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I. INTRODUCTION

Research workers studying the chemistry of polyunsatu-
rated compounds have recently been paying increasing
attention to substances containing an allenic group in their
molecule. This is not only because, from its chemical
nature, the allenic double bond system is of great interest
in the study of the reactivity of different types of polyun-
saturated compounds. The interest is due in considerable
measure to the fact that various types of functional deriva-
tives containing this bond system, together with polyyne

and diene groups, have been found among plant (including
fungal) metabolites. Although the number of these natural
compounds is still small, the very presence of such ex-
tremely unstable compounds among the products of the vital
activity of cells is of great interest to biochemists.
Furthermore, these types of compounds have been found to
possess high antibacterial and fungicidal activity, which is
to a considerable extent associated with the presence of an
allene grouping.

Allenic systems are extremely unstable chemically,
tending to undergo not only polymerisation and addition re-
actions but also ready acetylene-allene-diene conversions
and various rearrangements. All this greatly hampers
the synthesis and the chemical study of functional deriva-
tives of the allene series, and makes it urgently necessary
to work out convenient methods for the preparation of such
polyunsaturated systems. Since great interest is being
shown at the present time in various types of allenic com-
pounds, and previous reviews1 - s have discussed mainly
allenic hydrocarbons, we consider that a literature survey
of methods of synthesis and the reactivity of functional
derivatives of allenic compounds will be of undoubted
interest.

Π. METHODS OF PREPARATION

The published information shows that functional deriva-
tives of the allene series are obtained mainly by two
methods. One of these is based on various types of acetyl-
ene-allene rearrangement of acetylenic systems, whereas
1,4-addition at a butenyne bond system underlies the
second method.

1. Isomerisation of Acetylene Derivatives

This general method of obtaining allene structures is
based on two types of rearrangements characteristic of
acetylene derivatives — (μ) anionotropic rearrangement of
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prop-2-ynyl systems of type (I) in the presence of catalysts
or in the course of substitution reactions

=C=CHY

(I)

\c=C=CHX;

(&) prototropic isomerisation of prop-2-ynyl systems of
types (II) and (m)

RC=CCH2X

(ID

RCH=C=CHX «- RCH,C=CX.
(Ill)

Methods of synthesising functional derivatives of allene
from the corresponding substituted derivatives of acetylene
will be examined in this sequence.

(a) Anionotropic r e a r r a n g e m e n t of a c e t y l -
enic a l c o h o l s and t h e i r d e r i v a t i v e s . Rearrange-
ment of an acetylenic to an allenic system is assumed to be
an intermediate stage in the isomerisation, under the influ-
ence of acids, of acetylenic tertiary carbinols into unsatu-
rated ketones (the Meyer-Schuster rearrangement)4 and
into α/3-unsaturated aldehydes (the Rupe rearrangement)5:

/
=C=CR (OH)1

i
^>C=CHCOR

OH

It has subsequently been shown that other acetylenic ter-
tiary alcohols, including butenyne6 and butadiyne7 deriva-
tives, are capable of analogous rearrangement. Among
prop-2-ynyl derivatives, rearrangements of the chlorides
of acetylenic tertiary alcohols have been studied the most
thoroughly. Favorskaya and Favorskii8 were the first to
show that 3-chloro-3-methylbut-l-yne isomerises smoothly,
under the influence of copper (I) chloride in ammonium
chloride and concentrated hydrochloric acid, into 1-chloro-
-3-methylbuta-l,2-diene:

ci

")CC=CH — "^C=C=CHC1.

This method has been used to prepare several 1-chloro-
allene homologues9"12, including the simplest 1-chloro-
propadiene13, from various acetylenic alcohols.

It has subsequently been shown that such isomerisations
do not yield unequivocal results: in the isomerisation of
3-chloro-3-methylbut-l-yne9»14, for example, a mixture of
products is formed, containing, together with the halogeno-
allene, such further isomerisation products as the chloro-
butadienes (IV) and (V) and the dichlorο-derivative (VI):

CH2—C—C=C

Cl CH3

(IV)

CH 2=C-CH=CHC1 (CHS)2 CCH=CHC1

CH3

(V)
Cl

(VI)

Considerably less work has been done on the rearrange-
ment of acetylenic bromides13'15"17. The rearrangement
of halogenoprop-2-ynyl systems to halogenoallenes repre-
sents a peculiar example of a 1,3-migration occurring by a
mechanism of cyclic electron transfer14:

C1---CU-CI I

;C=C=CHCI.

The isomerisation of acetates of acetylenic tertiary
alcohols has also been described. The Landors18, for
example, observed the formation of an allenic acetate in up

to 90% yield in the pyrolysis of l-ethynyl-2,2,6,6-tetra-
methylcyclohexyl acetate:

C=CH
]=C=CHOCOCH,

Recently Isler and his coworkers19 have established that
such acetates readily undergo rearrangement when heated
in glacial acetic acid in the presence of copper powder or
salts of copper or silver:

^ ^ C ^ C HOC OC H,

OCOCH,

CHO

(VII)

Almost quantitative yields of unsaturated acetates of the
type (VII) were obtained in this way. By means of this re-
action it has been possible to work out an elegant method
for the synthesis of various α β-unsaturated aldehydes, in-
cluding citral, farnesal, and phytal [3,7,11,15-tetramethyl-
hexadec-2-enol].

The synthesis has been described20 of optically active
2,2-dimethylhexa-3,4-dienal (X) by the pyrolysis of dextro-
rotatory 2-methyl-3,3-bis-(l-methylprop-2-ynyloxy)pro-
pane (VTII). Formation of this product probably results
from Claisen rearrangement of an intermediate 2-methyl-
prop-1-enyl ether (K) by a mechanism of cyclic transfer
of electrons:

< C H 3 ) 2 C H C H ( O C H C = C H ) 2

CH3

(VIII)

H\ /C(CH3)»CHO

C ) CH »- C

(IX) .·\
Η' Χ : Η 3

H· X C H 3

(X)

It has recently been shown that, in the case of vinyl and
chloroalkyl prop-2-ynyl ethers, the Claisen rearrangement
is a general methodf or the synthesis of allenic aldehydes 2 1 " 2 3 .
Allenic ketones are obtained in a similar manner, but they
are very readily isomerised into conjugated dienones M>25.

Detailed studies have recently been made of other inter-
esting methods of synthesis, in which prop-2-ynyl esters
are used for the preparation of allenes containing phos-
phorus. The prop-2-ynyl esters formed from acetylenic
alcohols and halogen derivatives of tervalent phosphorus
readily (in ether-pyridine at 20°) undergo intramolecular
acetylene-allene rearrangement to give 75-100% yields of
the allene derivatives. In view of the structure of the
products, the rearrangement is explained by intramole-
cular migration in the five-centre intermediate system 2β-2β:

CRR'

Primary, secondary, and tertiary acetylenic alcohols can
be successfully used in the above reactions 2 e ~ 3 1 . Increasing
the number of methyl substituents in the prop-2-ynyl por-
tion not only increases the yield but also stabilises the
allene derivatives, obviously owing to the inductive effect of
the methyl groups, which prevent further prototropic iso-
merisation.

The rearrangement of prop-2-ynylammonium halides32

under the influence of sodamide also results in allene deri-
vatives. An interesting sequence of isomerisations into
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allene and cumulene sys tems has been observed in amines
containing a butenynyl g r o u p 3 3 :

(CH,),CC=CCH=CH, -» (CHJtC==C=C-CH=CH, -• (CH^ C=C=C=CHCH,NR,

NR, NR,

It has repeatedly been observed that acetylene-allene
isomerisation takes place during the occurrence of substi-
tution reactions. Reaction of 3-chloro-3-methylalk-l-ynes
with silver acetate in glacial acetic acid gives a mixture M

of the allenic acetate (XI) and the normal acetylenic acetate
(XII), the latter being the sole product when the reaction is
conducted under the influence of potassium acetate:

Cl OCOCH,

H,C•Λ

(XI) (ΧΠ)

Silver propionate under similar conditions gave 3-methyl-
buta-1,2 -dieny 1 propionate 3 5.

Prop-2-ynyl halides react with metal cyanides in the
presence of copper (I) bromide at 60-120° to form allenic
nitriles36»37. In the case of sterically hindered acetylenic
tertiary bromides the yields reach 80%:

BrCRR'C=CH RR'C=C=CHCN.

Interaction of 3-chloro-3-methylbut-l-yne with trialkyl
phosphites at 130-150° results in moderate yields of dialkyl
3 -methylbuta-1,2-dienylphosphonites m. Primary and
secondary amines readily add on to prop-2-ynyl halides,
merely forming acetylenic amines3 6. However, Hennion
has recently reported40»41 that, in the alkylation of certain
sterically hindered prop-2-ynyl chlorides with tertiary
amines, it has proved possible to obtain quaternary salts of
allenylamines in 60-80% yields:

(CHS)2C=C=CHN(CH3)8CT.

Not all tertiary amines react in this way, the type of reac-
tion which occurs depending also on the basic strength and
the nucleophilic character of the amine4 1.

A general method for obtaining allenic acids (ΧΙΠ) is
based on the action of nickel carbonyl and hydrogen chloride
on acetylenic alcohols42"45, but the yields are usually low
(10-20%):

RR'CteCH ~Ni

OH

where R = R' = H,
CeHK.

