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INTRODUCTION

We wrote a review on halogenated ketenes as valuable intermediates in organic synthesis in 1970' and
since that time numerous examples of the synthetic utility of halogenated ketenes, particularly di-
chloroketene, have been published. Recently, two volumes have been published on The Chemistry of
Ketenes, Allenes, and Related Compounds.?

This review of halogenated ketenes will focus on reports since the review of 1970 and also attention
will be directed to the halogenated ketene cycloaddition products rather than the ketenes themselves.
The section on the preparation of halogenated ketenes briefly surveys the different halogenated ketenes
and the sections that follow describe the synthetic applications of the halogenated ketenes, particularly
dichloroketene.

Early attempts to prepare halogenated ketenes (defined as ketenes with a halogen atom directly
bonded to the ketene functionality) were unsuccessful and it was concluded that these ketenes were
possibly formed but were unstable and polymerized under the reaction conditions.>* However, in recent
years it has been demonstrated that while halogenated ketenes are unstable these ketenes can be
generated and trapped in situ with unsaturated compounds to yield a wide variety of synthetically useful
cycloaddition products. Halogenated ketenes are quite susceptible to polymerization and reactions
involving these labile compounds are often accompanied by the formation of tarry polymerization
products.

There are essentially four general reactions which ketenes undergo, cycloaddition, nucleophilic
addition, dimerization and polymerization. These latter two reactions are usually considered undesirable
and efforts are made to minimize dimerization and polymerization. Although ketenes undergo nucleo-
philic addition reactions to yield acylation products, there are usually simpler routes to these compounds
and therefore ketene acylation reactions are generally not synthetically useful. Clearly the most
synthetically useful reaction of ketenes is the (2 +2) cycloaddition reaction to form compounds with
four-membered rings. This reaction constitutes one of the few routes to synthetically versatile four-
membered rings. The developments in the past few years involving halogenated ketenes have greatly
widened the scope and utility of this important synthetic reaction. The halogenated ketenes are generally
more reactive in cycloaddition reactions than alkyl- or arylketenes. The cycloaddition products from
halogenated ketenes are useful synthetic intermediates because the halogen atom(s) is easily replaced by
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hydrogen and also, since the halogen is a good leaving group, substitution and ring contraction reactions
of the ketene cycloadducts become important. Another significant consideration is that the starting
materials for the preparation of halogenated ketenes are inexpensive and readily available.

It is interesting to note that halogenated ketenes do not undergo dimerization to cyclobutanediones or
2-oxetanones as most all other ketenes do.

Although several halogenated ketenes are known, the large majority of synthetic applications of
these ketenes is with dichioroketene. The availability of this ketene by two different methods, the
reactivity and generally good to excellent yields and ease of removal of the halogens are responsible for
this wide applicability. Dichloroketene is more reactive in ketene-olefin cycloaddition reactions than
nonhalogenated ketenes. The reactivity of dichloroketene with unactivated olefins such as cyclo-
pentene,’ cyclohexene,® 1-methylcyclohexene,’ and 2,3-dimethyl-2-butene®'® contrasts sharply with the
relative inertness of ketene, alkyl- or even aryl substituted ketenes under the same mild experimental
conditions. The reactivity of olefinic compounds in ketene cycloaddition reactions parallels the nucleo-
philicity of the olefin, Both activated olefins and unactivated olefins readily enter into cycloaddition
reactions with the electrophilic dichloroketene but deactivated olefins such as acrylonitrile do not
undergo cycloaddition even with dichloroketene.?

Preparation of halogenated ketenes

The two most widely used methods for the preparation of ketenes are (a) the dehalogenation of an
appropriately substituted a-haloacid halide with activated zinc;"""* and (b) the triethylamine dehydro-
halogenation of an acid halide.''® Most of the halogenated ketenes are generated by one of these two
methods and both methods have been widely used for the in situ generation of dichloroketene as

illustrated. However, there are certain limitations to each of these two methods. Tertiary amines and/or
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ammonium salts are known to catalyze the polymerization of particularly low molecular weight ketenes.®
The zinc dehalogenation method is applicable only for olefins that are not susceptible to cationic
polymerization. The zinc halide etherate formed in the reaction catalyzes the polymerization of olefins
such as ethyl vinyl ether, styrene, furan, enol ethers, cyclopentadiene and other conjugated dienes.”*

The preparation of dichloroketene was independently reported from three different laboratories in
1965-66 by both the dehydrohalogenation and the dehalogenation methods.™”'® The dehydrohalogenation
method of generating dichloroketene has been more widely used in recent years but the recent report of
two improved procedures for the dehalogenation method may result in a more widespread use of this
method.®>'® The essential feature of one improved method involves formation of the reactive di-
chloroketene so as to deter polymerization of the ketene in favor of the cycloaddition process. This is
accomplished by effecting the in situ cycloadditions at a higher dilution and a slower rate of addition of
the acid halide to the zinc slurry. The results of this improved procedure were rather remarkable in that
heretofore in situ cycloadditions with tetrasubstituted olefins had been largely unsuccessful and are now
possible in good yield. The scope of the reaction of the cycloaddition of dichloroketene with olefins was
significantly broadened by this report.’

