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The investigation presented here is in two parts: a

mechanistic study of the triethylamine dehydrohalogenation

of ac-haloacid halides to form halogenated ketenes and a

study of steric influence upon ketene lifetimes. The

first part of this research deals with the mechanism of

the dehydrohalogenation reaction. Two acid halides,

isobutyryl chloride and a-chloropropionyl chloride,

appeared to represent two mechanistic extremes for

this reaction with triethylamine. Isobutyryl chloride

reacted with triethylamine to form an acylammonium salt

while a-chloropropionyl chloride produced the enolate

salt. These salts were detected in chloroform solution

by both nuclear magnetic resonance spectra and infrared

spectra.

The formation of a-halovinyl esters from ct-chloro-

propionyl chloride and a-chlorobutyryl chloride in the

presence of triethylamine provided a valuable tool in

the elucidation of the mechanism. The reversibility

of the first step in the dehydrohalogenation reaction

was demonstrated by the formation of the four possible

vinyl esters from the reaction of the enolate salt,
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derived from a-chloropropionyl chloride and triethylamine,

with ca-chlorobutyryl chloride.

The reaction of 2-bromo-3,3-dimethylbutanoyl chloride

with triethylamine did not produce any detectable amounts

of vinyl ester, but did produce t-butylbromoketene which

was stable in the reaction solution for approximately

three days.

The demonstration of reversibility of the enolate

forming step coupled with evidence that t-butylbromoketene

may be formed through the acylammonium salt suggested that

halogenated ketenes may all be formed through the acyl-

ammonium salt. This was strongly supported by the fact

that the addition of equimolar amounts of a-chlorobutyryl

chloride and cyclopentadiene to the enolate salt derived

from oa-chloropropionyl chloride and triethylamine produced

equal amounts of methylchloro- and ethylchloroketene cyclo-

adducts with cyclopentadiene. If the enolate salt was the

precursor to the ketene, it would be expected that methyl-

chloroketene cycloadduct would predominate over ethyl-

chloroketene cycloadduct.

The lifetimes of halogenated ketenes in the reaction

solution increased as the bulk of the alkyl group attached

to the ketene functionality increased. Several halogenated

ketenes, isopropylbromo-, t-butylchloro-, and neopentylbromo-

ketene, were particularly well suited for kinetic studies.
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It was found, for these ketenes, that the rate of decrease

of the ketene absorption in the infrared followed closely

a second order rate law. This suggested that "dimeriza-

tion" may be the initial pathway, followed by polymeriza-

tion for halogenated ketene decay.

The results of the investigation into the mechanism of

dehydrohalogenation and ketene lifetime were complemented

by CNDO/2 calculations of the acid halides and ketenes

studied. It was concluded that the mechanism of dehydro-

halogenation of acid halides involves a complex series of

equilibria,and it has become increasingly apparent that

halogenated ketenes are produced through the acylammonium

salt. The enolate salt appears to be a dead end in the

reaction to form ketenes. It was also demonstrated that

increasing steric bulk has a stabilizing effect on ketene

lifetimes.
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CHAPTER I

INTRODUCTION

Ketene is the simplest member of a family of compounds

having cumulative carbon-carbon and carbon-oxygen double

bonds. Ketenes have been known since the synthesis of

H

C=== C===0

H
Ketene

diphenylketene by the zinc dehalogenation of diphenylchloro-

acetyl chloride by Staudinger in 1905 (32). A review on

preparative ketene chemistry, including halogenated ketenes,

was published in 1968 (2, p. 65).

The term halogenated ketene refers to ketenes having a

halogen atom directly attached to the carbon-carbon double

bond of the ketene functionality. Such ketenes are divided

into the following categories: dihaloketenes, aldohalo-

ketenes, alkylhaloketenes, and arylhaloketenes.

Halogenated ketenes were unknown until the preparation

of difluoroketene was reported in 1957 (41). The evidence

presented in this paper for the existence of difluoroketene

is questionable. An ether solution distilled from the zinc

dehalogenation reaction mixture was treated with ammonia,

1
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and a low yield of difluoroacetamide resulted. The amide

could have been produced by the reaction of ammonia with

the vinyl ester, 1-chloro-2,2-difluoroethenyl 2-bromo-2,2-

difluoroethanoate (20). However, the cycloaddition of this

F 0

C C-0-C---CF 2 Br

F' C1

ketene with acetone in 1968 confirmed the presence of di-

fluoroketene (4).

Dichloroketene was prepared independently in 1965 in

three different laboratories by the dehydrohalogenation of

dichloroacetyl chloride with triethylamine and the zinc

dehalogenation of trichloroacetyl chloride (12, 21, 34).

Dibromoketene was later prepared and trapped in situ with

cyclopentadiene to yield the corresponding 1,2-cycloadduct

(4). Chlorofluoroketene was prepared by the dehydrohalo-

genation of chlorofluoroacetyl chloride and bromochloro-

ketene has also been produced by this method (6, 19).

Aldohaloketenes have been prepared by the dehydrohalo-

genation of haloacetyl halides and trapped in situ with

cyclopentadiene. These unsymmetrical ketenes cycloadd

stereospecifically to yield only the endo-halo isomer with

the exception of flouoroketene (7, 8, 9). Initial reports

on this ketene indicated that the 2 + 2 cycloaddition prod-

uct with cyclopentadiene yielded only the endo-fluoro isomer.
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This ketene, however, does form a small amount of a water-

soluble exo-fluoro isomer which can be easily lost with

water washing during the work-up.

Alkylhaloketenes have also been produced by the dehy-

drohalogenation of 2-haloalkanoyl halides with triethylamine.

The first ketenes of this type produced and trapped with

cyclopentadiene were methylchloro, methylbromo, ethylchloro,

and ethylbromoketene (10, 11). These unsymmetrical ketenes

yield both the endo- and exo-alkyl isomers with cyclopenta-

diene.

0 0 X 0 R
R X

R-CH -C + NEt3 C 5H ,

X C1

Phenylchloro- and phenylbromoketenes were prepared in

a similar manner and yielded only the endo-phenyl isomer

(5, 17).

