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The first objective of this investigation was to con-

duct a systematic study into the reactions of chloroketenes 

with ketene acetals. The second objective was to explore 

the synthetic utility of these reaction products and offer 

a rational explanation for these reaction products. 

The chloroketenes were generated in situ and trapped 

with the various ketene acetals. Methylchloro-, dichloro-, 

phenylchloro-, and chloroketene were generated by the 

dehydrochlorination of ot-chloropropionyl chloride, dichloro-

acetyl chloride, a-chlorophenylacety chloride and chloro-

acety chloride, respectively. 

Ketene acetals are electron-rich olefins which react 

with chloroketenes to give a variety of products depending 

upon the substitution in the ketene acetal. These ketene 

acetals may be unsubstituted, monosubstituted or disubsti-

tuted. 

Methylchloro-, dichloro-, and phenylc'hloroketenes 

underwent cycloaddition with tetramethoxyethylene, the 

ketene acetal of dimethoxyketene, to form the 2-substituted 

2-chlorotetramethoxycyclobutanones in high yields. These 

cycloaddition products underwent acid-catalyzed hydrolysis 

to give acylic keto esters. The sodium borohydride reduc-

tion of the cyclobutanones gave the 2-chlorotetramethoxy-

cyclobutanols which upon acid-catalyzed hydrolysis yielded 



the 2-substituted semisquaric acid derivatives. Dichloro-

ketene also underwent regiospecific cycloaddition with 

diraethylketene dimethylacetal to yield 2,2-dichloro-3,3-

dimethoxy-4,4-dimethylcyclobutanone. 

Methylchloroketene reacted with ketene diethylacetal 

to yield an acylketene acetal, a-chloropropionylketene 

diethylacetal. This reaction gave a good yield of the open 

chain product. 

Dichloro-, methylchloro-, and chloroketene reacted 

with the O-silated ketene acetals, 2-rnethoxy-l, 1-bis (tri-

methylsiloxy)ethylene, tris(trimethylsiloxy)ethylene, and 

dimethylketene bis(trimethylsilyl) acetal, to form in high 

yields acylic 2-substituted trimethylsilyl 4-chloro-3-

(trimethylsiloxy)-3-butenoates. Methylchloroketene reacted 

with the same three ketene bis(trimethylsilyl) acetals to 

form 2-substituted trimethylsilyl 4-chloro-3-trimethyl-

siloxy-3- pentenoates. 

Dichloroketene reacted with the acylketene acetal, 

a-chloropropionylketene diethylacetal, to give the 

6-lactone, 6-(1-chloroethyl)-3,3-dichloro-4,4-diethoxy-3,4-

dihydro-2H-pyran-2-one. Mild acid hydrolysis of this 

6-lactone produced the keto S-lactone, 6-(1-chloroethyl)-3, 

3-dichloro-3,4-dihydro-2H-pyran-2,4-dione. Acid-catalyzed 

hydrolysis of the original 6-lactone under more rigorous 

conditions yielded an open chain product, 1,1,5-trichloro-

2,4-hexadione. 



In an effort to improve the yield of the original 

6-lactone, dichloroketene was generated in situ by the 

dehalogenation of trichloroacetyl chloride. Rather than 

obtaining the expected 6-lactone, an acylic dione, 1,1,1,6-

tetrachloro-3-ethoxy-3-hepten-2,5-dione, was isolated in 

high yield. Evidently, the acid chloride adds to the 

carbon-carbon double bond of the acylketene acetal, 

followed by a Boord elimination to yield the dione. 

Apparently, the reactions of ketenes and ketene 

acetals occurred via a two-step dipolar mechanism rather 

than a concerted mechanism. This pathway is favored due to 

the ability of the geminal dialkoxy group to stabilize the 

positive charge in the dipolar intermediate. 
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CHAPTER I 

INTRODUCTION 

Ketenes are highly reactive organic compounds contain-

ing carbon-carbon-oxygen cumulative double bonds. The first 

ketene was prepared in 1905 by Staudinger (1). Ketene is 

the simplest member of this class of compounds and has two 

2 

hydrogens attached to the sp -hybridized carbon of the 

ketene functionality. Replacement of one hydrogen by 

another substituent provides an aldoketene, or monosubsti-

tuted ketene. Replacement of both hydrogens gives a 

ketoketene, or a disubstituted ketene, which can be sym-

metrical or unsymmetrical. 

Ketenes can be divided into four major classes depend-

ing upon the nature of the substituent groups. These 

consist of the halogenated, alkyl, aryl, and organometallic 

ketenes. 

Halogenated ketenes are ketenes in which a halogen is 

bonded directly to the ketene functionality. These ketenes 

can be classified on the basis of their substituents as 

aldohaloketenes, dihaloketenes, alkylhaloketenes, and 

phenylhaloketenes. 

C1-C=C=0 C19C=C=0 R—C=C=0 Ph-C=C=0 
1 i i 
H CI CI 



The alkyl and aryl ketenes are ketenes in which either 

an alkyl or aryl substituent is bonded directly to the 

2 . . 

sp -hybridized carbon of the ketene moiety. Organometallic 

ketenes have a metal atom (such as silicon, germanium, or 

tin) directly attached to the ketene functionality. 

The stability of ketenes depends upon the nature of 

the substituent. The halogenated ketenes are extremely 

unstable and quite susceptible to polymerizcition (2,3,4). 

All attempts to isolate these ketenes have failed. These 

ketenes must be generated in situ and trapped with an 

unsaturated compound; otherwise, only tarry polymerization 

products are obtained. 

The monosubstituted and disubstituted nonhalogenated 

ketenes are more stable than the halogenated ketenes. The 

monosubstituted ketenes exist in solution for short periods 

of time before dimerizing (5), and the disubstituted ketenes 

(i.e., diphenylketene) can be isolated in the pure state 

(1,6,7,8). 

The organometallic ketenes are also very stable and can 

be isolated. For instance, (trimethylsilyl)ketene is a 

monosubstituted ketene which can be stored in the refrigera-

tor for long periods of time without dimerizing (9). 

Several methods for the preparation of ketenes are 

available (10). The two most widely used procedures are 

the dehydrohalogenation of an acid halide and the dehalo-

genation of an a-haloacid halide. 



The dehydrohalogenation method is the most widely used 

method for the preparation of ketenes (11,12). A tertiary 

amine, usually triethylamine, reacts with the acid halide to 

eliminate HC1 and form the ketene as well as the amine salt 

which precipitates out of solution. Normally the reaction 

is performed using ether or hexane as the solvent. This 

method is particularly applicable for the in situ generation 

of the more reactive ketenes. This method has also been 

used to generate the halo, alkyl, aryl, and organometallic 

ketenes (15,16,17,18,19,20). 

0 + -
it 

C12CH-C-C1 + Et3N > C12C=C=0 + Et3NHCl 

0 + -
II 

CH3CH2-C-C1 + Et3N > CH3-C=C=0 + Et3NHCl 

H 

0 + -

(CH3) 2CH-C-C1 + Et3N —> (CH3)2C=C=0 + Et-jNHCl 

O H- -

Ph2CH-C-Cl + Et3N > Ph2C=C=0 + Et-^NHCl 

0 + -

(CH3)3Si
cH2-C-

cl + Et3N > (CH3)3Si-C=C=0 + Et3NHC1 

H 



A second commonly used method for the preparation of 

ketene is the zinc dehalogenation of an a-haloacid halide. 

Diphenylketene was first prepared by Staudinger (1) by the 

zinc dehalogenation of a-chlorodiphenylacetyl chloride. 

0 
H 

Ph,C-C-Cl + Zn 
z t 
CI 

-> Ph2C=C=0 + ZnCl, 

This procedure is widely applicable and has been used in the 

preparation of a large variety of ketenes (21,22,23). One 

of the early halogenated ketenes, difluoroketene (24,25), was 

prepared by this method from bromodifluoroacetyl chloride. 

Dichloroketene (15,26) may also prepared by the dehalogena-

tion of trichloroacetyl chloride. 

Pyrolysis is a common method for the generation of 

specific ketenes (9,27,28,29). Certain compounds upon heat-

ing can eliminate small molecules to yield stable ketenes. 

(CH3)3Si-C=C-OC2H5 

120 °C 
•> (CH3)3Si-C=C=0 + H2C=CH2 

H 

O 
II 

H3C-C-CH3 

700°C 
H2C=C=O + CH„ 

Me. 

0 

<S° 

Me, 

120 °C 
-> Me2C=C=0 



230°C 
Ph2C=C(OSiMe3)2 > Ph2C=C=0 + (Me3Si)20 

Due to instability, most ketenes are not isolated in 

the course of a reaction but are trapped in situ with a 

suitable substrate. However, if no unsaturated substrate is 

present, then the ketenes react with themselves to form 

dimers or polymers. Generally, monosubstituted ketenes 

undergo dimerization to give oxetanones (30), while disubsti-

tuted ketenes dirnerize to produce 1,3-cyclobutanediones (31, 

32). Halogenated ketenes do not undergo homodimerization 

but rather form polymeric materials (15). Haloketenes will 

undergo mixed dimerization reactions with nonhalogenated 

ketenes to yield halo-1,3-cyclobutanediones (33,34,35). 

