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The purpose of this investigation was to study the 

chemistry of the new and novel (trimethylsilyl)ketene. This 

ketene was synthesized by pyrolysis of (trimethylsilyl)-

ethoxyacetylene which was prepared from ethoxyacetylene 

and methyllithium. (Trimethylsilyl)ketene is a very stable 

and isolable ketene which does not dimerize and, therefore, 

provides an opportunity for some unique studies that have 

not been possible with other monosubstituted ketene. 

The ozonolysis of (trimethylsilyl)- and (triethylsilyl)-

ketenes at -78°C in methylene chloride afforded (trimethyl-

silyl)- and (triethylsilyl)formates in moderate yields. 

It is proposed that the ozonation of the ketenes yields an 

a-lactone, which undergoes silicon migration to form 

siloxyketenes. The siloxyketenes would be expected to 

undergo ozonation to the corresponding a-lactones and the 

subsequent loss of carbon monoxide would afford the corre-

sponding formates. 

The cycloaddition of (trimethylsilyl)ketene with 

saturated aldehydes, propionaldehyde, butyraldehyde, 

isobutyraldehyde, 3-cyclohexenecarboxyaldehyde in the 

presence of boron trifluoride etherate resulted in the 



formation of the cis and trans-2-oxetanones. The geometrical 

isomers were formed in approximately equal amounts. The 

2-oxetanones did not undergo decarboxylation upon heating at 

o 

150 C for one hour. This is in contrast to most 2-oxetanones 

which are quite susceptible to decarboxylation upon heating. 

(Trimethylsilyl)ketene reacted with a,3-unsaturated 

aldehydes, cinnamaldehyde, crotonaldehyde, furfural, and 

a-methylcinnamaldehyde, in the presence of boron trifluoride 

etherate to yield approximately equal amounts of E and Z 

isomers of (trimethylsilyl) dienoate esters. These esters 

are derived from the cis and trans-2-oxetanones which 

underwent a 1,3-silicon migration from carbon to oxygen 

accompanied by a ring opening reaction. Hydrolysis of the 

isomeric silyl ester mixtures resulted in the formation of 

the corresponding dienoic acids. Hydrogenation of the 

isomeric silyl ester mixtures resulted in the formation of 

the saturated trimethylsilyl esters, which, upon hydrolysis, 

produces the corresponding saturated carboxylic acids. 

Diphenylketene reacted with cinnamaldehyde in the 

presence of boron trifluoride etherate to yield substituted 

1,3-butadiene. Reaction of dichloroketene with cinnamalde-

hyde and a-methylcinnamaldehyde does not require boron 

trifluoride etherate. It was proposed that zinc chloride, 

which was formed in the dehalogenation of trichloroacetyl 

chloride, catalyzed the cycloaddition reaction to yield 



the substituted 1,3-butadienes. Apparently, the initially 

formed 2-oxetanones readily decarboxylated to the dienes. 

The formation of the conjugated system is evidently the 

driving force for the decarboxylation under the mild 

conditions. 

The (2+2) cycloaddition of (trimethylsilyl)ketene with 

tetraalkoxyethylenes at elevated temperature was found to 

proceed in good yield to give 2-(trimethylsilyl)-3,3,4,4-

tetraalkoxycyclobutanones. The tetraalkoxyethylenes were 

synthesized from the corresponding trialkyl orthoformates 

and as electron-rich activated olefins, the tetraalkoxy-

ethylenes readily reacted with the electron-deficient (tri-

methylsilyl) ketene . The cyclobutanones are thermally 

unstable and undergo a silicon migration and elimination to 

yield 3,4,4-trialkoxy-2-cyclobutenones. Hydrolysis of the 

cyclobutenones in dilute acid yields 3-hydroxycyclobuten-l,2-

dione, semisquaric acid. 

(Trimethylsilyl)ketene reacted with tetraalkoxyethylene 

at room temperature with the formation of the corresponding 

cyclobutanones and some silyl enol ethers, 3,3,4,4-tetra-

alkoxy-l-trimethylsiloxycyclobutene. The silyl enol ethers 

are very sensitive to heat and the silyl group is readily 

removed to yield 3,4,4-trialkoxy-2-cyclobutenones. 



The reaction of (trimethylsilyl)ketene with the highly 

hindered dimethylketene bis(trimethylsilyl)acetal produced 

an open chain product, trimethylsilyl 2,2-dimethyl-3-tri-

methylsiloxy 4-trimethylsilyl-3-butenoate. 
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CHAPTER I 

INTRODUCTION 

Ketenes are a class of organic compounds containing 

carbon-carbon-oxygen cumulative double bonds. The simplest 

member of this group of compounds, ketene, ife a gas at 

standard temperature and pressure. Although this 

ketene can be isolated, it is quite susceptible to dimeri-

zation (1). Replacement of one hydrogen on the ketene 

molecule by another substituent produces an aldoketene 

(a monosubstituted ketene) and replacement of both hydrogens 

by other substituents produces a ketoketene (a disubsti-

tuted ketene), which may be symmetrical or unsymmetrical. 

H\ \ N c=c=o c=c=o c=c=o 

Y. S y 
Halogenated ketenes are defined as ketenes which have 

at least one halogen atom attached directly to the ketene 

functionality. Organometallic ketenes have a metal atom 

(such as silicon, germanium, or tin) attached directly to 

the ketene functionality. 



R R,M 

\ \ 
c=c=o c=c=o 

/ ^ 
X H 

M = Si, Ge, Sn 

There are several available methods for the synthesis 

of ketenes, but the most general method is the triethyl-

amine dehydrohalogenation of an appropriately substituted 

acid halide in a hydrocarbon solvent. This dehydrohalo-

genation method has been used to prepare all the various 

types of ketenes—aldoketenes, ketoketenes, halogenated 

ketenes, and organometallic ketenes (2,3,4,5,6). 

CHO 0 CH 
\ H 3 \ 
CHC-C1 + Et-N C=C=0 + NHEt_Cl 

/ / 3 / 3 

CH3 CH3 

Another widely used method for the synthesis of ketenes 

is the activated zinc dehalogenation of an a-haloacid halide 

in ether solution. This method was used to prepare diphenyl-

ketene by Staudinger in 1905 (7,8). 

0 Ph 
II Zn \ 

Ph9C-C-Cl *" C=C=0 + ZnCl_ 
I 2 

CI Ph 



The pyrolysis of certain types of compounds is another 

method used to prepare certain ketenes with relatively low 

molecular weights (9, 10, 11). 

0 
II 

CH0-C-CH. 
695-705 C 

H 
\ 
C=C=0 + CH, 

H 
/ 

120°C 
CH-

CH-

\ 
( c=c=o 

Ph OSiMe-
\ / 

c=c 
/ \ 

Ph OSiMe-

230 C 
Ph 
\ 
C=C=0 + Me3Si-0-SiMe3 

Ph 

The first organometallic ketene was prepared in 1965 

by the thermal decomposition of trialkylmetalloethoxyace-

tylene compounds (12, 13). 

A 
R3MC=C-OEt 

R3M, 

H 

c=c=o + CH2=CH2 

M = Si, Ge, Sn 



There are also additional methods that have been used 

for the preparation of these organometallic ketenes (14, 15). 

Many different organometallic ketenes such as trichlorosilyl 

(16), triethylsilyl (15), bis(trimethylstannyl), bis(tri-

methylsilyl) (17, 18, 19), and recently, alkyl(trimethylsilyl) 

ketenes have been prepared (20). Even compounds containing 

two different metals from group IVA bonded directly to the 

ketene functionality have been synthesized (21). 

(Trimethylsilyl)bromoketene was prepared by the addition 

of bromine to (trimethylsilyl)ketene to yield (trimethyl-

silyl) bromoacetyl bromide, which will undergo triethylamine 

dehydrobromination to yield (trimethylsilyl)bromoketene 

(12, 22). 

Me_Si 0 Me-jSi 
\ II E t3 N \ 
C=C=0 + Br0 ^ Me^SiCH-C-Br C=C=0 

/ 2 3 l / 
H Br Br 

Many ketenes are unstable and cannot be isolated and are 

generated from stable precursors and trapped by a suitable 

substrate to yield a cycloaddition product. Most of the 

aldoketenes, halogenated ketenes and cyanoketenes are not 

isolable (23, 24, 25). However, some of the ketoketenes, 

particularly those with large bulky groups such as t-butyl 

are quite stable and isolable. 



Stable ketenes will undergo oxidation with peracids 

and ozone. The highly hindered ketene, di-tert-butylketene 

with peracid yields di-tert-butyl ketone and 2-oxetanone. 

The formation of these products is consistent with an a-lac-

tone intermediate, which undergoes a ring opening to yield 

a zwitterionic intermediate which decarboxylates to yield 

the ketone and which also rearranges and undergoes ring 

closure to yield the 2-oxetanone (26, 27, 28). 

t-Bu 

t-Bu 

\ 
C 

/ 
c=c=o 

peracid 
t-Bu 

t-Bu 

a-lactone 

t-Bu 
t-Bu 

/ 
t-Bu 

The reaction of dineopentylketene with m-chloroper-

benzoic acid (MCPBA) resulted in the formation of 2-neopentyl-

4,4-dimethyl-2-pentenoic acid. The corresponding ketone as 

described above was not formed in this system. The a,$-

unsaturated acid was likely formed from a zwitterion by 

the loss of a B-hydrogen. 



MCPBA 
=C=0 

0 
I! 
C-OH 

X 
c=c 

/ 
H 

The peracid oxidation of dimethylketene bis(trimethyl-

silyl) acetal yields an acid which was proposed to originate 

from an a-lactone intermediate (29). 

The ozonolysis of silyldiazo compounds yields both a 

silyl ketone and a silyl ester (30, 31). There is suffi-

cient evidence in the literature to indicate that ozone is 

an epoxidizing agent. 

Bartlett and coworkers have reported that the ozonoly-

sis of diphenylketene at -78°c produces a polyester, which 

is derived via an a-lactone intermediate (32, 33). 

Reaction with Unsaturated Compounds 

Ketenes are well known to undergo cycloaddition 

reactions with unsaturated compounds (34). The (2+2) 

cycloaddition is a synthetically useful reaction to prepare 

the four-membered ring (35, 36, 37). One of the most 

reactive ketenes is dichloroketene, which, in spite of the 



tendency to polymerize, enters readily into cycloaddition 

reactions with olefins, dienes and alkynes (38, 39). 

0 
CI 

CI 

\ 
c=c=o + 

Recently, an improved procedure has been discovered 

for the cycloaddition of dichloroketene with hindered olefins 

such as tetramethylethylene and dimethylacetylene. The 

dichloroketene is generated by the zinc dehalogenation in 

a very dilute ether solution. Trichloroacetyl chloride is 

introduced to the substrate over a long period of time to 

deter polymerization of ketene at the expense of the cyclo-

adduct (40, 41). 

CI 
\ c=c=o + \:=c//' • ^ \ 

Cl 

CI 
\ 

c C=C=0 + R-C=C-R 

Cl 

R R 



Ketenes will undergo cycloaddition with carbonyl 

compounds to yield $-lactones (2-oxetanones). The 

preparation of g-lactones by ketene cycloaddition dates 

back to the early investigations of Staudinger (42). The 

B-lactones are generally quite sensitive to heat and decar-

boxylate to yield the corresponding olefin (43). 

Condensation of unsymmetrical ketenes such as alkyl-

haloketenes or (trimethylsilyl)ketene with unsymmetrical 

ketones and aldehydes produces cis and trans isomers. Both 

cis and trans-2-oxetanones are generally produced in approxi-

mately equal amounts and usually decarboxylate upon heating 

(44, 45). 

CH. 

X 

\ 
/ oc=o 

CH, 

R 
X 

0 

R 

+ 

CH, R 
3 \ / c=c / \ 
X R1 

R 
\ 
C=0 

R' 

CH. 