The other improved procedure reports that the addition of phosphorus oxychloride to the reaction
mixture of zinc, trichloroacetyl chioride and the olefin facilitates product isolation and leads to improved
yields of dichloroketene cycloaddition products. The role of the phosphorous oxychloride appears to be
that of complexing the zinc chloride.'

The preparation of difluoroketene was first reported in 1957 but several attempts to repeat this work
have been unsuccessful.’®® However, difluoroketene has been successfully prepared by the dehalo-
genation of bromodifluoroacetyl halides with zinc.?!

Dibromoketene has been prepared by both of the above described methods and also by treatment of
the trimethylsilyl ester of tribromoacetic acid with triphenylphosphine.??3

Chlorofluoroketene has been prepared by the triethylamine dehydrohalogenation of
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chlorofluoroacetyl chloride in the presence of cyclopentadiene to yield the (2+2) cycloaddition
product.* Also, bromochloroketene has been generated by the dehydrochlorination of bromo-
chloroacetyl chloride and trapped with cyclopentadiene

The dehydrohalogenation of haloacetyl halides in the presence of cyclopentadiene produces the
corresponding (2 +2) cycloadducts of fluoro-, chloro-, and bromoketenes.?®?” These haloketenes have
also been prepared by the dehalogenation of appropriately substituted dihaloacetyl halides.

The triethylamine dehydrohalogenation of «-haloacid halides yields alkylhaloketenes which have
been trapped in situ by olefinic compounds.” There is another reaction which competes with ketene
formation and results in the formation of an a-halovinyl ester.®' The a-halovinyl esters are likely
formed by acylation of an intermediate enolate ion.”> The formation of the a-halovinyl ester can be
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minimized or even eliminated if the acid halide is slowly added to triethylamine which prevents the
formation of the enolate ion in an excess of the acid halide. The formation of the enolate ion is
reversible and it is clear that a complex series of equilibria are involved in the dehydrohalogenation of
a-haloacid halides and that the order and rate of addition of the reagents is very important.

Phenylbromo- and phenylchloroketenes have been prepared by the dehydrochlorination of a-bromo-
and a-chlorophenylacetyl chlorides.>>** The ketenes are unstable but have been trapped with olefins to
yield the (2 +2) cycloaddition products.

Chlorocyanoketene has been prepared by the thermal cleavage of B-azido-a-chloro-y-methoxy-A%#-
crotonolactone. This ketene is not stable but has been trapped in solution with dicyclohexylcarbodi-
imide.

Trifluoromethylfiuoroketene has been prepared and trapped in situ by the dehydrochlorination of
2,3,3,3-tetrafluoropropanoy! chloride in the presence of cyclopentadiene.*

Chlorotrichloroethylketene has recently been prepared by the dehydrochlorination of 2.4,4,4-tetra-
chlorobutanoyl chloride in the presence of isobutylene. The 2-chlorocyclobutanone is a key intermediate

0 CCl5-CH
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in the synthesis of an important precursor to a pyrethroid acid.”

Cyclobutanones
Dichloroketene readily undergoes a (2 +2) cycloaddition with various olefinic compounds to yield
2,2-dichlorocyclobutanones. Some examples of the wide variety of olefinic compounds which undergo

0
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this cycloaddition reaction include cyclopentadiene,” indene,”® cyclohexene® styrene® I1-pentene?
1,5-cyclooctadiene,? ethyl vinyl ether,® steroid olefins,”® diphenylfulvene,* diphenylbenzofulvene, cis-
and trans-cyclooctene,* norbornene,” norbornadiene,” dimethylfulvene, 1-t-butyicyclopentadiene,*
2-methylcyclopentadiene,” trimethylsilylcyclopentadiene,*  2,3-dimethyl-2-butene,” 1-methyicyclo-
hexene,’ 2-methyl-2-butene,’ a-pinene’ and bicyclopropylidene.”

Dichloroketene reacts with unsymmetrical olefins in a regiospecific manner, i.e. the most nucleophilic
carbon atom of the olefin is always bonded to the sp hybridized carbon atom of the ketene molecule. The
reaction is rather general and the yields moderate to good. Dichloroketene generation and subsequent
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cycloaddition reactions require only mild experimental conditions. Since the precursors to the ketene,
dichloroacetyl chloride and trichloroacetyl chloride, are so readily available, this has become an
increasing attractive method for the synthesis of cyclobutanone derivatives.

The chlorine atoms may be easily removed from the 2,2-dichlorocyclobutanones by zinc in acetic
acid or tri-n-butyltin hydride in near quantitative yields.”“**® The 2,2-dichlorocyclobutanones may even
be selectively reduced to the monochlorocyclobutanones, i.e. 7,7-dichlorobicyclo(3.2.0)-hept-2-en-6-one

0 ) " B
—

preferentially reduces to yield only the endo-chloro isomer.2** The resultant nonhalocyclobutanones
possess the same structure as would be obtained by the cycloaddition of ketene itself with the olefin.

0
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The advantage of dichloroketene over ketene is the much greater reactivity of the ketene. Hence, the use
of dichloroketene followed by the reductive halogen removal described significantly broadens the scope
of cyclobutanone synthesis.

