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In the synthesis of acetic acid by the carbonylation of methanol catalyzed by RhCl;-3H,O or Rh,Cl,(CO),
in the presence of methyl iodide, it was found that ketone solvents, such as acetophenone and benzophenone, keep
both the catalytic activity and selectivity high, even at an elevated temperature. The kinetic results in aceto-
phenone are in agreement with the mechanism proposed by Paulik and Roth.1) The effect of the ketone solvent
was discussed by taking account of the competitive oxidative addition of hydrogen iodide with methyl iodide.

The oxidative addition of aryl iodide to nickel(0),:
palladium(0),3-®) and rhodium(I)®1% has been shown to
play an important role in the catalytic carbonylation
and arylation of olefin. It has been reported that, in
the carbonylation of iodobenzene catalyzed by palla-
dium-black in a basic medium to give methyl benzoate,
the oxidative addition of iodobenzene to a palladium(0)
complex is the rate-determining step, a step which is
considerably influenced by ligands weakly bonded to
the palladium complex.) Recently the oxidative addi-
tion of methyl iodide was demonstrated to be the rate
determining step in the carbonylation of methanol cata-
lyzed by rhodium compounds in liquid!®:12:18) and gas-
phase reactions.-1% In this methanol carbonyla-
tion, the effect of ligands (including solvents) should
also be reflected in its rate, as may be seen in the pal-
ladium-catalyzed carbonylation of iodobenzene. It was
observed, however, that, when methanol was used as
the solvent, the selectivity was very low (<209) be-
cause of the formation of dimethyl ether in considerable
amounts. The formation of dimethyl ether made it
very difficult to elucidate the kinetic results. Thus, we
examined the effects of the solvents in increasing the
selectivity, and found that both the rate and the
selectivity are highest in a ketone solvent, such as
acetophenone or benzophenone.

During the preparation of this paper, a kinetic study
of the carbonylation of methanol in an acetic acid
solvent was reported,'® and it was also noticed that
much dimethyl ether was formed on initiating the car-
bonylation in a pure methanol solvent. The effect
of solvents, however, was not described.

The purpose of this work is to investigate the effect
of the solvent on the rate and selectivity of the rhodium
complex-catalyzed carbonylation of methanol in the
presence of methyl iodide and to discuss the role of
solvents.

Experimental

Materials. Dichlorotetracarbonyldirhodium(I), Rh,-
Cl,(CO),, was prepared from RhCl;-3H,0 and carbon mono-
xide according to the literature!” (Found: C, 11.2; Cl, 18.8
%. GCaled: G, 12.4; Cl, 18.2%.). RhCI;-3H,0 (Koso
Chemical Co., Ltd,), carbon monoxide (>98%), methanol
(>99%), methyl iodide (Tokyo Kasei’s extra pure grade), and
all the solvents used in this work were obtained from com-
mercial sources. The solvents listed in Table 1 were checked
by gas chromatography before use, and were used without

purification.

Procedure. All the carbonylations were carried out
using a Ti-Mn alloy autoclave (100 ml) equipped with a
magnetic stirrer. A given amount of RhCl;-3H,O or Rh,-
ClL,(CO),4 (0.125—1.00 mmol) and a mixture of methyl iodide
(5—20 mmol), methanol (50—250 mmol) and a solvent (20
ml) were placed in the autoclave. Carbon monoxide was
then introduced up to the desired pressure (7—90 kg/cm?).
Subsequently the autoclave was heated up to a reaction tem-
perature within 15—20 min, the temperature and the pressure
being kept constant for 1—4 h. The autoclave was then
cooled rapidly to room temperature with water, and the carbon
monoxide was purged out. The product solution was analyz-
ed by gas chromatography. The reaction rate was measured
as follows. A rhodium catalyst and a solution were placed in
the autoclave, and it was heated up to a reaction temperature
before introducing carbon monoxide. The carbonylation was
initiated by introducing carbon monoxide. The pressure
was kept constant during the reaction by supplying carbon
monoxide from a high-pressure gas reservoir (100 ml). The
amount of carbon monoxide consumed was measured by
means of the pressure decrease in the gas reservoir.