R' 
X 

R 

CH, R' 

\ / 
C=C 

/ \ 
X R 



(CH3)3si 

H 

\ 
/ 
c=c=o 

+ 

PhCHO 

Me3Si 

H 

H 

Ph 

H 

+ 

H 

Ph 

-0 

A 

MeoSi n • 

.0 

Me,Si Ph 

\ / 
c=c 

/ \ 
H H 

Me-jSi H 
3 \ / 

C=C 

/ \ „ 
H Ph 

There are very few reports in the literature on the 

cycloaddition of ketenes and a,g-unsaturated carbonyl com-

pounds. Young reported in 1949 the reaction of ketene and 

3-penten-2-one to yield an a,^-unsaturated carboxylic acid. 

It was proposed that a 2-oxetanone intermediate was formed 

which rearranged to 3-methyl 2,4-hexadienoic acid by the 

transfer of a proton from a carbon to the oxygen of the 

carbonyl group. The rearrangement suggests that the insta-

bility of the 2-oxetanone is due to the propenyl substituent 

(46) . 

H 0 

\ 
l 

/ 
C=C=0 + CH3-CH=CH-C-CH3-

H 0 

CHo-CH=CH-C=CH-C-OH 

CH3_ 

0 

0 

CH=CH-CH-

CH-
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The reaction of ketenes and diazomethane is another 

method for the formation of the four-membered ring. Hammond 

and Turro studied the reaction of methylketene and dimethyl-

ketene with diazomethane and reported that at -78°C the 

cyclopropanones were formed. The cyclopropanone reacts 

smoothly with an excess diazomethane even at -78°C to yield 

cyclobutanones (47). Treatment of (trimethylsilyl)ketene 

with an excess of diazomethane yields two cyclobutanones 

in approximately equal amounts (48, 49). 
/ 

Me3Si 

H 

\ 
/ 

CH2N2 
c=c=o £—»-

SiMe 
SiMe SiMe 

Reaction with Activated Olefins 

Bellus has recently reported the (2+2) cycloaddition 

of aldoketenes with electron-rich olefins such as tetra-

methoxy- and tetraethoxyethylene to yield the substituted 

cyclobutanones. Hydrolysis of the tetraalkoxycyclobutanones 

yields 3-hydroxycyclobut-3-ene-l,2-diones (semisquaric acid 

X=H) in good yield. The ketene was generated by the tri-

ethylamine dehydrohalogenation of a monosubstituted acetyl 

chloride in the presence of tetraalkoxyethylene. The 

yields of the precursors of semisquaric acid were reported 

good to excellent (50, 51). 
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X-CH2-C-CI + 

RO OR 
\ / 

c=c 
/ \ 

RO OR 

Et3N 

(RO) 

18% HC1 

The reaction of dichloroketene and alkylhaloketene 

with tetramethoxyethylenes yields the corresponding cyclo-

butanones which, upon hydrolysis, result in ring cleavage 

to yield acyclic products (52). 

CI 
0 MeO OMe 
II \ / 

R-CH-C-Cl + C=C 

/ X 
CI MeO OMe 

Et^N OMe 

MeO 

OMe 

OMe 

18% HC1 

R - CH 
I 
CI 

0 
II 
C 

OMe 0 
I II 
C - C - OMe 
I 
OMe 

Trimethylsilyl enol ethers have been reported to 

react with ketenes to yield 3-trimethylsiloxycyclobutanone 

in good yield. Removal of the trimethylsilyl group by 

methanol provides the corresponding 3-hydroxycyclobutanone 
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in quantitative yield. This cycloaddition is of par-

ticular interest because it provides an entry to B-hydroxy-

cyclobutanones from readily available compounds (53, 54, 55, 

56) . 

CI Me->SiO CH3 

\ \ / 
c=c=o + c=c — 

/ / \ 
CI H CH3 Me3SiO 

The cycloaddition of (trimethylsilyl)ketene with ketene 

dialkyl acetals has been reported. The cycloaddition was 

accomplished at 90°C with the formation of the expected 

regioisomer in moderate yield (57). 

Me^Si 

H 

\ 
I 

/ 

M e3 s i o e 
C=C=0 + CH2=C(OR)2 

(RO) 

The objective of this investigation was to study the 

chemistry of the new and novel (trimethylsilyl)ketene. 

(Trimethylsilyl)ketene is a stable isolable aldoketene 

which provides an opportunity for some unique studies that 

have not been possible with other aldoketenes. Since there 

are no reports in the literature on the ozonolysis or 

peracid oxidation of aldoketenes, it was proposed to 

investigate the ozonolysis of (trimethylsilyl)ketene in an 
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effort to determine if this ketene undergoes oxidation to 

an a-lactone intermediate. Also, it was proposed to inves-

tigate the cycloaddition reactions of (trimethylsilyl)ketene 

with various types of unsaturated compounds. The initial 

studies indicated that (trimethylsilyl)ketene was unreactive 

in cycloaddition reactions. Consequently, the cycloaddition 

with electron-rich olefins and carbonyl compounds was 

studied. 
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CHAPTER II 

EXPERIMENTAL 

The proton nmr spectra were recorded on an Hitachi 

Perkin-Elmer 60 MHz nuclear magnetic resonance spectrometer 

employing carbon tetrachloride as the solvent and either 

methylene chloride, chloroform or tetramethylsilane as an 

internal standard. 

Analytical and spectroscopic samples were obtained 

where possible by vapor phase chromatography (vpc) on a 

Perkin-Elmer model 3290-B gas chromatograph using either 

a 6 ft. x h in. outside diameter glass column packed 

with 10% SE-30 on an acid-washed Chromosorb WAW (80/100) 

support or on a 10 ft. x % in. outside diameter glass 

column packed with 10% QF-1 acid-washed Chromosorb WAW 

(80/100) support. 

Infrared (ir) spectra were recorded on a Beckman IR 

33 or on a Perkin-Elmer model 621 grating infrared spec-

trometer. Spectra were obtained using neat samples on 

sodium chloride discs and in carbon tetrachloride solutions. 

Mass spectra were obtained on an Hitachi Perkin-Elmer 

RMU-6E double focusing mass spectrometer and on a Finnigan 

GC/MS 3200 with a data system 6100. 
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Elemental analyses were performed by Midwest Micro-

lab, Ltd., Indianapolis, Indiana. 

Glassware was dried at 100°C and cooled under nitrogen 

before use. 

Preparation of Reagents 

Ether, benzene, heptane, ethylene glycol dimethyl 

ether (glyme), and tetraethylene glycol dimethyl ether (tetra-

glyme) were commercially available and were dried and 

purified by distillation from sodium-potassium alloy under 

a nitrogen atmosphere prior to each run. Methylene chloride 

was used without further purification. Triethylamine was 

commercially available and was dried over sodium metal and 

distilled prior to use. 

The zinc was activated by a standard procedure and 

was always stored and used under a nitrogen atmosphere (1). 

Trichloroacetyl chloride was prepared from trichloro-

acetic acid and either thionyl chloride or oxalyl chloride. 

The acid halide was freshly distilled prior to each 

dichloroketene preparation. The commercially available 

aldehydes and boron trifluoride etherate were distilled 

prior to use. 

Trimethylchlorosilane and triethylchlorosilane were 

commercially available and were used without further purifi-

cation. Diphenylketene was prepared by the triethylamine 

dehydrochlorination of diphenylacetyl chloride (2, 28). 
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Ethoxyacetylene was commercially available and was 

also prepared by the following procedure. A 160 g (1.00 mol) 

portion of bromine was added dropwise to 72 g (1.0. mol) of 

ethyl vinyl ether in 100 ml of methylene chloride at -78°C. 

The slightly yellow solution was slowly added to 200 g 

(1.08 mol) of tri-n-butylamine and kept at 100°C and under 

75 mm over a period of 4 hours. A distillate was continu-

ously collected in a cold trap. Distillation of this 

liquid through a Vigreaux column afforded the l-bromo-2-

ethoxyethene; bp. 56-61°C at 46 torr. 

The ethoxyethene was mixed with an excess of powdered 

potassium hydroxide, and the reaction mixture was heated. 

When the oil bath temperature reached 90-100°C, a vigorous 

reaction occurred and ethoxyacetylene was distilled very 

rapidly (3); bp., 52°C at 760 torr (lit. 49-51°C at 749 torr) 

(4). Ethoxyacetylene was dried over anhydrous magnesium 

sulfate and vacuum distilled, giving a 40% yield. 

(Triethylsilyl)acetic acid (5) 

To 5 g (0.2 mol) of magnesium in dry ether under a 

nitrogen atmosphere was added 16.4 g (0.100 mol) of chloro-

methyltriethylsilane (methylmagnesium bromide was added 

to initiate the reaction). After six hours the reaction 

mixture was poured onto crushed dry ice and allowed to 

warm to room temperature. Dilute hydrochloric acid was 

added until the water layer was acidic. The ether layer 
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was separated, dried over magnesium sulfate, and the ether 

was evaporated leaving 8.0 g of the acid (47% yield); bp. 

100-102°C at 2 torr. 

(Triethylsilyl)acetyl chloride (6) 

A 12.7 g (0.100 mol) portion of oxalyl chloride was 

added dropwise to 17.4 g (0.100 mol) of (triethylsilyl)-

acetic acid. The mixture was stirred for two hours at 

50°C and fractionally distilled to give 15.3 g (80% yield) 

of the (triethylsilyl)acetyl chloride; bp., 52-53°C at 

1 torr. 

(Triethylsilyl)ketene (7) 

A 9.6 g (0.050 mol) portion of (triethylsilyl)acetyl 

chloride was added dropwise to a solution of 5.05 g (0.050 

mol) of triethylamine in 35 ml of dry ether under a nitrogen 

atmosphere. The reaction mixture was refluxed for one hour, 

and then filtered and the precipitate washed with dry 

ethyl ether. After removal of the solvent, the residue 

was distilled at 68-70°C, at 30 torr (lit. 61.5-62.5°C) 

(7), to give 5.4 g (70% yield) of the (triethylsilyl)ketene. 

ir, 1270, 2100 cm--'- (vC=C) , 3020 cm-"'' and 3340 cra"̂ ; nmr, 

(CCl̂  as a solvent with CHCl^ as a reference), <5, 1.0 

(m, 15 H) and 1.6 (s, 1 H). 
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(Trimethylsilyl)ketene (8) 

An 81 ml (0.20 mol) portion of 2.25 M methyllithium 

in ether was added dropwise to a solution of 14 g (0.20 mol) 

of ethoxyacetylene in 500 ml of dry ethyl ether at -78°C 

under a nitrogen atmosphere. The reaction was stirred for 

one hour and then 22 g (0.20 mol) of trimethylchlorosilane 

was added dropwise. When the addition was complete, the 

reaction was stirred overnight and allowed to come to room 

temperature. The solution was decanted very carefully 

from the salt precipitate and the ether was evaporated on 

a rotary evaporator. The residue was then subjected to 

a 0.1 torr vacuum and the (trimethylsilyl)ethoxyacetylene 

collected in a vacuum trap. This acetylene was then heated 

to 120°C for two hours, and the (trimethylsilyl)ketene 

distilled. Redistillation yielded 13.6 g (60% yield), 

bp., 82°C; ir, 2080 cm "S nmr (using CCl^ as the solvent 

and CHCI3 as a reference), 6, 0.00 (s, 9 H), 1.46 (s, 1 H). 

Typical Procedure for Ozone Reaction 
with Ketenes 

A solution of 0.017 mole of ketene in 25 ml of 

methylene chloride was cooled to -78°C under a nitrogen 

atmosphere and then ozone was bubbled through the solution 

until the ketene had been consumed as evidenced by ir. 

After warming of the reaction mixture to room temperature, 
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the solvent was removed by distillation and the product 

was distilled. 

Trimethylsilyl formate (9) 

The ozonolysis of (trimethylsilyl)ketene gave a 40% 

yield of trimethylsilyl formate, bp., 84°C (lit. 86.5°C) 

(10) ; ir, (with CC1/,) 1720 cm--'- (vC=0) ; nmr (with CC1 as 
* 4 

a solvent and CI^C^ as a reference), 6, 0.35 (s, 9 H) 

and 8.0 (s, 1 H). 

Triethylsilyl formate 

The ozonolysis of (triethylsilyl)ketene gave a 60% 

yield of triethylsilyl formate. ir, (with CC14) 1720 cm
-1, 

(vC=0); nmr, (with CCl^ as a solvent and CHCI3 as a 

reference), 6, 1.0 (m, 15 H) and 8.0 (s, 1 H). 