Alkylhaloketenes also react with a wide variety of olefinic compounds under mild conditions to yield
2-halo-2-alkylcyclobutanones. The yields are generally as good as cycloadditions with dichloroketene.
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Cycloaddition with cyclic olefins produces both endo- and exo-halo-1,2-cycloadducts. The isomer
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distributions are dependent upon the nature of the substituents on the alkylhaloketene, the solvent
media, and the reaction temperature, '

The monohaloketenes will undergo in situ cycloaddition reactions with olefinic compounds to yield
2-halocyclobutanones but the yields are lower than the corresponding dichloroketene cycloadditions and
in most instances there are no synthetic advantages to these ketenes.

Cyclopentanones

A three-carbon annelation process has been reported which utilizes three known reactions of
dichloroketene and cycloaddition products. This report demonstrates the synthesis of cyclopentanones
and various cyclopentanone derivatives from olefins.’? The 2,2-dichlorocyclobutanones, readily available
from dichloroketene cycloadditions, cleanly undergo a highly regiospecific one-carbon ring expansion
with diazomethane to yield the corresponding 2,2-dichlorocyclopentanones. These ring expanded
products are then readily dechlorinated to yield the substituted cyclopentanones. The overall yields from
the olefins are generally quite good.
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The widespread presence of the cyclopentane ring in many classes of natural products, particularly
prostaglandins, should make this three-carbon annelation an attractive synthetic route to many natural
products.
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Bicyclo[n.2.0)alkane derivatives

Bicyclo[n.2.0)alkanones have become increasingly important as intermediates in a wide variety of
synthetic schemes. The regiospecific cycloaddition of ketenes to cyclic olefins makes these bicyclic
compounds easily assessible from readily available starting compounds. A representative preparation is
illustrated with dichloroketene and cyclopentene to yield the bicyclo[3.2.0lheptanone followed by
reductive removal of the chlorine atoms.”

0
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Bicyclo[3.2.0]hept-2-en-6-one is readily obtained in good yield by the cycloaddition of dichloroketene
and cyclopentadiene followed by the removal of the chlorine atoms as described above. This bicyclic
compound has been found to be a versatile intermediate in prostagiandin synthesis®>*’ and also has been
used to achieve a short high yield synthesis of cis-jasmone.®® There are numerous other examples
involving the use of bicyclo[3.2.0]Jheptan-6-ones in synthetic schemes leading to compounds of chemical
and/or biological interest. An excellent review on these bicyclic compounds has appeared in the
literature.® Also, the cycloaddition product from dichloroketene and endo-dicyclopentadiene has been
reportedly used as the starting material for the preparation of prostanoids.®

The synthesis of bicyclo[n.2.0]alkanediols has been described utilizing the cycloaddition of di-
chloroketene to a cycloalkene.®'¢? Cyclohexene was treated with dichloroketene to give the correspond-
ing cycloadduct which was treated with triethylammonium acetate and chromium dichloride to give the
ketoacetate which was reduced with lithium aluminum hydride to give the bicyclooctanediol. Bicyclo-

//0 0
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heptanediol was similarly prepared.

Tropolones and tropones

One of the most interesting synthetic applications of halogenated ketenes is the synthesis of
tropolones and 2-alkyltropones from readily available starting materials. Tropolone can be obtained in
good yield simply by hydrolysis of the dichloroketene-cyclopentadiene adduct, 7,7-dichlorobicy-
clo[3.2.0)hept-2-en-6-one.'”* The cycloaddition products of dibromo- and bromochloroketenes with

//0 1 9
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cyclopentadiene have also been solvolyzed to tropolone and these proceed as smoothly as the
dichloroketene cycloadduct.? In a similar fashion the hydrolysis of the cycloaddition product of
dichloroketene and 1-t-butylcyclopentadiene affords B-t-butyltropolone and hydrolysis of the dichloro-
ketene and 1-methylcyclopentadiene cycloaddition product yields 4-methyltropolone.# The cycload-
dition product of dichloroketene and indene has been solvolyzed to 4,5-benzotropolone.”® The hydrolysis
of the cycloadducts of dichloroketene with 1- and 2-isopropylcyclopentadienes afforded thujaplicin
(isopropyltropolones).* Also, this reaction has been utilized in an elegant synthetic route to an
established colchicine precursor.® Solvolysis of the cycloadduct of dichloroketene and 6,6-dimethyl-
fulvene yields a-dolabrin (3-isopropenyltropolone) in excellent yield.*

In a more recent synthetic application utilizing dichloroketene, cycloaddition with 1,6-dihy-
droazulene occurred in good yield and hydrolysis with triethylammonium acetate in acetone-water
resulted in the formation of 8H-cyclohepta(d)tropolone in excellent yield.%

OH
ACONHEE , =0
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The hydrolysis of the cycloadduct of dichloroketene with acenaphthylene yields pleiadiene-7,8-dione.*’

5 - &

The cycloadduct of dichloroketene and acenaphthylene has also been converted to 1.2-dihy-
drocyclohepta(de)naphthalen-2-ol by ring cleavage and reduction.®®
Hydrolysis of the cycloaddition product of 5,5-dimethylene-1,3-cyclopentadiene and dichloroketene

0
=0 =0
a1 d

gave a dihydrofurotropone. Similarly, hydrolysis of the following cycloadducts of dichloroketene and
some cyclopentadiene derivatives gave the tropone derivatives indicated.*

!

