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Introduction 
~ 

Carbon monoxide was discovered in 1776 by'Lassone'and 

already found technical application in 19th century. In the 

first half of the 20th century, many important reactions 

using carbon monoxide were discovered in Germany. Especially, 

hydro£ormylation(oxo reaction) discovered by O. Roelen in 

1938l and Reppe reactions reported .by W. Reppe in 1953 2 have 

still been employed for technical production of useful 

-
materials. A fundamental catalyzed reaction using carbon 

monoxide, however, has not been discovered since the discoveries 

of hydroformylation{oxo reaction) and Reppe reactions except 

for the rhodium{IIT)-catalyzed reaction which gives acetic 

acid fro~ methanol and carbon monoxide~ 

Recently, with a high price of oil and a short~ge of 

natural gas, the countries without abundant indigeous oil 

resources must make good use of the coal resources again. 

This is resulting in the revival of carbon monoxide chemistry. 

Therefore, interest in a new catalytic process using carbon 

monoxide has increased again. 

It is well known that the chemistries of hyd~osilanes 

and of molecular hydrogen are very similar with respect to 
. y 

the various mechanisms of catalytic activation. For example, 

in the case of oxidative addition to Ir(I) complex, both of 

a hydrosilane4 and hydrogen5a react to give eis-adducts. 

Hydrosilylation6 , the catalyzed addition of R3SiH to an olefin, 
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is formally analogous to c~talytic=hydrogenation5(Fig. 1). 

Moreover, mechanistically, these reactions seem to be very 

closely related. 5 ,6,7a 

The well-known hydroformylation(oxo reaction)7 involves 

addition of hydrogen and carbon monoxide to olefins. The 

similarity between hydrogen and a hydrosilane has made us 

curious about the catalyzed reaction of olefins with a 

hycrosilane and carbon monoxide. However, no such reaction 

has been reported so far except for very ~omplex results 

reported by Chalk and Harrod. 8 If the catalyzed reaction of 

Fig. 1 

H-H 

hydrogenation 

c=c + H2 -~, c-c . . 
H H 

hydroformylation 

c=c + CO + H2 -7 9-9 
H c=o , 

H 

H-Si 

hydrosilylation 

c=c + HSi~ c-c 
H Si 

Not known 

c=c + co + HSi 

an olefin with a hydrosilane and carbon monoxide is found, 

it will be expe~ted that the discovery opens an entirely 

new field spanding over organosilicon chemistry, homogeneous 

catalysis, and synthetic o~ganic chemistry. From these 

points of view, the author studied catalyzed reactions 

using hydrosilanes and carbon monoxide. 
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This thesis consists of three-chapters. 
. 

Chapter 1 deals with a catalyzed reaction of olefins with 

hydrosilanes and carbon monoxide. Futhermore, the mechanism 

is discussed on the bases of the reaction of cyclohexene with 

die~~ylmethyldeuteriosilane and carbon monoxide. 

In cnapter 2, a catalyzed reaction of cyclic ethers ,·lith a 

hydrasilane and carbon monoxide is described. 

In c::apter 3, a catalyzed reaction of aldehydes vii th a 

hydrosilane and carbon monoxide is descri~ed. 

This thesis is composed of the following reports. 

(1) The Reaction of Olefins with Silane and Carbon Monoxide 

Catalyzed by Co2 (CO)8 

Y. Seki, A. Hidaka, S. Hurai, and N. Sonoda, 

Ange,'l. Chem., 89, 196(1977); Angew. Chem. lnt. Ed. Engl., 

16, 174(1977). 

(2) Transi tion Metal Reactions of Silanes IT. The Reaction of 

Cycloalkenes with Various Hydrosilanes and Carbon Monoxide 

Catalyzed by Co2 (CO)8 

Y. Seki, A. Hidaka, S. !lakino, S. Murai, and N. Sonoda, 

J. Organomet. Chem., 140, 361(1977). 

(3) The Reaction of Cyclic Ethers with a Hydrosilane and 

Carbon Honoxide Catalyzed By' Co2 (CO)8 

Y. Seki, S. Murai, I. Yamamoto, and N. Sonoda, 

Ange,'l. Chem. ,89, 818 (1977) • 
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.' 
(4) Catalyst-Dependent PrQduct Distribution in the Reaction 

of I-Hexene with a Hydrosilane and Carbon Monoxide: 

Y. Seki, S. Murai, A. Hidaka, and N. Sonoda, 

~~gew. Chem., in press. 

(5) The Reaction of Aldehydes with a Silane and Carbon 

Nonoxide Catalyzed by Co2(CO)8-Ph3P 

Y. Seki, S. :t1urai, and N. Sonoda, 

Angew. Chem., in press. 
: 
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Chapter 1 A Catalyzed Rea?tion of:Olefins with Hydrosilanes 

and Carbon Monoxide 

1-1 Introduction 

There have been several studies dealing w'i th the catalyzed 

reaction involving a hydrosilane and carbon monoxide or the 

reaction between the complexes containing silicon-metal bonds 

and carbon monoxide. Chalk and Harrod reported that no direct 

carbonylation of triethylsilane occurred at temperatures up to 

300°C and carbon monoxide pressures up to 1700 psi in the 

1 presence of Co2 (CO)8. It has been reported that attempts 

to induce carbonyl insertion into the Si-Co2 , Si-Mn3 , and 

Si-Rh4 bond by direct reaction with carbon monoxide were 

unsuccessful. Hagen and, co-workers carried out the reaction 

of MeSiC1 2Co(CO)4 with 4000 atm of carbon monoxide at 90°C, 

but no insertion of carbon monoxide into the silicon-cobalt 

bond was observed. 5 Insertion of carbon monoxide into the 

carbon-cobalt bonds is very easy6. This difference suggests 

that silicon-cobalt bonds are similar to a hydrogen-cobalt 

bond with respect to the insertion reaction of carbon 

monoxide. It has been reported that the use of ca~bon monoxide, 

as well as of phosphines, inhibited dicobalt octacarbonyl­

catalyzed addition of dimethylchlorosilane to acrylonitrile7 

Chalk and Harrod have reported an in~er~sting reaction 

in 19671 • They studied the' dicobalt octacarbonyl-catalyzed 

reaction of olefins with triethylsilane and carbon monoxide. 

The reaction of l-pentene and cyclohexene was reported to be 

"very complex" and no detail were given. In the case of 

ethylene, however, a complex mixture of the reaction products 
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with boiling points ranging.from 90~C to 300°C was fractionated 

into thirty three fractions and one of them was found to: cont'ain 

unsa~urated alkoxy silane(s) of the formula C3li~OSi(C2H5)3 

which gave the 2,4-dinitrophenylhydrazone of propionaldehyde 

on treatment with the hydrazine. 

In contrast to this previous work, the author has found 

that carbon monoxide reacts very smoothly with cycloalkenes 

and ~ydrosilanes in the presence of Co2 (CO)S. The catalytic 

reaction gave remarkably clean results. From cycloalkenes, 
-

only one product, the trialkylsiloxymethylenecycloalkane, has 

been obtained in most cases studied. In this chapter, the 

results of the catalyzed reaction of olefins with hydrosilanes 

and carbon monoxide under various reaction conditions are 

described .. 

1-2 Results and Discussion 

1-2-1 Reaction of Cyc1oa1kenes with Diethylmethylsi1ane and 

Carbon Monoxide 

Contrary to the "very complex" results reported by Chalk 

and Harrod for the reaction of cyc10hexene with triethylsi1ane 

and carbon monoxide in the presence of Co2 (CO)S' a? mentioned 

above, we have found that this reaction. gave triethy1siloxy-

. * rnethy1enecyc1ohexane(Id) as a sole product in a good yield. 

* Unfortunately, it is not possible to explain the 

differepce in the results of Chalk and Harrod and ours, since 

no experimental details ,,,ere given in their paper. 

See ref. (1). 
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For diethylmethylsilane, a similar result was found. If one 

assumes that the reaction proceeds in a formally similar way 

as hydroformylation, two types of products, (rr) -and (m)', may 

be expected. However, neither of these compounds was found. 

The stoichiometry of the reaction can be presented as shown 

in eq. 1, and all these reactants are incorporated into the 

product(I). While it is obvious that the carbon and oxygen 

atoms of carbon monoxide are found in the oxymethylene group 

of the product, it will be discussed in this chapter v7hich 

hydrogen in the product(I) has come from the hydrosilane 

used. 

The results obtained for the reaction using cycloalkenes 

(3 equivalents) and diethylmethylsilane(l equivalent) are 

given in the Table I. All the catalytic reactions were carried 

o cat. CO2 (CO)S ~.. OSiR3 + HSiR3 + CO ~ ~ (1) 

(I) 

.. 

H o 

H 

(rr) (m) 
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." 

Table I Reaction of Various Olefins with Et2MeSiH and CO
a 

Olefin" 

o 
o 

o 
o 
6 
cb; 

Catalyst;~.: 

CO2 (CO) S 

CO2 (CO) S 

RU3 (CO) 12 

" RhCl (PPh3 ) 3 

CO2 (CO)S 

Co2 (CO)S 

Co2 (CO)S 

CO2 (CO)S 

Product Yield(%) 
(GLC) 

4S 

71 

1.4 

0.5 

a) Reaction conditions: cat. (0.2 mmol) , olefin(30"mmol) r 

2 " 
Et21>1eSiH (10 mmol), CO (SO kg/cm), 140°C, 20 h, in 

benzene (20 ml-) 
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out using a 100 ml stainles.~ steel..autoclave. Generally, a 

solution of a cycloalkene(30 mrnol), Et2MeSiH(10 mrnol), and 
. . 

Co2 (CO)S(0.2 mrnol) in benzene(20 ml) was heated under a pressure 

of carbon monoxide at 140°C for 20 h to give diethylmethyl-

siloxymethylenecycloalkane(Ic and IV-VTII). The pressure of 

2 carbon monoxide \vas initialy SO kg/cm at 2SoC, then reached 

" 2 " 2 
10S-108 kg/cm at 140°C, and it was finally 76-79 kg/cm at 

2SoC after the reaction had been completed. Simple cyclic 

olefins(cyclohexene, cycloheptene, and cyclooctene), except 

for cyclopentene, gave the expected product in good yield, 

while the reaction of I-methylcyclohexene, a trisubstituted 

olefin, and norbornene, a bicyclic olefin, gave the expected 

product only in moder"ate yield. In the case of I-methyl-

cyclohexene, 2-diethylmethylsiloxyethenyl-l-cyclohexane was 

not obtained. All the reactions were accompanied by the 

formation of the corresponding disiloxane in S-lS% yield. 

vJhen RhCl (PPh3 ) 3 and RU3 (CO) 12 \vere used as a catalyst 

for the reaction of cyclohexene, only traces of the enol si1yl 

ether(Ic) were obtained. This result is interesting, since 

hydroformylation of cyclohexene has been known to give good 

S yields of cyclohexanecarboxaldehyde in the presenc? of RU3 (CO) 12" 

1-2-2 Reaction of Terminal 01efins with Diethy1methy1silane 

and Carbon l·1:onoxide 

The reaction of terminal olefins with diethy1methy1si1ane 

and carbon monoxide gave four isomers(regio- and stereoisomers) 

-10-



as shown in eq. 2. The results in the reaction of l-hexene .., 

and methyl acrylate \'lere summarized in. Table IT and m. , 

r + + co cat. > 
R 

= 

(Z)-(IX) (E) - (IX) (Z)-{X) (E) - (X) 

Table IT Catalyzed Reaction of l-Hexenea ) 

Catalyst Total Product dis tribu tion (%) 

yield{%) (Z)-(IXa) (E)-{IXa) (Z)-{Xa) (E)-(Xa). 