Anal. Calcd. for CyH-LgC^Si: C, 52.50; H, 10.00. 

Found: C, 52.49; H, 9.59. 

Typical Procedure for (Trimethylsilyl)ketene 
Cycloaddition with Saturated Aldehydes 

A 2.00 g (17.5 mmol) portion of (trimethylsilyl)ketene 

was added dropwise to a stirred solution of 17.5 mmol of 

aldehyde containing a few drops of boron trifluoride 

etherate at 0°C under a nitrogen atmosphere. When the 

addition was complete (30-45 minutes), the reaction 

mixture was allowed to warm to room temperature. Stirring 

was continued until the keterie had been consumed as 



24 

evidenced by the disappearance of the ketene band in the 

ir at 2080 cm 1 and the formation of a strong band at 

1805-1810 cm 1 (vC=0 for 2-oxetanone). The 2-oxetanones 

were purified by vacuum distillation through a short-path 

distillation apparatus and further characterized. 

4-Ethyl-3-trimethylsilyl-2-oxetanone 

A 2.00 g (17.5 mmol) portion of (trimethylsilyl)ketene 

and 1.02 g (17.5 mmol) of propionaldehyde containing a few 

drops of boron trifluoride etherate were reacted to give 

1.80 g (60% yield) of 4-ethyl-3-trimethylsilyl-2-oxetanone 

(cis and trans isomers). The ratio of'cis to trans 

isomer was 55 to 45, respectively, as evidenced by the 

nmr and gas chromatography. Purification was by gas 

chromatography. bp., 78°C at 0.5 torr; ir, 1810 cm"1 (vC=0); 

nmr, (with C C 1 a s a solvent and CHC13 as a reference), 

<5, 0.18 (trans isomer), 0.20 (cis isomer), (two s, 9 H), 

2.8 (trans isomer, J = 4 Hz), 3.2 (cis isomer, J = 6 Hz), 

(two d, 1 H), 4.0 (trans isomer, J = 4 Hz), 4.3 (cis 

isomer, J = 6 Hz), (two m, 1 H); methyl and methylene groups 

of the cis and trans isomers were multiplets of 6 1.0 and 

1.70, respectively (Figure 1); mass spectrum m/e (relative 

intensity), parent peak for cis isomer 172, (no M found), 

157 (6.5M-15), 147 (43.0), 133 (100), 99 (13.1), 85 (36.0), 

75 (38.0), 73 (34.0), 59 (89.0); mass spectrum, m/e (rela-

tive intensity) parent peak for trans isomer 172, (no M found), 
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157 (9, M-15), 147 (100), 113 (72.3), 99 (60.5), 85 (35.5), 

75 (97.0), 73 (50.0), 59 (78.9). 

Anal. Calcd. for CgH1602Si: C, 55.8; H, 9.30. Found: 

C, 56.16, H, 9.58. 

4-n-Propyl-3-trimethylsilyl-2-oxetanone 

A 2.00 g (17.5 mmol) portion of (trimethylsilyl)ketene 

and 1.26 g (17.5 mmol) of n-butyraldehyde containing a 

few drops of boron trifluoride etherate were reacted to 

give 1.76 g (54% yield) of 4-n-propyl-3-trimethylsilyl-

2-oxetanone (cis and trans isomers), which was purified by 

gas chromatography. bp., 56-60°C at 0.025 torr; ir, 1810 

cm"1 (vC=0); nmr, (with CC14 as a solvent and CH2C12 as a 

reference), 6, 0.18 (trans isomer), 0.2 cis isomer (two 

s, 9 H), 2.85 (trans isomer, J = 4 Hz), 3.28 (cis isomer, 

J = 6 Hz), (two d, 1 H), 4.15 (trans isomer, J = 4 Hz), 

4.7 (cis isomer, J = 6 Hz), (two m, 1 H); methyl and methylene 

protons of the cis and trans isomers were multiplets at 

5, 1.0 and 1.55, respectively; mass spectrum m/e (relative 

intensity), parent peak 186: (no M found), 171 (13.0, 

M-15), 143 (23.0), 127 (100), 114 (7.8), 99 (89. 6), 85 

(20.8), 75 (32.5), 73 (97.4), 59 (71.4). 

Anal. Calcd. for C9Hlg02Si: C, 58.0; H, 9.73. 

Found: C, 57.5; H, 9.94. 
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4-Isopropyl-3-trimethylsilyl-3-oxetanone 

A 2.00 g (17.5 mmol) portion of (trimethylsilyl)ketene 

and 1.26 g (17.5 mmol) of isobutyraldehyde containing a 

few drops of boron trifluoride etherate were reacted to 

give 1.82 g (56% yield) of 4-isopropyl-3-trimethylsilyl-2-

oxetanone (cis and trans isomers), bp., 67°C at 0.025 torr; 

ir, 1810 cm--'- (vC=0) ; nmr, (with CCI4 as solvent and CHCI3 

as a reference), 5, 0.20 (trans isomer), 0.25 (cis isomer), 

(two s, 9H), 2.90 (trans isomer, J = 4 Hz), 3.25 (cis 

isomer, J = 6 Hz), (two d, 1 H), 3.85 (trans isomer, J = 

4 Hz), 4.10 (cis isomer, J = 6 Hz), (two m, 1 H); methyl 

and methinyl protons of the cis and trans isomers were 

(d of d) and multiplet at 6, 1.0 and 1.80, respectively; 

mass spectrum m/e (relative intensity), parent peak for cis 

isomer 186, (no M found), 171 (14.5, M-15), 143 (4.0), 

127 (22. 4), 99 (48.7), 97 (27.6), 85 (22.4), 75 (48.7), 

73 (100), 59 (26.3), for trans m/e 186 (no M found), 

(10.4, M-15), 143 (5.2), 127 (23.4), 99 (18.2), 85 (20.8), 

75 (27.3) , 73 (100) , 59 (27.3). 

Anal. Calcd. for CtjH^C^Si: C, 58.0; H, 9.73. 

Found: C, 58.25; H, 9.79. 

4-(3-Cyclohexeneyl)-3-trimethylsilyl-2-oxetanone 

A 2.00 g (17.5 mmol) portion of (trimethylsilyl)ketene 

and 1.02 g (17.5 mmol) of 3-cyclohexene-l-carboxaldehyde 

containing a few drops of boron trifluoride etherate were 
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reacted to give 2.50 g (65% yield) of 4-(3-cyclohexeneyl)-3-

trimethylsilyl-2-oxetanone (cis and trans isomers). bp., 

95-100°C at 0.15 torr; ir, 1805-1810 cm"1 (vC=0); nmr, 

(with CC14 as the solvent and CHC13 as the reference), 

6, 0.21 (trans isomer), 0.23 (cis isomer), (two s, 9 H), 

2.05 (m, 7 H), 3.0 (trans isomer), 3.3 (cis isomer), (two d, 

1 H), 4.0 (m, 1 H), 5.6 (s, 2 H); mass spectrum, m/e 

(relative intensity) parent peak 224, (4.5, M, parent peak), 

209 (54, M-15), 207 (24.0), 182 (20.0), 169 (42.2), 165 

(23.5) , 114 (48.2), 110 (78.0), 99 (94.0), 73 (100, base 

peak). 

Anal. Calcd. for C 1 2
H20°2 s i : C' 64.31; H, 8.92. 

Found: C, 64.83; H, 9.19. 

Typical Procedure for the Cycloaddition of 
(Trimethylsilyl)ketene with 
a,g-Unsaturated Aldehydes 

A 2.00 g (17.5 mmol) portion of (trimethylsilyl)ketene 

was added dropwise to a stirred solution of 17.5 mmol of 

an a,3—unsaturated aldehyde, containing a few drops of 

boron trifluoride etherate at 0°C under a nitrogen atmos-

phere. When the addition was complete (30-45 minutes), 

the reaction mixture was allowed to warm to room tempera-

ture and stirring was continued until the ketene had been 

consumed as evidenced by the disappearance of the ketene 

band in the ir at 2080 cm This stirring period was 

from 2 hours to overnight, depending on the aldehyde. 
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The silyl esters were purified by vacuum distillation 

through a short-path distillation apparatus, and also by 

gas chromatography. 

Typical Procedure for Hydrolysis of the 
Trimethylsilyl Dienoate Esters 

To a 0.5 g portion of the silyl ester was added 2 ml 

of 5% hydrochloric acid. This mixture was stirred for 30 

minutes at room temperature. The dienoic acid was filtered 

in near quantitative yield and was purified by sublimation. 

Typical Procedure for Hydrogenation of the 
Trimethylsilyl Dienoate Esters 

A 0.5 g portion of the silyl ester in 15-20 ml of dry 

ether containing a catalytic amount of platinum oxide cata-

lyst was hydrogenated for 12-15 hours. The catalyst was 

removed by filtration, the ether evaporated, and the 

residue vacuum distilled to yield the saturated silyl ester 

in near quantitative yield. 

Typical Procedure for the Hydrolysis of the 
Saturated Trimethylsilyl Esters 

To 0.5 g of saturated silyl ester was added about 2 ml 

of 5% hydrochloric acid and this reaction mixture was 

stirred for 30 minutes at room temperature. The saturated 

acid was purified by distillation or sublimation. 
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Trimethylsilyl g-styrylacrylate 

A 6.00 g (52.6 mmol) portion of (trimethylsilyl)ketene 

and 6.94 g (52.6 mmol) of E-cinnamaldehyde containing a few 

drops of boron trifluoride etherate resulted in 8.00 g 

(62%yield ) of trimethylsilyl g-styrylacrylate (Z^ E and 

E, E isomers). Purification was by gas chromatography. 

The ratio of Z_, E to E, E was 57 to 43 as evidenced by gas 

chromatography, bp., 90°C at 0.025 torr; ir, 1625 cm-"'" 

(vC=C) and 1685 cm~l (vC=0); nmr (with CCl^ as the solvent 

and CH2CL2 as a reference), 0.5 (s, 9 H) , 5.8 (two d, 1 

H), 6.6 (m, 2 H), and 8.0 (d of d 1 H); mass spectrum, m/e 

(relative intensity) parent peak for Z, E isomer 246, 

(13.2 M, parent peak), 231 (17.1, M-15), 187 (6.6), 157 

(42.1), 128 (100, base peak), 115 (11.8), 102 (42.1), 75 

(35.5), 73 (98.7), 59 (42.1); For E, E isomer m/e (relative 

intensity), 246 (14.3, M, parent peak), 231 (16.9, M-15), 

187 (6.4), 157 (38.9), 128 (98.7), 115 (12.9), 102 (10.3), 

75 (29.8), 73 (100, base peak), 59 (37.7). 

Anal. Calcd. for C-^H^gC^Si: C, 68.30; H, 7.32. 

Found: C, 68.65; H, 7.35. 

g-Styrylacrylic Acid 

The hydrolysis of a mixture of ( I 2 , E ) and (E,E) tri-

methylsilyl g-styrylacrylate yielded the g-styrylacrylic 

acid. Purification was by sublimation; rap., 164-165°C. 

(lit. 165°C) (11). 
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Trimethylsilyl 5-phenylpentanoate 

A quantitative yield of trimethylsilyl 5-phenylpen-

tanoate was obtained when a 0.5 g mixture of (Z, E) and 

(E, E) trimethylsilyl-3-styrylacrylate was hydrogenated; 

ir, 1712 cm 1 (vC=0); nmr, (with CC14 as the solvent and 

CH2C12 as a reference), 6, 0.4 (s, 9 H), 1.75 (m, 4 H), 

2.35 (t, 2 H), 2.7 (t, 2 H), 7.1 (s, 5 H); mass spectrum, 

m/e (relative intensity) parent peak 250, (2.6, M, parent 

peak), 235 (53.9, M-15), 160 (92.1), 145 (21.1), 131 (89.4), 

129 (96.1), 116 (75.0), 104 (84.2), 91 (46.1), 77 (88.2), 

74 (73.7), 65 (100, base peak), 55 (98.7). 