R—C=C=0 
I 
H 

R2C=C=O 
R 

0 

/ 
R, 

C12C=C=0 -> polymerization products 

0 

C12C=C=0 + R2C=C=0 • > R 2 

0 

/ 

CI-



The most synthetically useful reaction of ketenes is 

the ( 2 + 2 ) cycloaddition with olefins to form four membered-

rings (36,37,38,39). Despite their tendency to polymerize 

or dimerize, ketenes undergo cycloaddition with olefins, 

dienes, and alkynes (26,40,41). 

C12C=C=0 + Me2C=CMe2 

C 12| ^ 

Me, Me, 

CloC=C=0 + o CI. 

CHo_C=C=0 + EtO-C-= C-H 
J I 
H 

CH, .0 
3n 

EtO' 

Ketenes are normally generated in the presence of an 

unsaturated compound. This procedure involves trapping the 

highly reactive ketene as a cycloadduct with the unsaturated 

compound. The ketene acts as an electrophile due to the 

electron deficiency of the sp-hybridized carbon (42), while 

the unsaturated substrate acts as a nucleophile. 

Many unsaturated compounds have been studied to 

determine the ability of these substrates to act as trapping 



agents in ketene cycloaddition reactions. The reactivity of 

the unsaturated substrates in ketene cycloaddition reac-

tions parallels the nucelophilicity of the olefins (43). 

Ketene acetals, 1,1-dialkoxyethylenes, are electron-

rich olefins which readily react with ketenes. The ketene 

acetals may be unsubstituted, monosubstituted, or disubsti-

tuted. These compounds are usually named as derivatives of 

ketenes or ethylenes (i.e., ketene diethylacetal, methyl 

ketene dimethylacetal, and tetramethoxyethylene). 

H-C=C—OEt Me-C=C-OMe MeO-C=C-OMe 
ii ii i i 
H OEt H OMe MeO OMe 

However, the O-silated ketene acetals are usually named as 

ethylene derivatives (i.e., 2-methoxy-l,1-bis(trimethyl-

siloxy)ethylene). 

The O-alkylated ketene acetals are prepared by dehydro-

halogenation of the a-bromoacetals and the pyrolysis or 

dealcoholation of orthoesters (44). The O-alkylated ketene 

acetals are quite difficult to prepare; however, the 

O-silated ketene acetals are easily prepared by trapping the 

dianion of a carboxylic acid with chlorotrimethylsilane 

(45). 

One of the most reactive ketene acetals is dimethoxy-

ketene dimethylacetal (tetramethoxyethylene). This olefin 

undergoes thermal (2 + 2) cycloaddition reactions with 



8 

deactivated olefins such as tetracyanoethylene, phenyliso-

cyanate and dimethyl acetylenedicarboxylate (46). 

The reaction of ketenes and tetraalkoxyethylenes have 

only recently appeared in the literature. In 1973 the 

cycloadditions of tetramethoxyethylene with ketene and 

diphenylketene were reported as yielding the substituted 

2-methyleneoxetanes (47). 

H2C=C=0 + (MeO)2C=C(OMe)2 

(MeO) 

(MeO) c 
2 ^ I 

Ph2C=C=0 + (MeO)2C=C(OMe)2 

(MeO) 

(MeO) 

The cycloaddition of monosubstituted ketenes with tetraalk-

oxyethylenes has been reported as giving 2-substituted 3,3,4, 

4-tetraalkoxycyclobutanones, which upon acid-catalyzed hydrol-

ysis yielded squaric acid and 2-substituted semisquaric acid 

derivatives (48,49). 

ROCH 

0 
li 

2-c-ci + (RO)2C=C(OR)2 

1) Et3N 

2) H*0 

HO OH 

0 



0 
II 

RCH2-C-C1 + (RO)2C=C(OR)2 

1) Et3N
 R> 

1 
2 ) H3° 0* 

OH 

O 

The reaction of (trimethylsilyl)ketene with the tetra-

alkoxyethylenes produced the 2-(trimethylsilyl)-3,3,4,4-

tetraalkoxycyclobutanes. These cycloadducts yielded upon 

acid-catalyzed hydrolysis semisquaric acid (50). 

Me3Si-C=C=0 + (RO)2C=C(OR)2 -> 

H 

H3° 

0 

OH 

Tetramethyleneketene dimethylacetal is also a disubstituted 

ketene acetal which reacts with diphenylketene to give the 

substituted cyclobutanone (51). 

C=C(0Me)2 + Ph2C=C=0 > Ph 

(MeO) 

Unsubstituted ketene dialkylacetals are; quite nucleo— 

philic (52,53,54) and generally react with ketenes to form 

acylketene acetals in very good yields (55,56). Acetals of 

monosubstituted alkyl- or arylketenes such as methylketene 
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dimethylacetal or phenylketene dimethylacetal react with 

diphenylketene also to give acylketene acetals (55,57). 

H2C=C(OEt)2 + C12CH-C-C1 

0 Et N 
II ^3 

O 
II 

-> (EtO)2C=CHCCHC12 

RCH=C(OMe)2 + Ph2C=C=0 

O 
ii 

(MeO)2C=CCCHPh2 

R 

R=Me,Ph 

However, ketene and (trimethylsilyl)ketene react with ketene 

diethylacetal to form cycloadducts rather than the expected 

acylketene acetals (47,58). 

H 2C=C=0 + H2C=C(OEt)2 

(EtO) 

4 

Me3Si-C=C=0 + H2C=C(OEt)2 

(EtO) 

Me-jSi' '0 

Another type of ketene acetal is the ketene bis(tri-

alkylsilyl) acetal. These ketene acetals react with ketenes 

to form unsaturated esters. Ketene reacts with ketene 
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bis(trimethylsilyl) acetal to form trimethylsilyl 3-(tri-

methyloxy)-3-butenoate (59). Reaction of (trimethylsilyl) 

ketene and dimethylketene bis(trimethylsilyl) acetal also 

yields the same type of ester (60). 

0-SiMeo 
I 3 

H2C=C=0 + H2C=C(OSiMe3)2 > H2C=CCH2COOSiMe3 

0-SiMeo 
I 3 

Me3Si-C=C=0 + Me2C=C(OSiMe3)2 - > Me3SiCH=CC(Me)2COOSiMe3 

H 

Cycloaddition reactions of ketene and electron-rich 

olefins occur normally to give (2 + 2) cycloadducts. How-

ever, recent reports of (2 + 4 ) cycloadditions between 

dichloroketene and enaminoketones have appeared in the 

literature (61,62,63,64,65,66,67). Another report of a 

ketene ( 2 + 4 ) cycloaddition is one in which diphenylketene is 

cycloadded to 2-methyl-2,2-diphenylacetylketene diethylacetal 

to form the S-lactone, 4,4-diethoxy-5-methyl-3,3-diphenyl-6-

diphenylmethyl-3,4-dihydro-2H-pyran-2-one (55). 

NR, 
O 
II 

Ph-C-CH=CH-NR2 + C12C=C=0 

n EtOv OEt 
m Me 

(EtO)2C=C(Me)CCHPh2 + Ph2C=C=0 > 

Ph2CH ° ' 0 
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A few reports of reactions between ketenes and ketene 

acetals are scattered through the literature. The products 

described in these reports have led to confusion about the 

nature of these reactions. Although some initial work has 

been reported, not much is known about the reactions of 

halogenated ketenes and ketene acetals. It was proposed to 

conduct a systematic study into the reactions of chloro-

ketenes and ketene acetals. The first objective of this 

investigation was to determine if the chloroketenes would 

react with ketene acetals in the same manner as nonhalo-

genated ketenes. The second objective was to explore the 

synthetic utility of the products formed in these reactions. 

The final objective was to rationalize the variety of 

products obtained in these ketene-ketene acetal reactions. 
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CHAPTER II 

EXPERIMENTAL 

Proton nuclear magnetic resonance (nmr) spectra were 

recorded on a Hitachi Perkin-Elmer model R-24B 60-MHz 

nuclear magnetic resonance spectrometer, employing carbon 

tetrachloride as a solvent and chloroform or tetramethyl-

silane as an internal standard. Infrared spectra (ir) were 

recorded on a Beckman IR model 33. Mass spectra were 

obtained on a Hitachi Perkin-Elmer RMU-6E Double Focusing 

Mass Spectrometer and on a Finnigan GC/MS 3200 with a 6100 

Data System. Gas-liquid chromatography was performed on a 

Perkin-Elmer 3920-B Gas Chromatograph with a 6 ft. x 1/4 in, 

stainless steel column packed with 10% QF-1 on Chromosorb 

WAW (60/80). Elemental analyses were performed by Midwest 

Microlab, Ltd., Indianapolis, Indiana. 

Preparation of Reagents 

Ether, hexane, tetrahydrofuran, and tetraglyme were 

commercially available. These solvents were dried and 

purified before using by distillation from sodium-potassium 

alloy under a nitrogen atmosphere. 

17 
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Chloroacetyl chloride, dichloroacetyl chloride, tri-

chloroacetyl chloride, a-chloropropionyl chloride, and 

ot-chlorophenylacetyl chloride were commercially available. 

Each acid halide was distilled immediately before using. 

All reagents used in the preparation of the activated 

olefins were commercially available and were used without 

further purification. Sodium borohydride was also commer-

cially available and was used without further purification. 

Sodium and potassium alkoxides were generated by 

reaction of sodium or potassium metal with the appropriate 

alcohol. Aluminum tert.-butoxide was prepared by a standard 

procedure (1) using aluminum metal and tert.-butyl alcohol. 

Zinc was activated by a standard procedure (2) and 

stored under a nitrogen atmosphere. 