CO 2 {CO>8 57 16 16 43 25 

RhCl(PPh3 >3 41 9 9 58 24 

RU3 {CO)12 40 4 7 44 45 

a) Reaction conditions; cat.{0.4 mmol), olefin(30 mmol), Et
2

MeSiH 

(10 mmol), CO.{50 kg/cm2), 140°C, 20 h , benzene (20 ml) • 
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Table ill Catalyzed Reaction of Methyi' Acrylatea ) 

Catalyst MA HSi Total Product distribution, 

(mmol) (mmol) yield(%) (Z-IXb) (E-I.Xb) (Z-Xb) (E-Xb) 

co2 (CO)S 30 10 49 0 12 59 29 

10 30 6 0 5 72 23 

RhCl(PPh3)3 30 10 6 42 58 0 0 

10 30 IS 11 S9 0 0 

RU3 (CO)12 30 10 9 43 57 0 0 

10 30 22 36 64 0 0 

a) Reaction conditions; CO2 (CO)S(O.2 mmol)., RhCl (PPh
3

) 3 .- -, 

(0.1 mmol) , RU3 (CO)12(O.05 mmol); methyl acrylate=MA: 

CO(SO kg/cm2), l40 o C, 20 h, benzene(20 ml). 

In the reaction of cyclohexene, RhCl(PPh3 )3 and Ru3 (CO}12 

were not effective catalysts, but the reaction of terminal 

olefins '\vas catalyzed by these metal complexes. In the reaction 

of methyl acrylate, straight chain isomers(X) were main products 

in the case of RhCl(PPh3 )3 and RU3 (CO)12' while branched 

isomers(IX) were main products in the case of Co2 (CO}8. These 

results show that the rate-limiting \step differs between the 
, 

case of RhCl:(PPh3 ) 3 and RU3 (CO) 12 and that of CO2 (CO) S. \'iThen 

a three fold excess of hydrosi1ane to methyl acrylate was used 
.. 

in the reaction cata1yzed by RhC1 (PPh3 ) 3 or,-Ru3 (CO) 12' the 

yields increased to, ;about 20%. 
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1-2-3 Reaction of Cyclohexene wit~ Various Hydrosilanes 
'. 

Cyclohexene reacted with various hydrosilanes and carbon 

monoxide in the presence of CO 2 (CO) 8 to give the corresponding 

silox'y~uethylenecyclohexanes (I) as shmvn in eq. 1. The results 

were summarized in Table IV. 

Table IV Reaction of Cyclohexene with Various Hydrosilanes 

and Carbon Monoxidea 

Yield of Recovered 
(R3Si)20

b Hydrosilane 
the product (I) hydrosilane(%) 

He3SiH (Ia) 4 88 0 

Etr1e2SiH (Ib) 57 36 5 

Et2MeSiH (Ic) 71 5 8 

Et3SiH (Id) 74 0 23 

Phl'le 2SiH (Ie) 51 29 18 

Ph2HeSiH (If) 26 57 6 

Ph3SiH 0 88 0 

Ph2SiH2 0 39 18 

(MeO)2MeSiH 0 0 0 

a) Reaction conditions; Co2 (CO)8(0.2 mmol), cyclohexene 

(30 mmol), hydrosilane(lO mInol) , CO(80 2 kg/cm ), 140°C, 

·20 h, in benzene (20 rol). 

b) Disiloxanes corresponding to hydrosilanes used. 
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'. 

Trialkylsilanes, except for MelSiH, yielded the 
'. 

corresponding siloxymethylenecyclohexanes(Ib-Id) in good yield. 

In the case of hydrosilanes having a phenyl substituent,: the 

yield of the product(Ie and If) decreased in the order 
" " 

PhMe2SiH~Ph2MeSiH> Ph3SiH.- The" followi~g hydrosilanes did 

not give the correspondi~g siloxymethylenecyclohexane: Ph3SiH, 

Ph2SiE2 , and (MeO)2MeSiH. The reaction of (MeO)2HesiHgave 

very complex results without recovery of the hydrosilane. 

These results show that hydrosilanes \'lith electron-donating 

substituents have good reactivity in the present reaction. 

The reason for low yield in the case of Me
3

SiH is not clear. 

It may be intrinsic or due to the different experimental 

procedure(see Experimental Part) • 

The reaction with dimethylchlorosilane was also examined. 

Two products were obtained in about 10% yields, respectively. 

One product was cyclohexanecarboxaldehyde and the other has 

not been identified yet. "-1hite solid precipitated from the 

liquid vlhich \'laS obtained by distillation(b.p. 83-95°C/l5 torr) 

of the reaction mixture. The white solid was identified with 

2, 4, 6-tricyclohexylparaldehyde. The expected product, 

dimethy1ch1orosiloxymethylenecyc1ohexane, may be very unstable 

to moisture and hydrolyzed during work-up. 
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1-2-4 Hechanism of the Reaction o~ Olefins with Hydrosilanes 

and Carbon Monoxide ." 

Effects of the reaction conditions such as:the pressure 

of car~on monoxide, the temperature, and the ratio of methyl 

acrylate to Et2MeSiH on the total yield and the product. 

dist~ibution were examined in the reaction of methyl acrylate. 

The ~esults are summarized in Table V 

• a Table V Reaction of Methyl"Acrylate with Et2MeSiH and CO 

MA SiH COc Temp. Total Product distributionb 

(mmol) (mmol) (kg/cm2 ) ( °C) yield (%) (Z-IXb) (E-IXb) (Z-Xb) (E-Xb) 

30 10 80 140 49 0 12 59 29 

30 10' 50 140 50 0 16 58 26 

30 10 30 140 49 0 12 61 27 

30 10 30 70 29 8 55 30 7 

10 10 80 140 44 0 9 68 23 

10 30 80 140 6 0 5 72 23 

a) All reactions were carried out in 20 ml of benzene for 20 h. 

b) The yields and the product distribution were determined by 

GLC. 

c) Initial pressure at room temperature. 

When the other reaction 'conditions were fixed, the influence 

of the pressure of carbon monoxide on the total yields and 

the percentage of straight chain isomers may be neglected. 
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The total yield increased with increase in the ratio of 
. -

methyl acrylate to diethylmethylsilane. Branched isomers (IXb) 

,~ere main products at 70°C. It has already bee~ report~d 

that branched isomers increased at lower temperature in 

hydroformyl?-tion (oxo reaction) of ethyl acrylate"~ catalyzed 

by CO 2 (CO)8-~ 9 The results suggest that the reaction path iri 

the re::.ction of methyl acrylate with diethylmethylsilane and 

carbo~ nonoxide is similar to that in hydroformylation(oxo 

reaction) of ethyl acrylate at the initial stage. 

Similarly, effects of the reaction conuitions on the 

total yield and the product distribution ''lere examined in the 

reaction of cyclohexene. ~'7hen the reaction were carried 

out at higher temperature or using equimolar amounts of 

cyclohexene and a hydrosilane, another product(XI) was obtained 

in addition to Ic (eq. 3). The product(XI) may be formed 

by catalyzed double-bond isomerization of the product (le) • 

(Ic) (XI) 
." 

The yield and distribution of the products were found to be 

ai'fected by the reaction conditions such as molar ratio of 

(3) 

reactants, the temperature and the pressure of carbon monoxide • . ' 

The results obtained for the reaction of cyclohexene with 

diethylmethylsilane and carbon monoxide are shown in the 

Table VI. 
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-Table VI Effects of the Rea'ction Conditions in the Reaction 

of Cyclohexene with Et2MeSiH and COa . 

Reaction conditions b Total 
b' . ·Product 

.. 

Olefin SiH Temp.' . CO pressure c yie1d(%) .... ~. distribution ',' 
. ,:-. . . 
.. . ,' 2 

(mmo1) (rmno1) (OC) . (kg/cm) (Ic + XI) Ic · XI(%) · 
IQ 10 l4J 30 12 99 : 1 

10 10 140 60 36 97 : 3 

10 10 140 80 37 98 : 2 

20 10 140 : 80 51 98 · 2 · 
30 10 140 80 71 100 : 0 

30 10 200 80 84 80 · 20 · 
a) All reactions were carried out in 20 ml of benzene for 

20 h. 

b) The yields and the product distribution were determined 

by GLC. 

c) Initial pressure at room temperature. 

The total yield of Ic and XI increased vTith an increase 

in the pressure of carbon monoxide, but the difference was 
'. . 2 

very small at 60-80 kg/cm. The total yield increased 

remarkably with ~ncreasing molar ratio of cyclohexene to 

diethylmethylsilane. The total yield was best at 200°C, but 

the yield of the initial product(Ic) decreased and that of 
.f 

isomerization product(XI) increased. 

-17-
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The fact that the use of a higher molar ratio of 

cyclohexene to the hydrosilane has resulted in a higher y~eld 

of the product suggested the importance of hydrocobaltcarbonyl 

HCo(CO)4' as.the active catalyst in the present reaction. 

The react~o:n:of trialkylsilane with CO 2 (CO) 8 has been known 
.. ;.- 1 la .. 

to. give HCO~~~O) 4 ~:nd R3SiCo (CO) 4' (eq. 4).· The hydro-

cobaltcarbonyl-may react with olefins to ·initiate a catalytic 

cycle (eq. 5). However, when a sufficient amount of the olefin 

is not present in the system, it reacts with the hydrosilane 

to give R3SiCo(CO)4 and hydrogen 1,10(eq. 6). This reaction 

(eq. 6) would stop the catalytic cycle. The alkylcobalt 
• 

+ CO2 (CO) 8 --->-:> R3SiCo (CO) 4 + HCo (CO) 4 (4) 

RCH=CH2 > RCH2CH2CO(CO) 4 (5) 

HCo{CO) 4 

(6) 

'. 

complex formed i~ eq. 5 may. give an acylcobalt complex which 

then reacts with a hydrosilane to give the product with 

regeneration of hydrocobalt9arbonyl. The reaction path(eq. 5) 

is the same as the initial stage of hydroformylation. 

-l~-



As mentioned above, an acylcobalt complex is formed -
at the initial stage. Next, the reaction path from the 

acylcobalt complex to the products-was investigated. To' 

begin with, the deuterium position in the products was 

determined in the reaction of cyclohexene withdiethylmethyl-' 

deuteriosilane and carbon monoxide. The reaction gave 'the _- --
.' ;'"," 

corres.?Ondi~g siloxymethylenecyclohexane _ in 87% yield as' ,:shown 

in e~. 7. The amount of deuterium incorporation at the vinyl 

position of the product was 91%. 

o CO2 (CO) 8 

From these results, the following t~vo reaction paths 

were proposed. The reaction path via an acylsilane or 

hydroformylation(oxo reaction} was completely excluded. 