RR'CC=CH

Cl

RR'C=C=CHCO2R'
(XIII)

C2HS; R - H, R' - CH3,

The reaction of prop-2-ynyl halides with acetylenic com-
ponents (in particular with acetylenic alcohols) under the
influence of copper salts in an amine medium provides an
interesting route for the synthesis of acetylenic-allenic
products (the yields reaching

RjCCsCH + HC=CCH2X

OH

R,CC=CCH=C=CHa

OH

where X = Cl, Br, />-CH3CeH4SO2; R = H, CH3, C2H5.

The isomerisation of acetylenic tertiary alcohols under
the influence of concentrated hydrobromic acid in the pre-
sence of copper (I) bromide has recently been suggested as
a method for the preparation of various 1-bromoallenes 47»48:

RR'CC=CH

OH

RR'C=C=CHBr.

This method gives a high yield (60-80%) of quite pure
bromoallenes (the content of acetylenic derivatives does
not exceed 2-5%). An extremely important feature is that
in this case the reaction proceeds stereospecifically, and
optically active 3,4,4-trimethylpent-l-yn-3-ol yields the
optically active allenic bromide.

Jacobs48»50 and Landor 51>52 used the reaction of acetyl-
enic alcohols with thionyl chloride for the synthesis of
chloroallenes. This reaction is conveniently conducted in
dioxan medium, is accelerated by the addition of bases
(pyridine), and from sterically hindered alcohols gives good
yields (up to 75%) of chloroallenes. Acetylenic secondary
alcohols give considerably lower yields, and the reaction is
complicated by the formation of byproducts ^i 5 3 . Both the
above reactions are characterised by the absence of prop-
-2-ynyl halides as intermediate products, so that the for-
mation of halogenoallenes is not a result of their aniono-
tropic rearrangement. Furthemore, these reactions
proceed stereospecifically, in spite of the disappearance of
the centre of asymmetry present in the original acetylenic
alcohol. It is hardly possible to explain these results on
the assumption that the reaction involves intermediate for-
mation of a carbonium ion (A). Formation of an optically
active chloroallene could conceivably occur through a cyclic
transition state (B) (by an SN«' mechanism). In that case,
however, the reaction velocity should be independent of the
catalytic action of bases. Nevertheless, in the absence of
bases the reaction of acetylenic alcohols with thionyl chlor-
ide gives very low yields, even when sterically hindered
alcohols are employed. This suggests an SN2' mechanism,
the role of pyridine probably consisting in formation of a
pyridinium salt (C), in which the substitution takes place
under the influence of chloride ions. Preservation of con-
figuration can then be explained either by a double inversion
or by formation of a rigid (undissociated) ion-pair ^, In
either case (SN2' or Si4' mechanism) the chlorine should
approach on the hydroxyl side of the alcohol. Thus the
available data are not yet sufficient to settle unequivocally
the problem of the reaction mechanism between acetylenic
alcohols and thionyl chloride:

—C=CH
J>C—C=CH

(Β) Γ U
0 1τ

C5H5N
>

Pi

:HCI ·*-

' Κ
It

.· °v 1

Ν Ν' C)

(C)

(A) ^ : C = C =

A few examples have been described of the formation of
halogenated allenes by the reaction of acetylenic tertiary
alcohols with phosphorus trichloride in pyridine M or with
phosphorus tribromide55»56. By means of the latter reac-
tion Bohimann 5 5 obtained from the butadiynylene glycol
(XIV), obviously as a result of a double prop-2-ynyl re-
arrangement, a 70% yield of a diallenic dibromide (XV),
whose structure was established by conversion into the cor-
responding pentaene (XVI) and reconversion of the latter
into the dibromide (XV):

Br
(XIV) (XV) (XVI)

The corresponding allenic iodides are formed (mixed
with acetylenic and 1,3 -diene isomers) by the action of potas-
sium or sodium iodide on the prop-2-ynyl halides ",ιβ,57,58 o r
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of hydriodic acid on acetylenic carbinols " , but it is ex-
tremely difficult to isolate these iodides in the pure form
owing to their great tendency to undergo polymerisation and
rearrangement even on simple distillation. A practical
method of synthesis consists in treating acetylenic alcohols
with triphenylmethyl phosphite-iodine60, the yields varying
from 20% to 70%:

RCHC=CH -* RCH=C=CHI

OH

where R = H, CH3, C2H5, C,H,, C4H,, C5Hn, CeH5.

Another group of substitutions which yield allenic struc-
tures involve organometallic compounds (of magnesium,
aluminium, and zinc) derived from prop-2-ynyl halides,
which have been studied mainly by Prevost and his co-
workers61"63. On the hypothesis that a free carbanion is
formed61, these workers consider that the MgBr deriva-
tives result from attack by the electrophilic MgBr, so that
the structure of the final product should depend on elec-
tronic and steric factors. In the case of prop-2-ynyl
bromide (XVII, R = H) the carbanion will have the struc-
ture (XVm), and since δ" far exceeds δ '" in this instance,
the +MgBr should attack the acetylenic carbon atom, which
will yield the allenic system (XIX):

RCH 111 C ~ CH a—>. RCH=C=CHMgBr

» s ι J
Br

(XVII) (XVIII) (XIX)

Similar relationships are observed with the bromides
(XVII, R = CH3); here steric hindrance at C(3) is also
operative, which should result in the structure (XIX) exclu
sively. With the isomeric carbanion (XX), on the other
hand, the steric factor will act in the opposite direction,
and a mixture of acetylertic and allenic MgBr derivatives
will be obtained:

r β- β'- ι
H3CC=C=CH2 *- I H3CC L.L C — CH2 I -» H3CC=CCH2MgBr.

MgBr

In conformity with these views, it is only in the last case
that formation of a mixture of acetylenic and allenic alco-
hols has been observed61 on reaction with carbonyl com-
pounds. In all other cases 2-acetylenic alcohols are
formed exclusively. The formation of allenic together
with acetylenic alcohols has been established in the reac-
tion of prop-2-ynylzinc bromides with ketones62"65 and in
the Reformatskii condensation of prop-2-ynyl bromides
with aliphatic and aromatic aldehydes 6 6 - 7 0 . Using conden-
sation with acetone as example, however, it was demon-
strated that allenic alcohols are formed, not as a result of
reaction of the allenic ZnBr derivative with acetone, but
from isomerisation of the acetylenic alcohol under the in-
fluence of the zinc salt63»71:

Formation of an allene derivative has recently been
noted in the addition of prop-2-ynyl-lithium to aliphatic
aldimines73 and also in the reaction of orthoformic ester
with prop-2-ynyl-magnesium (or -zinc) halides74»75.

The carboxylation of prop-2-ynylmagnesium halides
with carbon dioxide or chloroformic ester has been known
for a long time. Marvel76 described the preparation of
allenic acids from acetylenic tertiary chlorides. It was
later established that this is a general type of reaction,
Grignard reagents derived from prop-2-ynyl primary
bromides being most readily carboxylated (in yields of 50-
70%) 77 -81-

RCsCCH2Br =C=CH 2 (XXI).

CO2H

Although the reaction is complicated by formation of a di-
meric allenic acid (see Section ΙΠ, 2), in most cases the
allenic acids (XXI) can be easily isolated in the pure form.
Secondary and tertiary prop-2-ynylmagnesium halides show
greater difficulty in reacting with carbon dioxide, but yield
pure allenic acids of the type (ΧΧΠ)82:

C4H,C=CC(R)CH,

Br
(XXII)

where R = H, CH3.

The condensation of dimethylbenzamide with certain sub-
stituted prop-2-ynylmagnesium bromides yields mixtures
of acetylenic and allenic ketones83:

RCsCCH (R') Br
a. C,H ,CON(CH,),

CeH6COC=C=CHR' + RC=CCHCOC,HS

R R'

(b) P r o t o t r o p i c r e a r r a n g e m e n t of a c e t y l -
enic s y s t e m s . Allene derivatives containing COOR,
CN, CO, etc. groups have been obtained by the prototropic
rearrangement of acetylenic compounds in the presence of
bases under comparatively mild conditions. The isomeri-
sation of acetylenic into allenic hydrocarbons is usually
reversible84, although the relative proportions of the
acetylene-allene-diene products are greatly dependent on
the structure of the initial acetylene, and perhaps on the
conditions under which the rearrangement takes place. It
might have been expected that the presence of electron-
-acceptor groups (CN, COOR, CHO, CO) in the allyl posi-
tion relative to the acetylenic bond would not only facilitate
prototropic rearrangement of acetylene to allene but also
stabilise the cumulated system. In fact, the acetylenic
epoxide (ΧΧΙΠ) readily isomerises under the influence of
zinc oxide into the allenic aldehyde (XXTV)85»86:

OH
H 3 C |

H,C
CCH2C=CH

H3C
OH
|

>C-CH=C=CH 2

CHjCOCH,

i X CH.. =C=CHZnBr.

An interesting case of the formation of allenic alcohols
has been observed in the reaction of magnesium halide
derivatives of diene bromides with carbonyl compounds,
which probably occurs by a mechanism of cyclic transfer
of electrons72:

j=C ) \ Ο

CH2=C=CCH2—COH

R

RC=C-C

CH3

(XXIII)

CH3

RCH=C=CCHO.