Analysis. The product solutions were quantitatively
analyzed by means of gas chromatography. A glass column
(3 mme¢, 3 m, carrier gas of H,) of diethylene glycol suc-
cinate polyester on Celite was used at 100—200 °C for carbo-
xylic acids with an internal standard substance (CgH;Br or
1-C,oH;Br). For the determination of the methyl acetate,
methanol, and methyl iodide, a copper column (3 mmg,
3 m, carrier gas of H,) of 3,3%-oxy-dipropionitrile on an
insulating brick was used at 70 °C with dibutyl ether as the
internal standard substance.

Results and Discussion

Effect of Solvents. The carbonylation of methanol
catalyzed by RhCl;-3H,0 and methyl iodide was ex-
amined in various solvents under the same reaction con-
ditions. The results are summarized in Table 1. The
use of the solvents with a carbonyl group improved the
yield and selectivity of the carbonylation of methanol.
The yield and selectivity of more than 1009, in the
methyl benzoate solvent seemed to be caused by the
hydrolysis of methyl benzoate or by its ester exchange
with acetic acid. This idea was supported by the de-
tection of benzoic acid in the reaction product.?® The
methyl iodide was restored almost completely after the
carbonylation except in the case of the N,N-dimethyl-
acetamide solvent. Acetophenone was employed to
show the effectiveness of the ketone solvents in Table 2.
The addition of acetophenone significantly increases
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TaBLE 1. EFFECT OF SOLVENT

CH,0H 50 mmol, CH,I 20 mmol, Solvent 20 ml,
RhCl;-3H,0O 0.5 mmol, Py 20 kg/cm? (at room temp),
temp 140 °C, and time 90 min.

Toshio MaTtsumoro, Kunio Mori, Tsutomu Mizoroki, and Atsumu OzAk1

Solvent Yield®  Select.®  Resid. CH,l
(%) (%) (mmol)

C;H,COOCH, 109 177 19

H:CO 82 90 19
CH,COGC,H; 81 94 17
CH;COCH, 80 96 19
C,H;COC,H; 71 93 16
CeH;OCH, 58 98 18
CeH,;,CN 50 99 18
DMA 32 51 8.9
CeH;CH, 31 81 2
n-GgHy, 16 26 16
CH;NO, 2.0 9.5 17
2) Yield(ep) = ACOHI+[ACOCH,] 00

[CH;OH]injs.
([AcOH] + [AcOCH,]) X 100

0, —
B) Selet-(%) = {OH,O T, — [CH,OH]rozta, — [ACOCH, ]
(AcO=CH,COO, DMA = N, N-dimethylacetamide).

TABLE 2. EFFFECTS OF ACETOPHENONE

CH,I 10 mmol, RhCl;-3H,0 0.25 mmol, Pgo 30 kg/cm?
(at room temp), temp 173 °C, and time 60 min.

CH,0OH C(H,COCH, ,l9% = Select® (CH,),09
(ml) (ml) (mmol) (%) (mmol)
25 0 42 13 140
20 5 68 37 60
15 10 69 43 48
10 15 76 65 23

5 20 71 83 6.6

a) Total AcOH=AcOH-+AcOCH,. b) Defined in

Table 1. ¢) The amount of (CH,),O formed was
calculated as follow: (CH,),0=1/2X ([CH;OH];y;;.
—[AcOH] —2[AcOCH;] — [CH;0OH]es14.)-

the amount of total acetic acid, retarding the formation
of dimethyl ether, at a smaller volume ratio of methanol
to acetophenone. The effect of acetophenone on the
rate of carbonylation at 156 °C is shown in Fig. 1;
anisole or toluene was added to keep the concentrations
of the methyl iodide, the rhodium catalyst, and the
methanol constant. In both cases, the rates effectively
increase with an increase in the volume ratio of aceto-
phenone added and reach a constant rate (138 mmol/h)
above the ratio of 1. In no runs was any metallic
substance detected in the product solutions.