Tetramethoxyethylene, (3,4). A solution of formic acid 

and acetic anhydride was prepared by the addition of 55.2 g 

{1.20 mol) of formic acid to 110.25 g (1.08 mol) of acetic 

anhydride. This solution was stirred for 2 hours, and then 

106.12 g (1.00 mol) of trimethyl orthoformate was added. 

After being stirred at room temperature for 16 hours, the 

methanol was then removed under vacuum. The crude reaction 

mixture was distilled under vacuum to yield 73.7 g (55%) of 

dimethoxymethylacetate; Bp., 69-70°C at 35 mm (3). 

To a 134 g (1.0 mol) portion of dimethoxymethyl acetate 

was added 102.8 g (0.8 mol) of £-chlorophenol and 0.038 g 



19 

(0.2 mniol) of £-toluenesulfonic acid. This solution was 

stirred for 2 hours at room temperature. The acetic acid 

formed in this reaction was removed by distillation at 

reduced pressure, followed by the distillation of 191.9 g 

(95%) of dimethoxy-£-chlorophenoxymethane; Bp., 122°C at 13 

mm (4). 

A 50.5-g (0.25 mol) portion of dimethoxy-p-chlorophen-

oxymethane was added dropwise to 7.44 g (0.31 mol) of sodium 

hydride in 50-60 ml of tetraglyme. This solution was heated 

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

filtered under a nitrogen atmosphere. The filtrate was 

distilled under reduced pressure to give 16.7 g (45%) of 

tetramethoxyethylene (3); Bp., 48°C at 15 mm (4). 

Dimethylketene Dimethylacetal, (5,6). A solution of 

138 g (2 mol) of dry isobutyronitrile, 90 ml (70.4 g, 2.2 

mol) of anhydrous methanol, and 7 50 ml of anhydrous ether 

was placed in a 1-liter Erlenmeyer flask. The solution was 

cooled in an ice bath and a stream of dry hydrogen chloride 

was bubbled through the reaction solution until 78 g (2.2 

mol) had been absorbed. The stoppered reaction flask was 

cooled in the ice bath for an additional 1 hour and then the 

flask was placed in the refrigerator for 48 hours. The mass 

of crystals was then filtered with suction and the solid 

thoroughly washed with dry ether. The crystals were dried 

in a vacuum desiccator over solid sodium hydroxide. There 



20 

was obtained 270 g (99%) of methyl iminoisobutyrate hydro-

chloride (6). 

A mixture of 137 g (1.0 mol) of methyl iminoisobutyrate 

hydrochloride, 365 ml (288 g, 9 mol) of anhydrous methanol, 

and 1850 ml of dry ether was stirred for 18 hours at 45°C 

under a nitrogen atmosphere. The reaction mixture was 

cooled in an ice bath and filtered to remove the ammonium 

chloride salt. The ether and methanol were removed by a 

rotatory evaporator under reduced pressure. Then the crude 

reaction mixture was distilled to yield 63 g (43%) of methyl 

orthoisobutyrate; Bp., 135-136°C (5). 

A 32—g (0.22 mol) portion of methyl orthoisobutyrate 

and 54.5 g (0.22 mol) of aluminum tert.-butoxide were heated 

180—185 C for 2 hours. Distillation of this solution 

yielded a fraction at 83-105°C. After the distillation was 

complete, the receiver was removed and the remainder of the 

product was collected in a cold trap at reduced pressure (40 

mm). The two fractions were combined and distilled through a 

Vigreux column, yielding 13.4 g (54%) of dimethylketene 

dimethylacetal; Bp., 107-109°C (6). 

Ketene Diethylacetal, (7). A 39.1-g (1 gram-atom) 

portion of potassium metal was added to 820 ml (650 g, 8.78 

mol) of absolute tert.—butyl alcohol. The mixture was 

refluxed until all the potassium was dissolved (about 8 

hours). The solution was allowed to cool slightly, and then 
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198 g (1.0 mol) of bromoacetaldehyde diethylacetal were 

added dropwise over a 1-hour period. The mixture was refluxed 

for an additional hour, and then the tert.-butyl alcohol was 

distilled from the reaction mixture. After all the alcohol 

had been removed, the pressure was reduced to 200 mm. The 

ketene diethylacetal was collected at 83°-86° at 200 mm, 87 

g (75%). Two drops of triethylamine was added to the ketene 

acetal in an effort to prevent polymerization. 

2-Methoxy-l,1-bis(trimethylsiloxy)ethylene, (8). To a 

stirred solution of 87 g (0.97 mol) of methoxyacetic acid in 

100 ml of dry tetrahydrofuran and 50 ml of pyridine at 0°C 

were added 155.9 g (0.97 mol) of 1,1,1,3,3,3-hexamethyl-

disilazane. A 5 2.5-g (0.48 mol) portion of chlorotrimethyl-

silane was added dropwise over a 1-hour period. After the 

solution had been stirred at room temperature for 17 hours, the 

mixture was diluted with hexane and filtered through Celite. 

The solvent was removed by a rotatory evaporator under reduced 

pressure and the residue was distilled under vacuum to give 

129.6 g (80%) of trimethylsilyl methoxy- acetate; Bp., 54-55°C 

at 40 mm (8). 

To a stirred solution of 81.7 g (0.50 mol) of 1,1,1,-

3,3,3—hexamethyldisilazane in 400 ml of tetrahydrofuran were 

added over a 30-minute period at 0°C, 216.0 ml of 2.4 M 

n-butyllithium in hexane. The reaction solution was heated 

at 45°C for 30 minutes. The solution was cooled to -78°C 
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and 68 g (0.42 mol) of trimethylsilyl methoxyacetate were 

added dropwise over a 30-minute period. After the solution 

was stirred for an additional 30 minutes, 68.3 g of chloro-

triraethylsilane were added dropwise. After allowing the 

solution to warm to room temperature, the mixture was poured 

into 350 ml of hexane and filtered through Celite. The 

solvent was removed and the residue distilled to give 78.6 g 

(80%) of 2-methoxy-l,1-bis(trimethylsiloxy)ethylene; Bp., 

66-69°C at 6 mm (8). 

Tris(trimethylsiloxy)ethylene, (8). To a stirred 

solution of 118 g (1.55 mol) of glycolic acid in 400 ml of 

pyridine were added under nitrogen 260 g (1.60 mol) of 

1/1#1/3,3,3-hexamethyldisilazane over a 30—minute period. 

During this addition, the reaction temperature reached 75°C 

and a slurry formed. After the mixture was cooled to room 

temperature, 88 g (0.80 mol) of chlorotrimethylsilane were 

added dropwise. After 1 hour, the mixture was filtered, 

the filtrate dissolved in hexane, and filtered again to 

remove any remaining salt. The filtrate was concentrated 

and distilled twice, giving 275 g (80%) of trimethylsilyl 

trimethylsiloxyacetate; Bp., 78-80°C at 12 mm (8). 

To a stirred solution of 81.7 g (0.50 mol) of 1,1,1,-

3,3,3—hexamethyldisilazane in 400 ml of tetrahydrofuran were 

added, over a 30-minute period at 0°C, 216.0 ml of 2.4 M 

n-butyllithium in hexane. The reaction mixture was heated 
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for 30 minutes at 45°C. The solution was then cooled to 

-78°C and 91.7 g (0.42 mol) of trimethylsilyl trimethylsil-

oxyacetate were added dropwise over a 30-minute period. 

After the solution was stirred for an additional 30 minutes, 

68.3 g (0.63 mol) of chlorotrimethylsilane were added 

dropwise. After allowing the solution to warm to room 

temperature, the mixture was poured into 350 ml of hexane 

and filtered through Celite. The solvent was removed from 

the filtrate under reduced pressure and the residue 

distilled to give 115.7 g (95%) of tris(trimethylsiloxy)-

ethylene; Bp., 54-56°C at 0.1 mm (8). 

Dimethylketene Bis(trimethylsilyl) Acetal, (9). A 

solution of 50 g (0.5 mol) of diisopropylamine and 375 ml of 

tetrahydrofuran was cooled to 0°C under nitrogen. A hexane 

solution of 250 ml of n—butyllithium was added to the above 

solution over a 30-minute period. The solution was stirred 

for an additional 1 hour and then 22.0 g (0.25 mol) of 

isobutyric acid in 125 ml of tetrahydrofuran were added 

dropwise to the mixture at 0°C. After stirring for 1 hour, 

54.3 g (0.5 mmol) of chlorotrimethylsilane were added drop-

wise. The mixture was then allowed to warm to room tempera-

ture. The mixture was filtered and the solvent removed from 

the filtrate. Then 100 ml of hexane were added and the 

solution was refiltered. The hexane was removed from 

the filtrate with a rotatory evaporator and the residue 
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distilled to yield 55.1 g (95%) of diraethylketene bis(tri-

methylsilyl) acetal; Bp., 65°C at 15 mm (9). 

Typical Procedure for the in Situ Cycloaddition of 

Chloroketenes with Tetramethoxyethylene. A solution of 

freshly distilled acid chloride in 50 ml of dry hexane was 

added over 1 hour to a stirred, refluxing solution of 3.7 g 

(0.025 mol) of tetramethoxyethylene and 2.8 g (0.0275 mol) 

of triethylamine in 150 ml of dry hexane, under a nitrogen 

atmosphere. After the addition was complete the mixture 

was stirred for 4 hours at reflux, and then stirring was 

continued overnight at room temperature. The amine salt 

was removed by filtration and the filtrate was concentrated 

in a rotatory evaporator. The residue was vacuum-distilled 

or sublimed to yield the cycloadduct. 