The solvolysis of the cycloadducts of dichloroketene with cyclopentadiene and cyclopentadiene
derivatives has been extended to include the adducts of alkylhaloketenes and cyclopentadiene resulting
in the development of a new general method for the preparation of 2-alkyltropones. It is quite
noteworthy that only the exo - 7 - halo - endo - 7 - alkylbicyclo{3.2.0)hept - 2 - en - 6 - ones undergo
conversion to the 2-alkyltropones. There is a competing Favorskii-type ring contraction reaction which
accompanies these solvolysis reactions yielding 6 - alkyl - 6 - carboxybicyclo[3.1.0Jhex - 2 - enes. The

0 0 COOH
q R
+ R
g - O g
relative amounts of 2-alkyitropones and ring contraction produced are strongly dependent on both the
nature of the halogen and the steric size of the alkyl substituent on the alkylhaloketene. The exo-alkyl
isomers of the alkylhaloketene-cyclopentadiene cycloadducts undergo only the ring contraction reaction
under the reaction conditions to produce 2-alkyltropones as will be discussed later.””
Also, the solvolysis of the cycloadducts of methylchloroketene and 1-methylcyclopentadiene and

isopropylchloroketene and 1-methylcyclopentadiene (the exo-halo isomers) yield 2,5-dimethyltropone
and 2-isopropyl-5-methyltropone respectively.”
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The preparations cited above represent the first convenient synthesis of tropone derivatives from
readily available and inexpensive starting materials.

Cyclopropane derivatives

The ring contraction of a-halocyclobutanones with aqueous base to yield cyclopropane derivatives
has been known for many years.”” The cycloadducts of halogenated ketenes and olefinic compounds
provides an excellent synthesis of a-halocyclobutanones from readily available starting materials.
Consequently, halogenated ketenes become pertinent intermediates in the synthesis of cyclopropane
derivatives.

The cycloadducts of cyclopentadiene and alkylhaloketenes, 7 - halo - 7 - alkylbicyclo[3.2.0]hept - 2 -
en - 6 - ones, undergo a stereospecific base catalyzed ring contraction reaction to yield 6 - alkyl - 6 -

R = Me, Et, n-Pr, i-Pr, n-Bu

carboxybicyclo[3.1.0Jhex - 2 - enes.”'™>" The endo-chloroketones yield the corresponding endo-acids
and the exo-chloro ketones the exo-acids. The exo-halo isomers also yield 2-alkyltropones as previously
mentioned. Because of conformational effects in the cyclobutanone ring, 7 - exo - chloro - 7 - endo -
isopropylbicyclo[3.2.0}hept - 2 - en - 6 - one rearranges abnormally on base treatment and gives three
hydroxycyclohexenecarboxylic acids.”

In the presence of strong base the cycloadduct of dichloroketene and cyclopentadiene undergoes a
ring opening reaction in contrast to the ring contraction with the monochloro cycloadducts.”#24*™
However, the cycloadduct of dichloroketene and cyclohexene upon treatment with sodium methoxide in
methanol undergoes substitution and then ring contraction.”

- oMe 0, oMe  COOH
‘ ] a1 ? l | (C1 —> (T(H
Treatment of the cycloadduct of methylchloroketene and cyclohexene with sodium methoxide in

refluxing methanol yields only the substitution product since a second leaving group is not present for
ring contraction as in the dichloroketene case. The adducts of methylchloro- and methylbromoketenes

,,0 1 OMe ’/OH
: Me [ j Me

and cyclopentadiene also yield substitution at C-5 when treated with sodium methoxide in methanol at
0-5°. However, treatment of these adducts with sodium methoxide in refluxing methanol afforded ring
contraction rather than substitution.”

The isomeric endo- and exo-chlorobicyclic ketones obtained from the cycloaddition of methyl-
chloroketene and 1,3-cyclohexadiene were separately treated with various bases.® A stereospecific ring
contraction and an allylic substitution involving the enol form of the bicyclic ketone were found to be
dependent on the base.

9 0 ve COOR
NagH +
ﬁe ﬁ (7:4 .

The endo-methyl isomer of the cycloadduct of methylchloroketene and 1,3-cyclohexadiene has been
used as a key intermediate in the synthesis of demethylsesquicarene, an analog of natural products. The
endo-methyl isomer was stereospecifically ring contracted cleanly by refluxing in methanolic silver nitrate
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for 24 hr. The ring contracted product was then converted to the demethylsesquicarene.?!

fa COOMe )
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The (2+2) cycloaddition of the new 2,2,2-trichloroethylchloroketene with isobutylene yields a
chlorocyclobutanone which is a valuable intermediate in a new synthesis of insecticidal pyrethroids.”’
The triethylamine dehydrochlorination of 2.4,4.4-tetrachlorobutanoyl! chloride in the presence of isobu-
tylene yields the expected chlorocyclobutanone. The tetrachloroacid chloride is readily obtained by the
copper(I)-catalyzed free radical addition of chloroform to acrylic acid.® Treatment of the cycloadduct
with a catalytic amount of triethylamine results in a novel cine rearrangement forming the cis isomer by
a 95/5 ratio. The base induced stereospecific Favorskii rearrangement ring contraction of this rear-
rangement product and dehydrochlorination yielded the cis - 3 - (2,2-dichlorovinyl) - 2,2 - dimethyl-
cyclopropanecarbocylic acid.® Esters of this acid are the most promising insecticides due to their
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extraordinarily high potency and considerably increased photostability compared with those of the esters
of the naturally occurring chrysanthemic acid.

