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1. INTRODUCTION

Intense research into the chemistry of acetylene and its
derivatives has led to the possibility of their preparation
from many compounds which are nowadays used on an
industrial scale as intermediate products. However, the
great tendency of divinylacetylene and its homologues to
polymerise and the danger of explosion of these polymers
have until now retarded the development of the chemistry
of divinylacetylene, despite the fact that divinylacetylene
is very reactive, as a result of the presence of one triple
and two double bonds, and constitutes an interesting raw
material for organic synthesis. The numerous and various
reactions of these compounds even at this stage suggest the
possible ways of their utilisation in chemistry.

The advances in the chemistry of divinylacetylene have
not been reviewed, except for Nazarov's article? which
deals only with the mechanism of the hydration and cycli-
sation of dienynes. In the present review an attempt is
made to collect, and as far as possible arrange in a sys-
tematic manner, the extensive data on this problem which
are at present available.

3

2. SYNTHESIS OF DIVINYLACETYLENE AND ITS
HOMOILOGUES

Mignonac and de Saint-Aunay? showed that, when
acetylene is subjected to high frequency discharges at -60°,
vinylacetylene and divinylacetylene (DVA) are formed. The
authors explained the formation of DVA by postulating the:
addition of acetylene to vinylacetylene. The polymerisa-
tion of acetylene into vinylacetylene, DVA, and higher poly-
mers under the action of concentrated aqueous solutions of
cuprous chloride and ammonium chloride, discovered by
Nieuwland and coworkers?® in 1931, is of considerable
importance for the synthesis of DVA:

————— CHy=CH—C==CH

CH=CH—

‘—————— CH,=CH—C=C—CH=CHe
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Basically, the numerous studies on the synthesis of
DVA are various modifications of Nieuwland's work?.
Taking the available results as a whole, we can divide
these syntheses into the following groups (bearing in mind
the composition of the catalyst, the conditions, and the
reaction medium): the use of Nieuwland's catalyst with
modified concentrations of its various components -9,
replacement of ammonium chloride by other substances $-7;
the use of anhydrous solvents !8-33  dispersing agents 24,25,
carriers ?, high temperature 23! and acetylene under
pressure 32,

In all cases DVA is formed together with vinylacetylene.

By controlling the reaction conditions, preferential for-
mation of either monovinylacetylene or DVA and higher
polymers can be achieved. It has been established that
increase of the reaction temperature and of the concentra-
tion of cuprous chloride lead to higher amounts of DVA.
One of the patents of the Nippon Mining Company 3? indi-
cates that acetylene can be polymerised to give a 100%
yield of the trimer, ¢.e. DVA.

In the laboratory DVA can be prepared by the action
of the magnesium bromide derivative of vinylacetylene
or acetaldehyde followed by dehydration of the resulting
methylvinylethynylmethanol 34:

CH,CHO + BrMgC=C—CH=CH, - CH,—CH—C=C—CH=CH,
H | —HO
CHy=CH—C=C—CH=CH,

Divinylacetylene can also be obtained by the action of
the di(magnesium bromide) derivative of acetylene on
1,2-dichloro-2-ethoxyethane followed by the splitting off
of the ethoxy-group and the chlorine, by treatment with
zinc, from the acetylene dichloride formed %:

2 CH,—(‘JHCl + BrMgC=CMgBr — CH;—CH—C=C—CH——CH,

Cl  OCgH, 1 Hy OC,Hy él

CH,y=CH—C=C~CH=CH,

Totsich *¢ obtained 1,1,6,6-tetrachlorodivinylacetylene by
the action of zinc on the acetate of the acetylene glycol
derived from chloral: '
CCly—CH—C=C—CH—CCly — CCly=CH—C=C—CH=CCl, .
c|>coc11, &:OCH.

Apart from the first representative of the divinylacetyl-
ene hydrocarbons, DVA itself, which is mainly obtained by
polymerisation of acetylene, substituted divinylacetylenes
are prepared by dehydration of vinylacetylene alcohols and
acetylene glycols. As a result of Nazarov's work, vinyl-
acetylene alcohols are readily available.  Dehydration of
these alcohols yields a series of divinylacetylenes containing
one substituted vinyl group . It has been established ¥~
that tertiary vinylacetylene alcohols readily split off water
on heating with practically all the dehydrating agents —
sulphuric, phosphoric, acetic, formic, p-toluenesulphonic
acids, acetic anhydride, etc.