2-Chloro-2-methyl-3,3,4,4-tetramethoxycyclobutanone. A 

3.2 g (0.025 mol) portion of a-chloropropionyl chloride, 3.7 

g (0.025 mol) of tetramethoxyethylene, and 2.8 g (0.02 75 mol) 

of triethylamine in 200 ml hexane yielded 4.77 g (80%) of 

the cycloaddition product, Bp., 47-48°C at 0.025 mm; ir, 

1800 cm-1 (neat); nmr, 6 1.75 ( s, 3 H), 3.45-3.60 (m, 12 H) 

mass spectrum m/e (%), (M + 2) 240 (1.25), 238 (3.75), 203 

(6.25), 179 (7.5), 175 (43.8), 138 (9.6), 136 (28.75), 133 

(36.25), 129 (100), 105 (22.5), 83 (18.8), 75 (15.0), 59 

(12.5) . 
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Anal. Calcd. for C 9H l 5C10 5: C, 45.28; H, 6.29. Found: 

C, 44.92; H, 6.28. 

2, 2-Dichloro-3, 3,4, 4-tetramethoxycyclobutanone. A 3.7-g 

(0.025 mol) portion of dichloroacetyl chloride, 3.7 g (0.025 

mol) of tetramethoxyethylene, and 2.8 g (0.0275 mol) of 

triethylamine in 200 ml of hexane produced 5.48 g (85%) of 

the cyclobutanone; Bp., 57-58°C at 0.025 mm; ir, 1815 cm"1 

cm - 1 (neat); nmr, 6 3.45 (s, 6 H), 3.55 (s, 6 H); mass m/e 

(no M) (M-28) 230. 

Anal. Calcd. for CgH12Cl205: C, 37.06; 4.63. Found: 

C, 36.81; H, 4.62. 

2-Chloro-2-phenyl-3> 3,4,4-tetramethoxycyclobutanone. A 

4.7-g (0.025 mol) portion of a-chlorophenylacetyl chloride, 

3.7 (0.025 mol) of tetramethoxyethylene, and 2.8 g (0.0275 

mol) of tr iethylamine in 200 ml hexane yielded 6.08 g (80%) 

of the cycloadduct; Mp., 117-118°C; ir, 1805 cm-1 (CC14); 

nmr, 6 2.98 (s, 3 H), 3.35 (m, 9 H), 7.08 (m, 5 H); mass 

spectrum, m/e (M) 300. 

Anal. Calcd. for C l 4H 1 7C10 5: C, 55.90; H, 5.65. 

Found: C, 55.92; H, 5.55. 

Typical Procedure for the Hydrolysis of the 2-Chloro-

3,3,4,4-tetramethoxycyclobutanones. A 1.0 g portion of the 

cycloadduct was stirred at reflux for 5 hours in 15 ml of 

18-6 methanolic HC1 solution. The solvent was removed under 

vacuum, leaving the keto ester. 



26 

Methyl 4-Chloro-2,2-dimethoxy-3-ketopentanoate. A 

1.0 g (4.2 mmol) portion of the methylchloro cycloadduct was 

treated with the acid/methanol solution to yield a quanti-

tative amount of the keto ester; ir, 1780 and 1770 cm"1 

(neat); nmr, 6 1.50 (d, 3 H, J= 5Hz), 3.25 (s, 3 H), 3.40 

(s, 3 H), 3.70 (s, 3 H), 4.75 (q, 1 H, J= 5Hz); mass 

spectrum, m/e (no M) (M-31) 193. 

Anal. Calcd. for CgH13C105: C, 42.76; H, 5.79. Found: 

C, 42.70; H, 5.78. 

Methyl 4,4—Dichloro—2,2—dimethoxy-3—ketobutanoate. A 

1.0 g (3.8 mmol) portion of the dichloro cycloadduct was 

treated with the acid/methanol solution to give a quantita-

tive yield of the keto ester; ir, 1780 and 1770 cm-1 (neat); 

nmr, 6 3.35 (s, 6 H), 3.80 (s, 3 H), 6.45 (s, 1 H); mass 

spectrum, m/e (no M) (M-31) 213. 

Anal. Calcd. for C 7H 1 0C1 20 5: C, 34.28; H, 4.08. Found: 

C, 34.46; H, 4.14. 

Methyl 4-Chloro-2,2-dimethoxy-3-keto-4-phenylbutanoate. 

A 1.0 g (3.3 mmol) portion of the phenylchlorocyclobutanone 

was treated with the acid/methanol solution to give a quanti-

tative amount of the ester; ir, 1770 and 1750 cm-1 (neat); 

nmr, 6 3.25 (s, 3 H), 3.40 (s, 3 H), 3.62 (s, 3 H), 5.92 

(s, 1 H), 7.30 (m, 5 H); mass spectrum, m/e (no M) (M-31) 

255. 
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Anal. Calcd. for C^Hj^CIOEJ: C, 54.45; H, 5.23. Found: 

C, 54.25; H, 5.31. 

Typical Procedure for the Sodium Borohydride Reduction of 

the 2-Chloro-3,3,4,4-tetramethoxycyclobutanones. To a 

stirred solution of 1.0 g of the cycloadduct in 10 ml of 

anhydrous isopropyl alcohol was slowly added a 20% excess of 

sodium borohydride. The mixture was stirred at room temper-

ature overnight. The alcohol was evaporated under vacuum 

and the residue shaken with 10-ml of 10% HC1 solution. 

Extraction with two 10 ml portions of carbon tetrachloride, 

drying over MgS04, and evaporation of the solvent resulted 

in the solid alcohol. The alcohol was purified by sublima-

tion. 

2-Chloro-2-methyl-3,3,4,4-tetramethoxycyclobutanol. The 

reduction of the methylchlorocyclobutanone quantitatively 

produced the cyclobutanol, a white solid, which was isolated as a 

mixture of isomers melting at 47-51°C; ir, 3550 cm-1 (CC14); 

nmr, 6 1.70 (s, 3 H), 2.68 (s, 1 H) broad, 3.3-3.45 (m, 12 H) 

(m, 12 H), 3.72, 3.88 (s, s, 1 H); mass spectrum, m/e (%), 

(M + 2) 242 (0.17), 240 (0.5), 211 (0.66), 209 (2.0), 179 

(4.8), 173 (20.0), 148 (13.3), 133 (49.5), 131 (100), 104 

(28.5), 89 (7.6), 75 (8.5), 59 (7.6). 

Anal. Calcd. for C 9H 1 7C10 5: C, 44.91; H, 7.06. Found: 

C, 44.65; H, 7.19. 
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2, 2-Dichloro-3/ 3, 4, 4-tetramethoxycyclobutanol • The 

reduction of the dichlorocyclobutanone also quantitatively 

produced the dichlorocyclobutanol, a white solid, mp 61-

62° C; ir 3550 cm-1 (CC14); nmr, 6 3.40-3.55 (m, 12 H), 3.8 

(s, 1 H) broad, 4.10 (s, 1 H); mass spectrum, m/e (M) 260. 

Anal. Calcd. for CgHj^CljC^: C, 36.80; H, 5.40. 

Found: C, 36.87; H, 5.61. 

2-Chloro-2-phenyl-3,3,4,4-tetramethoxycyclobutanol. The 

reduction of the phenylchlorocyclobutanone quantitatively 

produced the phenylchlorocyclobutanol, a white solid, which 

was isolated as an equal mixture of isomers; mp 71-74°C; ir, 

3550 cm-1 (CC14); nmr, 6 3.05, 3.35 (s, s, 1 H), 3.15 

(s, 3 H), 3.25 (s, 3 H), 3.40 (s, 6 H), 4.3 (s, 1 H) broad, 

6.9-7.4 {m, 5 H); mass spectrum, m/e (no M) (M-18) 284. 

Anal. Calcd. for C 1 4H 1 9C10 5: C, 55.55; H, 6.33. Found: 

C, 55.65; H, 6.18. 

Procedure for Conversion of 2-Chloro-3,3,4,4-cyclobutanols 

to 2-Substituted Semisquaric Acids. A 1.0-g portion of the 

cyclobutanol was heated at reflux in 15 ml of 18% methanolic 

HC1. The solvent was removed by evaporation resulting in the 

isolation of the semisquaric acid. No further purification was 

necessary. 

2-Methyl Semisquaric Acid (l-hydroxy-2-methyl-l-cyclobu-

ten—3,4—dione). Hydrolysis of 1.0 g of the methylchlorocyclo— 
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butanol yielded a quantitative amount of the seraisquaric acid 

derivative melting at 162-164°C with decomposition (lit., 

162-164°C with decomposition); ir and nmr were identical with 

those found in the literature (10). 

2-Phenyl Semisquaric Acid (l-hydroxy-2-phenyl-l-cyclobuten-

3,4-dione). Hydrolysis of 1.0 g of the phenyl substituted 

cyclobutanol also yielded a quantitative amount of the solid 

acid melting at 208-211°C (lit., 208-211°C) (11). 

Typical Procedure for the In Situ Addition of Chloro-

Ketenes with Ketene Acetals. A solution of freshly distilled 

acid chloride in 100 ml of dry hexane was added over 2 hours 

to a stirred mixture of 0.025 mmol of the ketene acetal and 

0.0275 mol of triethylamine in 200 ml of dry hexane at room 

temperature under a nitrogen atmosphere. After the addition 

was complete the mixture was stirred overnight at room temp-

erature. The amine salt was removed by filtration and the 

filtrate was concentrated on a rotatory evaporator. The 

residue was vacuum distilled to yield the adduct. 