An interesting ring contraction of cyclobutanols, obtained by the sodium borohydride reduction of
adducts of halogenated ketenes and cyclopentadiene, has been reported.®* The reduction of the
dichloroketene cyclopentadiene adduct gave two epimeric alcohols in a ratio of 4:1 with the 6-endo-
alcohol assigned as the predominate isomer. The exo-alcohol of the adduct of dichloroketene and

OH 1 C1
< jH a1 ? <j!:no

cyclopentadiene, 7,7-dichlorobicyclo[3.2.0]hept-2-en-7-exo-0l upon treated with base yielded the endo-
carboxaldehyde which could be easily oxidized to the corresponding acid. The endo-alcohol analogously
produced the exco-aldehyde. This stereospecific base catalyzed ring contraction involves the chlorine
atom trans to the hydroxy group.

The lithium aluminum hydride or sodium borohydride reduction of the 7 - endo - halo - 7 -
alkylbicyclo{3.2.0]hept - 2 - en - 6 - ones proceeded stereospecifically to give the corresponding 7 - endo -

O — T

halo - 7 - alkylbicyclo[3.2.0]hept - 2 - en - 6 - endo - ols. No evidence for even small amounts of the exo
alcohols could be found. Conversely, the exo-haloketenes gave a mixture of 6 - exo and 6-endo alcohols.

The 7 - endo - halo - 7 - alkylbicyclo[3.2.0]hept - 2 - en - 6 - endo - ols upon treatment with base gave
the bicyclo[3.1.0]hex - 2 - en - 6 - endo - carboxaldehydes. However, the base treatment of the 7 - exo -
chloro - 6 - exo - alcohol produced no aldehyde. A hydride shift was demonstrated to have occurred,
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thus producing the ketone. Ring contraction, the normally favored reaction course, is not observed because

H R R
< j’ OH X > f CHO
OH
X g
iR
ﬁ — <j>g
the required conformation produces a bad interaction between the 7-endo-alkyl and C-4 hydrogen atom 5%

Cyclobutenones

The in situ cycloaddition of dichloroketene with 2-butyne was originally reported to occur in very
low yield.®* However, more recently the generation of dichloroketene from trichloroacetyl chloride
using zinc and phosphorous oxychloride in the presence of alkynes has recently been reported to occur
in substantially improved yields. 1-Hexyne, 2-hexyne, diphenylacetylene, and 2-butyne have all been
reported to undergo this cycloaddition reaction.’!

€C1,-C-C1  +  R-CeC-R  —R
3 POCT, ad=l,,

Spiro[3.n] and spire [2.n] compounds

The cycloaddition of ketenes with methylenecycloalkanes yields spiro [3.n] ketones. Dichloroketene
undergoes cycloaddition with methylenecyclobutane to yield the dichloro spiro{3.3}heptanone which can
be dechlorinated to yield the spiro[3.3]heptanone.”

CI\ aa
Fooe O= 0 OO — OO
C

The cycloaddition of dichloroketene with methylenecyclohexane and subsequent dechlorination
yields the spiro(3.5)nonanone.”

The cycloaddition of methylchloroketene with methylenecyclohexane, methylenecyclobutane, B-
pinene and 5-methyl-2-norborene yields the corresponding spiro(3.5) and spiro(3.3) ketones in moderate
to good yields under the appropriate conditions.** The halogenated ketenes give much better yields of
cycloadducts than the nonhalogenated ketenes. The sodium borohydride reduction of the halo spiro
ketones to the corresponding alcohols and subsequent base-catalyzed ring contraction occurs smoothly
to the spiroaldehydes thus yielding spiro[2.n] compounds as illustrated with the cycloadduct of methy-
lenecyclopentane.

RC* R CHO
OO — o<

1,3-Cyclobutanediones and derivatives

1,3-Cyclobutanediones are readily available by the dimerization of dialkylketenes. A wide variety of
tetraalkylcyclobutanediones have been prepared by the triethylamine dehydrohalogenation of ap-
propriately substituted acid halides.

R, R, P
S0 ——s
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0



2958 W. T. BrapY

Numerous efforts to homodimerize halogenated ketones to 1,3-cyclobutanediones have been unsuc-
cessful. However, halogenated ketenes will undergo mixed dimerization with nonhalogenated ketenes to
yield halo-1,3-cyclobutanediones. The alkylhaloketenes have been generated in situ in the presence of
dialkylketenes to yield the unsym-1,3-cyclobutanediones.”* Also, the mixed dimers have been prepared

g R\ X R 0
R' -(l:H-C-C] + ,C=C=0 _>
R

X Rz

0/
by the simultaneous generation of the two ketenes from their respective acid halides. A wide variety of
these compounds have been prepared in this manner.*®

Tetraalkyl-1,3-cyclobutanediones undergo ring opening reactions in the presence of base to yield
B-ketoesters.'® The chlorotrialkyl-1,3-cyclobutanediones also undergo ring opening reactions to yield
B-ketoesters. Although two B-ketoesters are possible, only the expected y-chloro-B-ketoesters were
found.
R0 0 0
C1 v 0 "

i _— R'-CH-C-CR,-C-0-Me

0% R2 (‘Il

The chlorotrialkyl-1,3-cyclobutanediones react with tri-n-butyltin hydride to yield the corresponding
trialkyl-1,3-cyclobutanediones which exist as the dione in the solid state, but the enol form is the
predominant form in solution.'”