5-Phenylpentanoic acid 

The hydrolysis of trimethylsilyl 5-phenylpentanoate 

gave 5-phenylpentanoic acid in near quantitative yield; 

mp., 58°C (lit. 58-59°C) (12). 

Trimethylsilyl 2,4-hexadienoate 

A 5.13 g (45.0 mmol) portion of (trimethylsilyl)ketene 

and 3.15 g (45.0 mmol) of E-crotonaldehyde containing a few 

drops of boron trifluoride etherate yielded 3.9 g (48% 

yield) of (Ẑ , E) and (E, E) trimethylsilyl 2,4—hexadienoate. 

Purification was by gas chromatography. The ratio of Z, E 

to E, E isomer was 67 to 33. bp., 35-40°C at 0.25 torr; ir, 

before distillation: 1805-1810 cm"1 (C=0); ir, after 

distillation: 1640 cm - 1 (vC=C) and 1690 cm"1 (vC=0), 
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conjugated to double bond); nmr (with CCl^ as a solvent 

and CH2CI2 as a reference), S, 0.3 (E, E-isomer), 0.35 

(Z, E-isomer), (two s, 9 H) , 1.0 (d, 3 H), and 5.7 - 7.5 

(m, 4 H); mass spectrum, m/e (relative intensity) parent 

peak. For Z, E-isomer 184, (22.1, M, parent peak), 169 

(75.3, M-15), 147 (24.7), 125 (92.2), 95 (89.6), 75 (81.8), 

73 (85.7), 67 (81.8), 59 (100, base peak). For E, E-

isomer m/e 184 (44.9, M, parent peak), 169 (89.7 M-15), 

147 (31.1), 125 (73.0), 95 (100, base pe^k), 75 (91.0), 

73 (93.6), 67 (87.2), 59 (91.0). 

Sorbic Acid 

The hydrolysis of trimethylsilyl 2,4-hexadienoate 

yielded sorbic acid, mp., 122-127°C (lit. 124°C) (13). 

Comparison of the nmr and ir spectra with those of an • 

authentic sample verified the product was sorbic acid. 

Trimethylsilyl Hexanoate 

Hydrogenation of trimethylsilyl 2,4-hexadienoate gave 

trimethylsilyl hexanoate in near quantitative yield. 

Purification was by gas chromatography, bp., 50-55°C (0.5 

torr) ; ir, 1705 cm--'- (vC=0) ; nmr (with CCI4 as a solvent 

and CH2CI2 as a reference), 6, 0.2 (s, 9 H), 0.9 (d, 3 H), 

1.4 (m, 6 H), 2.2 (t, 2 H); mass spectrum m/e (relative 

intensity) parent peak 188, (2.3, M, parent peak), 173 

(58.1, M-15), 148 (27.9), 117 (30.3), 87 (53.5), 75 (100, 

base peak), 73 (72.1). 
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Anal. Calcd. for C9H20O2Si: C, 57.4; H, 10.64. 

Found: C, 57.62; H, 10.52. 

n-Caproic Acid 

The hydrolysis of trimethylsilyl hexanoate yielded 

n-caproic acid, bp., 204-205°C (lit. 204-206°C) (14) which 

was identified by comparison of the ir and mass spectra 

with those of an authentic sample. 

Trimethylsilyl g-Furylacrylate 

A 2.00 g (17.5 mmol) portion of (trimethylsilyl)ketene 

and 1.70 g (17.5 mmol) of furfural containing a few drops 

of boron trifluoride etherate gave 1.90 g (50%) of (Z, E) 

and (E, E) trimethylsilyl g-furylacrylate. The ratio of 

the isomers was 62:38. Purification was by gas chromato-

graphy. bp., 58-62°C at 0.2 torr; ir, 1690 cm - 1 (vC=0); 

nmr (with CC14 as a solvent and DMSO as a reference), 6, 0.4 

(s, 9 H), and 5.5 - 7.7 (m, 5 H); mass spectrum, m/e 

(relative intensity) parent peak for (Z, E isomer 210 

(13.2, M, parent peak), 195 (32.9, M-15), 151 (69.7), 121 

(100, M-(CH3)3SiO, base peak), 75 (39.5), 73 (43.5), 65 

(48.7); for (E, E isomer m/e 210 (12.9, M, parent peak), 

195 (29.8, M-15), 151 (68.8), 121 (100, base peak), 75 

(35.1), 73 (53.2), 65 (44.1). 

Anal. Calcd. for C 1 0H 1 4O 3Si: C, 57.14; H, 6.66. 

Found: C, 57.40; H, 6.74. 
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Trimethylsilyl 4-methyl-5-phenyl-2,4-pentadienoate 

A 2.00 g (17.5 mmol) portion of (trimethylsilyl)ketene 

and 2.60 g (17.5 mmol) of a mixture of both E- and Z-a-

methylcinnamaldehyde containing a few drops of boron tri-

fluoride etherate gave 2.50 g (55%) of a mixture of 

all four isomers, E, Z-, E, E-, Z, E-, and Z, Z-; 

with a ratio of 66:22:6.5:5.5 based on gas chromatography, 

b. p. , 95°C (0.25 mm);, ir, 1625 cm"1 (vC=C) and 1680 cm"1 

(vC=0); nmr with (CC14 as a solvent and CH2C12 as a 

reference), 5, 0.3 (s, 9 H), and 2.0 (s, 1 H), 5.8 (d, 1 H), 

6.7 (s, 1 H) , 7.2 (s, 5 H), and 7.3 (d, 1 H); mass spectrum 

m/e (relative intensity) parent peak 260 (13.0, M, parent 

peak), 245 (23.4, M-15), 201 (7.8), 183 (9.1), 171 (37.7), 

155 (7.8), 143 (97.4), 128 (100, base peak), 115 (48.1), 

91 (13.0), 75 (66.2), 73 (93.5). The mass spectra for 

all four isomers were almost identical. 

4-Methyl-5-phenyl-2,4-pentadienoic Acid 

The pentadienoic acid was obtained by the hydrolysis 

of 0.5 g of the trimethylsilyl 4-methyl-5-pheny1-2,4-

pentadienoate, which was purified by sublimation; mp., 100-

107°C (lit. 109-110°C) (15). 
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Trimethylsilyl 4-methyl-5-phenylpentanoate 

The trimethylsilyl ester was obtained by the hydro-

genation of the trimethylsilyl 4-methyl-5-phenyl-2,4-

pentadienoate in near quantitative yield, bp., 75-80°C 

(0.005torr); ir, 1710 cm"^ (vc=0) ; nmr (with CCI4 as a solvent 

and CH2CI2 as a reference), 6, 0.3 (s, 9 H), 0.95 (d, 

3 H) , 1.7 (m, 3 H), 2.35 (t, 2 H) , 2.65 (d, 2 H), and 7.2 

(s, 5 H); mass spectrum m/e (relative intensity) parent 

peak 264, (2.7, M, parent peak), 249 (35.5, M-15), 174 

(98.7), 157 (23.6), 145 (77.6), 132 (100, base peak), 

118 (69.7), 104 (23.6), 92 (42.1), 83 (72.3), 73 (72.3). 

Anal. Calcd. for C-^E^C^Si: C, 68.23? H, 9.09. 

Found: C, 68.54; H, 8.73. 

4-Methyl-5-phenylpentanoic Acid 

The hydrolysis of 4-methyl-5-phenylpentanoate yielded 

4-methyl-5-phenylpentanoic acid, which was further puri-

fied by sublimation; mp., 52-56°C (lit. 55-56°C) (16). 

Typical Procedure for the Cycloaddition of 
Dichloroketene with a,B-Unsaturated 

Aldehydes 

A solution of 25 mmol of freshly distilled trichloro-

acetyl chloride in 150 ml of dry ether was added very slowly 

(3-4 hours) to a stirred mixture of 25 mmol of aldehyde in 

150 ml of dry ether and 7 g of activated zinc under a 

nitrogen atmosphere. This reaction mixture was 
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stirred overnight. The excess zinc was filtered, washed 

and dried, revealing a stoichiometric loss. The reaction 

solution was concentrated to about 50 ml and stirred with 

50 ml of hexane. The hexane solution was decanted from 

the zinc salts, evaporated, and residue vacuum distilled 

to yield the diene. 

1,l-Dichloro-4-phenyl-l,3-butadiene 

A 25 mmol portion of trichloroacetyl chloride was 

reacted with 25 mmol of E-cinnamaldehyde containing 7.00 g 

of zinc in 300 ml of ether to give 1.75 g (35%) of the 

diene; bp., 61-65°C (0.05 torr) ; ir, 1590 cm (vC=C) ; 

nmr (with CCl^ as a solvent and CI^Cl^ as a reference) , 6, 

6.65 (m, 3 H), and 7.3 (s, 5 H); mass spectrum, m/e (relative 

intensity) parent peak 198 (46.8, M, parent peak), 163 

(28.8, M-35), 128 (100, loss of two CI atoms, base peak), 

115 (5.8), 99 (6.5), 81 (18.7), 77 (10.1), 63 (16.5), 

59 (61.2). 

Anal. Calcd. for C^oHgcl2: C' 60.30; H, 4.02. 

Found: C, 60.11; H, 4.06. 

1,l-Dichloro-3-methyl-4-phenyl-l,3-butadiene 

A 25 mmol portion of trichloroacetyl chloride was 

reacted with 25 mmol of a-methylcinnamaldehyde (both isomers) 

to give 1.7 g (32%) of the diene; bp., 69°C at 0.05 torr; ir, 

1590 cm--'- (vC=C) ; nmr (with CC1. as a solvent and CH0C10 
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as a reference), 6, 2.35 (s, 3 H), 6.6 (s, 1 H), 6.7 

(s, 1 H), and 7.3 (s, 5 H); mass spectrum, m/e (relative 

intensity) parent peak 212 (16.9, M, parent peak), 177 

(30.6, M-35), 162 (21.1), 141 (100, loss of two CI atoms, 

base peak), 128 (7.3), 115 (26.3), 91 (12.6), 70 (26.3), 

63 (15.7), 51 (16.8). 

Anal. Calcd. for Ci;lH10C12: C, 61.98; H, 4.70. 

Found: C, 61.72; H, 4.75. 

1,1,4-Triphenyl-l,3-butadiene 

A 10.0 g (51.5 mmol) portion of diphenylketene was 

added dropwise to a stirred solution of 6.80 g (51.5 mmol) 

and E-cinnamaldehyde containing a few drops of boron 

trifluoride etherate at room temperature under a nitrogen 

atmosphere. When the addition was complete, the reaction 

mixture was stirred overnight. Addition of methanol to 

the reaction solution caused the product to precipitate, 

yielding 7.50 g (52%) of the diene; mp., 98-99°C (purified 

by sublimation); ir, 1607 cm-1 (vC=C); nmr (with CC14 as a 

solvent and CH2C12 as a reference), <5, 6.8 (m, 3 H), and 

7.3 (m, 15 H); mass spectrum, m/e (relative intensity) 

parent peak 282, (42.3, M, parent peak), 225 (28.8), 190 

(26.9), 181 (23.1), 166 (100, due to Ph2C+, base peak), 

151 (19.2), 131 (57.6), 103 (42.3), 101 (15.4). 

Anal. Calcd. for C22H18: C, 93.62; H, 6.38. Found: 

C, 93.37; H, 6.41. 
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Attempted Cycloaddition of (Trimethylsilyl)ketene 

with Ketones 

To a 8.7 romol solution of ketones (such as acetone, 

hexachloroacetone, methyl vinyl ketone) containing a few 

drops of boron trifluoride etherate was added 1.00 g (8.7 

mmol) of (trimethylsilyl)ketene at room temperature. The 

reaction mixture was refluxed for 24 hours. No evidence 

for the formation of 2-oxetanone cycloadduct was observed 

and starting materials were recovered. 

General Procedure for the Preparation of 
Tetraalkoxyethylene (17) 

To a 20% excess of alkyl orthoformate (18, 19) at 

room temperature was added p-chlorophenol and p-toluensul-

fonic acid as a catalyst. The reaction mixture was stirred 

overnight, the alcohol liberated was evaporated, and the 

dialkoxy-p-chlorophenoxymethane was isolated by distillation 

at lower pressure (17). 