A kinetic study of the carbonylation was undertaken
in the acetophenone solvent. The amounts of carbon
monoxide absorbed during the reaction are plotted
against the time at various amounts of the rhodium
catalyst and methyl iodide under 30 kg/cm? of carbon
monoxide at 112 °C in Figs. 2 and 3. The total con-
sumption of carbon monoxide almost corresponded to
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Fig. 1. Effect of acetophenone.

CH,;OH 125 mmol, CH,I 20 mmol, RhCl;-3H,0 0.5
mmol, Total volume of solvent 20 ml, P¢o 30 kg/cm?
(at 156 °C), and temp 156 °C.

A In anisole-acetophenone and O in toluene-aceto-
phenone.

80) /
o
Lg‘ 70 /o
o)
E ool / >
3 S /
2 ®
§ 50r / O/ o/
S /O 7 e
8 40F o /® /o/
®
% 30 (/ ,®/ o ®
® e -

= o 6 0 [
g 20 g 9 —
g / /o /.
< [e3)0} o [ ]

V2

'Y
w"

60 80 100120

Time (min)

Fig. 2. Effect of the amount of RhCl;-3H,0O on the
rate.
CH,OH 125 mmol, CH;I 40 mmol, acetophenone
20 ml, P¢o 30 kg/cm? (at 112 °C), and temp 112 °C.
Rh(ClL;-3H,0: @ 0.25 mmol, @ 0.50 mmol, ® 0.75
mmol, and O 1.00 mmol.

the amount of total acetic acid produced in each run.
Accordingly, the rates of carbonylation are independent
of the feed of methanol. The rate is first order with
respect to the amount of methyl iodide, and also with
respect to that of the rhodium catalyst. The rate was
also independent of the pressure of carbon monoxide
(10—90 kg/cm?). These kinetic relations were inde-
pendently confirmed in the higher-temperature range.

Effect of Temperature. The effect of the tempera-
ture was examined in stable solvents, such as aceto-
phenone, benzophenone, anisole, and toluene (Figs. 4
and 5). Benzonitrile and chlorobenzene, which gave
a high selectivity at 140 °C, as is shown in Table 1,
were not investigated in detail, since the hydrogenolysis
of benzonitrile and the oxidative addition of chloro-
benzene seemed to interfere with the carbonylation of
methanol at higher temperatures. In the toluene sol-
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Fig. 3. Effect of the amount of CH,I on the rate.
CH,OH 125 mmol, RhCl;-3H,0 0.5 mmol, aceto-
phenone 20 ml, Pgo 30 kg/cm? (at 112 °C), and temp
112°C. CH,I: @ 10mmol, ® 20 mmol, ® 40
mmol, and O 60 mmol.

” =N
,__/07/ -
A
8of j 4500
Jwoo o
5 60k =
g Joo £
o 40 8
2 5]
{200 &
2or A 4100
o8B PR S— 0

90 110 130 150 170
Temperature (°C)

Fig. 4. Effect of temperature
benzophenone.
CH;OH 125 mmol, CH,I 20 mmol, RhCl;-3H,O
0.5 mmol or Rh,Cl,(CO), 0.25 mmol, solvent 20 ml,
Pgo 30 kg/cm? (at react temp), and time 120 min.

in acetophenone or

[J and M: in benzophenone with RhCl;-3H,0,
O and @: in acetophenone with RhCl,-3H,0,
A and A: In acetophenone with Rh,Cl,(CO),.

vent, the selectivity is very low because of the forma-
tion of dimethyl ether in considerable amounts. At
173 °C, the rates in the ketone solvents were 6 to 8
times larger than in anisole and 13 to 18 times larger
than in toluene. There was no essential difference be-
tween RhCl;-3H,0O and Rh,Cl,(CO), with respect to
the rate and selectivity of carbonylation, as is shown
in Fig. 4. Arrhenius plots of the rates in ketone sol-
vents gave good linearities, from which the apparent
activation energy was estimated to be 19 kcal/mol
(Fig. 6).
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Fig. 5. Effect of temperature in toluene or anisole.

CH,OH 125 mmol, CH,I 20 mmol, RhCl,;-3H,0 0.5
mmol, solvent 20 ml, Pgo 30 kg/cm? (at react temp),
and time 120 min.

O and []: in toluene, in anisole.
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Fig. 6. Arrhenius plot of the rates with RhCl;-3H,O.