The peracid oxidation of tetramethyl-1,3-cyclobutanedione occurs smoothly and in good yield to the
expected lactone, 2,4-furandione.'®'® This Baeyer-Villiger oxidation of chlorotrialkyl-1,3-cyclo-

0

-

—
0” ¢

butanedione gives the ring expanded product as shown. No other ring expansion products were
detected.'”!

0 ci 9

. al

3-Functionalized cyclobutanones
The cycloaddition of dichloroketene with the readily available trimethylsilyl enol ethers occur
regiospecifically to give good yields of 3-siloxycyclobutanones which are readily hydrolyzed to the

cl c1 20

~ ~ - Ql -0
JeeC=0  +  c=C s a—F
o 7 0-Site, - D J:L
05iMe, o

3-hydroxycyclobutanones. The initial reports described the generation of dichloroketene by the dehalo-
genation method but more recently it has been found that the dehydrohalogenation method for
generating dichloroketene may be used successfully.’®

The cycloaddition of methylchloroketene with the silyl enol ether derived from cyclopentanone yielded
both the endo-methyl and exo-methyl isomers. The cycloaddition of phenylchloroketene and this silyl enol
ether afforded only the endo-phenyl isomer as expected.'”

The cycloaddition of conjugated silyl enol ethers with both dichloroketene and methyichloroketene
also occurred regiospecifically to yield the (2 +2) cycloaddition products. The cycloaddition of the silyl
enol ether derived from crotonaldehyde and dichloroketene yielded 2.2-dichloro-3-(2-trimethyl-
siloxyethenyl)cyclobutanone which upon methanolysis formed the dimethyl acetal.'®
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.,
,C=C=0 +

=CH-CH=CH- Ci /
o CHZ CH-CH=CH 051Me3 > 2[
Me3Si0-CH=CH

/

Cl L0

(Me0)2CH-CH2D
Alkylidenecyclobutanones
The cycloaddition of halogenated ketenes with allenes occurs in a regiospecific manner to yield
halogenated alkylidenecyclobutanones. Tetramethylene allene and 1,2-cyclononadiene exhibit unusual

reactivity in such cycloadditions.'®"'®
X . 5 X 0
,t=C=0 + _C=C=C_ )
N

The reaction of an excess of unsym-dimethylallene with phenylchloroketene yielded the two
2-alkylidenecyclobutanones indicated in a ratio of 5 with the 2-isopropylidenecyclobutanone predomina-

ting.

1 C1

phy__ 20 Ph

Y
\

The reaction of the cycloadduct of methylchloroketene and tetramethylallene with base resulted in
the formation of the a-hydroxy compound which underwent an unusual ring opening reaction to yield an
a,B-dione.'"?

H3 \\

1 00

0 HO 0
R ,CH3
SN — cn3-é-c-c(cn3)2-cu=c\
CH
N 3
Squaric acid, semisquaric acid and derivatives
Squaric acid and semisquaric acid, 3,4-dihydroxy-3-cyclobuten-1,2-dione and 3-hydroxy-3-cyclo-
buten-1,2-dione respectively, have recently been synthesized in an elegant manner utilizing cycloaddition
reactions involving dichloroketene and chloroketene. The in situ cycloaddition of dichloroketene with

ethoxyacetylene yields the expected (2+2) cycloaddition product which upon hydrolysis forms
semisquaric acid.'”

(4
1 C]z ~ =0
:C=C=0 + Et0-C=C-H —_— g —> D
a HO =0

OEt

The in situ cycloaddition of dichloroketene with ethyl vinyl ether affords an enol ester which upon
bromination and hydrolysis yield semisquaric acid.''*'"
0
o 0-C-CHC1,

0
2 !
0 — I
Et0 Ho 5

The cycloaddition of tetraethoxyethylene with chloroketene yields the cyclobutenol ester which upon
treatment with silica gel/triethylamine provided the cyclobutenone. Hydrolysis of this product yielded
squaric acid."'s!"’

Je=C=0 4

ELO-CHeCH, ——

OR O-g-CHzcl ®

"1
RO - .
RO 1

OR C1-
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HO

HO
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/
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Squaric acid has also been synthesized by the hydrolysis of the product of cyclization of perch-
lorovinylchloroketene. This ketene was generated by the dehydrochlorination of 2,3,4,4-tetrachloro-3-
butenoyl chloride.'*!8!19

R C1,e=cQ1 Ol (1 HO —t
ClyC=CCI-CH-L-C1 — T - |
Q 2 % HO X

o

0

The cycloaddition of methylchloroketene and phenylchloroketene generated in situ by the dehydro-
chlorination of a-chloropropionyl chloride and a-chlorophenylacetyl chloride respectively with tetra-
methoxyethylene occur in high yields to produce the 2-chlorotetramethoxycyclobutanones. The sodium
borohydride reduction of the cyclobutanones yields the 2-chlorotetramethoxycyclobutanols which upon
hydrolysis yield the 2-substituted derivatives of semisquaric acid.'®