Halogenated ketenes are extremely labile and to date

no halogenated ketene has been isolated. Methylbromoketene

has been observed in solution for a short time by infrared

absorption near 2000 cm-1 (17).

No dimers for halogenated ketenes have been reported

although dimerization is a general reaction for most non-

halogenated ketenes (15, 22, 24). Attempts to form dimers

of halogenated ketenes in the dehydrohalogenation reaction
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mixture have resulted in the formation of a-halovinyl

esters (14).

The cycloaddition of unsymmetrical ketenes to unsym-

metrical olefins produces a mixture of exo/endo isomers

(23, 25). The stereochemistry of these isomer ratios were

subsequently studied, and the principle of the conservation

of orbital symmetry correlates with the results (16, 18, 29).

Ketenes undergo both nucleophilic addition and cyclo-

addition reactions. Cycloaddition of ketenes to dipolar

substances or substances having electron-rich sites due

to bond unsaturation, are the most important reactions

synthetically. Olefins and conjugated dienes are the

most common substrates for cycloaddition with ketenes.

Both 1,2- and 1,4-cycloaddition reactions appear possible

with conjugated dienes; however, the conservation of

orbital symmetry in concerted cycloaddition reactions

provides an explanation for the lack of a 1,4-cycloaddi-

tion reaction (36, 37, 38, 39). In the transition state,

the ketene and olefin assume an antarafacial suprafacial

orientation with respect to each other. Formation of a

R C

C = == C===0

R C
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1,4-cycloaddition product would require the formation of

an antibonding ff-orbital in the olefin. There are a limited

number of 1,4-cycloadditions involving ketenes; however, in

these special cases the ketene probably does not assume the

antarafacial role, or may not be concerted (30, 33).

Ketene stability may be related to the steric bulk

about the ketene functionality. In 1960, Newman, Arkell,

and Fukunaga reported the preparation of ditertiarybutyl-

ketene and found this ketene to exhibit extreme stability

(27). Apparently the large t-butyl groups retard dimeri-

zation and polymerization.

Tertiarybutylcyanoketene has been prepared by the

pyrolysis of 2,5-diazido-3,6-di-t-butyl-1,4-benzoquinone.

0

N 3
N3 C6 H6  C = C=== 0 + N 2

I I

N3  NC

0

This ketene is quite stable at room temperature despite

the presence of the strong electron withdrawing cyano group

directly attached to the ketene functionality (26). These

reports prompted this study to determine the effect of

steric influence on halogenated ketene stability.

The lack of stability of these ketenes may be attrib-

uted to the electron withdrawing nature of the halogen atom.



6

The carbonyl carbon of the ketene functionality contains

a net positive charge (40). This electrophilic or electron

deficient site on the molecule can be represented by the

valence bond structures II-V. These valence bond structures

H H H H

C=C===0 C-C- 0: -C- 0. C-C-0:

H H H H

II III IV V

have been given validity by molecular orbital calculations

using the CNDO/2 approximation and by proton and carbon-13

nuclear magnetic resonance studies on several ketenes (3,

28, 38) .

Though dehydrohalogenation of acid halides is the

oldest and most widely employed method to prepare ketenes,

the literature is deficient with respect to any mechanistic

study of ketene formation by this method. There is good

evidence to support nucleophilic attack by triethylamine

on the carbonyl carbon of the acid halide to form an

acylammonium salt (1). Adkins and Thompson reported the

formation of addition compounds from acid halides and ter-

tiary amines. These addition compounds formed as stable

white salts which could be filtered and isolated from

solution at room temperature. This white salt when

treated with water yielded the corresponding anhydride.

Walborsky also produced a white salt in attempts to form
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dimethyleneketene (35). This salt was assumed to be the

acylammonium salt on the basis of the work done by Adkins

and Thompson. The ketene was too unstable to be isolated,

and it was not reported to be trapped as a 2 + 2 cycloaddition

product.

0

C NEt3  Cl

Renewed interest in the mechanism of ketene formation

by dehydrohalogenation was motivated by the fact that sys-

tems which produce halogenated ketenes do not form ketene

dimer, but produce a vinyl ester (14, 22, 24). This vinyl

ester suggested the possibility of two different mechanistic

pathways for ketene formation: one through an acylammonium

salt and another through an enolate salt. Consequently, a

second part of this study was to examine the mechanistic

pathway for the dehydrohalogenation of a-haloacid halides

to halogenated ketenes.

R 0~

C===C H NEt 3

X X
Enol ate
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The objectives of this investigation were to determine

the influence of steric effects on the lifetime of halo-

genated ketenes and to study the mechanistic pathway for

the formation of ketenes by the dehydrohalogenation of

acid halides.
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CHAPTER II

EXPERIMENTAL

Proton nuclear magnetic resonance spectra were recorded

for general sample analysis, with a Jeolco Nuclear-60 Nuclear

Magnetic Resonance Spectrometer. Low temperature nuclear

magnetic resonance spectra were recorded on a Jeolco PS-100

Nuclear Magnetic Resonance Spectrometer equipped with a var-

iable temperature controller. Tetramethylsilane was employed

as an internal standard-for all samples and carbon tetrachlo-

ride was used as a general solvent. Chloroform was employed

as a solvent for all low temperature spectra.

Infrared spectra were recorded for general sample anal-

ysis, with a Perkin-Elmer Model 237 Grating Infrared Spec-

trometer. Kinetics experiments and low temperature infrared

spectra were recorded on a Perkin-Elmer 621 Infrared Spec-

trometer. A variable temperature cell CRYO-TIP Model AC-1

by Air Products and Chemicals, Inc., was employed for all

variable temperature spectra. Sodium chloride fixed-

thickness cells were used for all samples.

Vapor phase chromatography was performed on an F and

M Scientific Model 700 gas chromatograph with a 10-foot by

0.25-inch column packed with a 10 per cent SE-30 on acid

washed Chromosorb W (60-80 mesh).

13
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Mass spectra of samples were obtained on a Hitachi

Perkin-Elmer RMU-6E Mass Spectrometer.