A 0.25 mol portion of dialkoxy-p-chlorophenoxymethane 

was added dropwise to a stirred solution of 0.31 mol 

sodium hydride and 50-60 ml of tetraethylene glycol dimethyl 

ether (tetraglyme). The reaction mixture was heated for 

24 hours at 90°C, then cooled to room temperature and 

filtered. The filtrate was distilled under reduced pressure 

(17, 20). 
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Tetramethoxyethylene 

Tetramethoxyethylene was prepared from trimethyl 

orthoformate and distilled, bp., 48°C at 15 torr (17). 

Tetraethoxyethylene 

Tetraethoxyethylene was prepared from triethyl ortho-

formate and distilled, bp., 77°C at 15 torr (17). 

Tetra-n-propoxyethylene 

Tetra-n-propoxyethylene was prepared from tripropyl 

orthoformate and distilled, bp., 123°C at 15 torr (17). 

Typical Procedure for the Reaction of 
(Trimethylsilyl)ketene with 
Tetraalkoxyethylene at 
Elevated Temperature 

A 3.0 g (26 mmol) portion of (trimethylsilyl)ketene 

was added dropwise to a stirred solution of a stoichiometrical 

amount of tetraalkoxyethylene under a nitrogen atmosphere. 

After completion of the addition, the reaction mixture was 
o 

heated to 90 C until the ketene had been consumed as 

evidenced by the disappearance of the ketene band at 2080 cm ^ 

in the infrared, about 2 hours. The corresponding cyclo-

butanone was purified by using a short path distillation 

apparatus. 

3,3,4,4-Tetramethoxy-2-tri-
methyl silylcyclobutanone 

A 1.54 g (13.5 mmol) portion of (trimethylsilyl)ketene 

was added dropwise to a stirred solution of 2.00 g (13.5 mmol) 
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of tetraethoxyethylene under a nitrogen atmosphere. There 

was obtained 2.3 g (65%) of the cyclobutanone, bp., 58-62°C 

at 0.25 mm; ir 1770 cm-1 (vC=0); nmr (with CC14 as a solvent 

and CHC13 as a reference), 6, 0.1 (s, 9 H), 2.85 (s, 1 H), 

and 3.3 (s, 12 H); mass spectrum, m/e (relative intensity) 

parent peak 262, (no M found), 247 (17, M-15), 189 (68), 

127 (71) 95 (100, base peak), 93 (84.3). 

Anal. Calcd. for C^H^OgSi: C, 50.38; H, 8.4. 

Found: C, 49.98; H, 8.66. 

3,4,4-Trimethoxy-2-cyclobutenone 

A 2.3 g (8.7 mmol) portion of 3,3,4,4-tetramethoxy-

2-trimethylsilylcyclobutanone was heated for about 24 hours 

at 95°C to give 1.39 g (80%) of the 3,4,4-trimethoxy-2-

cyclobutenone. Purification was by gas chromatography; 

bp., 58-62°C (0.25 torr); ir and nmr data were consistent 

with the literature (21); mass spectrum, m/e (relative 

intensity) parent peak 158, (3.3, M, parent peak), 143 

(100, M-15, base peak), 127 (20, M-31), 115 (63), 99 (43). 

3,3,4,4-Tetraethoxy-2-trimethyl-
silylcyclobutanone 

From 3.0 g (26 mmol) of (brimethylsilyl) ketene and 5.3 

g (26 mmol) of tetraethoxyethylene, there was obtained 

5.6 g (68%) of 3,3,4,4-tetraethoxy-2-trimethylsilylcyclo-

butanone. bp., 75-80°C (0.15 torr); ir, 1770 cm"1 (vC=0); 

nmr (with CCI4 as a solvent and CHCI3 as a reference, 6, 
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0.05 (s, 9 H), 1.05 (t, 12 H) , 2.80 (s, 1 H), and 3.50 (q, 

8 H); mass spectrum, m/e (relative intensity) parent peak 

318 (no M found), 303 (3.4, M-15), 289 (100, M-29, base 

peak), 273 (15.3), 245 (6.8), 217 (15.3), 215 (42.4), 

187 (39.0), 171 (69.5), 143 (87.7), 127 (27.1), 103 (69.5), 

75 (79.7), 73 (79.7). 

Anal. Calcd. for C^H^C^Si: C, 56.60; H, 9.43. 

Found: C, 56.83; H, 9.38. 

3,4,4-Triethoxy-2-cyclobutenone 

A 5.60g (17.6 mmol) portion of 3,3,4,4-tetraethoxy-

2-(trimethylsilyl)cyclobutanone was heated as described 

above and resulted in the formation of 3.00 g (86%) of 

3,4,4-triethoxy-2-cyclobutenone. Purification was accom-

plished by gas chromatography; bp., 90-95°C (0.1 torr), 

lit. 75°C (0.2 mm) (21); the ir and nmr data were consistent 

with that reported in the literature; mass spectrum, m/e 

(relative intensity) parent peak 200 (2.6, M, parent peak), 

171 (27.3, M-29), 143 (54.5), 122 (19.5), 115 (100, base 

peak), 99 (48.1), 82 (35.1), 69 (94.8). 

3,4,4-Tri-n-propoxy-2-cyclobutenone 

A 2.00g (17.5 mmol) portion of the (trimethylsilyl)-

ketene was added dropwise to 4.56 g (17.5 mmol) of tetra-

n-propoxyethylene. When the addition was complete, the 

reaction mixture was heated at 90-95°C overnight. 
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There was obtained 2.1 g (50%) of 3,4,4-tri-n-propoxy-2-

cyclobutenone, ir 1770, 1585, 1470, 1340, 1200 and 1080 

cm--'-; nmr (with CCl^ as a solvent and CHCI3 as a reference) , 

6, 1.19 (m, 9 H), 1.3 (m, 6 H), 3.35 (t, 4 H), 3.9 (t, 2 H), 

and 5.15 (s, 1 H); mass spectrum, m/e (relative intensity) 

parent peak 242 (1.7, M, parent peak), 199 (5.9), 157 (27.1), 

115 (100, base peak), 103 (9.3), 99 (24.5), 87 (7.6), 

69 (93.2). 

Anal. Calcd. for C].3H2204: c/ 64.5; H, 9.1. Found: 

C, 64.76; H, 9.03. 

Typical Procedure for the Reaction of (Trimethyl-
silyl)ketene with Tetraalkoxyethylene at 

Room Temperature 

A 1.0 g (8.7 mmol) portion of (trimethylsilyl)ketene 

was added dropwise to a solution of 8.7 mmol of tetra-

alkoxyethylene under a nitrogen atmosphere and stirred 

at room temperature for 3-5 days depending on the 

tetraalkoxyethylene. 

3,4,4-Trimethoxy-2-cyclobutenone 

A 1.0 g mixture of 3,3,4,4-tetraethoxy-2-trimethyl-

silylcyclobutanone and 3,4,4-triethoxy-2-cyclobutenone in 

20 ml of absolute methyl alcohol containing a few drops of 

concentrated hydrochloric acid was stirred overnight under 

a nitrogen atmosphere. Upon evaporation of the solvent, 

the distilled product was only 3,4,4-trimethoxy-2-cyclo-

butenone as evidenced by comparison of spectral data. 
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3,4,4,Tri-n-propoxy-2-cyclobutenone 

A 1.00 g mixture of 3,3,4,4-tetraethoxy-2-trimethyl-

silylcyclobutanone and 3,4,4,triethoxy-2-cyclobutenone in 

20 ml of absolute n-propyl alcohol containing a few drops 

of concentrated hydrochloric acid was stirred overnight 

under a nitrogen atmosphere. Upon evaporation of the 

solvent, the distilled product was only 3,4,4,tri-n-pro-

poxy-2-cyclobutenone as evidenced by spectral data. 

3-Hydroxy-3-cyclobutene-l,2-dione, 

(Semisquaric Acid) 

To a solution containing 1.00 g (6.3 mmol) of 3,4,4-tri-

methoxy-2-cyclobutenone in 20 ml of THF was added 15 ml of 

18% hydrochloric acid. This solution was stirred for an 

hour at 45°C. All of the liquids were removed under 

reduced pressure, and the residual solid was purified by 

sublimation to give 0.62 g (100%) of semisquaric acid; mp. 

145-150°C with decomposition (lit., 145-150°C with 

decomposition) (22); ir and nmr were identical with those 

of literature (Figure 2) (23). 

The nmr spectrum of semisquaric acid in acetone d^ as 

solvent revealed two singlets at, 6, 2.1 and 8.7 PPM in 

a ratio of one. 

Semisquaric acid was also obtained from either 3,4,4-

triethoxy-2-cyclobutenone or 3,4,4,tri-n-propoxy-2-cyclo-

butenone as described before. 
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Attempted Cycloaddition of (Trimethylsilyl)ketene 
with Ethyl Vinyl Ether 

A 2.00g (17.5 mmol) portion of (trimethylsilyl)ketene 

was added dropwise to a stirred solution of excess ethyl 

vinyl ether at room temperature. The reaction mixture was 

refluxed for 24 hours. No evidence for the cycloaddition 

was observed. 

Dimethylketene bis (trimethylsilyl) acetal (24) 

A 0.05 mol portion of isobutyric acid in 25 ml of 

THF was added dropwise to a stirred solution of 0.1 mol 

lithium diisopropylamide at 0°C and stirring was continued 

for one hour; 0.2 mol of trimethylchlorosilane was added 

and the reaction was allowed to warm to room temperature. 

The reaction mixture was filtered and distilled under 

reduced pressure. 

Trimethylsilyl 2,2-dimethyl-3-trimethylsiloxy-
4-trimethylsilyl-3-butenoate 

A 2.00g (17.5 mmol) portion of (trimethylsilyl)ketene 

was added dropwise to a stirred solution of 4.07 g (17.5 

mmol) of dimethylketene bis(trimethylsilyl) acetal at 110°C 

under a nitrogen atmosphere. The reaction solution was 

stirred at this temperature until the ketene had been 

consumed as evidenced by the disappearance of the ketene 

band in the ir 36 hours). Vacuum distillation resulted 

in 4.5 g (75%) of product; bp., 68°C at 0.025 torr; ir, 
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1615 cm--'- (vC=C) , 1720 cm"-'- (vC=0) ; nmr (with CCl^ as a 

solvent and CHC13 as a reference), 6, 0.15 (s, 9 H), 0.27 

(s, 9 H), 0.33 (s, 9 H), 1.35 (s, 6 H) and 4.45 (s, 1 H) 

(Figure 3); mass spectrum, m/e (relative intensity) parent 

peak 346 (2.6, M, parent peak), 331 (57.3, M-15), 232 (100, 

M-114, base peak), 217 (15.4), 148 (61.5), 131 (38.5), 115 

(74.4), 99 (19.6), 87 (18.8), 75 (76.9), 73 (83.8), 69 (35.0) 

Anal. Calcd. for C^H-^O-jSi-j: C, 52.02; H, 9.83. 

Found: C, 51.92; H, 9.83. 

Bis(trimethylsilyl)ketene 

To a solution of 100 ml of dry ether containing 2L. 9D g 

(0.121 mol) of magnesium, 8h. 50 g (0.121 mol) of ethoxy-

acetylene and 13.0 g (0.121 mol) of ethyl bromide at 0°C 

was added 26.2 g (0.242 mol) of trimethylchlorosilane. 

The reaction mixture was heated overnight, the ether was 

distilled, and the residue heated at 130°C for six addi-

tional hours. Bis(trimethylsilyl)ketene was distilled at 

75-80°C (42 torr; ir, 2060 and 1280 cm"1; nmr (with CC1• 

as a solvent and CH2CI2 as a reference), a singlet at, 6, 

0.3 ppm (25,26). 

An alternative procedure for the preparation of this 

ketene is the reaction of n-butyllithium and (trimethylsilyl)-

ketene at 78 C, followed by the addition of trimethylchloro-

silane (27) . 
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(Triethylsilyltrimethylsilyl)ketene 

This silylketene was prepared from ethoxyacetylene, 

bp., 42°C at 0.1 torr; ir, 2060 cm nmr (with CCl^ as a 

solvent and CI^Cl^ as a reference), 6, 0.25 (s, 9 H) and 

1.0 (m, 15 H). 