0 ¢

8 MeO_ OMe R4’ R OK
R-CH-C-C1  + C=C e
& Me0”  “OMe Me0 OMe Me0 OMe
(OMe OMe OMe OMe
e, 7 /
R = Me, Ph R 0
o

2-Oxetanones and olefins

The preparation of 2-oxetanones (B8-lactones) by the cycloaddition of ketenes and carbonyl com-
pounds dates back to the early investigations of Staudinger. The addition of simple carbonyl compounds
to diphenyiketene did not normally proceed unless elevated temperatures were employed. Since the high

N A =°
JCC0 + 00— °
temperature required for cycloadditions polymerized aldoketenes or monosubstituted ketenes and lower
ketoketenes, early investigations were mostly limited to diphenylketene.'*!

Later the cycloaddition of ketene to aldehydes was found to proceed smoothly in ether in the
presence of mild Friedel-Crafts-type catalysts.'” Ketones, however, required much stronger catalysts
and more vigorous conditions to react with ketene.'

It has been more recently reported that the cycloaddition of simple ketoketenes and carbonyl
compounds is possible when the carbonyl compound is activated by electronegative substituents on the
a-carbon atom.' Thus, the cycloaddition of several ketenes to chloral to yield the corresponding
2-oxetanones were accomplished. The 2-oxetanone derived from dichloroketene and chloral was
prepared by the in situ preparation of dichloroketene and subsequent trapping of this ketene with
chloral.'” However, under these conditions it was found that dichloroketene would not react with simple
ketones such as acetone, cyclohexanone, and acetophenone.

The reaction of methyl-, chloro-, isopropyl-, and phenoxyketenes with chloral yields both cis- and

trans-2-oxetanones in approximately equal amounts.'?!7
R\ CC]3 R /lo H //0
H,C:C:O + :C=0 — @0 + @0
H H R

CC'I3 CC]3
R = Me, C1, i-Pr, PhO

The generation of dichloroketene by the zinc dehalogenation of trichloroacetyl chloride in the
presence of acetone and cyclohexanone afforded these 2-oxetanones. Zinc, apparently activates the
carbonyl group, thus increasing the reactivity of these simple ketones with dichloroketene.'?’

|0| 9 3 C1 0
CCly-C-Cl +  CHyC-CHy  — )¢)= 0
CH



Synthetic applications involving halogenated ketenes 2061

The cycloaddition of methyichloro- and methylbromoketenes with chloral, o-chlorobenzaldehyde and
sym-dichlorotetrafluoroacetone reveals that activation of the carbonyl group is necessary for cycload-
dition.'®

The 3,3-dichloro-2-oxetanones may be selectively reduced with tri-n-butyltin hydride to the cor-
responding monochloro-2-oxetanones. The reduction may also be effected to produce the non-
halogenated 2-oxetanones.'”

Q H H
OO sl H 2
T - 10 -
0 0 0
The generation of dichloroketene from dichloroacety! chloride in the presence of monosubstituted
benzaldehydes gave 3,3-dichloro-4-aryl-2-oxetanones. Benzaldehydes substituted with electron-with-

e Ar, C1 2 .0
LC=C=0 + =0 > =
o " . ’ 0‘ ——3  Cl,C=CHAr
Ar

drawing groups led to higher yields than benzaldehydes bearing electron-donating substituents. Ther-
molysis of the B-lactones gave the corresponding 8,8-dichlorostyrenes in good yields. Electron donating
groups enhance the rate of decarboxylation.'*

Exocyclic olefins are generally prepared by the Wittig reaction but aside from this well-known
reaction, little information on other methods is available in the literature. The cycloadduct resulting from
the cycloaddition of dichloroketene and cyclic ketones, 3,3-dichloro-2-oxetanones, are easily decar-
boxylated upon heating, yielding dichloromethylenecycloalkanes. The dechlorination of this exocyclic
olefin with sodium in liquid ammonia affords the methylenecycloalkanes in near quantitative yield as
illustrated with the 2-oxetanone from dichloroketene and cyclopentanone.’

[ I
XS = Ot — 0N
=0
0 O:(m H

The reaction of halocyanoketenes with aromatic aldehydes reportedly gives exclusively the E-
isomers of the corresponding B-lactones. The B-lactones stereospecifically decarboxylate under the
reaction conditions to yield the corresponding olefins.”? This stereoselective conversion of an aldehyde
into an alkene is certainly of synthetic note. These reactions provide a convenient stereoselective route
to E-1-halo-1-cyano-2-arylethenes.

NC Ar, o 0

L ~ NC\ ,AY‘
JOC0 S0 0 — g

X = Br, Q1

The generation of dichloroketene by the zinc dechlorination of trichlaroacetyl chioride in the
presence of E-cinnamaldehyde and subsequent workup and distillation resulted in the formation of
1,1-dichloro-4-phenyl-1,3-butadiene. The in situ cycloaddition of dichloroketene and a-methylcin-

C]\ 1 CT ’/0
C],c=c=o +  Ph-CHsCH-C-H —— 2 ——>  C1,C=CH-C=CHPh
0
H
HC=CHPh

namaldehyde gave a similar result, yielding 1,1-dichloro-3-methy!-4-phenyl-1,3-butadiene.” The zinc
halide etherate produced as a byproduct in the dehalogenation presumably functions as a catalyst for
these cycloadditions. Apparently, in these cycloadditions with the cinnamaldehydes, the 2-oxetanones
undergo decarboxylation during distillation to yield the highly conjugated systems.

