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Abstract 

Addition of methyl formate to c+msaturated methyl esters was catalyzed by Ru,( CO) ,z to form substituted dimethyl 
malonates concurrent with small amounts of succinates. A reaction mechanism is proposed which includes an a-methoxycar- 
bonylalkyl complex as the major key intermediate. 
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1. Introduction 

The catalytic carbonylation of olefins has been 
recognized as one of the most synthetically impor- 
tant reactions and extensive studies have therefore 
been done in order to design catalytic systems 
which achieve high activity and selectivity [ l-31. 
Nevertheless carbonylation of certain substrates 
has ended in unsatisfactory results. One such 
example is the catalytic carbonylation of acrylic 
acid or acrylates at the a-position to give malonic 
acid derivatives. Recently Brunet et al. reported 
the first regioselective catalytic carbonylation of 
potassium or calcium acrylate to give methylma- 
lonate [4], but the catalytic carbonylation of 
acrylic acid esters was claimed to be unsuccessful. 

On the other hand, the catalytic addition of 
methyl formate to olefins is quite attractive 
because methyl formate is an inexpensive raw 
material and easy to handle, and the reaction pro- 
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vides a synthetically equivalent route to the 
hydroesterification of olefins with CO and MeOH 
[ 5-91. However, investigation of this reaction has 
so far been limited to those of unfunctionalized 
olefins such as ethylene and cyclohexene. There- 
fore it is interesting to investigate whether the 
addition of methyl formate to c+unsaturated 
esters is applicable as a synthetic method for sub- 
stituted malonates which can hardly be obtained 
by the conventional hydroesterification with CO 
and MeOH. These backgrounds as well as our 
continuous interest in catalytic carbonylation 
reactions [ 10-131 have prompted us to study the 
catalytic addition of methyl formate to a&unsat- 
urated esters. We wish here to describe the results 
of this reaction catalyzed by Ru3( CO) r2. 

2. Results and discussion 

Several ruthenium and rhodium complexes 
have been reported as active catalysts for the addi- 
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Table 1 
Effects of catalysts for the addition of methyl formate to la ’ 

Run no. Catalyst Conversion Yield (%) b 

(%) b 2a 3a 

1 Ru,(CG),, 100 60 13 
2 Ru( b-C&) ($-Cd&) 100 53 13 
3 RuC12(PPh,), 0 0 0 
4 RufUPPh,), 0 0 0 
5 RhCl(PPh,), 20 0 0 
6 WCUC0Mz 16 0 0 
I WCG),, 30 0 0 
8 COACO)8 0 0 0 
9 Pes(CO),, n.d. 0 0 
10 Fe&p,(C), 16 0 0 

’ Reaction conditions: methyl formate (84 mmol), la (12 mmol), 
catalyst (0.45 mm01 as metal atom), benzene (5 ml), CO (20 
kg.cm-* at room temp.), react. temp. (170”(J), react. time (20 h). 
b Determined by GLC and based on the amount of la charged. 

tion of formates to olefins [ 5-91. Therefore we 
started to employ those complexes as catalysts for 
the addition of methyl formate to methyl acrylate 
(la). The results with various metal complex cat- 
alysts at 170°C under an initial CO pressure of 20 
kg - cm- 2 are summarized in Table 1. Among 
them, Ru3( CO) i2 afforded the highest yield of 
dimethyl methylmalonate (2a, 60%) accompa- 
nied by formation of a minor amount of dimethyl 
succinate (3a, 13%) (Eq. 1). 
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The activity observed with Ru( $-C6H6> ( q4- 1,3- 
C&I,) was cornparable to that of Ru3(CO) i2, 
whereas ruthenium phosphine complexes and 
other transition metal carbonyl complexes showed 
no activities for this reaction. 

Effects of the reaction conditions tabulated in 
Table 2 indicate that a. reaction temperature of 
170°C and CO pressure of 20 kg .crnm2 are opti- 
mal with respect to the activity and selectivity for 
the formation of 2a. Higher temperatures slightly 

decreased the selectivity. Appropriate CO pres- 
sure is essential for this reaction. Thus, lower pres- 
sures than 20 kg * cm -2 decreased both the yield 
and the selectivity of 2a, whereas higher pressures 
lowered the reaction rate. As a solvent, THF, hex- 
ane, and ether can be used without substantial 
decrease in the yield of 2a, but DMP and aceton- 
itrile were not suitable for this reaction. 