Anal. Calcd. for C^^H2^0Si2: C, 57.89; H, 10.52. 

Found: C, 57.53; H, 10.34. 

Attempted Cycloaddition of Bis(trimethylsilyl)ketene 

with Aldehydes 

This ketene was added dropwise to an excess of alde-

hyde (benzaldehyde, propionaldehyde) containing a few drops 

of boron fluoride etherate at room temperature. When the 

addition was complete, the reaction mixture was heated at 

120°C for 48 hours. No evidence for the formation of 2-

oxetanone cycloadduct was observed. 
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CHAPTER III 

RESULTS AND DISCUSSION 

The effect of the trimethylsilyl substituent on the 

properties and chemistry of (trimethylsilyl)ketene is 

truly remarkable. This ketene is isolable and stable, 

which is most unusual for a monosubstituted ketene. 

(Trimethylsilyl)ketene does not undergo dimerization upon 

heating as expected for a hindered monosubstituted ketene 

(1). The carbon analogue of (trimethylsilyl)ketene, 

t-butylketene, is detectable in solution, but not isolable 

and readily undergoes dimerization. 

The electronic and/or the steric effect of the tri-

methylsilyl substituent on the ketene functionality is 

apparently responsible for the remarkable character of 

the (trimethylsilyl)ketene. Since silicon is markedly more 

electropositive than carbon (carbon = 2.5, silicon = 1.8), 

it would be expected that the trimethylsilyl group should 

have a greater electron releasing inductive effect than the 

t-butyl group. The replacement of a hydrogen atom of an 

aliphatic amine by a trimethylsilyl group increases the 

basicity of the amine simply because the trimethylsilyl 
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group donates electrons toward the nitrogen atom (2). 

This base-strengthening effect falls off as expected with 

increasing distance from the nitrogen atom. 

(Trimethylsilyl)acetic acid is a distinctly weaker acid 

than the carbon analogue, t-butylactic acid. This implies 

that the trimethylsilyl substituent has a greater electron 

releasing inductive effect than the t-butyl group. Obviously, 

this effect drops off as the trimethylsilyl group is moved 

further from the carboxyl group. 

The electronic configuration of carbon and silicon 

should also be taken into consideration. 

2 2 2 
C : Is , 2s , 2p 

2 2 6 2 9 0 
Si : Is , 2s , 2p , 3s , 3p , 3d 

Although silicon has energetically accessible 3d orbitals, 

each atom (silicon and carbon) has the same number of s and 

p electrons which leads to many similarities in chemical 

bonding. One example of the use of 3d orbitals by silicon 
• —- 2 O O 

is m the hexafluorosilicate ion, SiFg , in which sp d 

hybridization is involved. Therefore, silicon donates 

electrons by the electron-releasing inductive effect and 

withdraws electrons by pir - dir bonding. 

If the electron-releasing inductive effect of the tri-

methylsilyl group was the only operating factor, this 

substitution should cause a decrease in the acidity of any 

carboxylic acid. But this is not always the case; p-(tri-

methylsilyl) benzoic acid is not a much weaker acid than 
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p-t-butylbenzoic acid (3,4). (It is important to notice 

that in para-substituted compounds, the steric hindrance 

effect is negligible). It seems clear that the electron-

releasing inductive effect of trimethylsilyl group is 

opposed by pit - dir bonding between the it-electrons of the 

ring and the d-orbitals of silicon. In the case of 

vinyltrimethylsilane, the electron-releasing inductive 

effect is also in the opposite direction of the ft-electron 

of the vinyl group, which enter into the d-orbitals of 

silicon. 

Evidence that the electron withdrawing nature of the 

trimethylsilyl substituent occurs through the pir - dir 

bonding between the vinyl group and silicon atom includes: 

(a) Vinyltrimethylsilane is an electron efficient 

olefin, and it has a low reactivity in cycloaddition reactions 

with ketenes; 

(b) The addition of hydrogen halides to this olefin 

is anti-markovnikov. 
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The electrophilicity of the sp hybridized carbon in 

the ketene functionality is the spearhead of ketene reactions. 

If the ir-electrons of carbon-carbon double bonds would 

interact with the empty d-orbitals of silicon, it would be 

expected that the silyl substituent would increase the reac-

tivity of the ketene. Conversely, if the PTT - dir bonding 

between the ir-electrons of the carbon-carbon double bonds 

and d-orbitals of silicon is opposed by the electron-releasing 

inductive effect of trimethylsilyl substituent, it would 

decrease the reactivity of ketene. The lack of reactivity 

of (trimethylsilyl)ketene suggest that the trimethylsilyl 

substituent donates electrons by an inductive effect. 

Since the trimethylsilyl substituent is both an 

electron donor (because silicon is more electropositive 

than carbon) and electron acceptor of its empty 3d orbitals, 

firm conclusions as to its electronic properties are 

difficult to make. 

Another factor that probably contributes to the 

stability of this ketene is steric hindrance. The tri-

methylsilyl substituent is bigger than the t-butyl group 

due to the longer silicon-carbon bond (1.84 8) vs the 

carbon-carbon single bond (1.53 £) (5, 6). Thus, the 

methyl groups on silicon are further away from the (tri-

methylsilyl) ketene functionality compared to t-butylketene. 

Another measure of reactivity is the cone angle, which is 
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the apex angle of a cylindrical cone, centered 1.84 & from 

the center of the silicon atom which just touches the van 

der Waals radii of the hydrogens of methyl group. The cone 

angle in (trimethylsilyl)ketene is smaller than in t-butyl-

ketene (7). Thus, based on the cone angle and the steric 

hindrance, the t-butylketene should be less reactive than 

(trimethylsilyl)ketene. 

Consequently, it would seem that the predominant 

factor in the reactivity of (trimethylsilyl)ketene is the 

electron-releasing inductive effect of the trimethylsilyl 

group (8). However, since this electronic effect and 

the steric hindrance effect of the large trimethylsilyl 

group are related to each other, it is difficult to 

separate the two effects. 

It is also possible to explain the stability of the 

(trimethylsilyl)ketene by assuming partial dimerization 

of the ketene. This dimerization involves a pentacovalent 

silicon, which cannot be formed with t-butylketene (9). 

H 
\ 

c=c=c> 
. / 

Me^Si, SiMeo 
/ J 

o=c=c 
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(Trimethylsilyl)ketene was prepared by the pyrolysis 

of (trimethylsilyl)ethoxyacetylene, which was prepared from 

ethoxyacetylene and methyllithium (1, 9). 

EtOCECH ^i!!eL;^-, *> EtOC=CESiMe^ 
2)Me3SiCl - J 

120° 

Me3Si 
XC=C=0 

Reaction of (trialkylsilyl)ketene with Ozone 

The oxidation of highly hindered unreactive ketenes, 

di-tert-butyl and dineopentylketene, with peracetic acid 

and m-chloroperbenzoic acid (MCPBA) has been reported (10). 

The oxidations of diphenylketene and di-tert-butyl-

ketene with ozone have also been reported. An a-lactone 

intermediate has been proposed in the oxidation (11). The 

a-lactone intermediates are expected to be extremely 

reactive and undergo some type of ring opening reaction. 

Since it is well known that ozone is an epoxidizing agent 

toward highly hindered alkenes (12), ozonolysis of the 

stable and unreactive (trimethylsilyl)- and (triethylsilyl)-

ketene was examined in an effort to learn if a-lactones are 

intermediates in these oxidations. 

The ozonolysis of (trimethylsilyl)ketene was conducted 

o 

m dichloromethane solution at -78 C under a nitrogen 

atmosphere with ozone bubbling very slowly into the solution 
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(ozone was generated by an ozone generator). The reaction 

of (trimethylsilyl)ketene with ozone at room temperature is 

quite exothermic, and it is a very explosive reaction. The 

progress of the reaction was followed by using infrared 

spectrophotometry to monitor the disappearance of the 

ketene band at 2080 cm and the apperance of a carbonyl 

stretching band at 1720 cm-"*". 

RoSi RoSi-0 

\ -78°C \ C=C=0 + 00
 /Q c » C=0 

/ 3 / 
H H 

R = Me 
R = Et 

The reaction mixture was allowed to warm to room tempera-

ture and the solvent was then removed by distillation. The 

major component of the residue was identified as trimethyl-

silyl formate by comparison of the nmr and ir spectra with 

those of authentic samples. The reaction of (trimethylsilyl) -

ketene with ozone gave a forty per cent yield. 

(Triethylsilyl)ketene was ozonized in a similar manner 

and triethylsilyl formate was isolated and identified by 

the presence of the carbonyl band at about 1720 cm"-'- in the 

infrared and by a proton peak at about 5 8.0 ppm in the nmr 

spectrum. The yield was sixty per cent, and elemental ana-

lysis was consistent with the ester structure. 
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RoSi , R Si 0 
\ -78°C 3 \ / \ 
c=c=o + 03 c — c = o 

/ CH2Ci2 / 
H H 

R = Me, Et 

R.-vSi-0 RoSi-0 0 

\ \/\ C=C=0 + O3 JO. c=0 

H 

-CO 

R3Si-0, 
\ 

c=o 
/ 

H 

It is proposed that this oxidation proceeds via an 

a-lactone intermediate which undergoes a silyl migration 

to oxygen with the resultant formation of (trimethylsiloxy)-

ketene. Brook and coworkers have described the rearrangement 

of epoxysilanes to siloxyalkenes which is the result of 

the silyl substituent migrating to oxygen (13). This silyl 

migration in the a-lactone of (trimethylsilyl)ketene would 

lead to (trimethylsilyloxy)ketene. The oxidation of 

the reactive (trimethylsilyloxy)ketene with another mole-

cule of ozone would be expected to yield the corresponding 

a-lactone. The loss of carbon monoxide from this a-lactone 

would yield a trimethylsilyl formate. 
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An alternative mechanism for this oxidation is as 

follows: 

- 0 ^ ^ 0 + 
R3Si 

\ c=c=o 
H 

• 

R3Si Cr 0 

H 
/ 

•c=o 
-C02 

R3 S i 

\ 
c"1"— o 0" 

H 

Criegee intermediate 

R-iSi 0 
3 \ / 

C 

/ \ 
H 0 

RoSi 0" v R^Si-0 

\ 
/ 

o o 

H 

In this mechanism the initial ozonide formed as an 

intermediate which is very unstable and cleaves to yield 

the Criegee intermediate and carbon dioxide as the carbonyl 

fragment. The Criegee intermediate may then rearrange to 

a trialkylsilyl formate. 

If the Criegee intermediate transfers oxygen to another 

ketene molecule, the product would be an a-lactone and a 

very interesting compound such as (trimethylsilyl) or (tri-

ethylsilylfearboxaldehyde. The a-lactone can rearrange to 
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form trialkylsilyl formate as described above, but tri-

alkylsilyl aldehydes were not observed in these reactions. 

Consequently, the data suggest that the Criegee intermediate 

is not formed. 

R^Si RoSi 

\ + . \ 
c 0 0 + C=C=0 

/ / 
H H 

Criegee intermediate 

RoSi Q RoSi 
3 \ / \ \ 

, c — c=o + c=o 

/ / 
H H 

The gases produced in this reaction were not iden-

tified because an excess of ozone was bubbled through the 

reaction mixture, and this excess ozone masked the small 

amount of any gases produced. We were unable to determine 

whether the gas produced was carbon monoxide (from the 

a-carbon) or carbon dioxide (from primary ozonide). 

In the reaction of (trimethylsilyl)ketene with ozone, 

there was always a component present which had a base peak 

in the mass spectrum at m/e 147. This compound has been 

identified as hexamethyldisiloxane, and this peak is a 

result of the loss of a methyl group. This disilyl ether 

was formed by the reaction of atmospheric moisture with 
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trimethylchlorosilane. The (trimethylsily3)ketene contained 

five to ten per cent of hexamethyldisiloxane, which is 

unreactive throughout the entire ozonolysis reaction. 

