.72 0.12 0.90 18.0 93.3 (80:13)

& Reaction conditions: 25-ml autoclave, methane (30 atm, 25 mmol), propane (7 atm, 5 mmol), other hydrocarbons (5 mmol), CO
(50 atm), Mg (5 mmol), KS,Og (5 mmol), TFA (3 ml), 8C°C, 30 h.

b Determined by GC.

¢ Based on hydrocarbon.

9 Numbers in parentheses are the ratid i

¢ NMR yield.

f cyclohexane (1 mmol).

The reaction of cyclopentane gave 39% conversiorequimolar amounts of cyclohexane (5 mmol) and
with 66% selectivity of cyclopentanecarboxylic another hydrocarbon (5 mmol). The results are
acid (entry 3). The conversion of cyclohexane insummarized in Table 3, from which one can see that
this reaction was about 43% when 5mmol of the conversion rate of cycloheptane is the highest of
cyclohexane was used (entry 4), whereas there waall the hydrocarbons listed in Table 3 and that of
about 80% conversion with 83% selectivity of methane is the lowest. The reactivity order of the
cyclohexanecarboxylic acid when 1 mmol of cy- conversion is: cycloheptane- cyclohexane >
clohexane was used (entry 5). cyclopentane> n-propane> methane. Although

It is interesting that the major product of the the conversion rate of cyclohexane is a little lower
carboxylation of cycloheptane was esterified, andhan that of cycloheptandfa=1.11), the carbox-
the carboxylated product was a minor product. Theylation rate b,/a; = 0.41) is much higher than that
total conversion of cycloheptane is 48% and theof cycloheptane and also other hydrocarbons. The
selectivity of the cycloheptyl trifluoroacetate is carboxylation reactivity was found to be in the
59% (entry 6). Adamantane gave a lower yield infollowing order: cyclohexane> cyclopentane>
this reaction, 18% conversion. cycloheptane> n-propane> methane. On the other

Finally, we performed competitive reactions of hand, the esterification reactivities of cycloheptane
hydrocarbons to determine the reactivity using(b,/a,=7.5) and cyclopentanebf/a,=1.4) are

Copyright© 1999 John Wiley & Sons, Ltd. Appl. Organometal. Chemi.3, 539-547 (1999)
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Table 3 Competitive reaction of cyclohexane with various hydrocarBons

Mg/K2S,0g
Cy—H + R—H+CO————————Cy—COOH + R—COOH+Cy —0 —CO—CFK + R—0—CO—CHR; [2]
TFA,80°C,5h
a b a; b, ap ba
0 . "y )
Entry Substrates Conv. (%) Conv. yield (%) Reactivity ratio
a b =Y a by b, b/a b./ay bo/a,

1 14.4 1.4 83 11 100 0 0.10 0.12 —

O o
2 O + 12.4 1.8 77 13 100 0 0.15 0.19 —
3 O L Q 11.0 6.2 85 9 68 23 0.56 0.45 1.40
4 O * O 9.0 10.0 87 9 32 60 1.11 0.41 7.50
5 O 2 @ 13.4 3.8 78 13 84 5 0.28 0.31 0.11

& Reaction conditions: 25-ml autoclave, cyclohexane (5 mmol), methane (7 atm, 5 mmol), propane (7 atm, 5 mmol), other hydrocarbons (5 mmol), COM&0

(5 mmol), K;S,0g (5 mmol), TFA (3 ml), 8C°C, 5 h.
b GC yields based on converted hydrocarbons.
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higher than that of cyclohexane. The esterificationwith CO to give an acyl radical (R—CP R—CO

reactivity order was found to be: cycloheptane  would be oxidized by another MgO to give an acyl

cyclopentane> cyclohexanes> propane, methane. cation (R—CO), which reacts with TFA to form a

The esterification products of methane and n-mixed anhydride (R—CO—O—OC—GJ Then

propane from this competitive reaction were notthe anhydride reacts with another TFA molecule to

detected by NMR spectroscopy. In the case ofgive the product carboxylic acid (R—COOH) and

adamantane, it sublimed from the solution phasgCFCO),0. MgO in various forms is active in the

under the reaction conditions: therefore, the resulbxidative coupling of methan®>?Lithium-doped

of this experiment would not be accurate (entry 5).MgO (Li-Mg0)>*>8 and Ba-Mg®® are very
Several mechanistic aspects of the MgkOs-  active catalysts for the oxidative coupling of lower

promoted carboxylation reaction of saturated hy-hydrocarbons.

drocarbons with CO remain unclear at present.

Recently Lin and SeéR reported the KS,Og-

mediated carboxylation of methane and ethane

with CO in water to give acetic acid and/or

propionic acid. In this reaction,zsulfate radical CONCLUSION

ﬁmon (5Q°) gefnerated frqom s ar?stracts fa We have found that magnesium metal significantly
ydrogen atom from methane and ethane to O”%romotes the carboxylation of saturated hydrocar-

the corresponding alkyl radicals, which are trappe

. ons with CO in the presence 06L80g in TFA.
%f?ﬁsng;n)%gﬁgItig%&?yléiglﬁglsoirre rcgg(\:’t%;e yclohexane is carboxylated most effectively by

i ; equimolar amounts of magnesium (5 mmol) and
magnesium and §S,0g together in TFA gave K»S,05 (5 mmol), at 8C°C for 30 h using cyclo-

eniate v o cafont s il ion G 40 ) 0 SO
acigs and KS,0 al%ne romgte 5 he cocbon I)/a- giving cyclohexanecarboxylic acid as a major
’ 8 P Y&~ product in 83% conversion yield and cyclohexyl

tion of saturated hydrocarbons but slightly. Theyiq.,oroacetate as a minor product in 13% conver-
much higher yields of the carboxylic acids from the

boxviati t saturated hvd b i cfion yield. From the competitive reactions, we
garﬂ(])xya 'OE.O t‘?‘a urafe ydrocarbons pr%mo €%ound that the conversion reactivity increases with
y the combination of magnesium and:3%0s,  ihcreasing number of carbon atoms, in the follow-
compared with the yields of the reaction promoted

- ) ; ing order: methane< propane< cyclopentane<
by KS,0g alone, indicate that the mechanisms of .y ohexane< cycloheptane. On the other hand,
the reactions are different.

Moreover, this carboxylation reaction of satu- the orders of carboxylation reactivity and esterifi-

rated hydrocarbons proceeded remarkably welﬁatlon reactivity are different from that of the

, o ; ; onversion reactivity. The order of carboxylation
with the addition of magnesium oxide (MgO). We o ity is: methane: propane< cycloheptanes
also performed a stepwise reaction in which the

mixture of magnesium and £&,0s was stirred in cyclopentane< cyclohexane. The order of ester-

- ification reactivity is: methane, n-propage cyclo-
TFAfor 20 h at 80°C under 5 atm of nitrogen. Then '
5mmol of cyclohexane and 50 atm of CO were hexane< cyclopentane< cycloheptane.
added to the reaction mixture and stirred at theAcknowIedgements This work was supported in part by a
Samef temperature for an additional 20 h. Th'sGrant-in-Aid for Scientific Research on Priority Area No. 283,
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