Elemental analyses were performed by Midwest Microlab,

Ltd., 6000 East 46th Street, Indianapolis, Indiana 46226.

Preparation of Reagents

Hexane and chloroform were commercially available.

Hexane was dried over metallic sodium and distilled prior

to use. Chloroform was dried over phosphorous pentoxide

or calcium hydride, distilled, and stored over Linde 4 A

molecular sieves.

Triethylamine was commercially available, and was dried

over sodium metal and distilled prior to use.

Cyclopentadiene was cracked from commercially available

dicyclopentadiene at about 1400 C, and distilled at 40-41' C

prior to use. Cyclohexene was dried over Linde 4 A molecular

sieves and purified by fractional distillation before use.

Trichloroacetyl chloride was distilled immediately before

use.

Acid halides were prepared from the appropriate car-

boxylic acid and thionyl chloride or phosphorous pentachlo-

ride. The parent acids listed in Table I were commercially

available. The structure of the resulting acid halides was

confirmed by analysis of their nuclear 'magnetic resonance

spectra, and by agreement of observed boiling points with

those reported in the literature.
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Preparation of Acids

Acids which were not commercially available were pre-

pared from readily available starting materials as described

below.

3,3-Dimethylbutanoic Acid

The reaction of t-butyl alcohol with 1,1-dichloroethene

in the presence of sulfuric acid was used to produce 3,3-

dimethylbutanoic acid (7). Thus 200 ml of 90 per cent sul-

furic acid was placed in a three-neck flask equipped with an

addition funnel and mechanical stirrer. The flask was main-

tained at 0-5* C in an ice bath as a mixture of 75 grams of

t-butyl alcohol and 145 grams of 1,1-dichloroethene was added

dropwise with rapid stirring. After hydrogen chloride gas

ceased to evolve, the mixture was poured over crushed ice.

The resulting acid was purified by forming the potassium

salt with potassium hydroxide and freeing the acid by addi-

tion of dilute hydrochloric acid. The resulting acid was

dissolved in ether and dried over magnesium sulfate, fil-

tered, and the ether removed by rotatory evaporation. The

acid was then used without further purification.

4,4-Dimethylpentanoic Acid

Into a three-neck flask equipped with a mechanical

stirrer, dropping funnel, and an efficient reflux condenser

was placed 160 grams of sulfur. This was heated to a
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temperature of 200-210* C, and 168 grams of 2,2,4,6,6-

pentamethyl-3-heptene was added dropwise over an eight-

hour period. After the addition was complete, the solution

was refluxed for an additional nine hours. The resulting

red oil was distilled at 173-175* C at 2.5 mm. A second

distillation at 127-130* C at 0.5 mm yielded 165 grams of

the following compound:

CH 3 CH 3

CH3--C C===C-CH2--C CH3
I I I

CHS3 S C CH3

S

In a four-liter flask equipped with a mechanical

stirrer and reflux condenser, was placed 165 grams of I,

762 ml of 20 per cent potassium hydroxide solution, and

762 ml of 95 per cent ethanol, and the resultant solution

refluxed for forty hours. The resulting mixture was acid-

ified with concentrated sulfuric acid, maintaining a tem-

perature below 500 C. The acidified solution was filtered

and extracted with one liter of ether. The ether extract

was concentrated on a rotatory evaporator. The residue

distilled at 175-185* C yielded 34 grams of 4,4-

dimethylpentanoic acid (11).
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Preparation of Acid Halides

2-Chloro-2-phenylethanoyl Chloride

Mandelic acid and phosphorous pentachloride were used

to prepare 2-chloro-2-phenylethanoyl chloride as described

by Walden (13). A 100-gram portion of phosphorous penta-

chloride was placed in a one-neck flask equipped with a

reflux condenser, and 40 grams of mandelic acid was added.

The mixture was then heated to reflux until the evolution

of hydrogen chloride vapors ceased. Phosphorous oxychlo-

ride was distilled under a water aspirator vacuum and the

acid halide distilled at 660 C at 0.9 mm to yield 69 grams

(76 per cent yield) of the product.

2-Chloro-3,3-dimethylbutanoyl Chloride

The acid halide of 3,3-dimethylbutanoic acid was pre-

pared by refluxing the acid with thionyl chloride. The acid

halide was distilled at 128-130* C to yield 78 per cent of

the acid halide. The a-chlorination was achieved in 33 per

cent yield by refluxing the acid chloride and a one-and-a-

half molar excess of sulfuryl chloride in the presence of a

catalytic amount of iodine overnight. The a-chloro acid

halide was distilled at 90-920 C at 30 mm (14).

2-Bromo-3,3-dimethylbutanoyl Chloride

A mole of the acid was placed in a one-neck flask

equipped with a reflux condenser. To this was added 1.0
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mole of bromine and 10 ml of phosphorous trichloride. The

reaction mixture was then heated at 70-80* C until the color

of bromine had dissipated, usually about 24 hours. The

reaction mixture was then cooled in an ice bath and 1.0

mole of phosphorous pentachloride was added to the reaction

vessel. The reaction mixture was refluxed for four hours.

Phosphorous oxychloride was distilled under a water aspirator

vacuum, and the acid halide distilled at 108-110* C at 30 mm.

The product yield was 60 per cent and the structure confirmed

by analysis of its nuclear magnetic resonance spectrum (3).

2-Bromo-4,4-dimethylpentanoyl Chloride

The acid halide 4,4-dimethylpentanoyl chloride was pre-

pared from thionyl chloride and the corresponding acid; thus

0.11 mole of 4,4-dimethylpentanoic acid was treated with 0.15

mole of thionyl chloride and refluxed for five hours. Dis-

tillation at 149-152' C yielded 12.3 grams (76 per cent

yield) of the acid halide (14). The acid halide was then

treated with an equimolar amount of bromine and heated at

70-75' C overnight. Distillation at 85-89* C yielded 14.5

grams of the brominated acid halide, corresponding to a

total yield of 58 per cent.