(XXIV)

The oxidation of 2-acetylenic secondary alcohols 07,72,87-90
with chromium trioxide in acetone and sulphuric acid is
also accompanied by prototropic rearrangement, giving up
to 70% yields of various allenic ketones. Allenic aldehydes
and ketones can be obtained by the acid hydrolysis of buten-
ynyl ethers of the type (XXV)91-94:

R'C5=CCH=CR (OC.H,) - R'CH=C=CHCOR
(XXV)

where R = H, Alk.
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Rearrangement has been observed also in the reaction of
prop-2-ynyl halides with copper and potassium cyanides β*-97,
by means of which several allenic nitriles have been syn-
thesised in up to 50% yields:

RCH=C=CHCN RC=CCHjBr RC=CCH»CN.

The isomerisation of prop-2-ynyl sulphides in the pre-
sence of sodium ethoxide yields allenic sulphides M-IOO.

HCsCCHR (SC,H5) -> H 2C=C=CR (SC,,H6).

Arens has shown also that substituted 1-ethylthioalkynes
(XXVI) on rapid treatment with an equivalent amount of
sodamide are capable of giving a carbanion (XXVII), which
on hydrolysis" or alkylation gives up to 85% yields of the
corresponding allenic sulphides κ»-1»:

" £ _ — RCH=C=CHSCjH,

(XXVI)

R C H C S C S C J H J

RCH=C=CSCjHs

(XXVII)

RCH=C=CR'SCjH,

Under the same conditions only the branched 2-acetyl-
enic ethers (XXVTO) are converted into allenic ethers " J 1 0 4

the 1-acetylenic ethers merely forming 1,3-alkenynes:

RR'CHC=CCHaOCjHt

(XXVIII)
RR'CHCH=C=CHOC2H6.

Prototropic rearrangement takes place very readily with
/3y-acetylenic acids. Thus but-2(and 3)-ynoic acids are
completely isomerised into the allenic acid when heated
with 18% potassium carbonate solution to 40° 1 0 5 or by the
action of sodamide in liquid ammonia106. However,
4-phenylbut-3-ynoic acid under the same conditions forms
an equilibrium mixture with 4-phenylbut-2,3-dienoic acid
in the proportions 2 : 3 . 1 0 7 An equilibrium mixture (1:2)
is obtained also by the isomerisation of 4-phenylbut-2-
-ynoic acid1 0 8:

CtH6C=CCH2CO2H ^ C,H6CH=C=CHCO2H χϊ. Ο , Η ^ Η ^ Ξ Ο Ο Ο , Η .

The esters of these acids undergo rearrangement far
more readily. The reaction is almost quantitative in the
presence of potassium carbonate solution at 20°.105

4-Bromobuta-2,3-dienoic10e and 2-chlorobuta-2,3-dienoic110

esters also have easily been obtained in this way:

XC=CCH2CO2R — XCH=C=CHCO8R

where X = H, Br.

The simplest pentynedioic acid (XXXI) does not exist,
since, on preparation by oxidising the alcohol (XXX)t with
chromium trioxide, it immediately undergoes prototropic
isomerisation into penta-2,3-dienedioic acid1 1 1:

HOCH2CH2C=CCO3H
(XXX)

[ H O J C C H J C ^ C C O J H ]

(XXXI)
HO2CCH=C=CHCOjH.

It has been shown that an allenic system can be obtained
only when its further isomerisation is difficult or altogether
impossible. In this connection it is of interest to note the
prototropic rearrangement of octa-3,5-diyne-l,8-dioic acid
(ΧΧΧΠ), not into the diallenic acid (ΧΧΧΠΙ), but into octa-
-2,4-dien-6-yne-l,8-dioic acid (XXXIV)112:

HO2CCH=C=CHCH=C=CHCO2H < - χ — HOJCCHJ (CEEC)3 CH2COaH

(XXXIII) (XXXII)

->· HOaC [CH=CHkC=CCOjH.
(XXXIV)

t A formula corresponding to (XXIX) does not appear in the
Russian text (Ed. of Translation).

Prototropic rearrangement accompanied by migration
of the double bond has been observedM in the alkaline
saponification of the esters (XXXV), but the allenic acids
(XXXVI) could not be isolated in the pure form:

RC=CCH=CHCH4CO,CH>

(XXXV)
RCH=C=CHCH=CHCO iCH,.

(XXXVI)

Certain hydroxy -compounds, containing a double bond
and a triple bond separated by a methylene group, also re-
arrange into allenic alcohols when boiled with solutions of
bases 7 2 > 1 1 3 - " 5 or with aluminium oxide "s- 1 1 7 :

\C-C=CCH,CH=CH-R -• \c-CH=C=CHCH=CH-R.

OH OH

2. Addition to Butenyne Systems

The addition of various reactants to a butenyne bond
system constitutes a general method for the preparation of
allenes. However, in several cases involving the addition
of alcohols, halogens, and hydrogen halides, this method
is greatly restricted by the difficulty of separating the mix-
ture of acetylenic, allene, and conjugated diene derivatives
which is usually formed. Separation may be achieved by
careful fractional distillation, in which high temperatures
must be avoided as they might cause interconversion of the
isomers. On the other hand, such reactions as the reduc-
tion of butenyne derivatives and the addition of amines and
halide esters usually proceed quite unambiguously, repre-
senting convenient and frequently the only possible methods
for the synthesis of allene compounds containing these
groups in the middle of the chain.

A d d i t i o n of a l c o h o l s . This takes place in the
presence of alkoxides: hexa-l,5-dien-3-yne reacts with
methanol to give 3-methoxyhexa-l,3,4-triene118:

OCH,

H2C=CHC=CCH=CH2 -> H,CCH=C=CCH=CHa.

In the case of butenyne the allenic product formed ini-
tially is converted at ordinary pressure by allene-diene
isomerisation into a 1-alkoxybuta-1,3 -diene, and under
pressure by allene-acetylene rearrangement into an acetyl-
enic ether1 1 0:

HC==CCH==CH2

 C H »° H . CH,=C=CHCHaOCH,
CH2=CHCH=CHOCH3

CH3CsCCH2OCHj

A d d i t i o n of t h i o l s . In the presence of bases,
thiols add to butenyne hydrocarbons mainly at the triple
bond1 2 0"1 2 2: allenic sulphides are formed in insignificant
quantity, and only in the case of butenyne itself has it been
possible to isolate 4-alkylthiobuta-l,2-dienes120,122. The
addition of thiols under radical conditions also results in
partial formation of allenic sulphides123:

HC=CCH=CHa RSH

HjC=CHCH=CHSR

HaC=C=CHCH,SR

A d d i t i o n of h a l o g e n s . Only the bromination of
butenyne and of alkenylacetylenes is of great practical
interest &*>&*. In chloroform and at low temperatures
butenyne is readily brominated to give a good yield of a

237



Vol.36 No.4 RUSSIAN CHEMICAL REVIEWS April 1967

mixture of dibromides in which the allene and diene iso-
mers predominate; with decrease in temperature the rela-
tive yield of the allenic dibromide increases:

RCH=CHC=CH —
BrCH=C=CHCH (Br) R

BrCH=C(Br)CH=CHR

It is possible that the diene dibromide is formed by allyl
isomerisation of the allenic dibromide, which usually takes
place very readily.

1,4-Addition predominates in the case of silicon-con-
taining alkenynes12e. The formation of halogenated allenes
in small amounts has been noted also in the chlorination,
chloroiodination, and halogenoarylation of butenyne and its
homologuesιω.

Addi t ion of h y d r o g e n h a l i d e s . In the absence
of catalysts, hydrogen chloride and hydrogen bromide add
to butenyne 127-129 and its homologues ie>i30-i35 predominantly
in the 1,4-positions to form the corresponding allene deri-
vatives (XXXVn):

RCsC-C=CH2

R1'

RCH=C=CCH2X

RCH-C(X)C(R')=CH,

(XXXVII)

(XXXVIII)

Some formation of halogenated dienes (XXXVIII) also
occurs, either as a result of addition at the triple bond or
by isomerisation of the halogenated allenes (XXXVII), the
latter reaction taking place especially readily in the pre-
sence of copper salts (Cu2Cl2, Cu2Br2). Addition of hydro-
gen halides in the presence of these catalysts yields only
the compounds (XXXVHI)119. When butenyne is hydro-
chlorinated in the presence of aluminium or zinc chloride
instead of copper (I) chloride, the chief product is 4-chloro-
buta-1,2-diene129.

Nazarov and his coworkers6 have established that but-
-3-en-l-ynylmethanols also add hydrogen halides, the
1,4-addition being preceded by replacement of the hydroxyl
by halogen. The resulting allenic dihalide undergoes
spontaneous isomerisation to the final conjugated diene pro-
ducts. Vartanyan136 has recently succeeded in isolating
(in 32% yield) the allenic dichloride (XXXK) by the low-
-temperature hydrochlorination of 3-methylhept-6-en-4-
-yn-3-ol (at 18-20°):

cH3av

OH ci
I CH,X |

>C-CsCCH=CH2 -> >CCCI=C=CHCH,
CH3CH/

(XXXIX)

Addi t ion of c h l o r o m e t h y l e t h e r s . In the pre-
sence of bismuth trichloride as catalyst, addition to buten-
yne 137,ΐ38? hept-l-en-3-yne139, 2-methylbutenyne140, and
hepta-l,6-dien-3-yne141 takes place predominantly in the
1,4-positions to form chlorinated allenic ethers (XL):

RC3=CC=CHa

R1'

R«OCH2C=C=CCH2C1

R R'

(XL)

2,3-Dichlorotetrahydrofuran reacts in similar fashion with
butenyne142.