Me^SiCl + H20 *• Me3Si-0-SiMe3 

Cycloaddition of Ketenes with Aldehydes 

The most synthetically useful reaction of ketenes 

is the (2+2) cycloaddition to form a four-membered ring. 

Most ketenes undergo this cycloaddition reaction with a 

wide variety of unsaturated compounds, thus yielding the 

four-membered ring product. The reaction of ketenes with 

carbonyl compounds to yield 2-oxetanones is well known. 

Numerous efforts to effect cycloaddition of (trimethyl-

silyl)ketene with a variety of unsaturated compounds such 

as olefins, dienes, and carbonyl compounds have been mostly 

unsuccessful. The lack of reactivity of (trimethylsilyl)-

ketene suggests that the trimethylsilyl substituent is 

electron-donating in this particular situation (8). 

It was found that (trimethylsilyl)ketene would undergo 

cycloaddition with aldehydes in the presence of a Lewis 

acid to form 2-oxetanones in good yield (29). 

The addition of equimolar quantities of (trimethylsilyl)' 

ketene and saturated aldehydes (propionaldehyde, n-butyral-

dehyde, isobutyraldehyde and 3-cyclohexene-l-carboxaldehyde) 

containing a few drops of boron trifluoride at 0°C under a 
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nitrogen atmosphere afforded the corresponding 2-oxetanones 

in fifty to sixty per cent yields. 

Me3Si 

\ 
c 

/ 

Me3Si 

c=c=o H 
H 

BF3'Et?0 

Me^Si 
H 

K 

R-CHO 

3. R = isopropyl 

The 2-oxetanones revealed the carbonyl band in the ir 

at 1805 - 1810 cm -1 The cis and trans isomers were dis-

0 

tinguished on the basis of the cis and trans coupling 

constants for the methinyl hydrogens in the nmr spectrum. 

The reaction of the (trimethylsilyl)ketene and propion-

aldehyde produced the cis and trans isomer of 4-ethyl-3-

trimethylsilyl-2-oxetanones. The nmr spectrum revealed a 

doublet at 6 2.8 ppm and a multiplet at 4.0 ppm with the 

coupling constant at 4 Hz (J=4 Hz) and a doublet at 6 3.2 ppm 

and a multiplet at 4.3 ppm with the coupling constant of 

6 Hz (J=6 Hz). 

The larger coupling constant was assigned to the cis 

isomer (14,15). The two singlets at 6 0.18 ppm and 0.2 ppm 
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are due to the trans isomer and the cis isomer, 

respectively. 

If the trimethylsilyl group and ethyl group in the 

4-ethyl-3-trimethylsilyl-2-oxetanone have a cis 

configuration, then the methyl groups bonded to silicon appear 

at a lower field (6 0.2 ppm) compared to the trans isomer 

(6 0.18 ppm). It has been shown that if protons attached 

to different atoms are brought sufficiently close together, 

van der Waals repulsion will operate (16)• This intra-

molecular van der Waals repulsion causes the mutual 

deshielding of the protons; therefore, the protons of the 

cis isomer appear at a lower field; in other words, the 

interaction of the configuration causes a distortion of 

the electronic environment to the nucleus which leads 

to a lower field shift. 

Me^Si 0 

H 

CH 3 /\ 
« CH-

H 

H 
Me3Sr 

h3c-

H \ H . 

.0 

-0 

When the trimethylsilyl group is cis to an isopropyl 

group, the trimethylsilyl group appears at 0.25 ppm, 

compared to 0.2 ppm for the ethyl group. The steric 

interaction which causes deshielding of the hydrogen 
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nucleus is more severe for the isopropyl moiety in the 

cis configuration than in the trans configuration. The 

difference in the chemical shift between the cis and the 

trans isomers (0.5 ppm for isopropyl, 0.2 ppm for ethyl) 

is in accord with intramolecular van der Waals repulsion 

on the order of one ppm or less reported in the literature 

(17) . 

The ratio of the cis isomer to the trans isomer in 

4-ethyl-3-trimethylsily-2-oxetanone was 55 to 45 based on 

the nmr and vpc data. 

Similar results were obtained for butyraldehyde, iso-

butyraldehyde and 3-cyclohexene-l-carboxaldehyde. In all 

the cycloaddition products, the mass spectra and elemental 

analysis were consistent with the 2-oxetanone structure. 

The 2-oxetanones did not undergo thermal decarboxylation 

when heated at 150° for one hour. This is in contrast to 

most 2-oxetanones which readily decarboxylate upon heating 

(18). It is noteworthy that these cycloadditions do not 

occur in the absence of the boron fluoride etherate. 

This complex probably undergoes exchange with the aldehyde, 

resulting in activation of the carbonyl group to cyclo-

addition. 

The cycloaddition of ketenes and a,0-unsaturated 

aldehydes have received very little attention. There are 

some reports in the literature on the reactions of ketene 
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with crotonaldehyde and furfural (19). The reaction of 

methyl vinyl ketone and ketene conducted in the absence 

of a catalyst gave the (2+4) cycloadduct which easily 

hydrolyzed to give an open chain product (20). 

The reaction of equimolar quantities of (trimethyl-

silyl)ketene and a,g-unsaturated aldehydes containing a 

few drops of boron trifluoride etherate resulted in the 

formation of the corresponding 2-oxetanones as evidenced 

by the infrared band at 1805 - 1810 cm"-'- on the reaction 

mixture. However, during the distillation process the 

silyl substituent migrated from carbon to oxygen accom-

panied by a ring opening reaction to yield the trimethyl-

silyl dienoate esters. The esters were isolated in fifty 

to sixty per cent yields and revealed the carbonyl band 

in the ir at 1685 cm"-'-. 

The cycloaddition of (trimethylsilyl)ketene and 

E-cinnamaldehyde and E-crotonaldehyde yielded two silyl 

esters Z,E- and E,E-trimethylsilyl 3-styrylacrylate and 

Z,E- and E,E-trimethylsilyl 2,4-hexadienoate, respectively. 

These silyl esters were derived from the corresponding 

cis- and trans-2-oxetanones which upon vacuum distillation 

resulted in the Z ,E- and E,E-trimethylsilyl esters. 

The Z,E- and E,E-trimethylsilyl $-styrylacrylates were 

isolated in sixty-two per cent yield and were characterized 

by the carbonyl band in the ir at 1685 cm and the carbon-

carbon double bond in the ir at 1625 cm"-'-. 
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The proton nmr, mass spectra and elemental analysis 

were consistent with the structure. 

Me^Si 

\ / 
+ 

R-CHO 

C=C=0 

Me^Si 

H 

BF3-Et20 R 

H Ph 
\ / 

R = C=C 

/ \ 
H 

Me-
-Q 

R 

R. /COOSiMe3 Rn yH 
C=C 

H H + H COOSiMe-

R = 

H CH-
\ / 

c=c 
/ \ 

H 

The cis and trans isomers of 3-trimethylsilyl-4-(1-

propenyl)-2-oxetanones derived from (trimethylsilyl)ketene 

and crotonaldehyde revealed a strong carbonyl band in the 

ir at 1810 cm This isomeric mixture was very sensitive 

to heat, and therefore was not isolated. The rearrangement 

products, Z,E and E^E-trimethylsilyl 2,4-hexadienoate, 

were isolated in a forty-eight per cent yield and were 

characterized by the carbonyl band in the ir at 1690 cm 

and by the carbon-carbon double bond at 1640 cm \ 

-1 
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Furfural reacts in a similar manner with (trimethyl-

silyl)ketene to yield Z- and E-trimethylsilyl g-furylacrylate 

in fifty per cent yield as evidenced by the ir, nmr, and 

mass spectra. 

MejSi 
\ 

C 

. / 
c=c=o 

H 
+ 

R-CHO 

R = 

IV^Si 

BF3*Et20 
H 

H 

MegSi 

H 

R 

The cycloaddition of (trimethylsilyl)ketene and a 

mixture of E and Z^-a-methylcinnamaldehyde gave all four 

isomers E,Z-, E,E~, Z,E- and Z,Z-trimethylsilyl 4-methyl-

5-phenyl 2,4-pentadienoate in fifty-five per cent yield. 

The ratio of the isomers were 66:22:6.5:5.5, based on vpc. 

This trimethylsilyl ester was characterized by the 

carbonyl band at 1680 cm-^ and the carbon-carbon double bond 

at 1625 cm-1, and also by the proton nmr and mass spectra. 

The parent peak in the mass spectrum for all four of these 

isomers was the same. 

It was recognized that a (4+2) cycloadduct could 

occur as was proposed in the reaction of ketene with an 
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a,g-unsaturated ketone (20). However, the (2+2) cyclo-

adduct was assigned on the basis of spectral data, which 

further rearranges to give the ester. 

Apparently, these esters are formed from the corre-

sponding 2-oxetanones by a silicon migration to oxygen 

and ring opening reaction. 

Me-̂ Si 

L RCH=CH-C-OS iMe -

Similar migration involving 1,3-shifts of an organo-

silyl group are well documented in the literature (21). 

This is very similar to the results obtained by cyclo-

addition of ketene and a,$-unsaturated ketones as reported 

by Young in 1949. In this case it was proposed that a 

proton migrates to oxygen and the ring opening yields the 

corresponding dienoic acid (12) . 

Further characterization and elucidation of the silyl 

esters was accomplished by hydrolysis and hydrogenation. 

The hydrolysis of the isomeric silyl ester mixtures 

resulted in the formation of the corresonding dienoic acids, 
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0 

II 
R C-0SiMeo R H 
\ / 3 \ / h2O 

c=c + c=c 
/ \ / \ . 

H H H C-OSiMe3 

0 
II 

R C-OH R H 

\ / \ / 
c=c + c=c 

/ \ / \ 
R H H C-OH 

II 
0 

Ph H 

\ / 
R = C=C 

/ \ 
H 

CHo H 

\ / 
R = NC=C 

/ \ 
H 

Me 

R = PhCH=C// 

The 3-styrylacrylic acids which were obtained by the 

hydrolysis of dienoic silyl esters were isolated and 

identified by comparison with those in the literature. 

In a similar manner hydrolysis of trimethylsilyl 2,4-

hexadienoate derived from (trimethylsilyl)ketene and 

E-crotonaldehyde yielded sorbic acid. This acid was also 
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produced in the reaction of ketene and crotonaldehyde, as 

reported in the patent literature (23). 

The hydrogenation of the isomeric silyl ester mix-

tures using platinum oxide in dry ether resulted in the 

saturated trimethylsilyl esters in near quantitative yield. 

COSiMe-. + 

H2-pt20 

Ph(CH2)4C-OSiMe3 

Trimethylsilyl 5-phenylpentanoate was obtained by 

the hydrogenation of trimethylsilyl 3~styrylacrylate 

and characterized by a carbonyl band in the ir at 1712 cm 

and proton nmr and mass spectra. 

The hydrogenation of trimethylsilyl 2,4-hexadienoate 

yielded trimethylsilyl hexanoate which revealed the 

carbonyl band in the ir at 1705 cm-"''. 

The trimethylsilyl 5-phenyl-4-methylpentanoate was 

obtained by the hydrogenation of the corresponding tri-

methylsilyl dienoate which revealed a carbonyl band in 

the ir at 1710 cm ^. 

-1 
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Hydrolysis of the saturated esters yielded the corre-

sponding acids, which were identified by comparison with 

authentic samples. 

0 0 
II H2O || 

R-(CH ) 2-C-OSiMe3 _ R-(CH2)2C-OH 

R = Ph-(CH2)2-

R = CH3-(CH2)2-

R = Ph-CH2-CH-CH3 

The reactivity of (trimethylsilyl)ketene with a,$-

unsaturated aldehydes and the ease of removal of the 

trimethylsilyl substituent by hydrolysis in good yield 

provide an elegant synthesis of a, |3-unsaturated acids. 

This is actually a one-step synthesis to increase the carbon 

skeleton by two carbon atoms and also retain the unsaturation. 