In practice the most convenient method of dehydrating
vinylethynylmethanols is heating with 50— 60% sulphuric
acid; the yield of the corresponding dienyne then amounts
to 70-90%. This method of dehydration makes it possible
to synthesise also divinylacetylene compounds in which one
vinyl group is linked to a heterocyclic ring0,%,%;

H
=C—CH=CH, rosc—cH=ch,
—
O,
OH
(j~c-.—=c~cn=cu, ><)—c.=.c—cu=cn, .
: — 1|
\
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Dehydration of a- and B-alkoxyvinylacetylene alcohols
takes place similarly 43-46:

OH
|

RCH,C—C=CCH=CH, - RCH=C—C=CCH=CH, ,
(CHy), OR’ (CHy),OR’

When acetylene 1,4-glycols are shaken with 20-40% sul-
phuric acid and heated on a water-bath, two molecules of
water are split off and divinylacetylene hydrocarbons are
obtained #-%¢, This is one of the convenient methods of
synthesising dienynes. Dupont 52 established that dehydra-
tion of acetylene glycols takes place in two stages with the
formation of substituted vinylacetylene alcohols which then
lose yet another molecule of water and the corresponding
dienyne is obtained:

CH, :
| CH,
CHy=C—C=C—C
H,
H, c /CHs / H

—C=C—
H,C/C] \CH, CHy  CH,
OH H iy |
Hy=C—C=C—C=CH, .

Phosphoric acid (60%) has also been used for this pur-
pose %0, Other workers have also used potassium hydrogen
sulphate as dehydrating agent 5-%°. Zalkind and Shuvalov °
used sodium instead of potassium hydrogen sulphate at 150°.
Marvel #® and Babayan® showed that acetylene glycols are
smoothly dehydrated under the action of p-toluenesulphonic
acid at 140-150°, the yields of dienynes reaching 90%.
Petrov and Korlik 82 established that oxalic acid can also be
employed for the dehydration of acetylene glycols. Kres-
tinskii and Summ 3 showed that tetraethylbutyne-1,4-diol is
dehydrated on being shaken with formic acid, the expected
dienyne being formed in almost theoretical yield.

However, it must be noted that on dehydration of vinyl-
acetylene alcohols and acetylene glycols it is not always
possible to isolate the expected dienyne, because under the
reaction conditions side-reactions occur. Sometimes
under the dehydration conditions the dienynes undergo
direct cyclohydration with the formation of cyclic ketones 4.
The Meyer—Schuster rearrangement® also frequently
occurs, and also cyclohydration of the glycols into the cor-
responding furandiones ®5. Recently a continuous method of
synthesising divinylacetylene hydrocarbons, by vapour-
-phase dehydration of vinylacetylene alcohols over alumin-
ium oxide at 150—-400°, has been developed. An industrial
process for the manufacture of vinylisopropenylacetylene
has been proposed ¢,

3. POLYMERISATION OF DIVINYLACETYLENE

DVA is a colourless liquid which rapidly becomes yellow
on standing without a stabiliser; b.p. 85°/680 mm; =% =
=1.5047; d% =0.7759.%7 On being kept in air, it absorbs
oxygen, forming peroxy-compounds, and polymerises into
a brittle polymer which readily explodes as a result of
mechanical action — impact, friction, or heating. On
heating the polymerisation of DVA is greatly accelerated.
To prevent the formation of the peroxy-compounds, experi-
ments on the polymerisation of DVA must be carried out
either in the presence of a stabiliser or in an atmosphere
of an inert gas®. The first stage of the polymerisation
then yields a viscous product of an amber colour which
gradually thickens and is converted into a brittle infusible
and non-explosive mass%. The latter does not dissolve in
organic solvents, is very stable to acids, alkalis, chlorine,
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and bromine, and has therefore been suggested as a coating
for various surfaces®,’°. Morozov™ suggested that the
surface of electrodes used in the electrolysis of alkali
metal chlorides should be impregnated with the DVA poly-
mer. In the presence of anti-oxidants (pyrogallol, hydro-
quinone, a@-naphthol, etc.) DVA can be kept in a closed
vessel for about a year. On longer storage, it becomes
yellow and polymerises. According to the literature, the
intermediate liquid DVA polymers possess the properties
of rapidly drying oils"*783. Their solutions in butyl acetate
and other solvents yield satisfactory stable films on drying.
Copolymers of propene and pentene with DVA and vinyl-
acetylene, obtained in the presence of catalysts, can be
used for coating metallic and glass surfaces. On heating
with sulphur dichloride, DVA is converted into a resin or
a liquid mass which is also suitable for coating metals 84,

Products with the properties of drying oils are also
obtained on reaction of DVA with hydrogen polysulphide.
The liquid polymers thus formed are recommended for the
preparation of films, varnishes, and for various coatings 8s.
Other workers have used hydrogen sulphide and sulphur;
the reaction was carried out under pressure in the pre-
sence of dibutylamine, pyridine, sodium hydroxide, and
ammonia %6,

Drying oils are also obtained when chlorine is allowed to
act upon the liquid polymers of DVA.®" Despite the fact
that the films and varnishes obtained from DVA age rapidly
and become brittle, they have been recommended for use
as drying oils ™, adhesives for rubber and metals®’, addi-
tives to Diesel fuel®® and lubricating 0ils®, and also as
plasticisers for natural rubber ®,%. In the presence of
sodium naphthenate and gelatin DVA polymerises into a
rubberlike product®2. On heating for 10 h at 90°, divinyl-
acetylene is converted into a mixture of dimer and trimer.
Carothers distilled the dimer under a high vacuum and
established that its molecular weight is 156, which corres-
ponds to the formula C,,H,,. On bromination the dimers
yield octa- and deca-bromides, on hydrogenation they
absorb twelve hydrogen atoms, and on oxidation they are
converted into frans-cyclobutane-1,2-dicarboxylic acid®3.
According to Carothers, the dimer has the structure of
trans -1,2-di(vinylethynyl)cyclobutane and the trimer of
di(vinylethynylcyclobutyl)acetylene.