Ethers of secondary and primary alcohols derived from
butenyne have recently been studied in this reaction143. It
is interesting that allenic products are formed also in the
reaction of t-alkyl halides with alk-l-en-3-ynes144 in the
presence of zinc chloride, the radical adding on to the
double bond to give Ο ^ Ο Ο Ι ^ Ο Η Ο Η ^ Ο Ι ^ . The reac-
tion goes in the same direction (alkyl at the double bond) in

the addition of trichloroacetic ester to alkenynes145 with
formation of (XLI):

CH,=CRC==CH c c l ' c o ' E t , C1CH=C=CRCH,CC11CO]AH·
(XLI)

where R = H, CH3. In contrast to this, addition of t-butyl
chloride to butenyne takes place only at the triple bond,
with formation of a halogenated diene (XLII)119:

ci

t-C4H/:H=C-CH=CH1 (XLII).

Addi t ion of hydrogen. 1,4-Addition of hydrogen
to but-3-en-l-ynylmethanols, with formation of the corres-
ponding allenic alcohols as side-products, has been ob-
served during cathodic reduction14e and during hydrogena-
tion with coppered zinc dust147. However, these reactions
have not yet been used successfully for the preparation of
allenes.

In 1954 Jones and his coworkers14S studied the reduction
of butenyne systems with lithium tetrahydroaluminate.
Under these conditions alcohols of the type (XLEQ) are
selectively reduced (as a result of 1,4-addition) to give
good yields of penta-3,4-dien-l-ol derivatives (XLIV)149-152:

RC=CCH=CHCHaOH -» RCH=C=CHCHtCH,OH.
(XLIII) (XLIV)

Further investigation of this reaction established that the
presence of an allyl hydroxyl is a necessary condition for
reduction to an allenic system. The simultaneous pre-
sence of allyl and prop-2-ynyl hydroxyls leads to the for-
mation of a mixture of 1,2- and 1,3-diene compounds149.
A similar type of reduction is observed with butenyne sys-
tems containing conjugated double149»152 or triple153»184

bonds, the presence of which not only fails to prevent for-
mation of an allenic system of double bonds but in fact con-
siderably increases the rate of reduction:

H[C=C],CH=CHCHOH >• H[C=C]2CH=C=CHCH2CHOH-

CH=C=CH

However, the compound (XLV) could not be reduced in this
way154:

Η [C=C], CH=CHCH=CHCHOH _ χ _> Η [C=C]2 CH=C=CHCH=CHCH2CHOH—.

(XLV)

A kinetic study of the reduction of various types of un-
saturated alcohols with lithium tetrahydroaluminate has
shown155 that nucleophilic addition of a hydride ion is the
rate-determining stage in this reaction. In conformity
with this, the mechanism of the reduction of pentenynol
derivatives (XLVI) to allenes (XLIV) can be represented by
the scheme

RC=C-H;H=C.H— CH,

RC=C=CHCH2CHj0At<
HjO

Results confirming the correctness of this mechanism
have been obtained in a study of the reduction of 5-phenyl-
pent-2-en-4-yn-l-ol (XLVII) with lithium tetrahydroalumi-
nate and its deuterium analogue followed by decomposition
with heavy and ordinary water respectively. The scheme
below shows that only with the above reaction mechanism
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can deuterated allenes (XLVm) and (XLK) be formed, the
position of the deuterium in these compounds being proved
by ozonisation to the corresponding monodeuterated alde-
hydes 1 5 δ:

^ C,H,CH=C=CHCHDCH1!OH

(XLVIH)

C,H,CD=O

C,H5C=CCH=CHCH,OH \ ^ " ' > C,H,CH=C=CHCHDCH1!OH ^> OHCCHDCH.OH

<XLVII) J«-D,O

C,H lCD=C=CHCH2CH iOH
(XLIX)

An unusual and extremely simple method of synthesising
allenes, suggested by Bohlmann154, is based on the reduc-
tion of alkenyne systems with aluminium amalgam in moist
ether by Kuhn's method. Addition of hydrogen to the com-
pound (L) takes place in positions 2 and 9, to give a very
good yield of trans-trans -mycomycin (LI):

Htc=C]2C=C—CH=CH—CH=CK—CH==

ί α)
CHCO2CH3

Η

— · - H[C=C]jCH=C=CH—[CH=CH]iCH2COjCH3.

(LI)

This new method of synthesising allenic structures evi-
dently shows great promise for the preparation of complex
natural allenes, and will undoubtedly find wide application.

Addit ion of p r i m a r y and s e c o n d a r y a m i n e s .
Addition of these compounds to butenyne usually takes place
on heating in an autoclave at 100°, and is a promising
method for the preparation of allenic amines (LII, R = Η)1 5 β:

R C E C C H = C H 2
RCH=C=CHCH2NRJ.

(LII)

The same reaction has found application in the synthesis of
allenic diamines (LII, R = CH^N-C)157. Alcohols containing
the butenyne system and hexa-l,5-dien-3-yne hydrocar-
bons1 5 7 readily add amines in the 1,4-positions, but, under
the reaction conditions with excess of amine present, the
resulting allenic amino-alcohols are readily isomerised to
acetylenic derivatives:

more complicated, a mixture of allenes and cumulenes
being obtained1M. In the above reactions lithium deriva-
tives of allenes are obtained as intermediate products,
which opens up wide possibilities for the synthesis of
various allenic compounds. Several reactions of 1-ethyl-
hexa-l,2-dienyl-lithium have so far been studied. Its
condensation with formaldehyde, oxiran, and many car-
bonyl compounds, both saturated and unsaturated, has led
to the synthesis of a large number of allenic alcohols we-we

CsH6C=C=CHCiH, + RR'CO

Li

RR'C-C=C=CHC,H7.

OHQHj

It is very significant that addition of allenyl-lithium at the
multiple bonds in the starting materials was not observed.

The allenic structure of the initial allenyl-lithium is
preserved also during carboxylation1ββ, addition of pyri-
dine and benzonitrile, and reaction with sodium benzoate170:

RC=C=CHC,H7

Li

C,H6COC=C=CHC,H7

where R = CH3, C2H5.

Alkenynyl-silicon and -germanium compounds on addi-
tion of lithium alky Is l 7 1 " 1 7 4 and dialkyl-lithamides175 yield
mixtures of difficultly separable allenic and acetylenic
products.

Other instances are known in which allenic derivatives
are formed as a result of addition to butenynes. Among
them are the reactions of butenyne amines with carbon di-
sulphide17β, and also the formation of allenic lactones by
the decarboxylation of malonic acids of the type (LV)177»178:

CH,

(LV)

HC=CC=CCHSC (COaH)s

I I I
HSC CH, CH,

RR'CC=CCH=CH2 -» I RR'CCH=C=CHCHaN</

OH
L I

RR'CCH3C=CCH2N<^

OH OH

Addit ion of o r g a n o l i t h i u m compounds.
Petrov and Kormer158 suggested a simple and general route
for the preparation of allenes, based on the interaction of
alk-l-en-3-ynes with organolithium compounds. This re-
action involves an intermediate stage in which an allenyl-
-lithium is formed (with lengthening of the chain), hydro-
lysis of which gives good yields of allenic derivatives 18β~1β2:

AlkC=CCH=CH2
- 5 = i U A1kC=C=CHCH.8R

Η,ο/ I
/ Li

AlkCH=C=CHCH,R

etc.where R = Alk, Ar, pyrid-2-yl, R£P,
Addition of lithium alkyls to butenyne alcohols1β3 and to

alkylthiobutenynes1M yields allenic alcohols (LIQ) and sul-
phides (LIV) respectively.

\">CCH=C=CHCHiAIk, AlkCH2CH=C=CHSR

OH
(LII I) (LIV)

In the case of chlorides and ethers containing a butenyne
system the course of the reaction with lithium alkyls is

3. Other Methods

Dehydrohalogenation and pyrolysis are widely used for
the preparation of polyhalogenated allenes. Blomquist179

obtained 1,1-difluoroallene from ethylene and dibromodi-
f luoromethane by a series of successive dehydrobrominations
and brominations. This product has also been obtained by
the pyrolysis of l,l,2,2-tetrafluoro-3-methylenecyclobutane
and of 2,2,3,3-tetrafluorocyclobutylidenemethyl acetate1 8 0.

Dehydrohalogenation of the corresponding halogenated
hydrocarbons by means of powdered or alcoholic potassium
hydroxide or of sodamide has been used to obtain perfluoro-
allene181, halogenoarylallenes188»183, 4,4,4-trifluorobuta-
-1,2-diene184, and alkoxyarylallenes185"188. The extremely
reactive perchloroallene (LVI), which usually exists in
dimeric form (LVII)190»191, was obtained by Roedig192 by the
dehydrochlorination of pentachloropropene with sodamide in
liquid ammonia:

C1 2 C=CC1CHC1J Cl aC=C=CCl,

(LVI)

c,

Cl,—\

(LVII)
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This worker has recently succeeded in obtaining tri- and
tetra-bromoallenes w s by the reactions

Br

I

Bri

Br.
Br,C=C=CHBr \— Br,C=C=CBr,.