To compare the cycloaddition of (trimethylsilyl)ketene 

and a,^-unsaturated aldehydes with other ketenes, the 

cycloaddition of dichloroketene and diphenylketene with 

E-cinnamaldehyde and E- and Z-a-methylcinnamaldehyde were 

examined. The in situ cycloaddition of E-cinnamaldehyde 

with dichloroketene generated by the zinc dechlorination 

of trichloroacetyl chloride in dry ether under a nitrogen 

atmosphere and subsequent workup and distillation resulted 

in a one-to-one product in thirty-five per cent yield. 
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The distilled product was identified as 1,l-dichloro-4-

phenyl-1,3-butadiene, which revealed a band in the ir at 

1590 cm -1 

CI 

Zn:Cu 
CCI3-C-CI + R-CHO 

Et20 CI 

H Ph 
R = XC=C 

-CO' 

\ H 

CH-

R-CH=CCl, 

R = PhCH=C' 
\ 

The generation of dichloroketene (by the same procedure 

as described above) in the presence of a-methylcinnamaldehyde 

gave a similar result, yielding 1,l-dichloro-3-methyl-4-phenyl-

1,3-butadiene in thirty-two per cent yield. 

The isolated butadiene revealed a band in the ir at 

1590 cm - 1 and the proton nmr, the mass spectrum and ele-

mental analysis were consistent with the structure. 

The zinc halide etherate produced as a by-product in 

the halogenation presumably functions as the Lewis acid 

catalyst, since no boron fluoride etherate is needed for 

these cycloadditions. The catalytic effect of zinc halide 

etherate in dichloroketene cycloadditions with simple 

ketones has been previously observed (24). Apparently, 

in these cycloadditions with cinnamaldehyde and 
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a-methylcinnamaldehyde, the 2-oxetanones undergo decarboxy-

lation during distillation to yield highly conjugated 

systems. 

The cycloaddition of diphenylketene with E-einnamal-

dehyde was conducted in the presence of boron trifluoride 

etherate and under a nitrogen atmosphere. This cycloadduct 

resulted in the formation of a one-to-one adduct in 

fifty-two per cent yield. The 1,1,4-triphenyl-l,3-butadiene 

is a solid and was isolated from the reaction mixture and 

identified by the carbon-carbon double bond stretch at 

1607 cm-"'" in the infrared. 

Ph ph 
BF2*Et20 

JZ=C=0 + R-CHO *• 

Ph' 

H Ph 
R = C=C 

/ \ 
H 

H 
Ph 

R 
'-CO. 

PhCH=CH-CH=C-Ph' 

Apparently, decarboxylation occurred spontaneously 

to yield the completely conjugated system. These 

decarboxylations are analogous to the cycloadduct decar-

boxylations of diphenylketene and benzoquinone which readily 

lose carbon dioxide to yield a highly conjugated system (25). 

It is pertinent to note that the thermal stability of 

the 2-oxetanones containing a 4-vinyl substituent were 
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distinctly diminished. The 3-silyl-4-vinyl-2-oxetanones 

readily underwent silyl migration and ring opening and the 

3,3-dichloro-and 3,3-diphenyl-4-vinyl-2-oxetanones readily 

decarboxylated. These data are suggestive of a boron tri-

fluoride catalyzed dipolar ring opening in which the 

4-vinyl substituent provides stabilization to the incipient 

carbonium ion. 

Ri 

Ri 

+ CO? 

R1 = Me3Si 

OSiMe-
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Cycloaddition of (Trimethylsilyl)ketene With 
Tetraalkoxyethylenes 

The (2+2) cycloaddition of the electron-rich tetraal-

koxyethylenes with the in situ preparation of mono-

substituted ketenes has been reported by Bellus (26f 27). 

(Trimethylsilyl)ketene also reacts with these electron-rich 

ethylene compounds. 

The addition of equimolar quantities of (trimethyl-

silyl) ketene and tetraethoxyethylene under a nitrogen 

atmosphere at 90-95°C resulted in a loss of all the 

ketene and afforded a sixty-eight per cent yield of 

2-trimethylsilyl-3,3,4,4-tetraethoxycyclobutanone after 

two hours. 

The infrared spectrum of the trimethylsilyl cyclo-

butanone revealed the carbonyl band at 1770 cm-1 and the 

nmr spectrum a singlet at 0.05 ppm, a triplet at 1.05 ppm, 

a singlet at 2.80 ppm, and a quartet at 3.05 ppm. The 

mass spectrum and elemental analysis were consistent with 

the cyclobutanone structure. In addition to the 

cyclobutanone, a ten per cent yield of 3,4,4-trialkoxy-2-

cyclobutenone was found. 
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Me^Si 

H 
+ 

\ 
/ 

c=c=o 

RO OR 

V / / \ 
RO OR 

90-95°C 

Me.Si 

R = Me 
R = Et 

The reaction of (trimethylsilyl)ketene and tetra-

methoxyethylene with a similar procedure yielded 

2-trimethylsilyl-3,3,4,4-tetramethoxycyclobutanone and 

approximately a ten per cent yield of 3,3,4-trimethoxy-2-

cyclobutenone. The amount of cyclobutenone varied signi-

ficantly depending upon the temperature and the rate of 

distillation. 

When a mixture of ninety per cent of 2-trimethylsilyl-

3,3,4,4-tetramethoxycyclobutanone and ten per cent of 

3,3,4-trimethoxy-2-cyclobutenone was injected in the gas 

chromatograph, the ratio changed to fifty-seven per cent 

and forty-three per cent, respectively. When the mixture 

of cyclobutanone and cyclobutenone was heated at 90-95°C 

for 24 hours, only 3,4,4-trimethoxy-2-cyclobutenone was 

isolated in eighty-six per cent yield. The carbonyl 

revealed a band in the ir at 1770 cm ^ and a carbon-carbon 
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double bond stretch at 1590 cm--'-. The proton nmr and 

mass spectrum were consistent with the structure. 

The cycloaddition of (trimethylsilyl)ketene with 

tetra-n-propoxyethylene was allowed to proceed overnight 

at 90-95°C and 3,4,4,tri-n-propoxy-2-cyclobutenone was 

the only isolated product in fifty per cent yield. 

Me.,Si Pr-0 O-Pr 
\ \ / 90-95°C 

c=c=o + c=c *~ 
/ / \ 24 hrs 
H Pr-0 O-Pr 

O-Pr 

O-Pr 

-Pr 

The addition of equimolar quantities of (trimethylsilyl)-

ketene and tetraalkoxyethylene under a nitrogen atmosphere 

at room temperature afforded 2-trimethylsilyl-3,3,4,4-tetra-

alkoxycyclobutanone after several days. An infrared 

spectrum of the reaction mixture during the cycloaddition 

revealed a band at 1680 cm which was assigned to a silyl 

enol ether, 3,3,4,4-tetraalkoxy-l-(trimethylsiloxy)cyclo-

butene. The cyclobutanone apparently rearranged to the 

corresponding silyl enol ether by a silicon migration from 

carbon to oxygen as evidenced by the 1680 cm ^ in the 

infrared (13) . 
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Me^Si RO OR 

\ \ / 
c=c=o + c=c 
/ / \ 

H RO OR 

RT 

iMe3Si 

R = Me, Et, n-Pr 

OSiMe-

It is proposed that the cyclobutanone is initially 

formed regardless of the reaction conditions, either room 

temperature or at elevated temperature. When the reaction 

is run at room temperature, some of the cyclobutanone 

undergoes a silyl migration to oxygen, thus yielding the 

silyl enol ether. During the distillation process, 

elimination of the silyl and ethoxy groups from the silyl 

enol ether occurs, thus yielding the cyclobutenone. Hence, 

the silyl enol ether was thermally-sensitive and not 

isolable by distillation. However, at the higher reaction 

temperature, the cyclobutanone undergoes silyl migration to 

the silyl enol ether, which being susceptible to heat, 

immediately undergoes elimination to yield the cyclobu-

tenone. The silyl enol ether was not observed when the 

reaction was run at elevated temperature. An analogous 

elimination has been reported in the literature (28). 



Me^Si Q 
OR // 0-SiMe3 

90-95 C 
24 hrs 

When a mixture of 3,3,4,4-tetraethoxy-2-trimethyl-

silylcyclobutanone and 3,4,4-triethoxy-2-cyclobutenone 

were treated with absolute methanol containing a few drops 

of concentrated hydrochloric acid under a nitrogen atmos-

phere, 3,4,4-trimethoxy-2-cyclobutenone was isolated 

in quantitative yield. None of the silyl enol ether was 

observed in this reaction. 

OR 

R = Me 

R = n-Pr 
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Treatment of 3,4,4-triethoxy-2-cyclobutenone with 

n-propyl alcohol resulted in exchange to yield 3,4,4-tri-

n-propoxy-2-cyclobutenone. Apparently, the acid conditions 

promote the silicon migration and the elimination process. 

The methoxy and n-propoxy exchange is, of course, expected 

under the acid conditions. 

Hydrolysis of any of the cyclobutenones in dilute 

hydrochloric acid yields the biologically interesting 

compound, 3-hydroxy-3-cyclobutene-l,2-dione (semisquaric 

acid). This highly oxidized cyclobutene has been recently 

prepared from the cycloaddition productions of aldoketenes 

and tetramethoxyethylenes (2 7) . 

0 
// 

OR H-,0 
'• i m 

+ 

/ 
OR OR 

Reaction with Dimethylketene bis(trimethylsilyl)acetal 

(Trimethylsilyl)ketene reacted with dimethylketene 

bis(trimethylsilyl)acetal to yield an open-chain product 

in good yield which was identified as trimethylsilyl 

2,2-dimethyl-3-trimethylsiloxy-4-trimethylsilyl-3-butenoate. 

The nmr spectrum of this ester was interesting, in that 
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Me3Si CH3 OSiMe3 
\ J \ / 3 110°C 
c=c=o + c=c >. 

/ / 36 hours 
H CH3 OSiMe3 

Me3Si OSiMe^ 

> / 0 
/ \ 1 
H C(CH3)2-C-OSiMe3 

three singlets appeared with the same ratios for the three 

different trimethylsilyl substituents and also two singlets 

for the methyl and vinyl protons. The ester revealed a 

carbonyl band at about 172 0 cm-"'" and the carbon-carbon 

double bond at 1615 cm ^ in the infrared spectrum. The 

mass spectra and elemental analysis were consistent with 

the structure. The nmr spectrum and vpc data suggested 

only a single isomer had been formed. This would be 

expected to be the trans isomer based on the large steric 

requirements of the two silyl substituents attached to 

the vinyl system. This ester is apparently the product of 

a nucleophilic attack on (trimethylsilyl)ketene rather 

than a cycloaddition with concurrent or subsequent silicon 

migration from the oxygen of the acetal to the oxygen of 

ketene. Apparently, this sterically crowded electron-rich 

tetrasubstituted ethylene has a lower energy pathway to the 

open-chain product than the cycloadduct. 
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Cycloaddition of other silyl ketenes, namely bis(tri-

methylsilyl)ketene and (triethylsilyltrimethylsilyl)ketene 

with unsaturated compounds were unsuccessful. These ketenes 

were prepared by reaction of (trimethylsilyl)ketene with 

n-butyllithium in THF solution followed by addition of 

trimethylchlorosilane. 

Me-jSi 
J \ -78°C 

C=C=0 + n-C^Hg-Li >> Me-jSiC^OLi 

H 

Me3SiCl 

(Me3Si)2=C=C=0 

In conclusion, the low reactivity of (trimethylsilyl) 

ketene is due to the electron effect of the silyl 

substituent attached directly to the ketene. In spite of 

this low reactivity, the ketene undergoes ozonolysis. 

The (2+2) cycloaddition of (trimethylsilyl)ketene 

with aldehydes was found to yield 2-oxetanones. It was 

found that the reaction of an a,B-unsaturated aldehyde 

with (trimethylsilyl)ketene rearranges to a silyl ester, 

which upon hydrolysis, provides an elegant approach to 

the corresponding a,3-unsaturated acid. 
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The cycloaddition of (trimethylsilyl)ketene with 

electron-rich olefins was found to yield the corresponding 

cyclobutanones which are rearranged upon heating to the 

cyclobutenones in good yield. But the reaction with 

dimethylketene bis(trimethylsilyl)acetal was found to yield 

an open-chain product. In this case, only the trans isomer 

was found, because of the steric hindrance of the bulky 

groups. 
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