Kinetic Runs of Methylchloroketene Cycloaddition
with Cyclopentadiene

A 0.1 mole solution of a-chloropropionyl chloride in

10 ml of hexane was added dropwise with vigorous stirring
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to a solution of 0.1 mole of triethylamine in 90 ml of

hexane at -78* C. After the addition was complete, the

reaction mixture was allowed to warm to room temperature

at which time 0.3 mole of freshly distilled cyclopentadiene

was added. Aliquots were withdrawn at various times and

quenched in water. The hexane layer was separated, dried,

and analyzed by vapor phase chromatography.

Isolation of Enolate Salt

To a solution of 90 ml of dry hexane and 0.1 mole of

triethylamine at -78' C was added dropwise with rapid stir-

ring a solution of 0.1 mole of a-chloropropionyl chloride

in 10 ml dry hexane. A white salt formed immediately with

the addition of the first drop of acid halide. After the

addition was completed, the reaction mixture was stirred

for thirty minutes. The white salt was then quickly fil-

tered in the cold by suction filtration to remove hexane

solvent. This cold salt was then washed with precooled

(-78' C) hexane to remove any excess triethylamine or acid

halide. A portion of this salt was then dissolved in pre-

cooled (-78' C) chloroform and a nuclear magnetic resonance

spectrum recorded; nmr (CHC13), 6, 1.8 (singlet, 3 H),

610.68 (broad singlet, 1 H). An aliquot of this cooled

chloroform solution was placed into a precooled (-78* C)

infrared cell; ir (CHC1 3 ) 1730 cm~1. The carbonyl stretch-

ing frequency for the acid halide is 1770-1780 cm~1 at this

temperature.
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Methylchloroketene Cycloadduct from Enolate Salt

The cold enolate salt, isolated as described above, was

suspended in 100 ml of dry hexane containing 0.3 moles of

freshly cracked cyclopentadiene and stirred at room tempera-

ture for twelve hours. The reaction mixture was filtered

and the filtrate concentrated on a rotatory evaporator.

Distillation afforded six grams (40 per cent) of the

cycloadduct (3).

Synthesis of a-Halovinyl Esters

To a stirred solution of 0.1 mole of the o-halo acid

halide in 90 ml hexane at room temperature was added 0.05

mole of triethylamine in 10 ml hexane. The addition was

made dropwise over a thirty-minute period. After the addi-

tion of triethylamine, stirring was continued at room tem-

perature for twelve hours. The triethylammonium salt was

then filtered and the filtrate concentrated on a rotatory

evaporator and vacuum distilled to yield the vinyl ester.

Vinyl Esters from a-Chlorobutyryl Chloride and

Enolate of a-Chloropropionyl Chloride

A solution of 0.05 moles of oa-chloropropionyl chloride

in 10 ml of chloroform was added dropwise to a stirred solu-

tion of 0.05 mole of triethylamine in 75 ml of chloroform at

-78* C. Stirring was continued for one-half hour after the

addition was complete and then 0.05 moles of oa-chlorobutyryl

chloride in 10 ml chloroform was added dropwise. The reaction
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mixture was then allowed to warm to room temperature and

stirred overnight. A 100-ml portion of hexane was then

added to precipitate the amine salt. Filtration, followed

by concentration on a rotatory evaporator, and distillation

afforded 6 ml, 49-73* C at 0.25 mm, of the following four

vinyl esters: 1,2-chloropropenyl 2-chloropropanoate, 1,2-

dichloropropenyl 2-chlorobutanoate, 1,2-dichloro-l-butenyl

2-chloropropanoate, and 1,2-dichloro-l-butenyl 2-chloro-

butanoate. The four vinyl esters were formed in a ratio

of 1.0 : 1.0 : 0.7 : 0.6 respectively as evidenced by vapor

phase chromatography and analysis of their nuclear magnetic

resonance spectra. The simple vinyl esters have been pre-

viously described (2). The two mixed vinyl esters could

not be separated by distillation; nmr, 6 (for the mixture),

1.0 (multiplet, 3.6 H), 1.65 (doublet, 1.4 H), 2.15 (mul-

tiplet, 3 H), and 4.25 (multiplet, 1 H).

Analysis: Calculated for C7H9C1302: C, 36.28;

H, 3.89. Found: C, 36.47; H, 3.86.

Ketene Cycloadducts from Vinyl Esters

The mixed vinyl esters, 1,2-dichloropropenyl 2-

chlorobutanoate and 1,2-dichloro-l-butenyl 2-chloropro-

panoate, were collected in a 2 : 1 ratio respectively by

preparative vapor phase chromatography. The isomer ratio

and the identity of the esters were determined by analysis

of their nuclear magnetic resonance spectrum. A 50-pl
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portion of this mixture was added to 0.5 ml of dry chloro-

form, 150 01 of freshly cracked cyclopentadiene and 100 pl

of triethylamine. The mixture was stirred at room tempera-

ture overnight. Both isomers of 7-chloro-7-methylbicyclo

(3.2.0)hept-2-en-6-one and 7-chloro-7-ethylbicyclo(3.2.0)

hept-2-en-6-one were formed. The cycloadducts were both

formed in equal quantities as determined by vapor phase

chromatography and comparison with known samples.

Generation of Methylchloro- and Ethylchloroketenes
From a-Chlorobutyryl Chloride and the Enolate of

a-Chloropropionyl Chloride

The enolate salt of a-chloropropionyl chloride was

prepared at -78* C as described above. To this solution

was added with stirring 0.05 mole of a-chlorobutyryl chlo-

ride and 0.05 mole of freshly cracked cyclopentadiene. The

reaction solution was allowed to warm to room temperature

and stirring continued overnight. The amine salt was pre-

cipitated by the addition of 100 ml of hexane and removed

by filtration. Concentration on a rotatory evaporator and

vacuum distillation afforded 3.2 grams of an equal mixture

of 7-chloro-7-methylbicyclo(3.2.0)hept-2-en-6-one and 7-

chloro-7-ethylbicyclo(3.2.0)hept-2-en-6-one as determined

by vapor phase chromatography and comparison with known

samples of the two cycloadducts.
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General Procedure for In Situ Ketene-Olefin
Cycloadditi ons

To a 500-ml three-neck flask equipped with a dropping

funnel, a mechanical stirrer, and a drying tube, was added

0.1 mole triethylamine in 90 ml chloroform or hexane sol-

vent. The dropping funnel was charged with 0.1 mole of the

acid halide and 10 ml chloroform or hexane. The contents

of the reaction flask were stirred at the desired tempera-

ture as the acid halide was added dropwise over a thirty-

minute period. After the addition was completed, stirring

was continued for a period of twenty-four hours. Triethyl-

ammonium halide was then precipitated with hexane, if chloro-

form was used as solvent, and filtered. The filtrate was

concentrated by rotatory evaporation and then distilled

under a vacuum to yield the cycloaddition product. The

yield was based on total exo- and endo-alkyl isomers.