Watanabe et al. reported that the addition of 
Me3N0. 2H20 considerably enhanced the cata- 
lytic activity of Ru,(CO) i2 for the reaction of 
cyclohexene with benzyl formate [ 51. On the 
other hand, we previously revealed that iodides 
are effective additives for the Ru3( CO) i2-cata- 
lyzed carbonylation of olefins [ 111. In the present 
study, effects of several additives were examined 
by using la as the substrate. However, 
Me3N0. 2H,O, MeI, and PPh3 seriously 
decreased the yield of 2a, while Me,NI lowered 
the selectivity of the reaction to 2a with little 
change in the total yield of 2a and 3a (Table 3). 
Thus, Ru;(CO) i2 catalyst without additives is 
preferable in the reactions of a&unsaturated 
esters and methyl formate. 

The results of the catalytic addition of methyl 
formate to other a&unsaturated esters are sum- 

Table 2 
Effects of reaction conditions on the Rus( CO) ,+atalyzed addition 
of methyl formate to la ’ 

Run no. Temp. CO Conversion Yield (%) b 

(“C) (kgscm-‘) (%)b 2a 3a 

1 160 20 60 38 6 
2 170 20 100 60 13 
3 180 20 100 58 18 
4 190 20 100 58 17 
5 200 20 100 54 17 
6 170 0 62’ <1 <1 
7 170 10 100 38 15 
8 170 15 100 43 14 
9 170 20 100 60 13 
10 170 25 88 57 12 
11 170 30 73 45 9 

a Reaction conditions: methyl formate (84 mmol) , la ( 12 mmol), 
RU~(CO),~ (0.15 mmol), benzene (5 ml), react. time (20 h). 
b Determined by GLC and based on the amount of la charged. 
c Methyl propionate 5 1%. 
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Table 3 
Effects of additives ’ 

Run no. Additive Conversion Yield (a) b 

(95) b 2a 3a 

1 none 100 60 13 
2 Me3N0. 2H,O 100 0 0 
3 PPh3 21 3 0 
4 Me1 91 17 1 
5 Me,NI 97 52 26 

a Reaction conditions: methyl formate (84 mmol), la ( 12 mmol), 
Ru,(CO),, (0.15 mmol), additive (1 mmol), benzene (5 ml), CO 
(20kg~cm-2atroomtemp.),react.temp.(170”C),react.time(20 
h). 
b Determined by GLC and based on the amount of la charged. 

mar&d in Table 4. In all runs except for the reac- 
tion of methyl methacrylate, the substituted 
malonates were obtained as the major products, 
although in some cases more drastic reaction con- 
ditions than those for methyl acrylate were 
required to achieve the high conversion. Methyl 
methacrylate gave dimethyl methylsuccinate as 
the main product probably because of the steric 
hindrance at the cr-carbon. In the case of methyl 
crotonate, dimethyl glutarate was produced as a 
side product by way of the C=C double bond 
migration to methyl 3-butenoate. 

It has been known that Ru3( CO) 12 is an effec- 
tive catalyst for the decarbonylation of methyl 
formate to methanol [ 141 and Ru3( CO) 12-based 
catalyst systems are active in the hydroesterifica- 

Table 4 
RuJ CO) ,,-catalyzed addition of methyl formate to 1 B 

tion of olefins with CO and alcohols [ 11,15-171. 
Therefore the decarbonylation of methyl formate 
may be involved in the present catalytic synthesis 
of alkylmalonates. Watanabe also suggested the 
participation of such decarbonylation in the cata- 
lytic reaction of alkyl formates with cyclohexene 
[ 51. In order to obtain information about this 
point, the hydroesterification of la with CO and 
methanol by Ru3 (CO) i2 was attempted (Eq. 2). 
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However, the yields of 2a and 3s from a reaction 
at 170°C under an initial CO pressure of 20 
kgecm -* for 20 h were only 7% and 6%, respec- 
tively, which were much lower than in the cata- 
lytic addition of methyl formate to la under the 
same conditions. This result indicates that the 
decarbonylation of methyl formate is not involved 
in the catalytic cycle of the present alkylmalonates 
synthesis. At present, we assume the catalysis pro- 
ceeds via the oxidative addition of the formyl C- 
H bond to an active ruthenium species such as 
Ru ( CO)4, the insertion of the C=C bond of 1 into 

Run Substrate 

R’ R2 R’ 

Temp. 