2,2-Dichloro-3,3-dimethoxy-4,4-dimethylcyclobutanone. A 

3.7 g (0.025 mol) portion of dichloroacetyl chloride, 2.9 g 

(0.025 mol) of dimethylketene dimethylacetal, and 2.8 g 

(0.0275 mol) of triethylamine in 200 ml hexane yielded 4.65 g 

(82%) of the cyclobutanone ? Bp., 39-40°C at 0.05 mm; ir, 

1805 cm-1 (neat); nmr, 6 1.30 (s, 6 H), 3.40 (s, 6 H); 

mass spectrum, m/e (M) 226. 
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Anal. Calcd. for C 8H 1 2
C 12°3 : C' 42.31; H, 5.28. 

Found: C, 42.19; H, 5.23. 

g-Chloropropionylketene Diethylacetal. A 3.2-g 

{0.025 mol) portion of -chloropropionyl chloride, 2.9 g 

(0.025 mol) of ketene diethylacetal, and 2.8 g (0.0275 

mol) of triethylamine in 300 ml of hexane gave 4.39 g (85%) 

of the acylketene acetal; Bp., 87-89°C at 0.05 mm; ir, 1605, 

and 1580 cm-1 (neat); nmr, 6 0.70-1.05 (m, 9 H), 3.35-4.10 

3.35-4.10 (m, 5 H), 4.20 (s, 1 H); mass spectrum, m/e (M) 

206. 

Anal. Calcd. for CgH-^ClO^ • C, 52.31; H, 7.26. Found: 

C, 52.63; H, 7.18. 

Trimethylsilyl 4-Chloro-2-methoxy-3-trimethylsiloxy-3-

Pen,fc6no9-te• From 3.2 g (0.025 mol) of —chloropropionyl 

chloride, 5.85 g (0.025 mol) of 2—methoxy—1,1—bis(trimethyl— 

siloxy)ethylene and 2.8 g (0.0275 mol) of triethylamine was 

obtained 6.9 g (85%) of the unsaturated ester isolated as a 

1:1 mixture of cis:trans isomers; Bp., 60-64°C at 0.05 mm; 

ir, 1745 and 1660 cm'^, (neat); nmr, 6 0.25 (s, 9 H), 

0.35 (s, 9 H), 2.05 (s, 1.5 H), 2.15 (s, 1.5 H), 2.35 

(s, 1.5 H), 3.40 (s, 1.5 H), 4.35 (s, 0.5 H); mass spectrum, 

m/e (%), (M + 2) 326 (2.77), 324 (8.33), 311 (2.22), 309 

(6.66), 290 (8.9), 280 (2.77), 278 (8.33), 210 (22.2), 208 

(66.6), 147 (22.2), 89 (26.7), 73 (100), 59 (15.6). 
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Anal. Calcd. for C 12
H25 c l 04 S i2 : C' 44.36; H, 7.75. 

Found: C, 43.84? H, 8.35. 

Trimethylsilyl 4,4-Dichloro-2-methoxy-3-trimethylsiloxv-

3-butenoate. Reaction of 5.85 g (0.025 mol) of 2-methoxy-l, 

1-bis(trimethylsiloxy)ethylene, 2.8 g (0.0275 mol) of tri-

ethylamine, and 3.7 g (0.025 mol) of dichloroacetyl chloride 

yielded 7.50 g (87%) of the ester; Bp., 55-56°C at 0.025 mm; 

ir, 1740 and 1620 cm~l, (neat); nmr, 6 0.10 (s, 9 H), 

0.20 (s, 9 H), 3.35 (s, 3 H), 4.62 (s, 1 H); mass spectrum, 

m/e (M) 344. 

Anal. Calcd. for C 1 1H 22Cl 20 4Si 2: C, 38.26; H, 6.42. 

Found: C, 38.02; H, 6.53. 

Trimethylsilyl 4—Chloro—2-methoxy—3—trimethylsiloxy—3— 

butenoate. A 2.8 g (0.025 mol) portion of chloroacetyl 

chloride, 2.8 g (0.0275 mol) of triethylamine, and 5.85 g 

(0.025 mol) of 2-methoxy-l,1-bis(trimethylsiloxy)ethylene 

produced 6.21 g (80%) of this butenoate; Bp., 63-64°C at 

0.075 mm; ir, 1735 and 1635 cm - 1 (neat); nmr, 6 0.18 

(s, 9 H), 0.25 (s, 9 H), 3.28 (s, 3 H), 3.90 (s, 1 H), 5.50 

(s, 1 H); mass spectrum, m/e (M) 310. 

Anal. Calcd. for C 1 1H 23C10 4Si 2: c, 42.48; H, 7.40. 

Found: C, 42.07; H, 7.29. 

Trimethylsilyl 4-Chloro-2,3-bis(trimethylsiloxy)-3-

pentenoate. From 7.3 g (0.025 mol) of tris(trimethylsil-

oxy)ethylene 2.8 g (0.0275 mmol) of triethylamine, and 3.2 g 
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(0.025 mol) of a-chloropropionyl chloride were obtained 8.13 

g (85%) of this ester isolated as a 1:1 mixture of cis:trans 

isomers; Bp., 70-75°C at 0.05 mm? ir, 1750 and 1670 cm"1 

(neat), nmr, 6 0.15-0.25 (m, 27 H), 2.00 (s, 1.5 H) 2.10 

(s, 1.5 H), 4.75 (s, 0.5 H), 5.20 (s, 0.5 H); mass spectrum, 

spectrum, m/e (M) 382. 

Anal. Calcd. for C14H31C104Si3: C, 43.90; H, 8.10. 

Found: C, 43.75; H, 8.37. 

Trimethylsilyl 4,4-Dichloro-2,3-bis(trimethylsiloxy)-

3-butenoate. A 3.7 g (0.025 mol) portion of dichloroacetyl 

chloride, 2.8 g (0.0275 mol) of triethylamine, and 7.3 g 

(0.025 mol) of tris(trimethylsiloxy)ethylene yielded 8.57 g 

(85%) of this ester; Bp., 65-66°C at 0.025 mm; ir, 1775 and 

1635 cm-1 (neat); nmr, 6 0.15-0.25 (m, 27 H), 5.08 (s, 1 H); 

mass spectrum, m/e (M) 402. 

Anal. Calcd. for C 1 3H 2 8Cl 20 4Si 3: C, 38.69; H, 6.94. 

Found: C, 38.39; H, 7.14. 

Trimethylsilyl 4-Chloro-2,3-bis(trimethylsiloxy)-3-bu-

tenoate . Reaction of 7.3 g (0.025 mol) of tris(trimethyl-

siloxy )ethylene, 2.8 g (0.0275 mol) of triethylamine, and 2.8 

g (0.025 mol) of chloroacetyl chloride produced 7.38 g (80%) 

of this unsaturated ester; Bp., 59-60°C at 0.025 mm; ir, 1750 

and 1650 cm-1; nmr, 6 0.10-0.25 (m, 27 H), 4.30 (s, 1 H); 

5.45 (s, 1 H); mass spectrum, m/e (M) 368. 
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Anal. Calcd. for C^I^gClC^Sig: C, 42.35; H, 7.86. 

Found: C, 42.14; H, 7.80. 

Trimethylsilyl 4-Chloro-2,2-dimethyl-3-trimethylsiloxy-

3-trimethylsiloxy-3-pentenoate. From 3.2 g (0.025 mol) of 

a-chloropropiony1 chloride, 2.8 g (0.0275 mol) of triethyl-

amine, and 5.8 g (0.025 mol) of dimethylketene bis(trimethyl-

silyl) acetal were obtained 6.61 g (82%) of this ester 

isolated as a 1:1 mixture of cis:trans isomers; Bp., 60-64°C 

at 0.025 mm; ir, 1730 and 1655 cm-^ (neat); nmr, 6 0.40 

(s, 18 H), 1.40 (s, 6 H), 2.00 (s, 1.5 H), 2.10 (s, 1.5 H); 

mass spectrum, m/e (M) 322. 

Anal. Calcd. for C ^ I ^ C l O g S ^ : C, 48.35;H, 8.37. 

Found: C, 48.08; H, 8.51. 

Trimethylsilyl 4,4-Dichloro-2,2-dimethyl-3-trimethyl-

siloxy-3-butenoate. A 5.8 g (0.025 mol) portion of dimethyl-

ketene bis(trimethylsilyl) acetal, 2.8 g (0.0275 mol) of 

triethylamine, and 3.7 g (0.025 mol) of dichloroacetyl 

chloride gave 6.06 g (80%) of this unsaturated ester; Bp., 

70—71 C at 0.10 mm; ir, 1735 and 1610 cm--'- (neat) ; nmr, 6 

0.30-0.35 (m, 18 H), 1.35 (s, 6 H); mass spectrum, m/e (M) 

342. 

Anal. Calcd. for C12H24Cl203Si2: C, 41.97; H, 6.70. 