Substitution of the hydrogen atoms of divinylacetylene by
various radicals (aliphatic, alicyclic) enhances its stability
to polymerisation. The substitution of the terminal hydrogen
atoms has a particularly great inhibiting effect on polymeri-
sation.  Tetra-substituted divinylacetylenes polymerise
either very slowly or not at all. As a result of the conju-
gated system of two double and one triple bond, they exhibit
high elevation of molecular refraction (up to 5—6 units).

Like divinylacetylene itself, mono- or di-substituted
divinylacetylenes thicken on standing, are converted into a

viscous jelly, and finally into a solid mass of orange colour.

On the walls of the vessel they form characteristic solid
peroxy-compounds which explode on impact or friction. In
a thin layer divinylacetylene polymerises in the course of
several hours into a solid film.

4. HYDROGENATION

Blomquist and Marvel“® were the first to show that
divinylacetylene hydrocarbons are completely hydrogen-
ated in the presence of a platinum catalyst with the for-
mation of the corresponding saturated hydrocarbons. It

was then established that, depending on the nature of the
catalyst and on the method of its preparation, the hydro-
genation of DVA and also its homologues takes place more
vigorously —hen they are freshly distilled.  In the pre-
sence of a palladium catalyst the hydrogenation stops after
absorption of six hydrogen atoms (instead of the expected
eight), whereas in the presence of a platinum catalyst eight
hydrogen atoms are absorbed and the corresponding satu-
rated hydrocarbon is formed. Some workers 8,5 believe
that the first molecule of hydrogen adds to the triple bond
with the formation of a 1,3,5-triene; the second hydrogen
molecule can add on to the 2- or 4-positions. In the pre-
sence of a platinum catalyst a saturated hydrocarbon is
then formed and in the presence of palladium an olefin:

>C=CH—C§C—CH=C<

)C=CH—CH=lCH—CH=C<

N

NCH—CH=CH—CH;—CH—{ \CH—CH—CH=CH—CH,—C{1
/ * N /

/
\CH—Ciig%H,—Cﬂg—CH=C<—-—nlknne _\CH—chi,—CH=c&}-CHz—CH
J / <

The hydrogenation of divinylacetylene itself was studied
by many workers®¢9, According to the data of Komada ¢,
the product is hex-3-ene and according to Katake®” hex-2-
-ene. Isagulyants and coworkers? studied the hydrogena-
tion of DVA in solution in ethanol, acetic acid, and xylene
at the normal pressure or under a high pressure of hydro-
gen in the presence of a nickel catalyst. They established
that the product is hexa-2,4-diene, whose formation is
explained by the double addition of hydrogen to the 1- and
4-positions; further hydrogenation of hexa-2,4-diene yields
hex-2-ene, hex-3-ene, and also hexane:

CHy=CH—C=C—CH=CH,
]
CHy—CH=CH—CH=CH—CH,
N
CH.—CH=CH—-C,H, b CaHu *—Cer"CH=CH'—C:H| .

Klebanskii ®4, who used palladium deposited on barium
sulphate as the catalyst, established that the hydrogenation
of DVA stops at the triene stage.  Other workers showed
that in the presence of platinum or nickel catalysts dienynes
are hydrogenated to the corresponding saturated hydro-
carbons. According to these workers, the reaction pro-
ceeds via the formation of 1,3-diene.

Whendivinylacetylene is reduced with sodium amalgam 4,
hydrogen adds on to the 1- and 6-positions with the forma-
tion of 2,3,4-hexatriene:

NaCHy—CH=C=C=CH—CH,;Na — CHy—CH=C=C—=CH—CHj, .

Klebansgkii explains the addition of metal atoms to the 1-
and 6-positions by the fact that the acetylene bond in the
divinylacetylene molecule increases the electron density at
the terminalatoms. Whendivinylacetylene is hydrogenated
under a pressure of 10 atm in the presence of catalysts, the
product is a mixture of hexenes, hexadienes, and hexatrienes,
which can be used as rapidly drying oils®2, Drying oils are
also obtained on hydropolymerisation of DVA. 82

5. ADDITION OF HALOGENS

Chlorination of divinylacetylene !°° yielded di- and tetra-
-chlorides and also crystalline hexachlorohex-3-ene which
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has the odour of camphor and is formed as a result of suc-
cessive addition of chlorine to divinylacetylene to the 1-
and 4-positions:

s CH,;Cl—CH=C=CCl—CH=CH,3

CHy=CH~C = C—~CH=CHy—— | ——+CH,CI—CH=CCl—CCl=CH—CH,Cl

CH,Cl—CHCI—CC}=CCl—CHCI—CHC! ,

Two isomers of 1,2,3,4,5,6-hexachlorohex-3-ene were
isolated. The structure of these hexachlorides was estab-
lished by splitting off two molecules of hydrogen chloride
in both isomers and subsequent ozonolysis 1°2, Ozonolysis
of the tetrachlorohexatriene obtained from the isomer with
m.p. 59° yielded dichlorofumaric acid. On this basis, a
trvans -configuration was assigned to the initial hexachloro-
hex-3-ene:

~-2HCl

Culs =+ cr=cii—cal 2 Hooc—cal
1
CIC—CCl=CH;  CIC—COOH,
m.p. 59°.