Arens i**»»» noted the formation of considerable quantities
of allenyl ethers when the cis -forms of /3-halogenoalkenyl
ethers were subjected to prolonged heating with caustic
potash. A more unequivocal result is obtained with allenic
systems in which the structure is fixed "β-1 8 8:

CH,=C=CHCN (CO,CH,).

Isolated examples have been reported of the preparation
of functional derivatives of allenes by the dehydration of
alcohols ω β and the cleavage of acetals200, nitro-deriva-
tives a01, triglycerides 202, and derivatives of cyclobutane 2 0 s

and cyclopropane 20*.

The reaction of but-2-ene-l,4-disulphonyl dichloride
with ammonia and primary amines is accompanied by the
evolution of hydrogen chloride and sulphur dioxide with the
formation of allenic monosulphonamides205:

C1SO,CH,CX=CHCH,SO,C1 " ' > CHi=C==CXCHsSOiNHR

where X = H, Cl, CH3.

The cleavage of ^em-dihalogenocyclopropane derivatives
with lithium alkyls in ethereal solution provides a simple
and convenient method of obtaining certain allenic ethers 20e>207:

.ci
-» C H J = C = C C H S O C J H , .

CH3

The successive action of dibromocarbene and butyl-
-lithium on unsaturated alcohols208 or 2-substituted dioxO-
lan derivatives 20B yields the corresponding allenic alcohols
and acetals in 15-85% yield:

Cf l a =

CHS

Ο—ι

o—l
CH,=C=CCH 2 C/ I .

CH, CH,

The Wittig reaction has recently found application for the
synthesis of 1,2-dienes. It has been used to obtain, from
acid chlorides210 (or ketens)211 and the appropriate phos-
phoranes, allenic esters of types (LVm) and (LDC) respec-
tively.

RCH=C=CCO1C,H, (C,H,),C=C=CHCO,C,H,

CH,
(LVIII) (LIX)

Optically active allene-1-carboxylic acids have recently
been prepared in this way a u . Alka-3,4-dienoic acids (LX,
R = H, CH3) are formed on ultraviolet irradiation of the
alka-2,4-dienoic acids213, but the yields are low:

RCH=CHCH=CHCO,H - RCH=C=CHCH,CO,H. (LX)

Several papers have been published on elimination reac-
tions of enol phosphates (LXI)108»214»218:

RCH,COCH,R' - RCH,C=CHR' - RCH,C=CR'+ RCH=C«CHR'

ΟΡΟ (OC.H,),
fLXI) (LXII) (LX1II)

These reactions take place under comparatively mild alka-
line conditions (at 25°), and simulate the biogenetic path
for the synthesis of acetylenes in Nature i«*,a«. Cymerman-
-Craig and Moyle10B have shown that, in the presence of
activating groups (CeH5, COOH), enol phosphates (LXI) are

extremely readily converted into allenic compounds. The
normal acetylenic products (LXII) formed at the same time
may isomerise with (LXm) under less basic conditions than
are required for formation of the acetylenic group. The
elimination of enol phosphates may, perhaps, be regarded
as a chemical model of the biogenetic route for the forma-
tion of allenes in Nature.

ΙΠ. CHEMICAL PROPERTIES AND REACTIONS OF
FUNCTIONAL DERIVATIVES OF ALLENES

In conformity with the structure of allene 21β»217, its
functional derivatives are characterised by three types of
chemical reactions — (1) reactions of the functional
groups, not involving the allenic system, (2) additions at
the allenic bonds, and (3) reactions involving isomerisation
of the allenic system.

1. Reactions Not Involving the Allene Bond System

In halogenated allenic derivatives the halogen is extremely
mobile, and can undergo various substitutions under the in-
fluence of neutral or weakly basic reagents (sodium car-
bonate, sodium acetate, potassium bromide, potassium
iodide) 12e>139»143»218. Thus the action of amines on4-chloro-
buta-1,2-dienes has given various allenic amines "β, 139-143,15̂
the allene group in which is preserved on formation of the
derivatives and on reaction with phenyl isocyanatelse:

")C=C=CHCH2C1 :=C=CHCH,NHCH, Ο,Η,ΝΗΟ NCHaCH=C=«C<('.

CH,

4-Chlorobuta-l,2-diene undergoes substitution with benzyl-
magnesium and especially phenylmagnesium bromide, to
give allenic hydrocarbons219:

R

With other organomagnesium compounds 2 1 9"2 2 1 and with
magnesium222, however, only conjugated dienes are formed.

Penta-3,4-dienoic acid reacts with organomagnesium
compounds to form a dimagnesium derivative, which with
benzophenone yields an allenic product (LXIV)223:

CH,=C=CHCH,CO,H R M g X » CH,=C=CH

MgX

ICHCO,MgX
(CHQ.CO

OH

- (C.H.)»,C-CHCH= =C=CH,

CO,H
(LXIV)

The reduction of 1-halogenoal lenes with a z i n c - c o p p e r
couple in alcohol p r o c e e d s without affecting the double
bonds 2 2 4 , and prov ides a genera l method for the s y n t h e s i s
of a l len ic hydrocarbons 1 . R o e d i g 1 8 2 succeeded in reducing
l , l-d ichloro-3,3-bischlorophenyla l lene by m e a n s of z inc
dust in pyridine and g lac ia l acet ic acid:

The a l lene group r e m a i n s unaffected in the reduction of
a l len ic ketones with lithium tetrahydroaluminate β»»90»98»225.
The oxidation of /3-allenyl a lcoho ls with chromium tr ioxide
g i v e s moderate y i e l d s of the corresponding a c i d s i5 3»2 2 6»2 2 7:

RCsCCH=C=CHCHsCHiOH -• RC=CCH=C=CHCH,CO2H.

2-Butylbuta-2,3-dienoic acid i s stable to heating, and
with e x c e s s of ethyl vinyl ether at 100° g i v e s a quantitative
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yield of the esterification product (LXV)228; the ketone
(LXVI)67 has been obtained by the action of methylmagnes-
ium iodide on the chloride of this acid:

CHSCOC=C=CH2

C4H,
(LXVI)

CO2H

C4H,C=C=CH2

(LXV)

Allenic amides have also been obtained via the acid
chlorides43»78. Kohler229 prepared from 4-naphthyl-2,4-
-diphenylbuta-2,3-dienoyl chloride the corresponding car-
boxymethyl ester, which he separated into two optical
enantiomers. In order to preserve the allene group in the
original molecule, reactions must be conducted under mild
and rigorously controlled conditions. However, side-
-reactions involving addition at the allenic bond system fre-
quently OCCUr 68,105,107

An interesting rearrangement into acetylcyclopro-
panes2 2 5*2 3 0 has recently been observed in the hydrolysis of
sulphonates of the type (LXVII):

CH2=C=CHCH2CHROSO2Ar -> CHSCO-

\ /
(LXVII)

where R = H, CH3.

The allenic system is preserved in the unsymmetrical
condensation of 1-halogenoallenes231 by the Chodkiewicz
method:

X C = C = C H B r + HC=CR C " * / C ' H » N H ? X C = C = C H C = C R .

This is probably the most promising method for synthesis-
ing allenyne systems related to those occurring in Nature.

isopentane, and small quantities of alkenes. A more de-
tailed study has been made of the reduction of 1-chloro-
-3-methylbuta-l,2-diene234 with lithium tetrahydroalumi-
nate, when two competitive reactions are involved —
(a) replacement of chlorine by hydrogen (or deuterium),
accompanied by complete allene-acetylene rearrangement,
and (δ) addition of the reagent at the allene double bonds,
leading on subsequent hydrolysis to a mixture of the above
hydrocarbons.

Addi t ion of w a t e r , a l c o h o l s , t h i o l s , and
a m i n e s . Addition of these compounds, which is charac-
teristic mainly of the acetylenic bond, takes place readily
also with allenes. However, lew examples of these reac-
tions are known. 4-Chlorobuta-l,2-diene adds water in
the presence of concentrated sulphuric acid127, and allenic
ketones are readily and quantitatively hydrated by dilute
acids72,90.

The action of 30% sulphuric acid on 1,5-diphenylpenta-
-2,3-diene-l,5-dione gave a 40% yield of the corresponding
4-pyrone (LXX), whose formation probably involves the
iniual addition of water87»90:

C,H5COCH=C=CHCOC,H5

/ \

C.H, Ο C.H,

(LXX)

l,5-Bisdialkylaminopenta-2,3-dienes are hydrated when
heated with mercury salts1 5 7:

2. Addition Reactions

R e d u c t i o n . The double bonds in allene readily
undergo catalytic hydrogenation over platinum, palladium,
or Raney nickel, with high yields of the resulting saturated
products, and this method is widely used for the establish-
ment of structure.