Found: C, 41.63; H, 7.01. 
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Trimethylsilyl 4-Chloro-2,2-dimethyl-3-trimethylsiloxy-

3-butenoate. Reaction of 2.8 g (0.025 mol) of chloroacetyl 

chloride, 2.8 g (0.0275 mol) of triethylamine, and 5.8 g 

(0.025 mol) of dimethylketene bis(trimethylsilyl) acetal 

yielded 6.32 g (82%) of this adduct; Bp., 51-52°C at 0.025 

mm; ir, 1730 and 1635 cm-1 (neat); nmr, 6 0.40-0.45 

(m, 18 H), 1.40 (s, 6 H), 5.38 (s, 1 H); mass spectrum, m/e 

(M) 308. 

Anal. Calcd. for C 12
H25 c l 03 S i2 ! c' 46.66? H, 8.10. 

Found: C, 46.43; H, 8.16. 

(1-Chloroethyl)-3,3-dichloro-4,4-diethoxy-3,4-dihydro-

2H-pyran—2—one. A 5.2 g (0.025 mol) portion of the ot— chloro-

propionylketene diethylacetal, 3.7 g (0.025 mol) of dichloro-

acetyl chloride, and 2.8 g (0.027 5 mol) of triethylamine 

gave 1.98 g (25%) of the lactone; Bp., 100°C at 0.05 mm; 

ir, 1795 and 1695 cm-1 (neat); nmr, 6 1.20 (t, 6 H, J= 8Hz), 

1.65 (d, 3 H, J= 6Hz), 3.70 (q, 4 H, J= 8Hz), 4.35 (q, 1 H, 

J= 6Hz), 5.35 (s, 1 H); mass spectrum, m/e (No M) (M-45) 271. 

6—(1-Chloroethyl)—3,3,—dichloro—3,4—dihydro—2H—pyran—2, 

4-dione. One gram of the lactone was stirred at 60°C for 

1 hour with 10 ml of 5% HC1 dioxane solution to yield a 

quantitative amount of the dione; Bp., 82-83°C at 0.01 mm; 

ir, 1760 and 1620 cm-1 (neat); nmr, 6 1.35 (d, 3 H, J= 6Hz), 

3.75 (q, 1 H, J= 6Hz), 6.70 (s, 1 H); mass spectrum, m/e (M) 

242. 
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Anal. Calcd. for C 7H 5C1 30 3: c, 34.51; H, 2.05. Found: 

C, 34.11; H, 2.26. 

^' 5-Trichlorohexa-2,4—dione. One gram of the original 

enolic 6-lactone was stirred at 60°C for 2 hours with 10 ml 

of 18% HCl/dioxane solution to yield a quantitative amount 

of the acylic dione; Bp., 64-65°C at 0.10 mm. This dione 

existed in the keto-enol form in a 1:1 ratio as evidenced by 

nmr, ir, 3500, 1765, 1750 and 1610 cm - 1 (neat); nmr, 6 

1.75 (t, 3 H, J= 6Hz), 3.45 (s, 2 H), 4.20 (q, 1 H, J= 6Hz), 

5.8 (s, 1 H), 6.10 (s, .5 H), 13.5 (s, .5 H); mass spectrum, 

m/e (M) 216. 

Anal. Calcd. for C6H7C13C>2: c, 33.12; H, 3.22. Found: 

C, 33.38; H, 3.42. 

3-Ethoxy-l,1,1,6-tetrachloro-3-hepten-2,5-dione, (12). 

A solution of 20 ml of dry ether, 0.69 g (10.5 mmol) of 

activated zinc, and 2 g (9.6 mmol) of oi— chloropropionylketene 

diethylacetal was brought to reflux under nitrogen; then 1.1 

ml (1.83 g, 10.0 mmol) of trichloroacetyl chloride in 10 ml 

of dry ether was added dropwise over 1 hour. The mixture was 

refluxed for an additional 2 hours. The reaction mixture was 

filtered through a pad of Celite and the unreacted zinc was 

washed with 25 ml of ether. The ethereal solution was 

concentrated to about 25% of its original volume; then an 

equal volume of hexane was added, followed by filtration to 

remove the zinc salts. After removal of the solvent, the 
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crude reaction mixture was distilled to yield 2.65 g (90%) of 

a 2:1 mixture of cisstrans isomers; Bp., 89-92°C at 0.025 mm; 

ir, 1800, 1740 and 1680 cm - 1 (neat); nmr, 6 1.22 (m, 3 H, 

J= 8Hz), 1.65 (m, 3 H, J= 6Hz), 4.00 (m, 2 H, J= 8Hz), 4.40 

(q, 1 H, J= 6Hz), 5.78 (s, 1/3 H), 5.88 (s, 2/3 H); mass 

spectrum, m/e (M-29) 277. 

Anal. Calcd. for C 9H 1 0C1 40 3: c, 35.08; H, 3.25. Found: 

C, 34.85; H, 3.42. 
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CHAPTER III 

RESULTS AND DISCUSSION 

Ketene acetals are electron-rich olefins which are 

ideally suited for reactions with electron-deficient ketenes. 

Tetraalkoxyethylenes, the ketene acetals of dialkoxyketenes, 

undergo cycloaddition reactions with aldoketenes to produce 

2-substituted 3,3,4,4-tetraalkoxycyclobutanones (1,2,3). 

Methylchloro—, dichloro—, and phenylchloroketenes react 

with tetraraethoxyethylene to form the 2-substituted 2-chloro-

3,3,4,4-tetramethoxycyclobutanones in yields of eighty 

percent or better. These yields are consistent with the 

yields reported for the cycloaddition of aldoketenes with 

tetraalkoxyethylenes (1,2,3). 

The preparation of these 2—chlorocyclobutanones involved 

the in situ generation of the chloroketenes by the triethyl-

araine dehydiochlorination of ot—chloropropionyl chloride, 

dichloroacetyl chloride, and ot—chlorophenylacetyl chloride in 

the presence of tetraraethoxyethylene. 

Z 0 

(OMe) 

0 
h E t3 N CI-

Z-CH-C-C1 + (MeO)2C=C(OMe)2 

CI (MeO^ 

Z = Me, CI, Ph 
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The methylchloro and dichloro cycloadducts were liquids 

which were purified by distillation at reduced pressure. 

The pheny1chlorocyclobutanone was a solid and was purified by 

sublimation. 

The infrared absorption characteristic of these 2-

chlorocyclobutanones (C=0) appeared between 1800 and 1815 

cm -1 

The nmr spectrum of 2-chloro-2-methyl-3,3,4,4-tetra-

methoxycyclobutanone revealed four singlets at 3.45-3.60 ppm, 

representing 12 protons {4-OCH3). These singlets are 

expected since all sets of protons of the four methoxy 

groups are non-equivalent. The nmr spectrum of 2,2-dichloro-

3,3,4,4-tetramethoxycyclobutanone revealed two singlets at 

3.45 ppm (2-OCH3) and 3.55 ppm (2-OCH3). In the case of 

2-chloro—2—phenyl—3,3,4,4—cyclobutanone, the nmr spectrum 

revealed a multiplet at 3.35 ppm (3-OCH3) and a singlet at 

2.98 ppm (1-0CH3). The chemical shift of the C3 methoxy 

protons cis to the C2 phenyl group is decreased due to the 

shielding effect of the benzene ring. 

It was reported that the cycloadducts of tetraalkoxy-

ethylene and monosubstituted ketenes could be hydrolyzed in 

nearly quantitative yields to semisquaric acid, squaric acid, 

o r 2-substituted semisquaric acid derivatives with 18% HC1 

(1,2,3). However, hydrolysis of the dichloro cycloadduct 

using 18% HC1 in methanol resulted in a quantitative amount 
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of the acyclic keto ester, methyl 4,4-dichloro-2,2-

dimethoxy-3-ketobutanoate, rather than the 2,2-dichloro-4, 

4-diethoxy-l,3-cyclobutanedione. Similar hydrolysis of the 

methylchlorocyclobutanone and the phenylchlorocyclobutanone 

resulted exclusively in the acylic keto esters. Only small 

amounts of the corresponding acylic keto ester were reported 

from the hydrolysis of the monosubstituted ketene adducts of 

tetraalkoxyethylenes. 

CI 

(MeO), 

Z 0 

(OMe) 

CI 

0 

X 
z o 

(OMe) 

18% H*0 O OMe 
>i I 

Z-CH-C-C-COOMe 
' I 
CI OMe 

0 ' 

OH 

0 

Z = Me, CI, Ph 

The formation of these acylic keto esters in preference 

to the 2-substituted semisquaric acids is apparently due to 

the lack of a proton on C2 of the cyclobutanone ring. The 

following mechanism is proposed for the acid-catalyzed ring 

cleavage. 



41 

OH 
CI 

CI 

(MeO) (MeO) (OMe) (OMe) 

0 OMe 
" 1 f 

Z-CH-C-C-COOME 
i I 
CI OMe 

Z OH 
vc=c^ 

CI- V ° M e 
' NOMe 

MeO 

Z^ OH 
^C=c' ̂  OMe 

C 1 ^OMe 
C 

MeOX+NOMe 

k° 
Z vc=c'0 H 

-H 

CI 

MeO 

\ /OMe 

-MeOH 

^OMe 
- C 
/ \ 

MeO OH» + 2 

This mechanism involves the protonation of the cyclo-

butanone at the carbonyl oxygen, ring opening to form the 

snol carbonium ion, followed by nucleophilic attack of water 

with the subsequent loss of hydrogen as a proton and methanol 

to yield the enol ester. This ester then undergoes tautomer-

ization to yield the keto ester. 