7-Bromo-7-(2-methyl-2-propyl)bicyclo
(3.2.0)hept-2-en-6-one

The endo- and exo-bromo cycloadducts of t-butylbromo-

ketene and cyclopentadiene were prepared according to the

general procedure as described above in 60 per cent yield

at room temperature in hexane solvent. The endo-/exo-t-

butyl isomers were obtained by fractional distillation at

78-79' C, and 0.05 mm, followed by preparative vapor phase

chromatography: ir (CCd 4) 1785 cm~1 (C===0) and 1650 cm~1
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(C=C); nmr (CC1 4) endo-t-butylisomer, 61.12, exo-t-butyl

isomer 60.95 (3).

7-Bromo-7-(2,2-dimethyl-1-propyl)bicyclo(3.2.0)
hept-2-en-6-one

The endo- and exo-cycloadducts of neopentylbromoketene

and cyclopentadiene were prepared as described above in 64

per cent yield using chloroform solvent. Purified endo-/

exo-neopentyl isomers were obtained by fractional distilla-

tion at 85-87' C and 0.05 mm, followed by preparative vapor

phase chromatography. The endo-/exo-neopentyl isomer dis-

tribution for the reaction at room temperature was 1 :3.4:

ir (CHCl 3 ) 1790 cm~ 1(C=0) and 1650 cm~1 (C==C); nmr

(CHC1 3) endo-exo-neopentyl isomers; t-butyl, 60.85

(singlet), endo-methylene 61.88, exo-methylene 61.60

(two singlets).

Analysis: Calculated for C12H17Br0: C, 56.1;

H, 6.62. Found: C, 56.30; H, 6.90.

Kinetic Studies on the Decay of Some
Halogenated Ketenes

The ketenes chosen for kinetic studies were isopropyl-

bromo-, t-butylchloro-, and neopentylbromoketene.

A 0.1 mole solution of the appropriate acid halide in

10 ml of chloroform was added dropwise with vigorous stir-

ring to a solution of 0.1 mole of triethylamine in 90 ml of

chloroform at 250 C. After the addition was complete,
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aliquots were withdrawn and placed in a fixed-thickness

infrared cell. The intensity of the ketene absorption was

recorded on a Perkin-Elmer 621 Infrared Spectrometer.
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CHAPTER III

RESULTS AND DISCUSSION

Part I: The Mechanism of Dehydrohalogenation

The first phase of this investigation was to examine

more closely the two mechanistic pathways suggested for

ketene formation. The acylammonium salt and enolate salt

0 R o~
il + X

R--CHC--NEt3 X-C==C

X X X

Acylammonium Salt Enolate

are the suspected intermediates based upon results of

several studies (2, 4, 8, 9, 10, 11, 13). The acid halides

chosen for initial examination were isobutyryl chloride and

o-chloropropionyl chloride since these acid halides appeared

to represent two mechanistic extremes for ketene formation.

It is important to note that while dimethylketene is a sta-

ble isolable ketene, methylchloroketene has never been

spectroscopically detected, only trapped in situ as a

2 + 2 cycloadduct.

The reaction of a-chloropropionyl chloride with tri-

ethylamine, in either hexane or chloroform solvent, in the

presence of cyclopentadiene, at room temperature produced

the (7T 2s + 7r 2a) cycloadduct of methylchloroketene and

28
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cyclopentadiene in 77 per cent yield (3). A number of

cycloaddition products have been made in this manner (5,

6, 7).

The reaction of a-chloropropionyl chloride with tri-

ethylamine in hexane at -78* C produces an insoluble clean

white salt. This salt was quickly separated from the re-

action solution and washed, while maintaining the low

temperature, with precooled hexane. The cold salt was

slurried in fresh hexane and an excess of freshly cracked

cyclopentadiene. After stirring overnight at room tempera-

ture the reaction mixture was filtered, concentrated on a

rotatory evaporator and distilled to give a 40 per cent

yield of the methylchloroketene cyclopentadiene cycloadduct.

Similarly, treating the hexane filtrate with cyclopentadiene

yielded no detectable amount of cycloadduct. The salt formed

at -78* C in hexane appears to be the precursor to methyl-

chloroketene. Both physical and chemical tests were devised

to determine the nature of this salt.

The addition of trichloroacetyl chloride to an equi-

molar amount of ax-chloropropionyl chloride and triethylamine

in hexane at -780 C produces 1,2-dichloropropenyl trichloro-

acetate in 67 per cent yield. This suggested that the

0 CH3

CCl3COCl
CH 3CHCOCl + NEt3  CCl 3C--0--C ==C

Cl C Cl
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intermediate salt formed in the initial step of the reaction

was the enolate salt (2, 4). This was also supported by the

fact that 1,2-dichloropropenyl 2-chloropropanoate was formed

by the reaction of an equivalent of a-chloropropionyl chloride

with half an equivalent of triethylamine.

It seemed desirable to spectroscopically detect the

enolate intermediate suggested by the chemical data. The

reaction of a-chloropropionyl chloride and triethylamine in

chloroform does not form an insoluble salt since the salt is

soluble in this solvent. When this reaction was effected in

an nmr tube at -60' C a singlet was observed at 61.8, rela-

tive to tetramethylsilane , along with a broad singlet at

610.68, relative to tetramethylsilane. The two singlets

were in a three to one ratio respectively as determined by

integration. That the resonance at 610.68 was due to the

proton on nitrogen in the enolate salt rather than the pro-

ton on nitrogen in triethylammonium chloride was confirmed

by the fact that this proton resonance appeared at 610.40 and

the same proton in triethylammonium acetate appeared at

610.49 when run in chloroform. As the temperature of the

probe was warmed to room temperature, the ca-halovinyl ester

was produced.