Incomplete hydrogenation of buta-2,3-dienoic acid in the
presence of 1.5% of palladium on calcium carbonate gave
cis -crotonic acid exclusively105, i.e. the product resulting
from addition of hydrogen at the 0y-double bond on the side
opposite to the carboxyl:

1 I
H,C=C=(

V CO 2 H
>C=C<

X2Oj

The hydrogenation of 2-butylbuta-2,3-dienoic acid proceeds
similarly232, addition of hydrogen taking place at the less
substituted double bond. Addition of hydrogen at one of the
double bonds has been observed in the hydrogenation of the
polyenol (LXVDI) in the presence of nickel115, and also in
the hydrogenation of the acid (LXK) over platinum233:

\ / CH 8

ι ι ι
S CH=C=CH-C=CHCH 2 OR

\ / \
OH

(LXVIII)

CH,
II I I

(HO2C)2 C—C-C=C=CH 2

I I
C4H, C4H,

(LXIX)

The reduction of 1-halogenoallenes with lithium tetra-
hydroaluminate shows very unusual features. Allenic
chlorides49 give mainly alkenes, alkanes, and small
amounts of alkynes. In contrast to this, l-bromo-3-
-methylbuta-l,2-diene16 gives a 75% yield of a mixture of
hydrocarbons comprising 61% of 3-methylbutyne, 36% of

Allenic acids have been found to add water also in alka-
line media105»107. Extraordinarily ready formation of the
hydroxy-ketone (LXXII) was observed№ on reduction of the
sodium salt of the keto-acid (LXXI) with an alcoholic solu-
tion of potassium tetrahydroborate:

CH,[CH?]liCOCH=C==CH[CH2]7CO2Na K B H «

(LXXI)

, CHCH2CO [CH^j,

OH
(LXXII)

It is interesting that hydration of the acetylenic acid
(LXXm) by mercury salts in sulphuric acid gives an iso-
meric hydroxy-keto-acid (LXXIV):

CH, [CH,], CHCH2CH2CO [CH2], CO2H

OH (LXXIV)OH (LXXIII)

Addition of alcohols and amines to allenes containing
electronegative groups (CN, COOR, CO) takes place under
considerably milder conditions than with acetylenic deriva-
tives, the addition occurring at the unsubstituted double
bond105»235. Brief treatment of buta-2,3-dienoic ester with
aqueous-alcoholic caustic potash solution gives mainly
β -ethoxycrotonic ester 1 0 5. Piperidine and even aromatic
amines add vigorously to an allenic ester even at room
temperature, with formation of the corresponding β -sub-
stituted derivatives of crotonic ester 1 0 S:

CHj=C=CHCO,R C,H6NHC=CHCO2R

CH,

Alcohols, amines, and thiols add at the unsubstituted
double bond also in buta-2,3-dienenitrile97»236. Addition of
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substituted hydrazines is accompanied by ready cyclisation
with the formation of an alkylated aminopyrazole (LXXV)97:

CH,=C=CHCN
RNHNH,

CH,—C-CH
II II

» Ν CNH,
\ /

Ν

R

(LXXV)

Allenic ketones give quantitative yields of the corres-
ponding pyrazoles and oxazoles on reaction with hydrazine
hydrate 90>94»237 and hydroxylamine72. An interesting case
of intramolecular addition has been observed with the buta-
diynylallenic alcohol (LXXVI)15S:

Η [C=C],CH=C=CHCH,CH>OH -» Η [C=C]2CH=

(LXXVI)

Such intramolecular additions may be of interest for the
synthesis of various heterocyclic systems90»97. 1,3-Di-
polar cycloadditions can also be used for this purpose.
Success has recently been achieved in condensing buta-2,3-
-dienenitrile with various diazo-ketones238 and obtaining
the corresponding triazole and pyrazole derivatives:

R—COCH—N=NC H N N RCO—C Ν

H—Ν

N

Addi t ion of h a l o g e n s and h y d r o g e n h a l i d e s .
Addition to allenic compounds usually occurs very easily.
Thus perchloroallene192 and perfluoroallene W l add two
moles of chlorine even at -75°, and with 1,1-dichloro-
-3,3-di-P-chlorophenylallene182 the reaction goes quantita-
tively at 20°. In the dark, however, perf luoroallene adds
only one mole of chlorine and hydrogen halides 2 3 8 . On
brominating 1,1-difluoroallene Blomquist179 obtained a
tetrabromide, but l-chloro-5-ethoxy-4-methoxymethylene-
penta-2,3-diene143 and l,l-dichloro-3,3-bischlorophenyl-
allene182 at 20° add bromine at only one double bond. Both
the nitrile9 7 and the ester1 0 5 of buta-2,3 -dienoic acid add
only one molecule of bromine, at the unsubstituted double
bond:

H sC=CClCHjCO iCH s

HC1/CH.OH
H,C=C=CH—CN BrCH2CBr=CHCN.

The addition of hydrochloric acid, however, takes place
with the formation of /3y-unsaturated derivatives97»105. A
similar type of addition has been observed also in the acid
hydrolysis of the nitrile of octa-l,2-dienedicarboxylic
acid95.

The literature describes several examples of the addi-
tion of Grignard reagents at allenic double bonds. Mention
has been made above 7 8 of the preparation of the allenic di-
carboxylic acid (LXLX) by carboxylation of the organomag-
nesium derivative obtained from l-bromohept-2-yne, the
reaction probably being represented by the scheme 2 3 3

C4H9C=CCH2Br

HO2C CHj

C4H»C—C—C=C=CH

HO 2 C C 4 H 9

C,H9C=CCH2

+ co2

MgBr *• C4H9C=C=CHj

I CO2MgBr

CO2

I
_H 2 C C4H9

C4 H 9 — C — C — C = a G = C H 2

CO2MgBr

MgBr

It has also been shown232»239 that the addition of organo-
magnesium compounds to 2 -butylbuta-2,3 -dienoic acid
followed by carboxylation yields the unsaturated acid
(LXXVn):

XMgC,H,

C 4 H,C=C=CH a

CO,H

C ' H l M g X

CO8H

^ - C4H,

CO,H

! C = C H ,

Ο,Η,

(LXXVII)

The structure of this acid (LXXVII) shows that the reaction
results from addition at the αβ-double bond, not from 1,4-
addition. Allenic ketones 72,89,90 w ith ethylmagnesium
bromide also give products in which the ethyl group has
been added at the allenic bond system, their formation pro-
bably involving a mechanism of cyclic transfer of elec-
trons78»240 (A):

H-V1

(A)

This mechanism may be supported by the formation of
normal Grignard reaction products of allenic ketones with
allyl and prop-2-ynyl halides, which is also interpreted by
an electron-transfer scheme. Formation of a six-
-membered ring is preferable to an eight-membered ring
for normal addition at the carbonyl group (B), which might
have occurred in addition of allyl (prop-2-ynyl) at the
allenic system. Such an explanation, however, is not the
only possible one, and the direction of the reaction may
also be subject to steric factors 8 4 1 .

T h e r m a l d i m e r i s a t i o n . This is more charac-
teristic of halogenated allenes than of allenic hydrocarbons 3 .
The reaction usually occurs even at low temperatures, and
results in four-membered dimethylenecycloalkanes 1β>"°>
ieo-182,190-193,242̂  whose structure as 1,2:1,2-addition pro-
ducts (LXXVm) has been established by means of their
infrared and nuclear magnetic resonance spectra and their
chemical reactions:

ΪΤ \/
(LXXVIII) (LXXIX) (LXXX)

where R = Cl, Br, F and X = Cl, Br. It has recently
been shown ^ J 8 4 3 that the dimerisation of 1-halogenoallenes
may result in 1,2:2,3-addition products, (LXXIX) and
(LXXX). Dimeric products are formed also under the in-
fluence of acidic reagents, such as acetic acid, thionyl
chloride, and phosphorus tribromide β44»24*.

Halogenated allenes can undergo cycloaddition as well
as dimerisation. Reaction of 1,1-difluoroallene with
acrylonitrile, maleic anhydride, and azoformic ester
yields the corresponding four-membered adducts180

I I I ! / J.—IJI-CO2R

Wotiz228 noted that 2-butylbuta-2,3-dienoic acid does not
undergo the Diels-Alder reaction, either as a diene or as
a dienophile. It was subsequently shown, however, that
allenic derivatives can be used as dienophiles of an unusual
kind. Buta-2,3-dienoic acid was found246 to give with
cyclopentadiene.an adduct of the type (LXXXI): Analogous
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products are formed by the condensation of the correspond-
ing nitrile9 7 and of allenic ketones847 with cyclopentadiene,
furan, and certain other dienes.

OOH(CN.COR)

= O, CHj
(I. XXXII)

Roedig192 has been able to effect the diene condensation
of perchloroallene with cyclopentadiene (LXXXII) at -10°.
The diene condensation of cyclopentadiene with optically
active penta-2,3-dienedioic acid has recently been success-
fully employed248 to establish the absolute configuration of
the acid.

3. Isomerisation of Allenic Compounds

Isomerisation is a most characteristic feature of allenic
derivatives. Under the influence of a solution of copper (I)
chloride in concentrated hydrochloric acid, 1-halogeno-
allenes readily isomerise into conjugated 1-halogenobuta-
dienes8»9»14»64. Jacobs and Petty1 β obtained a mixture of
equal quantities of cis- and iraws-l-bromo-3-methylbuta-
-1,3-dienes by the thermal isomerisation of l-bromo-3-
-methylbuta -1,2 -diene:

RCHjCR'=C=CHX- RCH=CR'CH=CHX.