(l) 
Hsi 

) 

o Si 
11 I • 

RCH2CH2C Cp(CO} 3 
co 

> 
H 

(XIT) 

-CO 
+ SiCo(CO} 4 

OSi 
I > ----:)7 RCH2CH2yCO (CO) 3 

H 

(xm) 

~HCO(CO}3 
> RCH

2
CH=CHOSi 

(7) 



(2) 
OSi' 
I 

(XIT) -->~ RCH2CH2C=C
1
o (CO) 3 -->7 (Xm) 

H 

(XIV) 

RCH2CH=CHOSi 

-HCo(CO~3 > 

In the route (1) , initially, a hydrosilane adds oxidatively 

to the acylcobalt complex to give the intermediate(XIT) and 
. 

then an aldehyde reductively eliminates. The aldehyde reacts 

with silylcobaltcarbonyl to give the intermediate (Xm) • The 

last reaction probably involves the S-elimination of hydro-

cobaltcarbonyl and the formation of the product. 

In the route(2}, the silyl group shifts to the oxygen 

of the acyl group in the intermediate(XIT) produced to give 

the siloxycarbene complex(XIV) and then the carbene inserts 

to the cobalt-hydrogen bond to give intermediate(Xm). The 

subsequent path is the same as the route(l). 

It is very difficult to determine which route is real. 

To begin with, the possibility of an aldehyde as an intermediate 

was investigated. Experimentally, a solution of n-heptanal 

(10 mmol) , diethylmethylsilane(lO mmol) , and Co2 (CO}8(0.4 mmol) 

in benzene(20 ml) was heated at 140°C for 20 h under carbon 

monoxide(50 kg/cm2 ) in 100 ml of autoclave. The results were 

shown in Table VIT and eq. 8. 

The reaction of the aldehyde(XV) with the hydrosilane 

(Run 1 and 2) gave almost alkoxysilane(XVI) , while the reaction 

of olefins with the hydrosilane and carbon monoxide (Run 3) 
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. , 
" . 

:.~ 
, Et2MeSiO 

H (x) [(Z)+ (E)] 
._. (a)" > 

CO 2 (CO) a + 

~
"" .. . ' ' 

--,- --

," '""~'L~'~l1~'~to " . 
. ,2 .-',' 

.' .. _. 
- . -- . - - -' _. - - -': -';'._':"::'" ~ - .. - . "-- . 

, (XVI) 

Table ~;:n: Reaction of an Aldehyde and Reaction of an Olefin 

Run ?eactants Yield of (X)+(XVI) ( X : XVI ) 

:',1 XV . HSi (1: 1) 40 la : a2 . 
2 XV HSi : .. l-Octene 69 3 : 97 

(0.1:1:1) 

3 HSi : l-hexene(1:3) 39 100 : 0 

gave only the enol silyl ethers(X). These results suggest 

that the aldehyde(XV) is not an intermediate. But it is 

possible that hydrosilylation of the aldehyde(XV) occurres 

for one hour, since it takes one hour ~hat the temperature 

rises from room temperature to 140°C. Therefore, the direct 

reaction of the aldehyde(XV) with the hydrosilane at about 

140°C was tried. Experimentally, a solution of an aldehyde 

(2 mmol) in 2 ml,of xylene was gradually added to the mixture 

of diethylmethylsi1ane(4 mmol) and Co2 {CO)a{0.04 mmol) in 

4 ml of xylene: at about 140°C. The enol silyl ethers(X) and 

the alkoxysilane(XVI) were obtained in 79% and 21% yields, 

respectively. 
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., 
This result s~ggests that the ~no1 sily1 ethers(X) can 

" 

t · d' t' 11 . be produced selectively under proper reac 1.on con 1. 1.ons.: . 

Therefore, it is reasonable that the reaction of an olefin with 

a hydrosilane and carbon monoxide proceeds via an aldehyde as 

an intermediate. The plausible mechanism was shown belmv. 

> HCo'(CO) 4 + SiCo (CO) 4 

-co 
HCo (CO) 4 ~<::========)z [HCo (CO) 3 ~ 

CO 

(a) 

(b) 

RCH=CH2 + [HCo (CO) 3] ~ RCH2CH2Co (CO) 3 F=2 RCH 2CH2CO (CO) 4 (c) 

o 
11 

RCH 2CH 2CCO (BSi) (CO) 3 --->~ RCH
2

CH
2

CHO + .SiCo (CO) 3 

CO 
SiCo (CO) 3 ~<======>z SiCo (CO) 4 

OSi 
I 

RCH2CH2CHO + SiCo (CO) 4 ---)". RCH2CH
2y

CO (CO) 4 

H 

OSi 
I 

RCH2 CH
2T

Co(CO)3----------------)7 RCH2CH=CHOSi + HCo(CO) 3 

H 
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' . 
.... ,'. 

OJ ima and co-workers have already" repo:r::ted . that 

hydrosilylation of acetophenone cata~yzed by RhCl(PPh3 ) 3 '. " 
. 

'. ' 
.~. " 

proceeded under more drastic conditions than that of acetone 
..... i;'!~· ... .... 

. . - -.. . 

and the r~ac~~vity of triethylsilane and dimethylphenyl~ila?e 
.. ~-:;;--~:!:~ -' , ._- :-; - - -,'!.'-' 

. ",-!:-. ';::":""-

in hydrosil:yl~tion of benzaldehyde ca talY§~cl,~Y.:.,~ci(p:r'h3) 3'. 

",ere aL-:los~~~lmilar. '12. From these results,' the· ra te --:.~;::,,:': ' 
~ ':·:~:~~:;.;1~·. .: ':', 

" 

, limiti.:lg' step, in hydrosilylation of carbonyl compounds,:.~,,:::~, 
: .. ~ .. :-;-

cataJ.yzed by:'RhCl (PPh
3

) 3 may be the stage of the addition' 

of the silyl-rhodium complex to the carbonyl of the aldehyde 
: ..... 

or the ketones, since the steric hindrance of the carbonyl 

compounds effects on the reaction rate and that of hydro si lanes 

does not effect on the rate. 

It '\vas described in this chapter that the reaction of 

cyclchexene was catalyzed by Co 2 (CO)8 and not by RhCl(PPh3 )3 

and RU3 (CO)12. The hydroformylation reaction of cyclohexene 
, . 8 

catalyzed by RU3 (CO) 12 has already been reported. These 

results suggest that in the reaction of an olefin with a 

hydrosilane and carbon monoxide catalyzed by RhCl(PPh3 ) and 

Ru3 (CO)12' the reaction of the aldehyde with silyl-metal 

complexes is the rate-limiting I step. This is the reason wby 

~~Cl(PPh3)3 and RU3 (CO) 12 are not effective catalysts in the 

reaction of cyclohexene. In the reaction catalyzed by cO2 (CO) 8' 

the oxidative.addition of a hydrosilane to the acylcobalt 
" 

complex (eq. e) may be the rate-limiting step from_the 

resul ts of the reaction '\vi th various hydrosilanes. In the; 

case of I-methylcyclohexene, 2-diethylmethylsiloxyethenyl-l-

cyclohexane was not obtained. It has been reported that 

hydroforrnylation reaction of I-methylcyclohexene gave 
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. 13 
cyclohexaneacetaldehyde. The res~lt su~gests that the 

oxidative addition of a hydrosilane to acylcoba1t complexes 

is faster than that of hydrogen •. 

The ~elative reactivity of the cyclic olefins for 
.';; . . 14 

hydroformy~~t~_on has already been reported. The order was 
. , 

shmm below'~' .The order is similar to hydroboration with 
.. ~ .', 

·I:'c· ".-,: 

d ·· lb 15 hI· () 1 d h lSlamy orane , t e p atlnum ]I. -cata yze eterogeneous 

hydrogenation reaction16 , and the palladium(rr) -catalyzed 

olefin carbonylation reaction17 . The fact suggests that 

the formation of the n-complex will be important in determining 

the overall yield of product, because the order is the same 

as that of ring strain. 17 While the relative reactivity of 

cycloalkenes in the reaction of cycloalkenes with diethylmethyl-

silane and carbon monoxide catalyzed by CO2 (CO) 8 showed the 

alternative order as shown below. Therefore, the rate-

limiting \step is not the reaction of an olefin with HCO(CO)4. 

·cb > 0 > 0 > 0 > 0 
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1-3 Experimerital 

General comments 

All temp~ratur~ are uncorrected. IR spectra ~vere recorded' 
. ;- .. : .. ::..~: .. ~~~.:. '-

~vi t..l-t a' Shiniazu' IR-400: 
····"1·:·::· .•.... .::;:<;::~. :'.~... . .'. . • 

The.·H-NHR spectra were mea~u:r.ed on' a . 

Japan El.ectr?~ Optics JNH-PS~100 spectJ:ometerwit~'!,le4si as·an 
.,. - ... 

inte~l standard. The position of .He4Si was recognized by 

add~s it after recording spectrum without the standard. 

Othenvise the signal of the standard may b~. confused ~vith that 

of a organosilicon compound. Mass spectra were recorded on a 

Hitachi mass spectrometer Model RMU-6E. High resolution mass 

spectra were recorded on a Hitachi RMU-7H. Analytical gas 

chromatography (GLC) were carried out on a Shimazu GC-3BF 

and a Shimazu GC-6A equipped with flame ionization detecters. 

The GLC columns used \-1ere as follows: (A) 6mX 3mm stainless 

steel containing 5% Silicon OV-l supported on 60-80 mesh Uniport 

KS; (B) 6m X 3mm stainless steel containing 15% DEGS supported 

on 60-80 mesh cromosorb W. Preparative GLC was carried out 

using a Varian Aerograph Hoael 90-p'gas chromatograph. Olefins 

were commercially available and were purified by distillation. 

Benzene v.7as dried over sodium-lead alloy and stored over SA 

molecular sieves. CO 2 (CO)8 were prepared according to the 

literature
181

• RU3 (CO) 12 and RhCl (PPh3) 3 were commercially_ 
'. 19' 

available. Hydrosilanes were prepared by standard methods . '. 
' .. " 

Authentic samples of disiloxanes were prepared by RhCl(PPh3)3 

catalyzed silylation of water with appropriate hydrosilanes 

(benzene as solvent, reflux 48 h, quantitative yields). 
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., 
General procedure for the r~~ction ~f cycloalkenes with 

hydrosilanes and carbon monoxide in the presence of CO 2 (C9)8 

A 100 ml stainless steel autoclave equipped with a' 

300 kg/cm2 pressure gauge and a magnetic stirring bar was 
! .. 

, "(. 

charged with:.30 romol of cycloalkenes, 10romol of the hydrosilane, 
" ... ". -. 

0.2 ranol o:f~~,Co2 (CO) 8 and 20 ml of benzene. The autoclave 

2 2 was flushe~.N2 (80 kg/cm) and CO (50 kg/cm), then charged with 
.:.' 2 

CO:to SO kg/cm. The reaction vessel was then heated with 

magnetic stirring ln an oil bath. After 1 h, the pressure 

reached 105-108 kg/cm2 at 140°C. The temperature was maintained 

at 140°C for 20 h. The vessel was then cooled to room 

temperature. The pressure decreased to 76-79 kg/cm2 • The gas 

pressure was slowly released and the autoclave was opened. 

Analysis of the reaction mixture by GLC(column A) with an 

internal standard (n-tridecane, n-tetradecane, n-pentadecane, 

or n-eicosane) shovled it to contain the products (I and lV-Vill) 

and (R3Si)20. RRT(relative retention time) of the products 

to an internal standard is shown below for each case. RRT 

(relative retention time)=retention time of the compounds/ 

retention time of the standard. Distillation of the reaction 

mixture and/or preparative GLC afforded the analytical samples. 