The infrared spectrum of a-chloropropionyl chloride in

chloroform at -50* C revealed three bands for the carbon-

oxygen double bond of the acid halide: 1840 w, 1770-1780 s,

and 1725 w cm~ 1 . The infrared spectrum of a mixture of 0.5
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molar a-chloropropionyl chloride and 0.5 molar triethylamine

in chloroform revealed a strong band in the carbonyl region

at 1730 cm~ 1. Upon warming, this new peak grew at the expense

of the residual acid halide peaks. This new carbonyl peak at

1730 cm-1 is not due to the acylammonium salt of the acid

halide since it has been established that the carbonyl

stretching frequency for these salts occurs in the region

of 1800 cm-1 (10).

Similar experiments with isobutyryl chloride revealed

contrasting results. The low temperature nmr study of the

reaction of isobutyryl chloride and triethylamine in chloro-

form revealed a quartet at 62.78 and a triplet at 61.01

(relative to tetramethylsilane) due to the triethylammonium

moiety, and a doublet within the triplet at 61.02 due to the

methyl groups on the a-carbon of the acid halide being split

by the a-hydrogen. As the temperature of the probe was

raised, a singlet increasing in intensity at 61.4 (relative

to tetramethylsilane) was observed and attributed to the

formation of dimethylketene.

The low temperature infrared spectrum of 0.5 molar

isobutyryl chloride and 0.5 molar triethylamine in chloro-

form revealed the development of a peak at 1810 cm-1 due to

the acylammonium salt (8). This peak at 1810 cm~1 grew at

the expense of the acid halide peak. The spectroscopic data

presented here complements previous work suggesting the

acylammonium salt as the ketene precursor (7, 8, 10, 13).
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The evidence presented here has established the exist-

ence of two distinct intermediates in the reaction of an

acid halide with triethylamine: the enolate salt and the

acylammonium salt. The suggestion of two mechanistic path-

ways for the triethylamine dehydrochlorination of a-

chloropropionyl chloride and isobutyryl chloride led to

a consideration of the acidities of the a-hydrogens on each

acid halide. The a-hydrogen of a-chloropropionyl chloride

would be expected to be more acidic, than the a-hydrogen of

isobutyryl chloride, due to the electron withdrawing nature

of the a-chlorine, and hence more susceptible to the Elcb

pathway, which was what experimental data suggested.

These two acid halides were particularly suitable for

a CNDO/2 calculation to determine the electron densities on

each atom of the acid halide (7). The results of the cal-

culations provided information relating to the associated

electron densities for the two acid halides and a better

understanding of the driving force for the two mechanistic

pathways under consideration.

The bond lengths (A) used for each acid halide were

as follows: C===0, 1.22; C--H, 1.09; C(0)--Cl, 1.77;

C -- CH 3, 1.54; C -GCO, 1.50. The C --Cl bond length for

a-chloropropionyl chloride was taken as 1.76 A. Bond

angles (degrees) used were H--C -- H, 109.5; 0== C- Cl,

123; C -C -- CH 3, 109.5; and C -C -- Cl, 110.
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The conformations selected for the two acid halides

along with the electron densities for each atom involved

in dehydrohalogenation are shown in Table II. The calcu-

lations showed that the acidities of the a-hydrogens of

each acid halide were relatively similar; however, the most

important factor based on the CNDO/2 calculations was the

charge densities of the a-carbons of the acid halides. In

the case of isobutyryl chloride the a-carbon possesses a

partial negative charge which would be expected to poorly

accommodate a negative charge buildup by formation of the

enolate salt. In the case of a-chloropropionyl chloride,

however, the a-carbon possesses a partial positive charge

and would be expected to more easily accommodate negative

charge buildup by formation of the enolate intermediate.

The CNDO/2 calculations were very compatible with

experimental observations and indicated that the mechan-

istic pathway is, at least in part, determined by charge

densities on the a-carbon of the acid halide.

The study of methylchloroketene and the enolate salt

is complicated by several factors. The a-halovinyl ester

1,2-dichloropropenyl 2-chloropropanoate can produce

methylchloroketene in the presence of triethylamine

which has been trapped with cyclopentadiene (11).

The reaction of a-chloropropionyl chloride and tri-

ethylamine in hexane in the presence of cyclopentadiene

at 0-50 C was run in an attempt to determine the kinetics
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of the cycloaddition reaction. At various times aliquots

were withdrawn and quenched with water and the hexane layer

was assayed for cycloadduct by vapor phase chromatography.

The time required for half the ultimate amount of cyclo-

adduct to be formed was four minutes; however, simple

first- or second-order kinetics were not observed for

the entire course of the reaction, even though the first

four minutes of the reaction appeared to follow second-

order kinetics. This suggested that after a certain amount

of cyclopentadiene was consumed a competing polymerization,

vinyl ester formation, or ketene formation from vinyl ester,

began to take place, complicating the kinetics.

Numerous efforts to spectroscopically detect methyl-

chloroketene were unsuccessful, hence an alternate and less

direct method had to be employed to determine the mechanistic

route for formation of this ketene. The synthesis of t-butyl

haloketenes provided insight for a method of attack.

The reaction of 2-bromo-3,3-dimethylbutanoyl chloride

or 2-chloro-3,3-dimethylbutanoyl chloride with triethylamine

in chloroform at room temperature did not yield any detect-

able amount of vinyl esters but did produce t-butylbromo-

and t-butylchloroketenes which were stable in the reaction

solution as evidenced by infrared bands at 2121 and 2110

cm- 1 respectively. Efforts to trap an enolate intermediate

with the more effective acylating agent trichloroacetyl

chloride were also unsuccessful. It was evident from this
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experimental data that these hindered acid halides did not

form any detectable amounts of vinyl esters, and hence they

apparently did not form the enolate. Thus this appears to

be a system which forms halogenated ketenes through an

acylammonium salt.