However, certain 1-halogenoallenes could not be isomerised
under these conditions 10>13β>157.

The interesting isomerisation has recently been des-
cribed of tetraphenylhexa-2,4-diyne-l,6-diol in the pre-
sence of phosphorus tribromide in acetic acid245, resulting
in the fulvene (LXXXHZ), this reaction undoubtedly involv-
ing intermediate allenic structures:

OH OH

C((C,Hj),C[C=C],C(CeH5),

Br

κ
C>(CeH5),C=C= C = C ' / B

CeHs J

C,H5

(LXXXIIa)

Acetylene-allene isomerisations have already been
mentioned above. Approximate heats of isomerisation (in
kcal mole"1) have been determined249 for certain types of
unsaturated compounds, which permitted these systems to
be arranged as follows according to their tendency to inter-
conversion

1-1.8 ,1-4.8

CH,CH=C=CHCHSR — n CHSCSCCHJCHJR

I -13.7 j -7.2

CH2=CHCH=CHCHjR - — CHj=CHCHsCH=CHR

When discussing isomerisation in a series of functional
derivatives of allene, however, we must bear in mind that
the direction of isomerisation depends to a certain extent
also on the nature of the functional groups. For example,
allenic ethers 2 5 0 are in equilibrium with alkoxyacetylenic
structures:

CHS=C=CHOR ; i CHSC=COR

On the other hand, the isomerisation of derivatives of
penta-2,3-diene-l,5-diol189 and of allenic acids105»227 yields
only acetylenic compounds:

CH,CH=C=CHCO,H -» CH,C=CCHjCO,H.

The isomeric penta-3,4-dienoic acid1 3 8 and other /3-func-
tional allenes »o,aei a r e converted under the same conditions
into 2,4-diene derivatives:

CH2=C=CHCH,CO,H -» CHS=GHCH=CHCO,H.

Allene-acetylene isomerisation plays an important part
in establishing the structure of naturally occurring allene-
polyynes. The mechanism of this rearrangement includes
initial detachment of a proton by a strong base followed by
its addition to another carbon atom of the molecule M . In
the case of my corny cin852»253 the rearrangement consists in
migration of two protons and conversion of the allenediyne
grouping (LXXXm) into the corresponding alkatriyne deri-
vative (LXXXIV):

•CHj[C=C]3

(L XXXIVI

However, the methyl ester of trans -mycomycin (LI) very
readily underwent alkaline isomerisation with the forma-
tion of the tridecatetraenediynoic ester (LXXXV), whose
structure was proved by an alternative synthesis154:

Η [Csqj—CH=C=CH [ΟΗ
(LI)

. Η [C=C]s f3H=CH]1COtCHs

(LXXXV)

Interesting isomeric rearrangements have been observed
with the allenic compound (LXXXVI)115. During chromato-
graphy on aluminium oxide it could already change into the
acetylenic product (LXXXVII), and when boiled with alco-
holic caustic soda it gave a mixture of (LXXXVII) and
(LXXXVHI):

CH.CH.OCH,

^ ^ (LXXXVII)

H,OCH,

^ • ^ ^ (LXXXVIIf)

The polyenediol monomethyl ether (LXVin) when boiled
with lithium tetrahydroaluminate in ether isomerises into
the methyl ether of vitamin A (LXXXK), and on treatment
with chromium acetate in strongly alkaline medium is con-
verted into the retro -compound (XC)115:

H.CH.OCH,

— ^ - (LXXXIX)

Isomerisation of an allenic system is observed also in
the abstraction of hydrogen halide from allenic chlor-
ides132»254 and dibromides125»128, and also during the de-
hydration of allenic alcohols formed by the Reformatskii
reaction β8~70:

OH

RCHSCH=C=CHCH2C! - RCH=CH—C=CH <- RCHCH=C=CH3
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The cleavage of allenyl sulphides with sodamide258,
which gives 80-90% yields of a mixture of cis- and trans -
-isomers, may be of value for the preparation of substi-
tuted butenynes:

CH,CH=C=C(R)SR' RCH=CH-feCH.

Substitutions in the halogenated allene series are often
accompanied by isomerisation of the allenic system of
double bonds. Although l-chloro-3-methylbuta-l,2-diene
does not react with silver acetate M and undergoes practi-
cally no solvolysis in 80% alcohol at 25°,2W the allenyl
chloride (XCI) is 90% converted into an acetylenic alcohol
when heated with an alcoholic solution of silver nitrate52:

(XCI)
— ( j — —

s
ο

l-Bromo-3-methylbuta-l,2-diene reacts similarly with
sodium iodide and with sodium phenyl sulphide, giving the
corresponding acetylenic derivatives1β. The action of
ethoxy-l,2-dibromoethane on l-bromo-3-methylpenta-l,2-
-diene also yields mainly acetylenic derivatives (XCII)257:

c,a,o CH,

C,H6C=C=CHBr + BrCHCH,Br -* BrCH,CH-C-CsCH.

CH» OC,H, (XCD) ^«^»

Interesting results have been obtained in a study of the
solvolysis of 1-halogenoallenes. It has already been re-
marked above that l-chloro-3-methylbuta-l,2-diene under-
goes practically no solvolysis in 80% alcohol. In the pre-
sence of bases, however, the reaction is greatly accele-
rated, with the formation of 2-methylbut-3-yn-2-ol and its
ethyl ether. A similar result is obtained with 3-chloro-
-3-methylbut-l-yne25e. To explain these results, it was
suggested that the rate-determining stage of the reaction
was abstraction of a proton with formation of an inter-
mediate carbene (XCm):

C-* (CH,),C-C=CH

OR

(CH,)SC=C=CHC1; • (CH,)jC=C=SCl • • (CH,),C=C=C:
(XCIII)

where R = H, C2H5. This mechanism of allene-acetylene
rearrangement has found further support in the detailed
work of Shiner and Wilson17, who studied the kinetics, salt
effect, deuterium exchange with the solvent, and the rela-
tive proportions of the reaction products.

The reaction of 1-halogenoallenes with styrene in the
presence of potassium t-butoxide, with the formation of
(XCIV)

(CH,)2C=O=CHX+C,H,CH=CH, 5ώ25_» C,HS——-=C=C (CH,),

(XCIV)

where X = Cl, Br, also takes place by a carbene mechan-
ism258'259. Alkynes of various structures258,260"262 and
dicarbene (:C=C=C:)263,264 have also been used as starting
materials in the above reaction with cyclohexene, isomeric
butenes, and other alkenes.

Formation of allenecarbene as an intermediate product
has recently been observed in a study of the reaction of
Grignard reagents with prop-2-ynyl bromides265:

RMvBr *-\ /->. J^\
HC=CCH2Br >-Bi—CH2—C=C—MgBr —

The accompanying formation of allenic hydrocarbons can
best be explained by means of an intermediate allenecar-
bene.

IV. NATURALLY OCCURRING COMPOUNDS OF ALLENIC
STRUCTURE

The number of compounds of this type is not yet large,
but they constitute a very interesting group of optically
active compounds exhibiting a broad spectrum of anti-
microbial and fungicidal action. In chemical structure
these compounds are polyunsaturated functional derivatives
containing acetylenic, polyene, and allenic groups. The
first representative of these substances was mycomycin
(LI), which was isolated from the mould Nocardia acido-
phylus by Johnson and Burdon266 in 1947. This antibiotic
is very unstable in the crystalline state, and can be stored
only in solution at -40°; it decomposes explosively at 75°.
The structure of mycomycin was elucidated by Celmer and
Solomons 252»ae7, who established that it contains an un-
branched chain of carbon atoms with the empirical formula
C13H10O8. Absorption bands in the ultraviolet and infrared
spectra β6»267 indicate the presence of diene and diyne
groupings, unconjugated car boxy 1, an allenic group, and
ethynyl hydrogen. This together with other data has
enabled mycomycin to be assigned the structure trideca-
-irans-3,cis-5,7,8-tetraene-10,12-diynoic acid (LI). In
the presence of small amounts of alkalis, mycomycin
undergoes isomerisation into the optically inactive iso-
mycomycin (XCV), whose structure as trideca-irans-
-3,irans-5-diene-7,9,ll-triynoic acid was confirmed by
spectroscopic data and its complete synthesis by Bohlmann
andViehe268 in 1954:

H[C=C]aCH=C=CHCH=CH—CH=CHCH2COIH
eis trans

(LI)

C H , - [C=C], [CH=

(XCV)

Η [CH=CH]aCHO '· " , ^ / - HC=C [CH=CH],CH4Br - H

1. CH, [C=C),H

2. H,O+/CH,OH

Bohlmann and Sugrow154 synthesised trans-trans -mycomy-
cin by reducing with aluminium amalgam the trideca-
-2,4,6-triene-8,10,12-triynoic esters (L) obtained by the
reactions

OHC [CH=CHIaNCliHli

 H [ C S C 3 ' L ' ' Η tC=C] s [CI^CHkCH

CH,

Η fcsC], [CH=CH]SCHO -• Η [C=C], [CH=CriJ,COsR -^—* trant-tron»-(Ll)

(D

Synthetic trans -mycomycin is more stable towards alkalis,
and its isomerisation half-life at pH 7.5 is 115 h, compared
with the 3 h for natural cis -mycomycin154.