(“C) 

Time Conversion Yield (%) b 

(h) (a) b 2 3 4 

1 H 
2’ Me 
3 H 
4 Ph 
5 COZMe 
6 H 
7 CHzCOzMe 

H 
H 
Me 
H 
H 
H 
H 

H 
H 
H 
H 
H 
COzMe 
H 

(la) 170 20 100 
(lb) 185 48 82 
(lc) 200 48 92 
(Id) 200 48 59 
(le) 170 20 98 
(If) 170 20 90 
(lg) 185 48 100 

60 13 n.d. 
48 8 11 
4 69 14 
32 4 18 
74 - 12 
68 - 10 
68 3 25 

“Reaction conditions: methyl formate (84 mmol), 1 (12 mmol), Ru,(C0)r2 (0.15 mmol), benzene (5 ml), CO (20 kg.cm-* at room 
temperature). 
b Determined by GLC and based on the amount of 1 charged. 
’ Dimethyl glutarate was formed in 8% yield. 
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Scheme 1. [Ru] = active ruthenium species. R2 and R3 in 1,2, and 
3 are omitted for clarity. 

the Ru-H bond in complex 5 to give complexes 6 
or 7, and the reductive elimination of 2 or 3 from 
6 or 7, respectively (Scheme 1). The high CO 
pressure might be necessary in order to prevent 
the degradation of the methoxycarbonyl complex 
to the methoxo complex. 

According to the mechanism, the insertion 
mode of 1 into the Ru-H bond should determine 
the selectivity between the products 2 and 3. A 
related insertion reaction of acrylates into the Fe- 
H bond in [ HFe( CO) 4] - has been studied repeat- 
edly [ 18-211, and the a-alkoxycarbonylethyl 
complex 8 has been concluded to be the predom- 
inant product (Eq. 3). 

J”‘: KHFe(CO), 
EtOH 

CO (1 abn) 

COOB _ COoEt 

-c 
- 4 (3) 

Fe(CO)i K+ K’. Fe(CO)i 

8 

This fact strongly suggests that the insertion of 1 
into the Ru-H bond in 5 also gives the cy-meth- 
oxycarbonylalkyl complex 6 as the major inter- 
mediate. The reductive elimination from 6 results 
in the predominant formation of 2. It should be 
pointed out that the CO insertion into the metal- 
carbon bonds in cr-alkoxycarbonylalkyl com- 
plexes is known to be often difficult due to the 
metal-carbon bond strengthening caused by the 
electron-withdrawing alkoxycarbonyl group 

[ 181. This is probably the major reason why the 
conventional hydroesterification of cu,@msatu- 
rated esters has failed to give substituted malon- 
ates. In contrast, CO insertion into the Ru-C bond 
in complex 6 is not necessary in the present cata- 
lytic addition of methyl formate, and this mecha- 
nistic difference from the hydroesterification has 
enabled the a-methoxycarbonylation of 1. 

In conclusion, malonic acid esters can be 
obtained as the major product by the catalytic 
addition of methyl formate to c+unsaturated 
esters, while the corresponding reaction is difficult 
to be achieved by the catalytic hydroesterification. 
The present study has shown that the catalytic 
addition of formates can be considered not only 
as a synthetically equivalent reaction to the 
hydroesterification but also as an alternative 
which overcomes some limitations of the hydroes- 
terification. 

3. Experimental 

3.1. General 

The organic reagents were commercially 
obtained and were used as received. The solvents 
were distilled from appropriate drying agents 
under Nz. Complexes, Ru( v6-C6H6) ( q4-C,H,) 
[221, [RhC1(CO),I, [=I, ~4(CO)n [241, 
FedMCOh [251, FedC0h2 1261, 
RuH2(PPh3)4 [27], RuC12(PPh,)3 [28], and 
RhCl( PPh,) 3 [ 291 were prepared by literature 
methods. Ru3 (CO) 12 was a commercial product 
and was recrystallized before use. ‘H NMR spec- 
tra were obtained on a JEOL EX-270 spectrome- 
ter. IR spectra were recorded on a Shimadzu 
DR-8000 spectrophotometer. GLC analyses were 
performed on a Shimadzu GC-14A instrument 
equipped with a flame ionization detector by using 
a 25 m X 0.25 mm fused silica capillary column 
CBP 10. 
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3.2. Catalytic reactions of cu,@msaturated 
esters with methyl formate 

The following reaction procedure is represen- 
tative. Methyl acrylate ( 12 mmol, 1.03 g) , methyl 
formate (84 mmol, 5.04 g), Ru~(CO),~ (0.15 
mmol, 96 mg) , and benzene (5 ml) were charged 
in a 50 ml stainless steel autoclave. The autoclave 
was pressurized to 20 kg. cme2 with CO at room 
temperature, and heated to 170°C in an oil bath 
with magnetic stirring for 20 h. After the reaction 
the autoclave was rapidly cooled to room temper- 
ature and the pressure was released. Decane was 
added to the reaction mixture as an internal stan- 
dard, and the GLC analysis of the liquid phase 
indicated that dimethyl methylmalonate (2a) and 
dimethyl succinate (3a) were formed in 60% and 
13%, respectively. The products were isolated 
from the reaction mixture by silica-gel column 
chromatography (hexane-ether) and bulb to bulb 
distillation, and were identified by ‘H NMR, IR, 
and GUMS. 
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