Diethylmethylsiloxyroethylenecyclohexane(lc) 

Analysis by GLC(column A, 130°C,n-tetradecane as an 

internal standard(RRT 1»; ,lc (71%, RRT 0.79) and (Et2MeSi) 20 

(8%, RRT 0.29). lc; bp 130-138°C/28 torr~; IR{neat) 2924, 1680, 

1450, 1380, 1260, 1240, 1220, 1160, 1090, 1070, 1010, 970, 910, 
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820, 800, 760 -1 cm ; NMR(CC1 4) ~ O.O~(s 3H), 0.S8(m 4H), 

0.96(m 6H), 1.36-1.60(c 6H), 1.88(m 2H), 2.10(m 2H), 5.88 

(s lE); mass spectrum m/e(re1. intensity) 212(33),183(40), 

101(9), 89(100). 

A.T1ai.Ca1cd for C12H24oSi: p+, 212.1595; C, 67.85;. 

H, ll38. Found: p+, 212.1561; C, 67.80; H, 11.40. 

Diecy1methy1si1oxymethy1enecyc1opentane(IV) 

Analysis by GLC(co1umn A, 120°C, n-tridecane as an 

internal standard(RRT 1»; IV(48%, RRT 0.80) and {Et2MeSi)2o 

(8% RRT 0.46). IV; bp 98-100°C/15 torr; IR(neat) 2950,2875, 

1685, 1460, 1415, 1250, 1170, 1120, 1005, 960, 950, 840-820, 

-1 800, 760 cm ; NMR(CC1 4 ) ~ 0.08(s 3H), 0.60(m 4H), 0.96(m 6H), 

1.58 (m 41-1) -, 2.12 (m 4H), 6.04 (s 1H); mass spectrum m/e (reI. 

intensity) 198 (30), 169 (39), 103 (9), 89 (100) • 

Anal. Ca1cd for C11H22oSi: p+, 198.1438; C, 66.59; H, 

11.18. Found: p+, 198.1409; C, 66.35; H, 10.94. 

Diethy1methy1si1oxymethy1enecyc1oheptane(V) 

Analysis by GLC(co1umn A, 140°C, n-tetradecane as an 

internal standard(RRT 1»; V(74%, RRT 1.29) and (E~2MeSi)20 

(9%). V; bp 155-165°C/50 torr; IR(neat) 2950, 1660, 1450, 

-1 1260, 1190, 1160', 1130, 1000, 960, 870, 810, 760 cm ; NMR 

(CC1 4 )...Q.. 0.08(s 3H), 0.58(m 4H), 0.96(m 6H), 1.40-1.70(c 8H), 

1.99(m 2H), 2.20(m 2H), 5.92(s 1H); mass spectrum m/e(re1.: 

intensity} 226(13),197(35),101(11), 89(100). 

fu~a1. Ca1cd for C13H260Si: p+, 226.1750; C, 68.95; H, 

11.57. + Found: P , 226.1731; C, 68.97; H, 11.70. 
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Analysis by GLC(column. A., 150°C; n-:-tetradecane as ~an . 

internal s-t:aIl?ard (RRT 1»; VI (69%, RRT 1..9~}. a~d. (Et2M~Si)20' 
" :. . ',. , - ". '. " 

(1~%) _ VI; . bp. ~2~:-~35 °C (25 mm) ; . IR~neat) 2920, 1660, 1480,., 
': I '!"~ ,to. "" _', ,~~ ',~. 

"~;~':~'." ,.-... -~. - .. --. -- .""-~ 

1250,. 1235:;-i1200 ~1160 ~.1090, 1060, 1000,.- 960 I 860, 80o,:,~. 770. 

cm 1~ 1'1>!R( C71 4) Is 0 _ (la{ s . 3HJ, 0 _ 58 (m4H) "0.9"1 (m 6H) ,~/-' 
1. 36-1._ 72'(~" 19Hf~:~·1.98 (m 2H), 2.14 (m 2H)., 5.94 (s lH) ;.mass­

speL.~u..rn role (rel. intensity). 240 (l3), 211. (33) , . 12J. (21) , 

101(18), 89(100). 

Ana1~ Ca1cd for Ci4H28oSi:P+, 240.1908i.C, 69.92; H, 

11.73. Found: p+, 240'';'1914i C, 69.88; H, 11.64. 

1-Diethy1m:ethy"ls'i'loxym:ethy1'etie'-"2-'m:ethylcyc"l"ohe'xarie (VII) 

Analysis by GLC{column A, 130°C, ~-tridecane as 

an internal standard{RRT 1»; VTI (22%, RRT 1.64), 

unidentified compound(5%, RRT 1.52), and (Et2MeSi)2o 

(15%). The structure of the unidenti~ied compound is 

not clear·, but NMR spectrum of an 1: 1 mixture (by GLC) 

of VTI ~ma' it is not consistent .with 2-diethylmethy1-

siloxyetheny1:"1-cyc1ohexane': VlI; bp 120-125°C(17 mm); 

IR(neat) 2950, 2900, 1680, 1460, 1260, 1150, 1100; 

1010, 960, 880, 820, 
'. -1 
800, 770 cm ; NMR(CC14 l ~ 0.08 

(s 3H), 0.60(ro 4H), 0.88-1.20(ro 6H}over1apped with 
- ';' ,", 

0.96(s 3H),1~20-1.86(c 6H); 1.86-2.12(c 2H)~ 2.60-

2.80{c 1H), 5,;,88(s IH)i mass spectrum role (rel. 

intensity) 226 (11), 211 (5), 197 (11), 101 (11), 89 (100)·. 

.' ~ + 
Anal. Ca1cd fox: C13H260S~: p. , .226.1751; C, 68.95; H, 

11.57. Found: p+, 226.1731; C, 68.59; H, 11.75. 
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.--.. ' 
. - . ,.,- -.--------.--

2-Diethylmethy1s~loxymethy1~n'en'o'rbo'm:ehe(vm) . 

. 
an int-=rnal standard (RRT 1» i Vm.(45%, RRT i.71) and. 

(Et ~l"'"Sj) O· (7%). Villi bp··.130-140°CI10 mm); IR(neat):' 
2 2 .. · .. :. . ... . 

'- .•. : : -:~ ;.'.; - ~ .. ! ~-.' ... . 

2940, 285a':'~'1690 ,'1250, 1160, 1140, 1100, 1000,.. 850,. -. .' -1" . .':'.. .' . , . .; .. ,' ..... . 
810, 750 cm ; NMR(CC14 ) -i 0.08(s 3H), Ou57(m 4H),. . .. 

. ,:. ~ : ..•.. ' .... '. 

0.90 (::: OB), 1."i2-1.32(c 4H), 1.47(m lIi) ~'1~61(m IH), 

1.86 (;:l. lR), 2.04(m 1H), 2.31(m 1H), 2.55(m 1H), 6.02(m 1H);i, 

In addition, sma11.absorptions at 3.06 and 5.79 were also 

observed. ~he product may contain two stereo isomers. 

mass spectrum mle (reI. intensity) 224(39),195(100), 101 

(44), 89 (39) • 

Anal. Calcd for C
13

H24oSi: C, 69.57; H, 10.77. Found: 

C, 69.41; H, 10.91. 

Dime thy lethy"lsi"loxyme·thy"len·e·cyc1·ohexan:e (Ib) 

ffilalysis by GLC(co1umn A, 110 o e, ~tridecane as an 

. ,: 

....... 

.. ' 
,', 

internal standard(RRT I}); Ib(57%, RRT 0.70) . and (EtHe2Si) 20, 

(5%, RRT 0.13) •. :Ib; bp 82-88°C(13 mm); IR(neat) 2910, 2850, 

1680, 145D, 1380, 1250, 1150, 1080, 1060, 1000, 960, 900, 

-1 840, 780 cm ; NMR(CC14 ) ~ O.ll(s 6H) r 0.57(m 2H);' 0.96 

(m 3H), 1.35-1.59(c 6H), 1.88(m 2H), 2.l0(m 2H}, 5.84(s 1H); 

mass spectrum m/e (reI. intensity) 198(25),169(22), 89(14j, 

75(100) • 
.• ! ..... +. 

Anal. Ca1cd for C12H2~OSi: p+, 198.1438; C, 66.59; H:; 

11.18. Found: p+, 198.1428; C, 66.87; H, 11.18. 
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Triethylsi1oxymethy1enecyc1~hexanefId) 

Analysis by GLC(co1umn A, 135°C,'~-pentadecaneas an 
'~ 

internal standard (RRT 1»; Id(74%,RRT 0.77) ~d (Et3Si)20 

(23%, R,RT',.0.44). Id;.bp 135-l39°C{20 nun); IR{neat) 2920,. 

2895, 1615; 1445, 1260, 1240~ 1220, 1150, 1090, 1010, 910, 
_ -1' c"' ' • "", " , 

820 r ,40.cm. ; NHR~CC14) ~.O. 70.(m 6H), ·1.09 {m. 9H}, 1.44-

1.74(c 6H}, 2.01(m 2H}, 2.22(m2H}, 6.02{s IH)"; mass 

spec'-~ m/e (reI. intensity) 226 (24), 197 (41), 169 {11} , 

i03{lOO), 87(17), 75(55}. 

Anal. Ca1cd for C13H26oSi: C, 68".95; H, 11.57. Found: 

C, 69.05; H, 11.62. 

Dimethyl pheny1s"i"loxyme"thyle"n'e'cyc"l"ohe'x'a'ne (Te) 

Analysis by GLC(co1umn A, 160°C,' ~-pentadecane as an 

internal standard (RRT 1»; Ie (51%, RRT 1.97) and (Phlle2Si) 20 

(18%, RRT 2.19).Ie; bp 150-1S1°C(16 mm); IR(neat) 3050, 

2910, 2850, 1680, 1590, 1430, 1250, 1200, 1150, 

-1 1120, 970, 830, 780, 720, 700 cm ; NHR(CC14 ) 2- 0.39(s 6H), 

1.35-1.59{c 6H), 1.86(m 2H), 2.16(ro 2H}, 5.88(s IH}, 7.26 

(m 3H), 7.44(m 2H)i mass spectrum role (reI. intensity) 246 

(42), 231(4)", 168(10), 153(19), 137(78), 135(100),: 

Anal. Ca1cd for C
15

H22oSi: p+, 246.1439. Found: p+, 

246'.1462. 

Dipheny1methy1silo·xyme·thy1e"n·e"cyC"l"ohe"xane·(If} 

. Analysis by GLC(co1urnn A, 220°C, ~-eicosane as an 

internal sta~dard (RRT 1»; If(.26%, RRT 1.65} and (Ph2HeSi)2o 

(6%, RF..'i' 6.31) •. If; bp 150-1S6°C(0.55 mm); IR(neat); 3050," 
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2910, 2850, 1680, 1590, 1430, 1250,:1140, 1120, 1080, 1060, 

900, 830, 790, 720,' 700 cm-1
i NMR(CC14 ) .§. 0.63(,5 3H), 1.53 

(c GEl,. 1.91(m ~H), 2.25(m 2H), 6.0l(s 1H)",7.34(m 6H), 7.55 

(m 4H); mass . spectrum ro/e (re1. intensity) 308 (38), 215 (33) ~' 
, -":-

- "" -

199 (63) T 197 (lOP)~" 137 (91) .' " 
.--: 

" 

.?i~1-_ Ca~cd for C20H24oSi:' C, 77.87i H, 7.84. Found:" _ 

C, 77-=8; H, 7.68. 