Ozonolysis of the tetrachlorohexatriene obtained from
the isomer with m.p. 91° gave dichloromaleic acid, and
therefore the isomer has the cis -configuration:

—2HC)

CeHeCle — Cl—C—CCl=CH; % C1—C—COOH
L[}

I
Cl—C—CCl=CHy  CI—C—COOH ,
m.p. 91°.

Bromine adds to divinylacetylene similarly, with the
formation of two stereoisomeric hexabromides 3,%,°2, The
bromination takes place so smoothly that some workers use
this reaction for the identification of divinylacetylene 3,34,

6. ADDITION OF THIOPHENOLS

Thiocresol adds on to divinylacetylene at the 1- and 2-
-positions (with respect to the vinyl groups) with the for-
mation of 1,6-di-p-tolylthiohex-3-yne, which on oxidation
with permanganate in acetone yields 8-p-tolylsulphonyl-
propionic acid%3:

C,H,SH

CHy=CHC=CCH=CH; ———— CH;C{H,SCH,CH,C=CCH,CH,SC{H,CHj .

7. ADDITION OF ALCOHOLS

Dry methanol does not add to DVA under the action of
a mercury catalyst 104,105 but there are data which suggest
that the addition occurs at the 1- and 4-positions on heating
in the presence of sodium alkoxide '%6-%8,  When divinyl-
acetylene is boiled in methanol in the presence of sodium
alkoxide for 40—60 h, 3-methoxyhexa-1,3,5-triene is
formed in small yield 105-108;

CHy=CH—~C=C—CH=CH; ~gor~ CHy=CH—CH=C—CH=CHj .

3

According to Klebanskii's data, under these conditions
ethanol adds to divinylacetylene at the 1- and 6-positions 07,2,
Klebanskii also achieved the addition of ethanol to divinyl-
acetylene on boiling in the presence of alkali and showed that
under these conditions the addition also takes place at the
1- and 6-positions. It is possible that the mode of addition
of alcohols depends on the alkyl radical. Methanol adds on
to the 1- and 4- and ethanol to the 1- and 6-positions 06,107,

246

8. ADDITION OF AMINES

In order to synthesise amines derived from vinylacetyl-
ene, Vartanyan and Badanyan!% studied the addition of
amines to divinylacetylene hydrocarbons. They found that,
when a mixture of an aqueous solution of dimethylamine and
dienyne is heated in a sealed tube at 95-100° (40 h), one
molecule of the amine adds to the dienyne at the 1- and 4-
-positions, so that the amino-group becomes attached to
the terminal carbon atom of the substituted vinyl group,
the resulting trienynylamine (I) undergoes two types of
isomerisation under the reaction conditions, amines
derived from allylacetylene (II) and vinylacetylene (III)
being formed:

R

CH,=<E-—CH,——-CEC—CH,—N<
1 )

'r r ]
CHyC—CZC—CHCHy - CHy=C—CH=C=CH—CHy—N(
R ®

|1 ! /
CH;=C—C= C—-CHr—CH,—N\
am

The structure of the amines was demonstrated by oxida-
tion, hydrogenation, and synthesis. A study has also been
made of the addition of amines to divinylacetylene systems
in which one vinyl group is present in an alicyclic or tetra-
hydropyran ring. It was shown that under these conditions
dimethylamine adds to A!-cyclohexenylvinylacetylene (IV),
also with the formation of amines derived from allene (V)
and acetylene (VI):

CH,
— -—CH=C=CH—CH.—N< :
{ | ™ H

4 J-czc-cu=cn, CHu N

CH,
av) N —C=C—CHy—CH,—N{
L L (J TN,

VD
The addition of dimethylamine to the dienyne (VII) takes
place similarly, but in this case only the expected amino-
alkylacetylene (VIII) 1° is obtained in good yield:

cH
>®—csc—cn=c1{, (Hyg NH U—czc—cn,cu,—u(c o
Rl LI,
(Vi) tvin

9. ADDITION OF LITHIUM ALKYLS

It has been established that lithium alkyls add on to
divinylacetylene hydrocarbons at the 1- and 4-positions on
the side of the unsubstituted vinyl group?!!!, triene hydro-
carbons (IX) being obtained:

R
CHy=C—C=C—CH=CHy —XEs CHy—&—CH—C—CH—CH,—R’ .
(IX) -

10. ADDITION OF ROX, ROCH,CI, and C¢H,N,Cl

Petrov and coworkers!'? showed that electrophilic addi-
tion of methyl hypobromite to divinylacetylene, isopropenyl-
vinylacetylene, and 3-methylhepta-2,6-dien-4-yne takes
place at the double bond, and in the case of the last two
dienynes only in the substituted vinyl group. Thus in this
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case electrophilic addition of methyl hypobromite occurs in
accordance with the electronic configuration of these dienes:

Clﬂa CH,
: |
CHy==C—C=C—CH=CH; — Br—CH;—C—C=C—CH=CH, .
3

Ethyl hypochlorite '3 adds to DVA in a similar manner to
methyl hypobromite 12,

In the presence of zinc chloride in ethereal solution
a-chloroalkyl ethers add on to DVA*'4,115 at the 1,2-posi-
tion with the formation of vinylacetylene chlorides (X):

CH;=CH—C=C—CH=CH, —2%Hel,

ROCH,—CH;—CH—~C=C—CH=CH, ,
& )
It has been established that in the case of isopropenylvinyl-~
acetylene the chloroalkyl ether adds to the double bond with
the higher electron density and the monochloride (XI) is
formed:
CHg CHy
CHy=C_C=C—CH=CH, —ROSHEL ROCH.CH,—CI—CEC—CH=CH, .
d X1

With isobutenylvinylacetylene and A!-cyclohexenylvinyl-
acetylene the reaction proceeds similarly. Apparently the
addition of the second molecule of a-chloroalkyl ether to
the vinylethynyl radical of the newly formed monochloride
takes place at the 1- and 4-positions, yielding an allene
dichloride, which under the conditions of the experiment
isomerises into two dichlorides (XII) and (XIII). It has been
established that the dichloride (XII) can isomerise to the
dichloride (XIII) both under the conditions of the reaction
and on standing without a catalyst. The reverse isomeri-
sation is not observed. These dichlorides are obtained
both when one molecule of a-chloroalkyl ether reacts with
the monochloride (XI) and by direct interaction of two
molecules of the a-chloroalkyl ether with isopropenyl-
vinylacetylene:

c
ROCH,CHi_|
/C-—~C=CCX—CH=CH1
CHy | X
CH,OR xm
CHy=C—C=C—CH=CH,
| ca
CH, | ROCH,C1 é
o — ROCH;—CH,— -—ﬁ=c=cu—cu,cn
| CH,
ROCH,CH,—C—C=C—CH=CH, fis CHOR !
s Rocx—x,-m,-c:cl—ca:ca—c:ﬂ,cn
CHy CH30R

(xmy
On chloroarylation divinylacetylene combines with the
aryl group and chlorine, which add mainly to the vinyl
group:

CHy=CH—C=C—CH=Cl{, —2%d

CeHyCH;CH—C=C—CH=CH, .

&
In the case of isopropenylvinylacetylene reaction takes
place both in the vinyl and the isopropenyl groups with the
formation of a mixture of the corresponding chlorides, but
in each case the phenyl group adds on only to the terminal
carbon atom of the double bond !!6:

CH,
CH,=CH—C=C—C—CH,—C,H;
CH, 3 ) o
| 1
CH,=C—C=C—CH=CH,—
i
L CHy—CHy—CH—C=C—C=CH,
]
cl

11. ADDITION OF HYDROGEN HALIDES

In the presence of cuprous chloride and ammonium
chloride in aqueous solution hydrogen chloride adds on to
DVA at the 1- and 4-positions, this being followed by the
addition of a second molecule of hydrogen chloride at the other
end of the molecule, also at the 1- and 4-positions, so that
the final product is 1,3-dichlorohexa-2,4-diene (XIV): 117,118

CHy=CH—C=C—CH=CH, —2+ CH,~CH~CH=C=CH—CH,Cl
1 HC1

CHy—CH=CH—CCl=CH—CH,Cl
X1V)

Hydrogen chloride undergoes successive addition to
vinylisopropenylacetylene at the 1- and 4-positions, yield-
ing a mixture of 1,3-diene dichlorides (XV) and (XVI). 119,120
Similar results were obtained in the hydrochlorination of
dimethylvinylethynylmethanol and chlorodimethylvinyl-
ethynylmethane '3, However, the dichlorides were not
isolated in the pure state. = The addition of hydrogen
bromide takes place similarly !22:

CH,
——— XCH,—CH=C=CH—(‘Z=CH,
CH,

G ux XCHy—CH=CX—CH=C{
CHy=CH—C=C—C=CH; — XV) CH,

/CHs
CHy=CH—CX=CH—CX{
(XVD 1 CH,
CHy

CH,

CH.=CH—-CX=C=C<

As a result of the further investigation of the hydro-
chlorination of these compounds, Nazarov and coworkers
concluded that only the primary dichloride (XV) is formed 123,
However, subsequent detailed study of the hydrochlorination
of isopropenylvinylacetylene, dimethylvinylethynylmethanol,
and chlorodimethylvinylethynylmethane established that
Nazarov's initial hypothesis was correct and that hydro-
chlorination indeed results in the formation of two isomeric
dichlorides (XV) and (XVI).!2¢ But in all cases the addition
of the first molecule of hydrogen chloride involves the for-
mation of the monochloride (XVII) in the first stage, ¢.e.
the first molecule of hydrogen chloride adds on at the 1-
and 2-positions of the substituted vinyl group of isopro-
penylvinylacetylene. The monochloride (XVII) is also
formed when hydrogen chloride reacts with dimethylvinyl-
ethynylmethanol or its methyl ether, the hydroxy- or the
methoxy-group being replaced by chlorine. Thus the above
findings show that in both cases the monochloride (XVII)
forms in the first stage of the reaction. It appears that
subsequently hydrogen chloride adds on to the vinylethynyl
group of the monochloride at the 1- and 4-positions, with
the formation of the intermediate allene chloride (XVIII),
which under the conditions of the experiment isomerises to
the dichlorides (XV) and (XVI). It was shown that under
the given experimental conditions the dichloride (XVI) iso-
merises to the dichloride (XV), but the reverse isomerisa-
tion has not been observed. Hence it can be supposed that
the dichloride (XVI) can be obtained both by the isomerisa-
tion of the dichloride (XVIII) and by the addition of a second
molecule of hydrogen chloride to chlorodimethylvinylethynyl-
methane at the 3- and 4-positions. The dichloride (XV) can
form as a result of the isomerisation of either one of the
dichlorides (XVI) and (XVIII).

247
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It has been shown that in the presence of the cuprous
chloride and ammonium chloride catalysts the dichloride (XV)
predominates in the mixture of (XV) and (XVI), whereas in
the presence of aluminium chloride the main product is

(XVI). Both dichlorides undergo hydrochlorination at 60°
with the formation of the same trichloride:
_CH,
GH,=CH—C=C
= _E\CH‘
CHy=CH—C=C—C=CH, CHy =C H—Cc=C—¢ CHs
CH \CH,
Hs
CH,—cn—c—c—c/CH’
(xvin 1 J;,
H
cr—cH,,—-CH—c=CH—<i<Cc !
Hy
/ (xviny \
1
H.
C1—CHy—CH=CCHCH= H‘ -— cn,=cu—c<:n=cu—i<':c”3
(xv) : vy s

~CH;
CHCHy—CH=CCI—CH
r— 1——C\CH3

Nazarov and Yanbikov!25 established that disubstituted
divinylacetylenes (XIX) undergo cyclohydration under the
action of concentrated hydrochloric acid at 60-70° with the
formation of the corresponding cyclopentenones (XX), and
they were unable to isolate any products of the addition
of hydrogen chloride to dienynes. They concluded that
either direct hydration of the triple bond of these com-
pounds takes place with the formation of the corresponding
divinylketone (XXI), which under the conditions of the
experiment cyclises into the cyclopentenone, or the divinyl-
ketone forms as a result of the addition of two molecules of
hydrogen chloride to the triple bond of the dienyne followed
by hydrolysis of the resulting dichloride (XXII):

i
CH=C—C=C—CH=CH,
(XIX) R\__ /0
R R
(!H=Cl—OCl,—CH,—CH=CH, — R/l/|
(XX11) Cch
i
CH-==C—CO—CH=CH—CH,  —
(XX1)

It is interesting to note that hydrochlorination of alkyl-
-B-methoxyethylvinylethynylmethanol and the product of its
dehydration, alkoxydienyne, yields isomeric dichlorides,
while the expected cyclopentenones are not formed 28,

12. OXIDATION OF DIVINYLACETYLENE HYDRO-
CARBONS

Malenok and coworkers studied the oxidation of divinyl-
acetylene hydrocarbons with acetyl hydroperoxide 1%7-1%,
They showed that, when the oxidising agent reacts with the
dienyne hydrocarbons in stoichiometric proportions, the
vinylacetylene alcohol-acetate (XXIII) is formed:

R R R’ R

R—CH:(ll——CzC—é=CH-—R - RCH=E—C§C—IC—-CH—R’ .
CH;COO OH
(XXIID)
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When two molecules of acetyl hydroperoxide are used per
molecule of dienyne, the main products are the corres-
ponding acetylene dioxides (XXXIV), together with a small
amount of the monoxide (XXV). The latter is a product of
the reaction between the newly formed dioxide and acetic
acid. Acetylenic tetrols (XXVI) were obtained by the
hydrolysis of the oxides (XXIV) and (XXV):

R' R’
R—CH=C—C=C—C=CH—R

R' ’

R’ R’
R—CH—(—C=C—C—CH—R RCH—(C—C=C~—C—CH—R"'
O; j | ?
/ CH,COO OH
XXV}
R’ R'
R—CH—~1——CEC——§)—-€H-—R
H& H H J)H

(Xxvn

(XX1v)