These results suggested that an equilibrium may exist

between the enolate and the acid halide. Treatment of the

enolate salt, produced by a-chloropropionyl chloride and

triethylamine in chloroform at -78' C with an equimolar

amount of ot-chlorobutyryl chloride produced four products,

shown below, as evidenced by vapor phase chromatography and

confirmed by nuclear magnetic resonance spectra. The vinyl

esters were produced in a ratio of 1.0 :1.0 :0.7 :0.6. It

is important to note the predominance of vinyl esters I and

II from the enolate salt of a-chloropropionyl chloride over

vinyl esters III and IV from the enolate salt of a-chloro-

butyryl chloride. The significance of this result will be

made apparent in conjunction with data discussed later.

Vinyl esters I and II are expected to be produced by

acylation of the enolate of a-chloropropionyl chloride by

either of the two acid halides. The formation of vinyl

esters III and IV, however, indicates that the enolate

salt derived from oa-chlorobutyryl chloride has been formed,

and dictates that enolate salt formation is a reversible

process. The extent to which vinyl esters III and IV are

formed indicates that this equilibrium is substantial.
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CH 3  0~

CH 3CH--COC1 + NEt 3 -> C==C HNEt3

Cl C1 Cl

EtCHCOC1

SCl

0 Cl 0 Cl 0 Cl

I I I I I ICH 3 -CH-C -0-C=C -CH 3  E t -CH -C -0-C =C -CH 3  CH~ -CH -C-0-C=C-E t

Cl Cl Cl Cl Cl Cl

I TI ITT

0 Cl

Cl L;

IV

To insure that the vinyl ester ratios were the result

of an equilibrium process rather than failure of the initial

reaction to go to completion, the enolate salt was isolated

and washed with hexane as had been previously reported (7).

Again, the addition of an equimolar amount of aO-chlorobutyryl

chloride in chloroform produced all four vinyl esters in the

same ratio.

A synthetic mixture of vinyl esters II and III in a

2 :1 ratio respectively were found to react with triethyl-

amine in the presence of cyclopentadiene to yield equal

mixtures of the two cycloadducts from methylchloro- and
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ethylchloroketene. This indicates that either side of the

vinyl ester is capable of yielding ketene. If this were

not the case there would have been a predominance of one

adduct over the other.

The addition of equimolar amounts of a-chlorobutyryl

chloride and cyclopentadiene to the enolate salt derived

from a-chloropropionyl chloride and triethylamine at -78' C

produced approximately equal amounts of methylchloro- and

ethylchloroketene cycloadducts upon warming the reaction to

room temperature. There was no evidence of any vinyl ester

formation.

If the enolate salt was capable of undergoing cyclo-

addition with cyclopentadiene or was capable of yielding

methylchloroketene, there should have been a predominance

of the methylchloroketene cycloadduct over the ethylchloro-

ketene cycloadduct. This seems true because the ratios of

vinyl esters I and II are in excess of vinyl esters III and

IV, and because cycloaddition is a much faster reaction than

vinyl ester formation.

The results of this investigation have provided answers

to several basic questions. The isolation and identification

of the enolate intermediate posed two of these questions,

which were as follows: was the enolate a precursor to

ketene, or was the enolate itself capable of yielding a

cycloaddition reaction.
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The results clearly demonstrate that the enolate is

neither capable of ketene formation nor capable of entering

into a cycloaddition reaction. The data further suggest

that the only mechanistic pathway to ketenes is through

the acylammonium salt.

CNDO/2 calculations were made for each acid halide

studied. The electron densities for each atom directly

involved in the dehydrohalogenation reaction are illustrated

in Table II. The results indicated that the electron den-

sities on these atoms remain fairly constant throughout the

series. Thus it was felt that the decrease in enolate for-

mation and hence vinyl ester formation was due to the in-

crease in steric bulk of the alkyl group.

It has become clear that a complex series of equilibria

are involved in the dehydrohalogenation of a-haloacid halides.

The data are consistent with a single pathway to ketene

through the acylammonium salt as illustrated below.

acid halide

enolate salt acylammonium salt

NEt3
vinyl ester < ketene

Part II: Studies on Ketene Lifetime

Steric influence on ketene lifetime comprised the

second phase of this study. Prior to this investigation,

no report on the isolation of a halogenated ketene had ap-

peared in the literature, and few have been detected
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spectroscopically, i.e., infrared absorption between 2100-

2200 cm-1 . Brady and Roe have reported infrared absorption

in this region for methylbromoketene; however, the lifetime

for this ketene was short (6).

Moore and Weyler reported the synthesis of t-butyl-

cyanoketene in 1970 (12). This ketene exhibited extreme

stability despite the presence of the strong electron with-

drawing cyano group attached directly to the ketene func-

tionality. This suggested the stability of halogenated

ketenes might also be sensitive to steric effects. Con-

sequently, a systematic increase in the steric bulk about

the halogenated ketene functionality was investigated.

The ketenes chosen for consideration were the chlorin-

ated and brominated analogs of the following series:

methyl-, ethyl-, isopropyl-, and t-butylketenes. These

ketenes were prepared by the dehydrohalogenation of the

corresponding acid halides with triethylamine in chloro-

form. Aliquots of the resulting solutions were removed

at various intervals and placed in a fixed-thickness in-

frared cell. Ketene absorptions were observed between

2100-2200 cm-1 . The absorption frequency of each ketene

was recorded and the ketene lifetime approximated. The

results are illustrated in Table III. The evidence clearly

demonstrates that ketene lifetime in the reaction solution

increases as the steric bulk about the ketene functionality

increases.
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It seemed desirable to test the extent of steric influ-

ence by removing the t-butyl group one carbon from the ketene

functionality. Thus neopentylbromoketene was prepared. The

results showed a dramatic reduction in the lifetime for this

ketene. Apparently steric influence is most effective when

directed toward the immediate vicinity of the carbon-carbon

double bond of the ketene functionality. Neopentylbromo-

ketene most closely resembles isopropylbromoketene in its

lifetime.