Trimethy Is iToXyrne'thy'l'e'n'e'cycTohexatie' (Ta) 

A solution of cyc1ohexen:e:(,30 rnrnol} and CO2 (CO) 8 (0.2 

mrno1) in 20 ml of benzene was placed in a 100 ml stainless 

'---:.= 

. 2 
steel autoclave., The autoclave was flushed 'tvith N2 (80 kg/cm) 

and CO(50 kg/cm2 ) and cooled to -70°C. Triroethylsi1ane 

(10 mmol) was introduced to the autoclave by trap-to-trap 

distillation under vacume(lO mm} and then the autoclave was 

charged with CO to 80 kg/cm2 at 25°C and heated at 140°C. 

The GLC retention time of the product vTas identical to th?-t of· 

trimethylsiloxymethy1enecyclohexane which was independently 

prepared from cyclohexanecarboxaldehyde and trimethy1ch1orosilane 
, " 20: . . ' 

by House's method. , ' 

Analysis by GLC(co1umn A, 100°C, n-dodecane as an 

internal standard (RRT 1)}; Ia(4%, RRT 0.65). Ia; bp 91°C 

, (23 mm); IR(neat) 2950, 2850, 167.5,1449, ,1250, 1210,_ 1150, 

-1 ' 
1080, 900, 840, 740 cm ; I::U1R(CC14 ) ~ 0.14(s 9H), 1.44,(c 6H), 

1.84(m 2H), 2.04(m 2H}, 5.80(s IH}; mass spectrum m/e 
. - ~ 

(rel. intensity) 184(44), 169(42), 155(21), 75(100) .73(98}. 

Anal. Calcd for C
10

H
20

0Si: p+, 184.1282. Found: p+, 

184.1279. 
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l-(Diethylmethylsiloxymethy~)-cyclohex-l-ene{XI) 

The experimental procedure was the same as the general 

procedure except that the reaction was carried out at 200°C. 

Analysis by GLC{column A, 100°C, n-tetradecane as an 

internal 'standard (RRT1»; XI{17%, RRT 0.81), Ic(67%, RRT 

0.79), and {E~2MeSi)2Q (15%, RRT 0.29). XI~ IR{neat)j 2920, 

2870, 1675, 1460, 1420, 1255, 1160, 1090, 1070, 1010, 965, 
, -1 

840,300,760 cm j NMR{CC1 4 ) ~O.Ol{s 3H), 0.53(m 4H), 0.93 

(m 6H), 1.60(m 4H), 1.80-2.12(c 4H), 3.85{s 2H), 5.50{m IH)j 

mass spectrum m/e (reI. intensity) 212(14), 183(31), 103(7), 

, 89 (100) • 

Anal. Calcd for C12H24oSi: p+, 212.1594j C, 67.85; H, 

11.38. Found: p+, 212.1560; C, 67.83; H, 11.44. 

General procedure for the reaction of I-hexene with diethyl-

methylsilane and carbon monoxide in the presence of ' a metal 

complex 

A solution of 3.7 ml(30 mmol) of I-hexene, 1.02g(10 mmol) 

of diethylmethylsilane, and 0.136g(0.4 mmol) of C62 (CO)S in 

20 ml of benzene was placed in a 100 ml stainless steel autoclave. 

The autoclave was flushed with N2 {50 kg/cm2 ) and Cq(50 kg/cm2), 

then charged with CO to 50 kg/cm2 and heated at 140°C with 

stirring. After: 20 h, the autoclave was cooled and depressurized:' 

Analysis of the reaction mixture by GLC{Silicon QV-I, 5%, on 

Uniport KS, 6m, 115°C) with an internal standard{n-tetradecane, 

RRT=l) showed it to contain enol silyl ethers{{Z)-(IXa) j RRT 

0.36, (E)-(IXa); RRT 0.39, (Z)-(Xa); RRT 0.45, (E)-(Xa); RRT 
" 

0.60» and (Et2MeSi)20 in 57%{total) and 5% yields, respectively. 
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Analytical samples were obta;i.ned by_-fractional distillation 

(bp 105-115°C/12 torr) followed by repe~ing preparative GLC • 
. 

The results under various reaction conditions were shown 

in Table vm and IX. 
...1 _ 

The spectral data are: (Z)-(IXa), IR(fleat)-;:::l2950, 1670, 
..... :-:. "' 

1460, 1260, 1170, 1090, 1010, 970, 750-800 cm-~; NMR{C(14 ) 0 

0.08(s 3E), 0.62{m 4H); 0.70-1.14{m 9H), 1.14-1.50(c 4H) 

overl2?ed with 1.48(d 3H), 2.00(m 2H) 5.90{ s 1H); mass 

spectrum mle (reI. intensity) 214 (35), 1.~9 (6), 185 (28) , 
- . 

171(50), 101(100); high resolution MS, parent ion m/e 214.1747 

(ca1cd for C12H26oSi,214.1751). 

(E)-(IXa), IR(neat); 2920, 1670, 1460, 1260,1170,1100, 
-1 . 

1010, 970,-740-800 cm ; NMR(CC1 4 ) ~ 0.08(s 3H), 0.60(m 4H), 

0.84-1.12(m 9H), 1.12-1.50(m 4H) over1aped't'1ith 1.50(d 3H), 

1.83(m 2H), 5.92(m 1H); mass spectrum mle (reI. intensity) 

(Z)-(Xa), IR(neat); 3050,2950, 1660,1460,1400,1260, 

1170, 1140, 1090, 1010, 750-820 -1 cm ; NMR(CC1 4 ) ~ 0.10(s 3H), 

0.60(m 4H), 0.80-1.15(m 9H), 1.15-1.40(c 6H), 1.96(m 2H), 

4.30 (dt, J=6 Hz and 8 Hz~: HI) ~~·Q·~02 (d, J=6 Hz, lE); mass 

spectrum m/e (reI. intensity) 214 (4)', 185 (76), 157 (:38), 101 

(85), 89(100)~ high resolution MS, parent ion m/e 214.1728 

C12H260Si Ca1cd 214.1751. 

(E)-(Xa), IR(neat)i 2920, 1660, 1460, 1420,1260,1160,1100, 

-1 . 
1010, 960, 910 cm ; NMR(CC14 ) ~ 0.10(s 3H), 0.60(m.4H), 

0.80-1.14(m 9H), 1.14-1.48(c 6H) 1.80(m 2H), 4.S0(dt, J=12 Hz 

and 6HZ, 1H), 6.08(d, J=12 Hz, 1H); mass spectrum role (rel. 

intensity) 214(3), 185(54),157(36),101(66),39(100); high 
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resolution MS, parent ion--:- ~t m/e 185.1346 CIOH210Si Calcd 

185.1359. 

Reaction of methyl acrylate with diethylmethylsilane and carbon 

monoxide - --- _ -
-;--: .... 

ri. solution of 2.7 ml(30 mmol) of methyl acrylate, 1.02g 

(10 m=cl) of Et2MeSiH, and 0.068g(0.2 mmol} of CO 2 (CO) 8 in 20 

ml of benzene was placed ina 100 ml stainless steel autoclave. 

The autoclave was flushed two times with CO(50 kg/cm2},then 

charged ,,,ith CO to 80 kg/cm2 and heated at i40°C with stirring. 

After 20 h, the autoclave was cooled and depressurized'- ~ A~alysis\ 

of the reaction mixture by GLC(Silicon OV-l, 5%, on Uniport KS, 

3m, 120°C) with an internal standard(n-tetradecane, RRT=l) 

showed it to contain (Z)- and (E)-1-diethylmethylsiloxy-2-

carbornethoxyprop-l-ene(IXb) and (Z)- and (E)-l-diethylmethyl­

siloxy-3~carbornethoxyprop-l-ene(Xb) «Z)-(IXb); RRT 0.633, (E)-

(IXb)i RRT 0.744, (Z)-(Xb)i RRT 0.625, (E}-(Xb)i RRT 0.706) 

and (Et2MeSi)20 in 49%(total) and 7% yields, respectively. 

Analytical samples were obtained by fractional distillation 

(130-160°C/17 torr) followed by preparative GLC. The results 

under various reaction conditions were shown in Tab1.e:- m and 

Table V. 

The spectral: data are described below. 

(Z)-(IXb), IR(neat); 2950, 2860, 1725,1700,1640,1300,1260, 

1190, 1130, 820, 770 -1 cm ; NMR(CC14 ) ~ 0.17(s 3H), 0.68(m 4H), 

1.00(m 6H), 1.69(s 3H), 3.65(s 3H), 6.53(s IH); mass spectrum 

(reI. intensity) 216(2), 201(6), 187(lOO}, 159(23), 103(90), 

91(35), 89(35),75(52); high resolution MS parent ion - Et m/e 

" 
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(E) - (IXb), IR(neat); 2920, 1720, 164_0, 1300, 1220, 1120, 820, 
-1 . 

760 cm ; NMR(CC14 ) ~ 0.22(s 3H), 0.74(m 4H), 1.00(m 6H),:1.70 

(d, J=2 Hz,3H), 3.64(s 3H), 7.35(q, J=2 Hz, IH)-; mass spectrum 

_ (re1. intensity) 216 (2), 201 (7), 187 (10.0), 103 (95), 75 (87) i 

h?-gh res0:t.u~ion 1-1S parent - -Et ion m/e 187.0821 C8H1S0 3Si 
~. '!' , 

" 

calcd 187.0790. 

(Z) - (Xb) " IR(neat) i 29S0, 2870, 1740, 1660, 1330, 1260, 1160, 

1120, l040, 1010, 840, 7S0 cm-liNMR(CC14) ..§. O.lS(s 3H), 0.-66 

(m 4H), 1.00(m 6H), 3.03(d, J=8 Hz, 2H), 3.60(s 3H), 4.59(dt, 

-
J=8 Hz and 8 Hz, IH), 6.15(d, J=8 Hz, IH)i mass spectrum (reI. 

intensity) 216(3), 187(86), lS7(20), 103(100), 101(43) I 7S(48), 

73(41); high resolution MS parent -Et ion m/e 187.0802 C8H1S0 3Si 

calcd 187.0790. 

(E)-(Xb), The NMR prectrum of (E)-(Xb) was determined from the 

mixture of (E)-(Xb) and (E)-(IXb). NMR(CC14 ) ~ 0.14(s), O.Sl-

0.81(m), 0.90-1.11(m), 2.79(d, J=8 Hz), 3.58(s), 4.89(dt, 

J=12 Hz and 8 Hz), 6.1S(d, J=12 Hz). 