Evidently, an a-hydrogen is necessary in the cyclo-

adduct for hydrolysis to the squaric acid or semisquaric acid 

derivative. The Qt-hydrogen can undergo enolization to form 

an endocyclic double bond. The driving force for the forma-

tion of the squaric acid or semisquaric acid derivatives is 

then the conjugation of this endocyclic double bond with the 

carbonyl groups. In the chloro cycloadducts which lack 

a-hydrogens, the required endocyclic bond cannot form. Thus 

the squaric or semisquaric acid derivatives are not obtained. 

Consequently, this particular route to the squaric acid and 
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semisquaric acid derivatives is not possible for disubsti— 

tuted ketene cycloadducts of tetraalkoxyethylenes. 

The acylic keto ester formation is favored over the for-

mation of the 1,3-cyciobutanedione because of the stability 

of the initially formed enol carbonium ion (i.e., the 

stability of this carbonium ion is primarily due to the 

electron releasing ability of the two geminal methoxy groups 

at the C3 position) (4). 

The sodium borohydride reductions of the 2-chlorotetra-

methoxyeyelobutanones were conducted in isopropyl alcohol 

to yield the corresponding cyclobutanols. These reductions 

occurred quantitatively to give the solid alcohols which 

were purified by sublimation. 

CI-

(MeO) 2 

0 
if NaBH, 

Cl-

Z OH * 

(OMe) (MeO) 

H 

(OMe) 

Z = Me, CI, Ph 

The infrared spectra of these products indicated the 

loss of the carbonyl absorption bands at about 1800 cm-1 

and a gain of absorption bands (O-H) at 3550 cm-1. 

The reduction of the methylchloro- and phenylchloro-

cyclobutanones to their respective cyclobutanols resulted in 

an equal mixture of cisrtrans isomers as evidenced by 
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nmr. Reduction of the dichlorocyclobutanone yielded only a 

single isomer. No attempts were made to separate tlie various 

isomers. 

The sodium borohydride reduction of the cyclobutanones 

introduced a hydrogen vicinal to a chlorine and generated a 

hydroxy group at the position. The presence of the ring 

hydrogen vicinal to the chlorine in these 2-chlorotetrameth-

oxycyclobutanols allows for the formation of an endocyclic 

double bond. The formation of an endocyclic double bond is 

necessary if the hydrolysis of the vicinal ketal groups is 

to occur (1,2). In the case of the monosubstituted ketene 

cycloadducts of tetraalkoxyethylenes, unsaturation may be 

achieved via enolization. In the 2-chlorocyclobutanols, 

unsaturation occurs through loss of HC1. Heating these 2-

chlorotetramethoxycyclobutanols in 18% methanolic HC1 results 

in the elimination of HC1, followed by hydrolysis of the two 

ketal groups at C3 and C 4 to give the 2-substituted semi-

squaric acid derivatives (i.e., 2—substituted 1—hydroxycyclo— 

but-l-ene-3,4-dione). Hydrolysis of the methylchloro- and 

ci-

(MeO). 

Z OH 

- L •H 

(OMe) 

18% H*0 

0 
/> 

OH 

0 

Z = Me, Ph 
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phenylchlorocyclobutanols yielded quantitatively the 2-

methyl- and 2-phenylsemisquaric acids, respectively. Melting 

point, nmrt and ir data for these two solid acids matched the 

data previously reported in the literature (4,5). Hydrolysis 

of the dichlorocyclobutanol yielded an unidentifiable brown 

tarry substance. 

Dichloroketene, generated in situ by the dehydrochlori-

nation of dichloroacetyl chloride, reacted with dimethyl-

ketene dimethylacetal resulting in an eighty-two percent 

yield of 2,2—dichloro—3,3—dimethoxy—4,4—dimethylcyclobut— 

anone. This same type of regiospecificity has been reported 

CI, 
C^C-C-O + Me2C=C(OMe)2 1 

(MeO) 

0 

2 - M e 2 

for the cycloaddition product of diphenylketene and tetra-

methyleneketene dimethyl acetal (7). This type of regio-

selectivity has also been reported for the reactions of 

trimethylsilyl and alkyl enol ethers with several ketenes 

(8,9,10,11). 

The infrared spectrum revealed a carbonyl absorption 

band at 1805 cm-1 which is indicative of the 2-chloro-

cyclobutanones. The nmr spectrum revealed two singlets of 

equal intensity at 1.30 ppm (2-CH3) and 3.40 ppm (2-OCH3). 
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Methylchloroketene, generated in situ by the dehydro-

halogenation method, was trapped with ketene diethylacetal 

to yield a-chloropropionoylketene diethylacetal in an 

eighty-five percent yield. The formation of this acyl-

0 

Me-C=C=0 + H2C=C(OEt)2 — > (EtO)2C=CHCCHCH3 

C 1 CI 

ketene acetal is consistent with the type of adduct reported 

for the reaction of dichloroketene and ketene diethylacetal 

(12). The acylketene acetal can form in two ways: first, 

the acid chloride reacts with the nucleophilic ketene 

acetal, followed by elimination of HC1 (13); or second, 

the ketene is trapped by the ketene acetal to give the 

acylated product. 

The infrared spectrum of this acylketene acetal revealed 

absorption bands at 1605 cm~^ (C=0) and 1595 cm--*- (C=C). 

Both absorptions appear at lower than normal frequencies 

because of their mutual conjugation. The nmr spectrum of 

this compound indicated that the geminal ethoxy groups are 

nonequivalent and that the chemical shift (4.20 ppm) of the 

vinyl proton is increased relative to the chemical shift 

(2.95 ppm) of the vinyl proton in the ketene diethylacetal. 
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The bis(trimethylsilyl) acetals of methoxy-, trimethy-

siloxy—, and dimethyIketenes reacted with the chloroketenes 

generated in situ via dehydrohalogenation to yield acyclic 

unsaturated esters rather than the acylketene acetals or 

cyclobutanones. 

0-SiMe3 

Z-C=C=0 + R1R2C=C(OSiMe3)2 > Z-C=C-CR1R2COOSiMe3 

CI CI 

Z = H, CI, Me Rx = H, R2 = OMe 

R^ H/ R2 OSiMe^ 

= Me, R2 = Me 

The reactions occurred to give yields in excess of 

eighty percent. These adducts were liquids and could be 

distilled at reduced pressure. 

The infrared absorption bands characteristic of these 

unsaturated esters appear between 1720 and 1750 cm"1 (C=0) 

and 1615 and 1670 cm-1 (C=C). 

The nmr spectra revealed that the reaction produced a 

1:1 mixture of cis:trans isomers for the methylchloroketene 

adducts of 2-methoxy-l,1-bis(trimethylsiloxyJethylene, tris-

(trimethylsiloxy)ethylene, and dimethylketene bis(trimethyl— 

sily) acetal. No attempt was made to separate and characterize 

the respective isomers. The formation of an equal mixture 

of these isomers for the methylchloroketene adducts was 
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probably due to the nearly equal size of the methyl and 

chloro substituents on the ketene moiety (14). 

In the adducts formed from the reactions of chloro-

ketene with the three ketene bis(trimethysilyl) acetals, 

the formation of cis:trans isomers was possible. However, 

the nmr spectra revealed only one isomer. No attempt was 

made to determine which isomer was formed. In the reaction 

of dichloroketene and the three ketene bis(trimethylsilyl) 

acetals, cis:trans isomerism was not possible. 

All of the above results are consistent with a two-step 

mechanistic pathway involving a dipolar intermediate (15). 

The following mechanism explains the products obtained from 

the reaction of the chloroketenes and the various ketene 

acetals. 

R I R
2
C-C(° r ) 2 + - c - c - o -C-C-CR1R2-C(OR)2 O -C=C-CR,R-C(OR) 

R-̂  and/or R2 = H Rx and/or
 R

2 ^ H R = SiMe-

i H 
-C-C-CR1=C(OR)2 

H (MeO) R, 

0 
OR 
I 

0 
II 

-C=C—CR^—C-OR 
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In this mechanism, the electron-rich ketene acetal 

attacks the electron-deficient sp-hybridized carbon of the 

ketene to produce the 1,4 dipolar intermediate. If the 

ketene acetal is unsubstituted or monosubstituted, the 

hydrogen beta to the carbon containing the positive charge 

is lost as a proton, yielding the acylketene acetal. The 

acylketene acetal was observed as the reaction product of 

methylchloroketene and ketene diethylacetal. 

The dipolar intermediate formed from the reaction of a 

ketene and a disubstituted ketene acetal underwent ring clo-

sure to give the cyclobutanone derivative. Dichloroketene 

reacted with dimethylketene dimethylacetal to give the 

cyclobutanone derivative. 

The dipolar intermediate formed from the reaction of a 

ketene and a ketene bis(trimethylsilyl) acetal achieves sta-

bilization by a 1,5-silyl migration to yield the O-silated 

unsaturated ester. Chloroketenes reacted with the ketene 

bis(trimethylsily1) acetals to give the same type of 

unsaturated ester. These products however, were a disap-

pointment because reaction of the readily available 

O-silated ketene acetals with chloroketenes did not yield 

desirable synthetic products. 

Other evidence that supports this mechanistic pathway 

was offered in a report (15) according to which the 1,4 

dipolar intermediate was apparently trapped by the 
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reaction of two equivalents of diphenylketene with one 

equivalent of methylketene diethylacetal to form 4,4-dieth-

oxy—5—me thy 1—3, 3— dipheny1—6—diphenylmethylenetetrahydropy— 

ran-2-one. However, this 2:1 cycloadduct was evidently not 

recognized as a trapped intermediate. 