CNDO/2 calculations were made for each ketene of the

series studied including chloroketene and methylketene for

comparison of the influence of the alkyl and chloro

substituents. These results are listed in Table IV.

It must be remembered that these theoretical calcula-

tions were made for only one particular conformation of the

molecule. Whether or not the chosen conformation was the

one of lowest energy was not tested by the calculation nor

confirmed experimentally.

The data indicates, within experimental limits of the

CNDO/2 calculation, that the electron densities on the atoms

of the ketene remain fairly constant throughout the series.

This suggests that ketene lifetimes observed experimentally

were the result of steric influence only.

Isopropylbromo-, t-butylchloro-, and neopentylbromo-

ketenes were particularly suited for kinetic studies at

room temperature. The kinetic data are recorded in
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Figures 1,2,and 3. Reaction kinetics were based on the rate

of disappearance of the ketene absorption in the infrared.

It was interesting to note that the rate of disappearance of

the ketene absorption followed closely the second order rate

law: Rate = k(ketene)2 . The rate constant, k, and the

actual rate law for the reaction were not possible to cal-

culate since the concentration of ketene at any time during

the course of the reaction was not known. However, the fact

that the results were in agreement with a second order rate

law suggested that two molecules of ketene react to form

some dimeric product. The fact that dimers of halogenated

ketenes have never been detected or isolated suggested that

these products may be thermally unstable and may be the

intermediates for polymer formation in the reactions of

halogenated ketenes.

Many attempts were made to isolate t-butylbromoketene,

since this ketene appeared to be the most stable halogenated

ketene, lasting from two to three days in the reaction solu-

tion at room temperature. It became apparent, however, that

the method of dehydrohalogenation presented a serious equili-

brium problem. When the ketene absorption reached its maxi-

mum intensity, approximately three hours, hexane was added

to the chloroform solution to precipitate the triethylammonium

chloride salt. Attempts to concentrate the solution on a

rotatory evaporator resulted in the precipitation of more

triethylammonium chloride. It appeared that a state of
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equilibrium was attained between t-butylbromoketene and the

acid halide, 2-bromo-3,3-dimethylbutanoyl chloride. Concen-

tration of the ketene solution forces the remaining acid

halide and triethylamine to react, forming a thick slurry

of triethylammonium chloride salt, making isolation of

the ketene impossible.

This concludes the first extensive investigation into

the mechanism of the dehydrohalogenation of a-halo acid

halides to form ketenes and the effects of steric influence

on ketene lifetime. The results of the experimental data

were tested against theoretical calculations and both were

found to be in agreement. The significance of this work

rests in the elucidation of the mechanism of dehydrohalo-

genation which for years had presented confusing and often

contradicting results. It has become clear that only one

intermediate is capable of producing ketenes.
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TABLE I

ACID HALIDES PREPARED FROM
COMMERCIALLY AVAILABLE ACIDS

Acid Halide Boiling Range Yield
___ __ ___ __ __ ___ __ __ ___ __ __(0 C) (%)

2-Chloropropanoyl chloride (8) 110-112 65

2-Chlorobutanoyl chloride (10) 129-131 80

2-Chlorohexanoyl chloride (1) 175-177 50

2-Chl oro-3-methyl butanoyl
chloride (8) 149-150 39

2-Bromopropanoyl chloride (5) 131-132 73

2-Bromobutanoyl chloride (4) 150-152 72

2-Bromohexanoyl chloride (12) 94-97 at 30 mm 70

2-Bromo-3-methyl butanoyl
chloride (6) 59-60 at 15 mm 60



TABLE II

ELECTRON DENSITIES FOR ATOMS INVOLVED
IN DEHYDROHALOGENATION

C4 C 0 05

C 3

C 2

CH H 3CH3

I

Conformations Selected for

Cl 40

03

C2

H X R

II

Acid Halides

R X 1 2 3 4 5

H* Cl +0.1659 +0.2620 +0.3335 -0.1633 -0.1849

Me** Me +0.0907 -0.1034 +0.3400 -0.2382 -0.2689

Me* Cl +0.0530 +0.0451 +0.3110 -0.1734 -0.1997

Et* Cl +0.0523 +0.0423 +0.3087 -0.1782 -0.2007

i-Pr* Cl +0.0470 +0.0416 +0.3129 -0.1732 -0.2044

t-Bu* Cl +0.0462 +0.0403 +0.3108 -0.1775 -0.2046

Neopentyl* Cl1 +0.0399 +0.0399 +0.3099 -0.1811 -0.2028

*Refers

**Refers

to acid halide II.

to acid halide I.

47



48

TABLE III

KETENE ABSORPTION FREQUENCIES AND LIFETIMES

R

C=C=0

X

R X Lifetime* Absorbance cm 1

Me Cl

Me Br Fleeting 2115

Et Cl Fleeting 2115

Et Br 50 minutes 2126

i-Pr C1 30 minutes 2126

i-Pr Br 2 hours 2128

t-Bu Cl 11 hours 2117

t-Bu Br 2.5 days 2120

n-Bu Cl Fleeting 2120

n-Bu Br 20 minutes 2126

Neopentyl Br 2.5 hours 2123

*Li fetimes
solution at 25*

for ketene absorptions in the
C.

reaction
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TABLE IV

ELECTRON DENSITIES FOR THE KETENE FUNCTIONALITY

R2

C == C4  0

Cl

R Cl1  R2 ** C 3  C4  C5

H -0.0743 +0.3490 -0.4411 +0.3778 -0.2115

Me -0.0990 +0.0360 -0.1161 +0.3459 -0.1912

Et -0.1006 +0.0984 -0.1248 +0.3367 -0.1941

i-Pr -0.1105 +0.0863 -0.1239 +0.3481 -0.2123

t-Bu -0.1117 +0.0990 -0.1222 +0.3423 -0.2060

Neopentyl -0.1101 +0.0634 -0.1334 +0.3652 -0.2065

Me +0.0628* +0.0435 -0.2105 +0.3252 -0.2139

*Here Cl 1 = H, corresponding to methylketene.

**Represents electron density of the atom directly
attached to C3 .
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Fig. 1--Second order kinetic plot for decay of
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