Two other antibiotics having an allenic structure —
nemotin (XCVII) and nemotinic acid (XCVI) — have been
isolated from cultures of Poria tenuis, P. corticola, and
the fungus B-841 (an unidentified Basidiomycete from white
cedar)aee-271. These two biologically active substances
are very similar in their bactericidal spectrum, but differ
considerably in fungicidal activity; they are very toxic,
and cause contact dermatitis869.

Both substances are extremely unstable, and can be pre-
pared only in solution. When an attempt is made to isolate
them from solution by lyophilic drying, they are converted
into a dark polymeric mass270. Their ultraviolet and
infrared spectra, catalytic hydrogenation, and chemical
behaviour in alkaline and acid media253»272 indicate that
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nemotinic acid is a 4-hydroxyundeca-5,6-diene-8,10-diynoic
acid (XCVI, R = H), while nemotin is its lactone.

Study of the chemical transformations of these anti-
biotics showed 2 δ 3 that at pH 10 nemotin undergoes rearrange-
ment with cleavage of the lactone ring and formation of
nemotin A (C, R = H). In contrast to this, nemotinic acid,
which contains the same chromophoric group as does
nemotin, is converted in alkaline medium into isonemo-
tinic acid (XCVHI, R = H), from which the alkatriynoic
lactone (XCIX) is readily formed; this compound can be
further converted into nemotin A (C, R = H):

OH

R [C=C],C=C=CHCHCH,CH,CO,H

|Ho>H-Q)HO- Η | H Q)H (XCVI)

•»R[C=C]jC=

(XCVI1) H

RtC=C3,CH,CHfOH]CH,CH,COjH

I (XCVHI)

1 Η

* R[C=C]jCH=CHCH,CH 2CO 2H

(XCIX) C = O (C)

Odyssin (XCVII, R = CH3) and odyssic acid (XCVI, R =
= CH3) are homologues of nemotin and nemotinic acid res-
pectively, and are present with them in the culture liquid
of the Basidiomycete B-841.272»273 They are similar in
chemical and physicochemical properties to the latter com
pounds, while their transformation products (R = CH3) are
more stable; the final structure of the compounds
(XCVm)-(C) has been proved by synthesis177:

OH

HC=CCH2MgBr
OHCCH,CH,CO,Et

HC:=CCH 2Cf
. CH,fC=C],H

XCVHI

In addition to the above, two related polyunsaturated
antibiotics — drosophilins C and D — have been isolated
from the culture medium of the fungus Drosophilia suba-
trata 274,275 a n ( j p # semivestita 2 7 β. It was formerly sup-
posed that drosophilin C contained an allenic group and had
the structure (CHI). However, Jones et al. 2 7 7 have shown
that its structure is (CI), and that it is converted into
drosophilin D (CII) by alkalis:

HC=CCH 2C=CC=CCH=CHCH 2CO 2H - H 2 C = C = C H [C=C]2CH=CHCH2CO2H
cis

(CI)

Η [ C = C ] 2 — C H = C = C H - C H = C H C H 2 C O 2 H
(CIII)

(CII)

C H S rCH=
(CIV)

Thus drosophilin D (CII) contains a terminal allene group.
It can be converted by further isomerisation into the
alkenetriynoic acid (CIV).

Marasin (CV) is the only allenic antibiotic at present
known in both optically active forms. In 1959 (-)-marasin
was isolated from a culture of Marasmius ramealis 2 7 8, and
quite recently (+)-marasin has been obtained from the cul-
ture medium of Aleurodiscus roseus*26. The formula (CV)
was assigned to marasin on the basis of a study of the
chemical transformations and the infrared and ultraviolet
spectra; this has subsequently been confirmed by a com-
plete synthesis of the racemate1 5 3.

BrC=CCH=CH—CH2OH Η [C=C],CH=CHCH2OH
LIA1H.

Η LC=C]2CH=I J •< Η [C=C]2CH=C=CHCH2CH2OH

(CVI)

Η [C=C] 2CH=C=CHCHaCO,R

(CVIII)

(CV) j
Η [C=C],CH2CH2CH2OH

In alkaline media all three forms of marasin are readily
converted into the corresponding cyclic enolic ether, iso-
marasin (CVI), which on hydrogenation absorbs five moles
of hydrogen with the formation of n-butyltetrahydrofuran,
identified by gas-liquid chromatography. It is interesting
that the alkaline isomerisation of (+)-marasin yields also a
small amount of the alkatriynol (CVII).

Two new allenic antibiotics — nona-3,4-diene-6,8-
-diynoic acid (CVIII) and its methyl ester — have been iso-
lated, together with (+)-marasin, from the culture medium
of Aleurodiscus roseus 2 2 e, and have been synthesised from
natural marasin.

It has recently been noted that Odontia bicolor2™ manu-
factures mycomycin and certain other allenic antibiotics,
to which can be assigned the structures

Η [C=C]2CH=C=CH [CHjnOH Η [CsC]2CH=C=CHCH [CH^OH

OH

n=l,2, 3, 4 m=2,3

Η [C=c]aCH=C=CHCH2CH [CH2]sCOaH CH, [C=C]2CH=C=CHCH2CHaOH

OH

Among natural allenic compounds the simplest is labal-
lenic (octadeca-5,6-dienoic) acid (CIX), which has been iso-
lated from the oil of Leonotis nepetaefolia 2 8 0. This acid is
extremely stable to alkalis and, in conformity with its
structure, can be readily converted into octadeca-5,6-diene.

C||H : nCH=C=CH[CH;l3COOH ' •CH>tli „ C I I H J 3 C H = C = C H [ C H 2 ] ( O H — -

C,,H2.,CH=C=CHC,H9

(CX) OH

(CVH)

* Ts = />-CH3CeH4SO2 (Ed. of Translation).

The first allenic carotenoid to be isolated was fucoxan-
thin (CX), from seaweed2 8 1. Its proposed structural for-
mula (CX) is extremely reliable a82,2»», and agrees well
with experimental results hitherto obtained.

Further investigation will undoubtedly lead to the isola-
tion of other natural allenic compounds, which will enable
us to elucidate the routes of their biogenesis and their role
in the vital activities of micro-organisms.
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I. INTRODUCTION

The interest taken by research workers in the chemistry
of unsaturated organophosphorus compounds, which has in-
creased extraordinarily during recent years, is explained
by the potentialities of these compounds for use as mono-
mers in the manufacture of plasticsx, intermediates in the
synthesis of plasticisers2, solvents for the extraction of
compounds of the rare metals3, finishing agents for tex-
tiles4, additives to lubricating oils", and also as starting
materials for the synthesis of various biologically active
compounds'"10. Besides this, the great reactivity and the
accessibility of unsaturated organophosphorus compounds
of various classes makes them valuable materials for the
study of the interaction of atoms in organic compounds of
elements in the Third Period, in particular for elucidating
the role of the vacant d-orbitals in the transmission of
electronic influences in the molecule u*14.

The first attempts to prepare acetylenic derivatives of
phosphorus were made in 1921. l f i More recent work on
the synthesis of tertiary acetylenic phosphines and of phos-
phonic esters containing 1,3-diene substituents attached to
the phosphorus atom has been summarised in Gefter's
monograph1 (up to 1958) and in several reviews18»17. This
section of the chemistry of organophosphorus compounds
has developed so rapidly since 1958 that the number of
compounds synthesised has more than doubled. During the
past seven years original new routes have been worked out
for the synthesis of highly unsaturated compounds contain-
ing acetylenic, allenic, and 1,3-diene substituents attached
to the phosphorus atom. Data obtained from the study of
unsaturated organic compounds of phosphorus by modern
physical methods (ultraviolet, infrared, and nuclear mag-
netic resonance spectroscopy, dipole moments) have
enabled certain conclusions to be drawn concerning the way
in which phosphorus-containing groups are conjugated with
multiple bonds. The present review summarises all these
fresh results.

Π. PREPARATION AND CHEMTCAL PROPERTIES

1. Phosphines

Primary phosphines are usually obtained by the reduc-
tion of halogenophosphines and by the reaction of phosphine
and its metal derivatives with alkyl halides and carbonyl
compounds18. None of these methods has been used to ob-
tain acetylenic or diene phosphines. Attempts to use the
reduction of phenylethynylphosphonic ester with lithium
tetrahydroaluminate to obtain a primary phosphine contain-
ing the phosphino-group directly linked to a triple bond
were unsuccessful. Besides cleavage of the phosphorus-
carbon bond, the triple bond was hydrogenated to a double
bond with formation of α -styrylphosphine 19»2°:

C,H,C=< C,H6CH=CHPHS.

Two of the primary acetylenic phosphines which have
been described were obtained by the reaction of sodium
phosphide with acetylenic α-epoxides in liquid ammonia21:

RC=C—C—CHa

NaPH,

" N H T " RCsCC (OH) (CH,) CH2PH2

where R = CH3 or C4H9.

No secondary phosphines have been described containing
acetylenic or diene substituents. Tertiary phosphines,
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