Ph2C=C=0 + CH3CENC(OEt)2 

Ph2C 

EtO OEt 

M e r ^ ^ P h 

X0£ 
2 

0 

Ph2C=C=0 

0 + 
~ 1 1 

-> Ph2C-C-CH-C(OEt)2 

CH, 

0~ + 
I 

Ph~C=C-CH-C (OEt) 
z I z 

CH 3 

Further evidence of this mechanism is offered through 

the reaction of methylketene with triethoxy(trimethylsiloxy) 

ethylene to form not only the unsaturated ester but also the 

cyclobutanone derivative (16). Both of the products are 

easily explained via this dipolar mechanism. 

This dipolar mechanism also explains the anomalous 

results observed in the reaction of diphenylketene with 

tetramethoxyethylene to yield 2,2-diphenylmethylene-3,3,4, 

4-tetramethoxyoxetane (17). Conjugation of the exocyclic 
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O 
- I t 

0 -
1 

Ph2C-C-C(OMe)2-C(OMe)2 < — > Ph2C=C-C(OMe)2-C(OMe)2 

(MeO) 

Ph2C 

(OMe) 

double bond with the two phenyl substituents is maintained 

if cyclization occurs from the enolate. 

A recent report of the reaction of ketene and 0-(tri-

methylsilyl)—O—methyl ketene acetal described the product, 

trimethylsilyl 3—(trimethylsiloxy)—3—butenoate, as occurring 

through a cyclic six-membered transition state in which the 

rupture of the Si-0 bond occurs simultaneously with the for-

mation of the carbon-carbon bond (18). 

H2C=C=O + H2C=COSiMe3 

OMe 

/(X 
H_C=C SiMe, 
^ 1 ^ | 3 

Co 
2 / 

C 
l 
OMe 

O-SiMe-

H2C=C-CH2COOMe 
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However, the formation of the cyclobutanone and unsat-

urated ester from the reaction of methylketene and trieth-

oxy(trimethylsiloxy)ethylene {16) precluded this proposed 

concerted mechanism involving a cyclic transition state. 

The dipolar mechanism was consistent with the variety 

of products obtained in these reactions. However, it must 

be noted that the product distributions and yields did not 

change as the solvent polarity was varied. 

The acylketene acetal, a-propionylketene diethylacetal 

reacted with dichloroketene, generated in situ via the 

dehydrochlorination of dichloroacetyl chloride, to yield a 

( 2 + 4 ) cycloadduct rather than the ( 2 + 2 ) cycloadduct. 

EtO OEt 

0 
II 

C12C=C=0 + (EtO)2C=CH-C-CH-CH3 

CI CH^CH 
CI 

The 6-lactone, 6-(1-chloroethyl)-3,3-dichloro-4,4-diethoxy-

3,4-dihydro-2H-pyran-2-one, was formed in a twenty-five 

percent yield. Upon distillation the remaining unreacted 

acylketene acetal was recovered. Reaction conditions were 

varied, but all attempts to increase this yield failed. The 

reactivity of the acylketene acetal is apparently diminished 

because the electron—withdrawing ability of the acyl group 

decreases the electron density of the rr-system. This 
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results in the dichloroketene polymerization competing 

favorably with the cycloaddition process. 

The infrared spectrum of this 6-lactone revealed 

absorption bands at 1794 cm - 1 (C=0) and 1695 cm - 1 

(C=C). These frequencies were consistent with the 3,3 

dichloro-enolic S —lactone (19,20). The nmr spectra revealed 

that the two geminal ethoxy groups were equivalent. 

Attempts to obtain an acceptable analytical analysis of 

this 6—lactone were unsuccessful. Thus, efforts to further 

characterize this compound were based on hydrolysis products. 

Mild hydrolysis using 5% HC1 at 60°C led to the forma-

tion of the g-keto lactone, 6-(l-chloroethyl)-3,3-dichloro-3, 

4-dihydro-2H-pyran-2,4-dione. 

EtO OEt 

5% H*0 > 

CH C H ^ ^ O ^ 0 CH-CH 
I J| 
CI CI 

The nmr spectrum indicated the loss of the geminal ethoxy 

groups and a downfield shift of the vinyl proton from 5.33 

ppm to 6.70 ppm. The infrared spectrum revealed the presence 

of two car bony Is at 1760 cm"1 and 1680 cm"3- and a shift 

to a lower frequency of the band characteristic of the carbon-



53 

carbon double bond (1620 cm-1). Both the downfield shift 

of the proton and the bathochromic shift (C=C) were due 

to increased conjugation in the hydrolyzed product. 

More rigorous hydrolysis of the original 6-lactone 

using 18% HC1 at 60°C resulted in an acylic product, 1,1,5-

trichloro-2,4-hexadione, through loss of carbon dioxide. 

EtO OEt 

CH-CH 
J I 
CI 

18% H*0 0 
II 

O 

CH3-CH-C-CH2-C-CHCI2 

CI 

OH O 
I II 

CH3-CH-C=CH-C-CHC12 

CI 

The infrared spectrum of the tautomers revealed 

absorption bands at 3500 (OH), 1765, 1750 (C=0), and 1610 

cm - 1 (C=C). The nmr spectrum indicated an enolic 

proton at 13.5 ppm and one of equal intensity at 6.10 ppm. 

This spectrum revealed an equal mixture of the two tautomers 

based on the integration of these two protons. 
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The polar 1,4 cycloaddition of dichloroketene to the 

acylketene acetal arises from the nucleophilic nature of 

the oxygen of the acyl group in the ketene acetal. The 

increased electron density on this oxygen is due to the a, 3 

unsaturation and the electron-releasing ability of the 

geminal alkoxy groups beta to the carbonyl. The nucleo-

philic oxygen attacks the electron-deficient sp-hybridized 

carbon of the ketene to form the dipolar intermediate, which 

undergoes ring closure to form the 6-lactone. 

+ + 
Hs C(OEt), H JZ (OEt) « H C (OEt) 0 

c c c 
I II C1„C=C=0 II "cci0 
C < > y c N — ^ > c I 2 

CH^-CH 0 CEUCH 0" „ / \ 
3 I 31 CH--CH 0 ^ S n 
CI CI 3 CI 0 

EtO OEt 

CH--CH O 
3 1 
CI 

An analogous ( 2 + 4 ) adduct was reported for the reac-

tion of diphenylketene and the acylketene acetal, 2-methyl-

2,2-diphenylacetylketene diethylacetal (15). Other examples 
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of this unusual type of ketene reaction include the ( 2 + 4 ) 

cycloadducts formed in the reactions of dichloroketene with 

enaminoketones (19,20). 

\ c=,cne2 

c ^ o 

C12C=C=0 

In an effort to increase the yield of the 6-lactone 

from the reaction of a-chloropropionylketene diethylacetal 

and dichloroketene, the ketene was generated by the zinc 

dehalogenation of trichloroacetyl chloride. Rather than 

obtaining the expected 6-lactone, an acylic dione, 1,1,1,6-

tetrachloro-3-ethoxy-3-hepten-2,5-dione, was isolated in a 

ninty percent yield. The trichloroacetyl chloride apparently 

reacted with the acylketene acetal by adding to the double 

bond of a-chloropropionylketene diethyl acetal followed by 

the zinc elimination of a vicinal chlorine and ethoxy group 

to reform the double bond (21). 

O 0 

„ I, Zn 
(EtO)2C=CH-C-CH-CH3 + CCI3-C-CI Et~0— 

CI 2 

0 0 
II I) 

CC1 o-C-C=CH-C—CH-CH-j + ZnCl(OEt) 
1 I 3 1 I 
OEt CI 
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The infrared spectrum of this unsaturated dione 

revealed absorption bands at 1800, 1740 (C=0), and 1680 

(C=C). The nmr spectrum indicated that only one ethoxy 

group was present in the compound. In addition, the mass 

spectrum showed the presence of four chlorine atoms in the 

molecule. 

In summary, the ketene acetals are electron-rich 

olefins which react with chloroketenes to give a variety of 

products depending upon the substitution in the ketene 

acetal. 

Unsubstituted or monosubstituted ketene acetals react 

with the chloroketenes to yield acylketene acetals. Disub-

stituted ketene acetals react in a regiospecific manner with 

the chloroketenes to give cyclobutanone derivatives. The 

tetramethoxyethylene cycloadducts of the chloroketenes can be 

hydrolyzed to yield an acylic 3-keto ester or reduced to the 

corresponding cyclobutanol which upon hydrolysis gives semi-

squaric acid derivatives. 

Ketene bis(trimethylsilyl) acetals react with the chloro-

ketenes to yield acylic 0-silated 3, y-unsaturated esters. 

However, reaction of dichloroketene with an acylketene 

acetal yielded a ( 2 + 4 ) cycloadduct, an enolic 6-lactone 

which upon hydrolysis gave either a 3-keto enolic 6-lactone 

or an acylic dione. 
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The reactions of ketenes with electron-rich olefins 

most likely proceed via a two-step dipolar mechanism. This 

pathway is favored due to the ability of the electron-

releasing substituents to stabilize the positive charge in 

the dipolar intermediate. If the stabilization cannot 

occur, as with simple olefins, a concerted process is 

favored in which some charge separation in the transition 

state dictates the product's regiochemistry. Evidently, the 

reactions of ketenes and ketene acetals occur via the two-

step dipolar mechanism rather than by a concerted (2 + 2) or 

(2 + 4 ) mechanism. 
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