Reaction of cyclohexene with diethylmethyldeuteriosilane and 

carbon monoxide 

A solution of 10.3 ml(100mmo1) of cyclohexene, 1.03g 

(10 mmol) of Et2MeSiO, and 0.068g(0.2 mmol) of CO2 (CO) 8 in 

20 ml of benzene ~as placed in a 100 ml stainless steel 

2 autoclave. The autoclave was flushed with N2 (SO kg/cm) and 

CO(50 kg/cm2), then charged;with CO to SO kg/cm2 and heated_ at 
I 

- " 

140°C with stirring. After 1 h, the pressure reached 10S 

kg/cm2 at 140°C. The temperature was maintained at 140°C for 

20 h. The_vessel was then cooled to room temperature. The 

-36-
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, 2 
pressure decreased to 77 kg/cm. The gas pressure was slowly 

released and the autoclave was opened. Analysis of the 

reaction mixture by GLC (Silicon OV-l, 3rn, 130°C) ",'with an: 

inte~~l standard(n-tetradecane} showed it to contain 

diethYlmethylsilox~~thYlenecyclohexane(Ic} and (Et2MeSi) 20 , 

in 87% and 12% yields, respectively. Analytical samples were 

obta~eC by fractional distillation(124-l29°C/20 torr) followed 

by pre?arative GLC. 

?~e amount of deuterium incorporation was determined by 

comparing the area in the vinyl and the methylene of 

cyclohexane part with the methyl group of siloxy part. These 

areas were measured five times at least with the largest 

ampti tude and averaged .. " The result was shown in Table X. 

Table X Comparison of Areas in NMR Spectrum 

MeSi C=C 
/OSi CH2, /OSi /OSi 

C=C C=C CH 
/CH2 

CH/ 
2 

'H 2'CH 
2 

ratio of 
3 1.88 1.82 0.088 5.80 areas 

deuterium 7.5 7.5 91 3 content(%) 

From the Table X, the amount of deuterium incorporation was 

determined to be 91% at the vinyl position, 15% at the adjacent 

methylene group to carbon-carbon double bond, and 3% at the 

andther methylene group of the cyclohexane part. 

Mass spectrornetric analysis showed it to contain 12% dO:' 

75% d l , 11% d 2 , 2% d
3

• 
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The second:trial was carried out under the same conditions 
, 2 

described above except that 30 mmol of cyclohexene and 80 kg/cm 
.. 

of carbon monoxide were used. The resul t.-:was:.:shown in Table XI ~ 

-. '. 
Table XI . Comparison of. Areas in NMR Spectrum 

ratio of 3 1.93 1.73 0.18 areas 

deuteriUI!l 3.5 13.5 82 content(%} 

!-1ass spectrornetric analysis showed it to contain 18% dO' 

61% d l , lS% d 2 , 4% d 3 • 

Reaction of n-heptanal vlith diethylmethylsilane in the presence of 

carbon monoxide and Co2 (CO)S 

A solution of n-heptanal(lO mmol), diethylrnethylsilane 

(10 mmol) , and CO2 (CO)S(0.4 mmol) in benzene(20 ml} was placed 

in a 100 ml stainless steel autoclave. The autoclave was 

2 . . 
flushed two times with N2 (50 kg/cm }, then charged wlth CO 

(50 kg/cm2 ) and heated at 140°C with stirring. After 20 h, 

the autoclave was cooled and depressurized". Analysis of" the 

reaction mixture ~y GLC(Silicon OV-l, 5%, 6m, 110°C) with an 

internal standard(n-tetradecane) showed it to contain X and 

XVI in 32.S% and 7.2% yields, respectively. The IR(neat) a~d 

NMR(CC14 } data of XVI are: IR, 2930, 1470, 1420, 1255, 1100, 

1010, SOO, 760; NMR 0 O.OO(s 3H), 0.32(m 4H), 0.92(m 9H), 

1.2S(c 10H), 3.50(t, J=6 Hz, 2H). 

-3S-



Reaction of n-heptanal with diethylm~thylsilane in the presence 

of Co2 (CO)8 : 

A solution of diethylmethylsilane(4 rnmol) and CO2 (CO)8 

(0.04 Enol). inxylene.(4ml) was heated at 135°C. To the 
-~...... .' -'--'-"-~":::~- .. - -' .-.... __ . 

solution was~~added a solution of n-heptana~(2 rnmol) in xylene.' 
~-~ . -.---;.~'--... -~:~----.; .. ...,.-:-;-:. 

Gas evolutioA1~'~curred ':Lmmediatefy • Analysis of the reaction 
;.;.-.~-~~-'-:--"-' .... - -

.' .. 
mixtu=e by GLC(Silicon OV-l, 5%, 6m, 140°C) with an internal 

stanc~~(n-tetradecane) showed it to contain (Z)-(XaF,(E)-(Xa), 

and XVI in 49%, 30%, and 21% yields, respectively. The results 

at various temperature were shown in Table xrr • 

Table xrr Yields and Distribution at Various 

temperaturea 

Temp. (OC) Yield(Xa + XVI) Xa : XVI 

10 94 4: 96 

28 100 6: 94 

50 100 18: 82 

80 7.6 c 53: 47 

110 b 93 64: 36 

135 b 100 79: 21 

a) In benzene unless otherwise noted. 

b) In xylene. c) Result after 1 h. 

Reaction of styrene with· diethylmethylsilane and carbon monoxide 

in . the presence o'f CO2 (CO) 8 

A solution of styrene(30 rnmol), diethylmethylsilane(lO mmo~), .. ,. 
and co2 (CO)8(0.2 mmol) in benzene(20 ml) was placed in a 100 ml 

stainless steel autoclave. The autoclave was flushed with N2 

(80 kg/cm2 ) and CO(50 kg/cm2), then charged with CO{80 kg/cm2 ) 

and heated at 140°C 'vith stirring. After 20 h, the autoclave 

, -. 
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was cooled and depressurized: AnalY$is of the reaction mixture 

by GLC(Silicon aV-I, 5%, 3m, 140°C) \"1ith 0.3 g of n-tride~ane 

as an internal standard shm'ledit to contain eight compounds 

(XVJIa i RRT 1.86, XVIIb i RRT 2.21, XVIIc i RR'r 2.54, XVIId; RRT 

3.00', XVIIe iRRT 3.44, XVIIf ;RRT 5.00, XVIIg ;RRT'7.47, and 

(Et2HeSi) 20),. Detector response calibrations are not 

deterr-ined except for XVIIa. The ratios of the peak areas of 

the cc=?ounds and the standard were obtained as follows; 

XVIIa; 0.32(yield 6%), XVIIb i 0.20, XVIIc i 0.13, XVIId i 0.l7, 
-

XVIIe i 0.45, XVIIf i 0.10, XVIIg i 0.27. Anaiytical samples 

were obtained by fractional distillation(110-120°C/17 torr) 

followed by preparative GLC. The product(XVIIa) was identified 

with (2-phenylethyl) diethylmethylsilanei NHR(CC14 ) i. -0.04 (s 3H) , 

0.51(m 4H), 1.04(m 8H), 2.55(m 2H), 7.05(s 5H). The product 

(XVIIb) , \vas identified with S-diethylmethylsilylstyrenei IR 

(neat), 2940, 2860, 1600, 1570, 1490, 1250, 1000, 980, 790, 

-1 
730 cm ; NMR(CC1 4 ) 0 O.lO(s 3H), 0.63{m 4H), 0.99(m 6H), 6.29 

(d, J=20 Hz, IH), 6.81(d, J=20 Hz, IH), 7.05-7.35(c 5H). An 

exact mass determination gave m/e 204.1303(calcd for Cl3H20Si, 

204.1333). 

.-
Reaction of styrene in the presence of RU3(~O)12 

The experimental procedure was the same as that described 

above except that styrene(lO mmol), diethylmethylsilane(20 mmol), 

Ru3 (CO)12(0.05 rnmol), and n-tridecane(0.2g)·'as an internal ' 

standard were used. The ratios of the peak areas of the ' 

compounds and the standard were obtained as follows: XVIIai 0.11 

(1.4%), XVIIb i 0.29, XVIIc i 0.07, XVIId i 0.02, XVIIe ;0.14, 

XVIIf; 0.04, XVIIg; 0.03. 
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Reaction of acrylonitrile with diethylmethylsilane" and carbon 

monoxide in the presence of RU3 (CO)12 

A solution of acrylonitrile(lO mmol), diethylmethylsilane" 

(30 mnol)", . and RU3 (CO) 12 (0.01 mmol) in benzene (20 ml}was " 

placed in· a 100 ml stainless steEd~.autoclave."" The autoclave 
" " "." "2 -2: 

was flcshed with" N2 (80 kg/cm ) and C~ (50 kg/ern ), then charged 

with ~{80 ~g/ern2) and heated at 140°C with stirring. After 

20 h, ~':le autoclave \vas cooled and depressurf~e(f~"" Analysis of-"~ 

the reaction mixture by GLC(DEGS, 15%, on Cromosorb W", 6m, 

l30°C) with an internal standard(n-pentadecane) showed it to 

contain l-cyanoethyl(diethylmethyl)silane in 56% yield. The 

IR(neat) and NMR(CCl4 ) data are: 2950, 2860, 2220, 1460, 1260, 

1010, 790, 750 cm-I; -.2... 0.14(s 3H), 0.69(m 4H), 1.02(m 6H), 

1.26 (d, J=8.- Hz, 3H), 1.65 '(q, J=8 Hz, IH). An exact mass 

determination gave m/e l55.ll25(calcd for C8H17NSi, 155.1128). 

Competitive reaction of cyclbalkenes 

In a typical procedure, a solution of 0.62g(7.5 mmol) of 

cyclohexene, 0.83g(7.5 mmol) of cyclooctene, 0.75 ml(5 ~~l) 

of diethylmethylsi1ane, and 0.1 mmol of Co 2 (CO)8 in 10 ml of 

benzene was placed in a 100 ml stainless steel autoclave. The 
2 " 

autoclave \vas flushed two times vlith CO (50 kg/cm), then charged 

with CO(50 kg/cm2:} and heated at 140°C \vith stirring. After 

2 h, the autoclave was cooled and depressurized. Analysis of 

the reaction mixture by GLC(Silicon OV-l, 5% on Uniport KS, 6m, 

150°C) showed it to contain (Ic) and (VI) in 5.5% and 4.3% yields, 

respectively. The results \vere shown in Table xm. 
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Table xm Competitive Reaction of Cycloalkenes a 

Run hr Yield of enol silyl ether Yield of 

__ 0 0 0 0 ~ (Et2HeSi) 2Q, 

,.' :.. ~ 
- , -

1 20-•• 3.6 :6.9 99 
' .. 
, .'. 

: 

2 -. 2'0"~ - 31_ ' 47 18 -

3 20 31 23 22 

,. 20 6.1 3.6 29 -: 

Sb 2 6 12.4 8.2 

6b .2 5.5 4.3 5 

7
b 3 34 28 9 

8b 2 4 " 24 5 

a) Reaction conditions; CO2 (CO)8(O.2 rnrnol), olefin 

2 (30 inmol 1:1), Et2HeSiH(10 rnrnol), CO{50 kg/cm), 140°C, 

20 h, benzene(20-ml) unless ot~erwise noted. 
'i-

b) 'Reactions were carried out in a half scale and olefins 

"7ere we?-ghted in gram unit. 
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,; 
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Chapter 2 A ,Catalyzed Reaction of Cyclic Ethers w'ith a 

Hydrosilane and Carbon Monoxide 

2-1 Introduction 
. ~ . . 