[ In benzophenone, @ in acetophenone, O in anisole,
and ® in toluene.
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To examine whether or not low rates in anisole or
toluene at elevated temperatures were caused by an
irreversible deactivation of the catalyst, the dependence
of the rates on temperature was reinvestigated. The
rate in anisole initially measured at 173 °C for 30 min
under the conditions specified in Fig. 5 was 75310 mmol
/h. After the temperature had been lowered to 156 °C
within 5 min, the rate was measured again for 45 min
to give the value of 655 mmol/h. The temperature
was, then, further lowered to 140 °C within 5 min; the
rate measured for 40 min was 325 mmol/h. These
rates were almost entirely consistent with those obtained
by the separate experimental runs shown in Fig. 6,
namely, 80, 67, and 40 mmol/h at 173, 156, and 140 °C
respectively. The rates obtained in toluene by the same
manner were 52(50), 40(38), and 15(16) mmol/h at
156, 140, and 112 °C respectively; the rates given in
Fig. 6 are shown in parentheses. These results indi-
cate that the catalytic activity is reproducible with
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respect to the reaction temperature. It seems most
likely that there is no essential change in the mecha-
nism, since the kinetic behavior in anisole or toluene
is almost the same as in acetophenone, even at higher
temperatures.

The effect of hydrogen on the methanol carbonyla-
tion was examined in the acetophenone solvent using
RhCl;-3H,0O. TUnder a lower pressure of carbon mono-
xide (Pu, 40 kg/cm?, P,, 10 kg/cm?, 140 °C), aceto-
phenone was hydrogenated to give ethylbenzene and
a trace amount of styrene, while practically no hydro-
genation of acetophenone was observed under a higher
pressure of carbon monoxide (Pg,>20 kg/cm?). Nei-
ther acetaldehyde nor ethanol was detected in the pro-
duct solutions in any case. The treatment of methyl
iodide without methanol under 60 kg/cm? of a H,~CO
(H,/CO=1) mixture gave only a trace amount of acetic
acid, but no acetaldehyde, and more than 809, of the
methyl iodide was recovered in the product solution.

Role of the Solvent. The kinetic results suggest
that the carbonylation of methanol in ketone solvents
proceeds via a scheme similar to that proposed by Roth
et all?) Recently a more elaborate scheme has been
reported by Forster.® The most reasonable rate-
determining step is the oxidative addition of methyl
iodide to the rhodium(I) complex, assuming that the
equilibrium between methyl iodide and hydrogen
iodide (CH;OH+HI—->CH,I+H,0) is much shifted to
the formation of methyl iodide during the carbonylation.
Figure 6 shows that the rates at lower temperatures
(<140 °C) are almost the same in any solvent examined,
indicating no essential role of solvent molecules as
ligands.1® Accordingly, the active species in ketone
solvents is probably the same as that observed by Forster
during a catalytic carbonylation of methanol in a hep-
tanoic acid solvent, using RhCl,;-3H,O as the catalyst
precursor.’® The reaction scheme with this species
is illustrated.2® It was reported that the oxidative addi-
tion of alkyl halide to a rhodium(I) complex such

CH;lI
——— [CH;Rh(CO),I,]- —
+CH3;O0H or H,O

[Rh(CGO),L,]~

[CH,CORK(CO),I,]- 29 —
—AcOCHj; or AcOH

+ Solvent
— [Rh(CO),L,]~

+ Solvent-HI
Solvent-HI + CH;OH — CH,I -+ Solvent + H,O

as RhCl(CO)(PPhy), and RhCI(CO),(PPh,) proceeds
via electrophilic attack of alkyl halide.22-29 Since
hydrogen iodide is less crowded and more electrophilic,
a small amount of hydrogen iodide in the solution
should be competitive with the methyl iodide for the
oxidative addition. The equilibrium concentration of
hydrogen iodide should increase with elevating [the

[HRh(CO),L]~
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temperature, because the formation of methyl iodide
is exothermic. In ketone solvents, hydrogen iodide
may be effectively solvated so as to prevent its
oxidative addition to the rhodium(I) complex.
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