13. CYCLISATION

The aromatisation of divinylacetylene hydrocarbons and
their partially hydrogenated derivatives has been studied in
detail by Kotlyarevskii and coworkers130-13,  Some data
on this problem also exist in the patent literature 157-139,
The aromatisation of divinylacetylene hydrocarbons is of
interest from the point of view of synthesis, because it
makes possible the controlled synthesis of aromatic hydro-
carbons with a prescribed structure which depends on that
of the initial dienynes. Kotlyarevskii and Zanina!3* showed
that, when isopropenylvinylacetylene (or products of its
partial hydrogenation, up to the absorption of three mole-
cules of hydrogen) is passed over the catalyst MgO—-CrO,—
Al,0, (2:18:80) at high temperatures, toluene is obtained
in good yield:

CH,

CHy=C—C=C—CH=CH; — ﬁ
s AN
Benzene was prepared similarly from DVA in 15-20%
yields. Under these conditions diisopropenylacetylene
cyclises into p-xylene!33 while di-A!-cyclohexenylacetyl-
ene yields phenanthrene in 70% yield 13¢:

S S @ V™) - 0 L@

The method has also been used for the synthesis of tri- and
tetra-cyclic condensed aromatic hydrocarbons, from which
condensed hydrocarbons with a five-membered ring can be
obtained by catalytic dehydrocyclisation. When Al-cyclo-
hexenyl-A!-cyclopentenylacetylene is passed over a mag-
nesium oxide-promoted aluminium oxide—chromium oxide
catalyst, dehydrocyclisation takes place with the formation
of 2,3,10,11-tetrahydro-1H-benz[ e Jindene (XXVII) and
2,3-dihydro-1H-benz[ e Jindene (XXVIII):

| | (XXVID

=l ——< )

(XXVIII)
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These compounds are of considerable interest for the pre-
paration of polycyclic compounds with interesting carbon
skeletons.

15,16-Dihydro-17H-cyclopenta[a Jphenanthrene (XXIX)
and 17H -cyclopentafa Jphenanthrene (XXX) were synthesised
from a-tetralone and 1-ethynylcyclopentan-1-ol as fol-

lows 136:
t:
(XXIX)

_J

By a similar procedure chrysene was obtained from o -tetra-
lone and 1-ethynyleyclohexan-1-ol via the dienyne (XXXI).

(XXX)

(XXX1)

14. CYCLOHYDRATION

By the action of sulphuric acid on 4,7-dipropyldeca-3,7-
-dien-5-yne in acetic acid solution, Blomquist and Marvel 48
obtained 2,5-dipropyl-3,4-diethylcyclohexenone (XXXII)
whose structure was proved by ozonolysis.  The authors
assumed that before ozonolysis the ketone (XXXII) under-
goes enolisation as a result of which B-ethyl-y-oxo-a-
-propylhexanoic and propionic acids are formed:

=Q

clm
B/ G/
C.H.CH=C—CEC—(I:=CH—QH. - | - '
GHy HG AT HG Y \GH,
(LHc Caty

(XXXII)

HG  GH,
CaHy—CO~ H—('JH-—COOH -+ CyH,—COCH

(]

Later Mitchell and Marvel® established that diisopro-
penylacetylene cannot undergo the above cyclisation, but
3,6-dimethylocta-2,6-dien-4-yne does so with the forma-
tion of the cyclic ketone (XXXIII). The structure of the
latter was demonstrated by Clemmensen reduction, fol-
lowed by dehydrogenation to 1,2,3,4~tetramethylbenzene:

C‘H=IC—CEC~—(I:=CIH - Hp\)\"| - H’C]rw
H
CHy CH,  CHyCH, Ho Ny, .

AH. CH,
(XXX11)

Marvel and coworkers % subjected di~A!-cyclohexenyl-
acetylene to cyclohydration under the action of formic acid
and isolated two cyclic ketones — liquid and crystalline.

The structure of the liquid isomer, dodecahydro-9-phenan-
throne, was demonstrated by hydrogenation to perhydro-
phenanthrene; the authors were unable to establish the
structure of the crystalline isomer.

Linstead and coworkers!% also state that cyclisation
of di-At!-cyclohexenylacetylene results in the formation of
two isomeric ketones. However, unlike Marvel, they
found that both ketones are crystalline (m.p. 39° and 88°).
Spectroscopic analysis showed that they are af-unsatu-
rated ketones, in agreement with the results of other
workers!4,'42, It was shown that dehydrogenation in the
presence of platinum yields phenanthrene while the hydro-
genation of each isomer separately results in the formation
of the same 9-oxotetrahydrophenanthrene. On the basis of
these findings, the authors attributed the structure (XXXIV)
to the low-melting isomer and the structure (XXXV) to the
high-melting isomer.

(

(XXXIV)

(XXXV)

It has been established that when one of the double bonds
of the dienyne is present in a six-membered ring, as in
compound (XXXVI), the dienyne is still hydrated to the cor-
responding unsaturated ketone, but the latter can no longer
undergo cyclisation into the expected cyclic ketone 58,5%:

0 0-070

(XXXVI)

It has also been shown that dienynes with at least one
hydrogen atom at the terminal carbon atom undergo cycli-
sation.