In chap~er 1, the new catalyzed reaction of olefins~ith 
. . ;;tf¥:::·,. .. . ;~~ .. 

hydro5ilanes: ;and carbon monoxide wa:s· described. To know c . 

the sco:?e arid limitation to the subst.cate is very important 

From this 

point of view, the catalyzed reaction of cyclic ethers with 

a hydrosilane and carbon monoxide was examined. It was 

found that \vhen tetrahydrofuran (THF) \vas used as a solvent 

in the reaction of olefins, the product obtained was not the 

expected one, enol silyl ether, but a new compound. This is 

the reason \vhy cyclic ethers \'lere used as a substrate. 

2-2 Results and discussion 

The reaction of cyclic ethers( tetrahydrofuran, oxetane, 

and cyclohexeneoxide} with diethylmethylsilane and carbon 

monoxide was catalyzed by Co2 (CO)8 to give diethylrnethylsiloxy­

aldehyde (I), (ll) , (nI), respectively, in reasonable yields; 

:(I) 53%, (ll) 40%, and (nI) 51% as shown in eq. 1" 2, and 3. 

'. 

Q CO2 (CO) 8 . Fly", +.;:. Et2r1eSiH ,+ CO ----~>7- -, H 

Et2MeSiO . 

(I) 

0; 

(I) 
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J~ Et2MeSiH CO 
. CO2 (CO)a 

Et2MeSi~H (2) + + > 
. 0 

(rr) 

()::o + ,Et2MeSiH + CO 
CO2 (CO) 8 

~ 
.~iEt2Me 

(3) 
H 

.. '0 
" 

(m) 

The reaction of cyclic ethers except for oxetane was~_'catried 

out using 50 mmol of cyclic ethers, 10 mffiol~f diethylrnethyl­

silane, and 60 kg/cm2 of carbon monoxide at 140°C for 20 h. 

The reaction conditions in the case of oxetane were the same 

as that described above except that 20 mmol of oxetane were 

used at 70°C. 

Hydroformylation of cyclic ethers is known to give 

1 hydroxy aldehydes as the initial products. The reaction, 

however, frequently suffers from undesirable side reactions 

or further reactions, since the hydroxy aldehydes are very 

labile compounds. For example, hydroformylation2 ,"of 

tetrahydrofuran did not afford the expected 4-hydroxybutanal 

but yielded various products arising from further carbonylation • 
. 

as shown in eq. 4 and hydroformylation3 of cyclohex~neoxide 

. gave only condens.ation product of the expected 2-hydroxy­

cyclohexanecarboxaldehyde as shm'ln in eq. 5. While the reactions 

using a hydrosilane show a direct approach to the synthesis 

of pre-protected hydroxy aldehydes. Synthetically, 

functionalyzed aldehydes are very useful in elongation of carbon 

skeltone. 
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Q H2 , CO 
. > 

(Yo > 
OH --() 

Q--<:~ 
OH . 

.' ~ " 

..... 

It is interesting to note that Chalk has reported the 

(5) 

polimerization of tetrahydrofuran catalyzed by Co2 (CO)8 and 

triethylsilane(l:2) and proposed ring opening of tetrahydrofuran 

4 by a silylcobaltcarbonyl for the initiation step. Corriu 

and co-workers have reported that a silylcobaltcarbonyl containing 

an optically active silicon reacted with methanol and triethylamine 

and the cleavage of the si-Co bond took place with retention5 • 

It is reasonable that the silicon group of the silylcobaltcarbonyl 

electrophilically attacked the oxygen of methanol. These results 

suggest that the ring opening of tetrahydrofuran by the 

silylcobaltcarbonyl is the initial step. This means that one 

can make a carbon cobalt bond utilyzing the high af~inity of 

silicon to oxygen as a driving force. This is the new method 

to make bonds of carbon and transition metals. The reasonable 

reaction path was shown in scheme 1. 

-48-



Scheme 1 

(I) Q 

Et2MeSiO~ Co (CO) 4 

Et
2
MeSiO ~Co (CO) 3 

o 
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2-3 Experimental -'. 

Reaction of tetrahydrofuran with diethylmethylsilane and: 

carbon monoxide in th~ presence of co2 (CO)8 

A solution of 4 'ml(50 IDmol) of tetrahydrofuran, 1.02g 

(10 rnmol) of diethylmethylsilane, and 0.068g(0.2 mmol) of 

Co2 (CO)8 in 20 ml of benzene was placed in a 100 mlstainless 
-- - ,- - -- - " 2 

steel autoclave. The autoclave ,,,as flushed with' N2 (60 kg/cm) 

'2 2 
and CO(60 ~g/crn), then charged with CO(60 kg/cm) and heated 

at 1400C with stirring. After 20 h, the autoclave was cooled 

and depressurized. Allalysis of the reaction mixture by GLC 

(Silicon OV-I, 5%, on Uniport KS, 3m, 135°C) with n-tetradecane 

as an internal standard showed it to contain 5-(diethylmethyl-

siloxy)-n-pentanal (1) in 53% yield. An analytical sample of 

(l) was obtained by fractional distillation(bp 120-130°C/ 

30 torr) followed by preparative GLC(Silicon OV-1, 5%, on 

Uniport KS, 3m)( 8mrn, 140°C). The spectral data are shown below. 

(1) , lR(neat), 2950, 2870, 1720, 1250, 1090, 1010, 800, 760 

-1 
cm NMR(CC14 ) ~ 0.02(s 3H), 0.56(m 4H}, 0.96(m 6H), 1.58 

(m 4H), 2.38(m 2H}, 3.56(t, J=6 Hz, 2H), 9.60{m1H); 

Anal. Calcd for CIOH2202Si: C, 59.34; H, 10.96. Found: 
." 

C, 59.20; H, 11.10. 

Reaction of ,oxetane with diethylmethylsilane and carbon 

monoxide 
-, 
': 

The reaction conditions were the same as that described 

above except that 20 mrnol ofloxetane were used and the 

temperature was 70°C. The spectral data are shown below. 
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·. 
Analysis of the reaction mi~ture by~LC{Silico~ aV-l, 5 9-0, on 

Uniport KS, 3m, 110 a C) with n-tridecane as an internal standard 
-- - .-. 

showed it to contain 4- (diethy1methylsiloxy) -n-butana1 (rr), in 

-- 40% yield .. , ,-- ~. __ . -_ .. ---:-:-~ . .:: ~_..:: __ r~_~. __ ::- _ ... __ ... _._' ___ _ 
. . -.:....~ .... ,:-.:."-- .~: 

c,:""{JI) , IR (neat), 2920, 2860,>:1725, 14ifo; 1460, 1250~' i080;' 1000, " 

- , 

2.43(r:::),,3.57{t, .J=6), 9.64{m). 

~""la1. Ca1cd for C8H20a 2Si: C, 57.39; H;' 10.70. Found: 

C, 57.35; H, 10.79. 

Reaction of cyc1ohexeneoxide 'vi th diethytmethylsi1ane and 

carbon monoxide 

The experimental procedure was the same 'as that in the 

case of tetrahydrofuran. Analysis' of the reaction mixture 

by GLC(Si1icon aV-I, 5%, on Uniport KS, 3m, 160°C)'OVith 

n-tetradecane as an internal standard showed it to contain 

2-{diethy1methy1si1oxy)cyclohexanecarboxa1dehyde(TII) and an 

identified compound. 

(IIT), P~Ti 1.30, bp 165-166/30 torr, IR(neat), 2950,2870, 

-1 1725, 1460, 1250, 1155, 1110-1060, 1010, 960, 800, 760 cm ; 

NMR(CC1 4 ) ~ 0.05{s 3H), 0.56(m 4H), 0.95(m GH), 1.~~-1.50 

(c 4H), 1.50-2.04(c 4H), 2.04-2.40(c 1H), 3.76(td, J=10 Hz and 

4 ~z, 1H}, 9.66(d,J=2 Hz, IH)i mass spectrum(rel. intensity) 

199 (18), 110 (24) " 89 (lOO), 81 (31), 61 (88) • 

Anal. Calcd for Ci2H2462Si: C, 63.10; H, 10.59. 

C, 62.88; H, 10.75. 
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Chapter 3 A Catalyzed React.ion of A:I;:dehydes with a Hydrosilane 

and Carbon Monoxide 

3-1 Introduction _ 
.'. -'. . ." .... --.~.~ -- . '. ,,- ,-.-.~. _. _'~~:-;':i~~.~ -~_-J_>~"~::'~;'~'-'_~' -.; ~ 

It was: shown-;:.thatthe-new c.ataly'zed reactio~-'-li§ing"'""'"~::~::~:':_c,-
-' 

hydros= 1 ane':'·and ~arbon monoxide -combination -converts olefins 
, -

(C=C) to siloxy olefins in chapter 1 and cyclic ethers(C-O-C) 

to silnxy aldehydes in chapter 2. It is interesting question 

whether aldehydes(C=O) can be used as a substrate in this new 

reaction. In chapter 2, the new method making a carbon cobalt 

bond utilyzi~g the high affinity of silicon to oxygen as a 

driving force was also described. From these points of view, 

the catalyzed reaction of aldehydes with a hydrosiI.une and carbon 

monoxide was. examined. 

3-2 Results and discussion 

The reaction of n-heptanal with diethylmethylsilane(three 

fold excess to the aldehyde) and carbon monoxide in the presence 

of CO2 (CO) a and PPh3 gave a mixture of (Z)- and (E)-1,2-bis­

(diethylmethylsiloxy)-l-octene(Id) and unidentified compounds(IT) 

in 66% and 14% yields, respectively. 

o 
11 

RCH + + CO 
CO2 (CO)a-PPh3 

> 
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Table I Reaction of Aldehydes with Et2MeSiH and COa 

Aldehyde 

propana~ .. 

isobutanal .. 
.' ~ - :. '=~ 1-. 

. - .-
butanal.,~' 

" 

n-heptanal 

Yield of (I) Yield of (rr) 

(Ia) 25 8 

(Ib) 21 1 

(rc) 67 

(Id) 66 

12 

14 

cyc~ohexane- (Ie}37 
carnoxaldehyde 5 

n-hexanal (If)54 12 

3 

2 

2 

a) Reaction conditions; aldehyde(IO mmol), ~t2MeSiH(30 mmol) 

CO2 {CO)8(0.2 mmol), PPh3 (0.2 rnmol), CO{50 kg/cm2), 140°C, 

20 h, benzene(20 ml) • 

The use of PPh3 as a co-catalyst is necessary to prev.ent 

1 
undesired hydrosilylation of the aldehyde. In the case of 

cyclohexanecarboxaldehyde, the yield of (Ie) was low because 

of the formation of diethylmethylsiloxymethylenecyclohexane(61%) 

by dehydrogenative silylation. Interestingly, the similar 

reaction (i. e., using five fold excess of the hydrosilane, but 

in'~:.this case without PPh
3

) of tetrahydrofuran was found to 

. give the same type of compound(Ig) in 89% yield. The 

intermediate may be 5-(diethylmethylsiloxy)-n-pentanal which 

wa~ the product when the reaction wa~ carried out using five 

fold excess of tetrahydrofuran over the silane and without 

PPh3 as shown in eq. 2. " 
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> 

._ (Ig) 

'. 

l'i"he-faCt that the reaction of tetrahydrofuranwith five 

fold e..x.cess· of the hydrosilane. gave the corresponding 1,2-

bissi2axyalkene in high yield suggests that HCo(CO} 4 is not 

the ~~vecatalyst in the reaction of cyclic ethers with a 

hydrosilane and carbon monoxide catalyzed by CO2 (CO)S in 

chapter 2. 