Halogenated 2-oxetanones are much more reactive towards nucleophiles such as water, methanol,
dimethylamine etc., than nonhalogenated 2-oxetanones. Nucleophilic addition to halogenated 2-
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oxetanones yields only acyl-oxygen cleavage products.'*

Cly— P 0
HNu
" | ol — TNy CC15-CH-CC15=C-Nu
OH
cey

Other lactones
Dichloroketene undergoes a polar 1,4-cycloaddition with N,N-disubstituted vinyl ketones to give
8-lactones or 2-pyrone derivatives. The synthetic utility of this unusual 1,4-addition reaction of a ketene

NR, NRy
IR RA. c12 et
CC=0  + et — — |
e 0

has been well demonstrated by the synthesis of a wide variety of 2-pyrones."**'*® Dehydrochlorination
of the cycloaddition product readily occurs to yield the corresponding chloropyranones.

The in situ prepararation of methylchloroketene from a-chloropropionyl chloride and triethylamine
in the presence of cyclic olefins yields the expected (2+2) cycloaddition products as illustrated with
cyclopentene.'® Baeyer-Villiger oxidation of the cyclobutanones yields the corresponding lactones. Base
catalyzed dehydrochlorination of the lactones yields a-methylene- y-lactones.

R Q; Q/—l
/
CrY

X
CHy

This is a facile transformation of cyclic olefins into cis-fused a-methylene- y-butyrolactones in three
steps and should have wide applicability in the synthesis of a number of biologically active naturally
occurring compounds containing these functionality.

The in situ reaction of dichloroketene, generated by the zinc dehalogenation of trichloroacetyl
chloride, with allyl ethers occurs in two competing pathways. Besides the expected (2 +2) cycloaddition
product a (3,3)-sigmatropic (Claisen) rearrangement via a 1,3-dipolar intermediate takes place.'! This
rearrangement leads to esters of &, a-dichloro-y, 8-unsaturated acids. Apparently, the nucleophilic oxygen
atom in the allylic starting compound competes successfully with the double bond for the electrophilic

~ R c R
0 + ,c=c J/zo
) C1

C12

JZLO

dichloroketene. The 1,3-dipolar intermediate thus formed is ideally suited for a (3,3)-rearrangement leading
to the ester. This reaction has also been demonstrated to occur with allyic S- and Se-ethers.
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A very facile synthesis of the naturally occurring macrolides (+)-phoracantholide I and (=)-
phoracantholide J exemplifies the applicability of this new rearrangement for the transformation of
cyclic, n-membered, a-vinyl-substituted ethers into unsaturated (n +4)-membered lactones.™!

This reaction has recently been extended whereby cyclic thioketals of a,8-cycloenones undergo a
four-carbon cycloenlargement of 1,3-dithia-n-membered ring by reaction with dichloroketene to give
1,7-dithiacycloalk-5-en-2-one derivatives in good yield as illustrated with the thioketal of 2-cyclo-

hexenone.'
—
S
@ _Meﬂl_,
NEt,
2-Azetidinones
There are many examples in the literature of the formation of 2-azetidinones (B-lactams) by the
cycloaddition of a ketene and an imino compound. The synthesis of 3-chloro-2-azetidinones, 3,3-
dichloro-2-azetidinones, and 3-chloro-3-methyl-2-azetidinones which are potential precursors of various
functionally substituted 2-azetidinones is possible by the cycloaddition of chloro-, dichloro- and methyl-
chloroketenes with imines.'**'4
R

3| C14— 20

Sc=€=0 +  CN— ——
R ’ N—

3-Halo-4-imino-2-azetidinones are available through halogenated ketenes by cycloaddition with
carbodiimides. Various types of halogenated ketenes have been shown to undergo cycloaddition with the
aliphatic carbodiimides, dicyclohexyl-and diisopropylcarbodiimides.'-'4

X x—°
C=C=0 + =-N=CsN- ——
4 P —
/N

Chlorocyanoketene has recently been prepared and allowed to undergo cycloaddition with dicyclo-
hexylcarbodiimide to yield the a-chloro-a-cyano-B-imino-B-lactam. It appears that a variety of func-
tionally substituted g-lactams are possible by this new method.

C’I0

(R NC 2
L=C=0 + R-N=C=N-R _ I N' R
NC v -
r-N

R = CeHyy

The cycloaddition of dichloroketene and phenylchloroketene with 2-(aryliminomethyl)chromones
presumably occurs in a dipolar 1,4-cycloaddition process to yield the corresponding lactams.'¥

0 0

H=N-Ar cI.
| v uee — Z N-ar
0 0 X0
Z=2Cl, ph 7
The 3-(aryliminomethyl)chromones react with both dichloroketene and chloroketene to yield the

(2+2) cycloadduct, the azetidinones. It is likely that this cycloaddition also occurs through a dipolar
intermediate.

0
2 i

o]
| + =0 ——
0 CH=N-Ar z 0 N-Ar
Z=H, Cl z )
cl
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