Hydroformylation(oxo reaction) of aldehydes has been 

knmvn to give formates as shown in eq _ 3.2 Thus the carbon 

atom of carbon monoxide is connected with the oxygen atom 

of aldehyde carbonyl. Contrastly, the carbon atom of carbon 

monoxide is linked with the carbon atom of aldehyde carbonyl 
. 3i 

in the re'action using a hydrosilane as shmm in eq. 4. 

o 
I1 

RCH 

HCo(CO) 4 

SiCo(CO)4 OSi 
I . 

RyCO(CO) 4 

H 
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" 

----

The observed dramatic cgange ma¥ be attributed to the 

difference of reactivities of HCO(CO)4 and R3SiCo(CO)4. 

Conse~~ntly, a carbon cobalt bond was formed utilyzing the 

h~gh affinity of silicon to oxygen as a driving force. 

-, '::," 

3-3 ~xperimental 

Reaction of n-heptanal with diethylmethylsilane and carbon 

monoxide in the presence of CO2 (CO) 8 and PPh3 

A solution of 1.14 g(lO mmol) of n-heptanal, 4.4 ml 

(30 mmol) of diethylmethylsilane, 0.068 g{0.2 mmol) of 

Co2 (CO)8' and 0.052 g(0.2 mmol) of PPh3 'in 20 ml of benzene 

was placed in a 100 ml stainless steel autoclave. The 
. 2 . 2 

autoclave was flushed with N2 (50 ~g/cm) and CO(50 kg/cm), 

then charged with CO(50 kg/cm2) and heated at 140°C with 

stirring. After 20 h, the autoclave was cooled and depressuri·zed. 

Analysis of the reaction mixture by GLC(Silicon OV-l, 5% on 

Uniport KS, 3m, 170°C) with n-cetane as an internal standard 

showed it to contain (Id) in 66% yield. In addition to Id 

there were at least two unidentified products (TId) (total ca. 

14%) at lo~ger retention time. An analytical sample of (Id) 

(a.mixture of (Zr and (E) isomers) was obtained by.fractional 

distillation{bp l20-l23°C/0.5 torr) followed by preparative 

GLC(Silicon OV-l, 5%, on Uniport KS, 3mX8mm, 190°C). ,: 
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1, 2-Bis (diethy1methy1si1oxy) -l-octene (icl)1 

Analysis by GLC(Si1icon QV-I, 170°C, n-cetane as an : 

internal standard (RRT 1»; Id(RRT 2.04), bp 1.20~123°C/ D.5 torr, 
I 

IR(neat) 2950, 2870, 1685, 1460, 1250, 1160,1.090, 1000, 800, 
. -1.' ". ~ c. . ." . . .. .., .,-;: . c'; . •. . . 

760 cm ; .NMR(CC14> .i. 0 ~.98 (s 3H)~' 0.10 (s·3H),·0 .;.63 (m 8H), 

0.80-l.l1.(m 1.5H), 1..29(c 8H), 1.80(m 2H}, 5.44(5 0.83H), 
" 

5.90 (s O.1.7H);~ 

bal. Ca1cd for C18H4002Si2: C, 62.72; H, 11.67. Found: 

C, 62.60; H, 11.71. 

1, 2-Bis (diethy1methy1si1oxy): -l-pentene (Ic) 

Analysis byGLC(Si1icon QV-I, 140°C, n-tetradecane as an 

internal standard (RRT 1»; Ic(RRT 2.0), bp 1.30-150°C/25 torr, 

IR(neat) 2940, 2860, 1685, 1460, 1360, 1250, 1.150, 1000, 850, 

790, 750 cm-I; NMR(CC14 ) ~ 0.08(s 3H}, 0.10(5 3H»), 0.32-0.80 

(m 8H), 0.84-1.08(m 15H}, 1.26-1.60(m 2H}, 1..78(t, J=7 Hz, 2H), 

5.44(s 0.92H), 5.92(s 0.08H); mass spectrum(re1. intensity) 

302(43) ,:273(25), 189(43), 161(54), 101(100}, 73(78), 45(29). 

C, 59.21; H, 11.55. 

1,2-Bis {diethy1methy1si1oxy)-1-cyc1ohexy1ethy1ene (Ie) 

Analysis by GLC{Si1icon QV-1., 1.70°C, n-heptadecane as an 

internal standard (RRT 1», Ie(RRT 1.9}, bp 1~O-150°C/0.8 torr, 

IR(neat) 2920, 1685, 1250, 1210, 1160, 1120, 1010, 970, 860, 
. -1 . :: 

840, 760-800 cm ; NMR(CC14 ) ~ 0.09(s 3H), 0.12{s 3H), 0.48-

0.75(m 8H), 0.87-1.08(m 12H), 1.11-1..41(c 5H), 1.41-1.86(c 6H}, 

5.48(s 0.91H), 5.78(s 0.09H); mass spectrum(rel. intensity) 

-57-



342 (100), 313 (38), 189 (54), 161 (73) ,_lC11 (88), 73 (87), 45 (33) • 

Anal. Ca1ed for C18H3802Si2: C, 63.09; H, 1.1.17. Found: C, 

62.99; Hr 11.21. 

<_~f: . 

I,' 2-Bis (di~ih'Y1methY1Si10XY)-1-heptene {If} 
,-,'b,: 

~~ysis byGLC(Si1ieon OV-1~ 6m, 180°C,n-pentadeeane as 
. . .".. ~ 

an inb::=:la~ standard, (RRT 1»; If, bp 1~7-119°C/1.0 torr, IR 

(neat) 2950,'1690, 1470, 1420, 1260, 1210, 1~60, 1100, 1000, 

, -1 
840, 800, 770 'em ; NHR.{CC14 ) i. 0.08(5 3H}, O.O~(s 3H) ,0.62 

(m 8H), 0.87-1.08{m 15H), 1.17-1.56(e 6H), ~.80(m 2H), 5.42 

(s 0.87H), 5.88(s 0.13H); mass speetrum(rel. intensity) 330(50), 

301 (17), 189 (40), 161 (53), 101 (lOO), 73 (90), 45 (30) • 

Anal. Ca1ed for C17H3802Si2: C, 61.75; H, 1.1.58. Found: 

C, 61.48; H, 11.69. 

1,2-Bis(diethy1methy1si1oxy)-3-methy1-1-butene{Ib) 

Ib, bp 150-160a C/30 torr, IR(neat) 2950, 2870, 1685, 1460, 

-1 1250, 1180, 1000, 970, 790, 760 em ; Nf~(CC14} ~0.08(s), 

0.10(5), 0.60{m), 0.80-1.08(m), 1.98{m), 5.44(s}, 5.70(s). 

Anal. Ca1ed for C15H3402Si2: C, 59.54; H, 11.32. Found: 

C, 59.59; H, 11.46. 

1, 2-Bis (diethy1me,thylsi1oxy) -l-butene (Ia) 

Ia, IR(neat) 2950, 2870, 1685, 1460, 1250, 1160, 1005, 

795, 760 
-1 ' 

em ; NMR.(CC14 ) i. 0.09 (s 3H), 0.12 (5 3H), 0.63 (m 8,.2H) , 
j ~ 

O.92(m 16H)!, 1.83(q, J=10 Hz, 1.5H), 5.42{s 0.75H); mass speetrum 

(reI. intensity) 288(41), 259(23), 189(35), 161{46), 101(100), 

73 (79), 45 (26) • 
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Anal.. Ca1cd for C14H32o.2Si2: C,-.. 58.26; H, 11.17. Found: 

C, 58.27; H, 11.26. 
-. 

1,2-B±S{diethy1methy1si1oxy)-4-methy1-1-pentene(JIc) 

. (lICrrfNMR(CC14)~o' 0.08(s<311) ,0.10(s·.3H),O.66(m 8H), 
•• :--r ~ _ • 

0.93-l._14:<m'18H), 1.65-1.74(m2H), 1.74-2.07(c1H), 5.48(s IH); 

mass 3?ectrum(re1. intensity) 316 (31), 287 (1.4), 273 (28), 189 (31) , 

161(4";}, 101(100),89(38),73(79); 61(32), 45(31). 

~~,a1. Ca1cd for C16H3602Si2: C, 60.69; H, 11.46. Found: 
':. 

C, 60.43; H, 11.55. 

3-4 References and Footnotes 
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Piacenti and M. Bianchi, Organic Syntheses 'via Metal 
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3 When the reaction 'vas carried out using excess aldehyde, 

··1,2-bissi1oxya1kene was not obtained. The products have 

not been identified yet, .but one of them may be··a.-si1oxy 

aldehyde from IR and mass spectra. This result suggests~ 

that in the reaction of olefins described in chapter 1, the 

key intermediate is not a si10xycarbene complex but an 

aldehyde. 
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Conclusion 

The results obtained from the present work:may be 

summarised as follows; 

(1) : . .-Hydrogenation is related to hydrosilylation in a ".: 
. ~ .' - ". 

sence that hydrogen in the former is replaced by a hydrosilane 

in the latter. However, hydroformylation has no such a . 

counterpart. In the present work, a new catalyzed reaction 

using hydrosilanes and carbon monoxide related to 

-
hydroformylation(oxo reaction) of an olefin has been found. 

H-H 

hydrogenation 

C=C + H ~C-C . 2 " H H 

hydroformylation 

C=C + "co + H2 ~ 9-<;: 
H c=o 

if. 

H-Si 

hydrosilylation 

C=C + HSi ~ C-C 
H Si 

present work 

C=C + co + HSi ~ C-C=C-OSi , 
H 

(2) It is suggested that the initial stage of the new 

reaction is similar to that of hydroformylation(oxo reaction) 

and the key intermediate.is an aldehyde. .' 

(3) The range of the applicability of the new reaction 

has been extended to cyclic ethers and aldehydes, cyclic ethers 

give siloxyaldehydes and aldehydes yield bis-siloxyolefins. 

These reactions were a series of new catalyzed ones using;~ 

hydrosilanes and carbon monoxide. In the case of olefins, 

HCo(CO) 4 may be the active catalyst, while in the cases.of 

cyclic ethers and aldehydes, R3SiCo(CO)4 may play an important 
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role as the active catalyst~ Inter~stingly, either.of HCo(CO) 4 

or R3SiCo(CO)4 formed by the reaction of R3SiH with co2 (CO)S 

beco~ the active catalyst accordi~g to the nature of the 

subs ~ates ;_.,,: .. 
. -:;":~~ .. 

. .~ .. :,. ',:,.- , 

C=C'~+ R
3

SiH + CO 

C-C 
\ / 
o 

.. 
-;~ 

+ 

+ 

CO 

+ CO 

.--:'.'-~.~-.~'-' .. ....::- -... _,--
RCo (CO) 4 ..... . 

----->~ C-C=C-OSiR
3
· .<., 

I ._ 
, .. " ....... :;. ... . 

R . 

R3SiCo(CO) 4 
------~ 

These products (siloxyalkenes, siloxyaldehydes, and 

1,2-bissiloxyalkenes) are important intermediate of organic 

syntheses. It is to be hoped that a series of new catalyzed 

reactions comparable with hydroformylation(oxo reaction) will 

be established on the occasion when the scope and limitation 

of the new catalyzed reactions using hydrosilanes and carbon 

monoxide are completely revealed. 
.' 
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