Under the action of formic acid A!-cyclohexenyl-Al-
-cyclopentenylacetylene cyclises into the tricyclic ketone

(XXVH)l 143

U0 X
4

When zinc amalgam and hydrochloric acid act upon di-Al-
-cyclopentenylacetylene and the corresponding acetylene
glycol, the latter compounds cyclise into the corresponding
cyclohexane derivatives (XXXVIII): 56

(Foth
e — O

°\/ \l
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It is interesting that, when both double bonds of the
diene are conjugated with an aromatic ring [compounds
(XXXIX) and (XL}], cyclohydration does not occur.

C.H,,CH=C—C—C—C—-CH——C.H, /t
lsooC Ho nso-C‘h,

(XXXIX) (XL)

It has been established that the dienynes (XLI) and (XLII)
are also capable of cyclising under the action of formic
acid st

o)
i
( | =C—C=CH—CyH, ( N/ )\
CH, ) )
N (XLI) N \ASH,C‘H.
7
o
[
0500,
(XLII) (l..H CH,
7

Cyclohydration of the dienyne (XLIII) yields the tetracyclic
ketone (XLIV). The latter was subjected to Clemmensen
reduction and dehydrogenated with platinum, the final pro-
duct being chrysene }4%:

00=0 -

XL

) o

The investigations of Marvel and coworkers, who studied
the cyclohydration of a number of substituted dienynes
quoted above, undoubtedly yielded erroneous results. This
follows from the work of Nazarov and coworkers! on
numerous and various examples. The latter showed that
cyclohydration of dienynes and the cyclisation of divinyl
ketones results in the exclusive formation of substituted
cyclopentenonest and not cyclohexenones as stated by
Marvel and coworkers. In particular, on the example
of 3,6-dimethylocta-2,6-dien-4-yne Nazarov and Verkhole-
toval4 showed that not only asymmetric dienynes but also
symmetric tetrasubstituted dienynes undergo cyclisation
into the corresponding cyclopentenones (XLV) under these
conditions:

A N
CH=C—C=C—C=CH —— |
RN

R/ R

(KLV)

Independently of one another, Nazarov and co-
workers 16,147 Bogert and coworkers!* and Linstead and
Doering % showed that di-Al-cyclohexylacetylene also
readily undergoes cyclohydration under the above condi-
tions with the formation not of the so-called “Marvel's

T Nazarov's review! deals with this problem. We may note
that at present even in the non-Soviet literature this reaction is
known as the Nazarov'® and not Marvel cyclisation.
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ketone” i.e. a ketone with a phenanthrene skeleton (XLVI)
but a ketone with a spiran structure (XLVII):

AN

(xLvmy
(xLvn

The final proof that this ketone is not a phenanthrene deri-
vative is provided by the detailed investigations of Linstead
and coworkers !4,

15. SYNTHESIS OF B-ALKOXYKETONES BY HYDRA-
TION OF DIVINYLACETYLENE HYDROCARBONS IN
AQUEOUS SOLUTIONS OF ALCOHOLS

In contrast to acetylene derivatives, until recently the
hydration of divinylacetylene hydrocarbons was not investi-
gated at all. Nazarov and coworkers were the first to
develop a very simple and effective method of hydrating
divinylacetylene hydrocarbons!. The latter, on heating
in aqueous solutions of methanol in the presence of small
amounts of sulphuric acid and mercuric sulphate, are
smoothly hydrated to the corresponding dienones, which
under the conditions of the experiment combine with one
molecule of methanol with the formation of S8-methoxy-
ketones, in most cases in high yields.

In all cases the addition of water takes place in such a
way that the oxygen is directed to the acetylene carbon atom
which is combined with the substituted vinyl radical:

L]
Cx r——* CH=C—CO—CH,—CH=CH,

VAN
- \(I: C ?Ha
I (a) -
/CH i — ‘ CH (I:H—OCH,
i |
CH; - CH=C—CO—CH=CH—CH, CH,

(b)

In order to establish the structure of the dienones, (a)
and (b), Nazarov and coworkers!5' prepared deutero-2,4-
-dimethyl-A2-cyclopenten-1-one by the action of deuterated
phosphoric acid on the dienone obtained on hydration of
2-methylhexa-1,5-dien-3-yne. By oxidation with selen-
ium dioxide, they convincingly showed that the resulting
2,4-dimethyl-A2-cyclopentene-1,5-dione does not contain
deuterium. It follows therefore that deuterium was pre-
sent in deutero-2,4-dimethyl-A2-cyclopenten-1-one at
carbon atom 5, ¢.e. in the methylene group adjacent to the
carbonyl. This constitutes proof that 2-methylhexa-1,4-
-dien-3-one (B) cyclises and not the isomeric 2-methyl-
hexa-1,5-dien-3-one (A).

—C—C — CHy—C——CO — CH,—C—-—([:O o}
| 1
noo Ly, &

CH, C CH, CHg
cH éu G
1 |
CH, CH, CH,
(A) (B)
CHy—C—CO — CHy—C—CO CH,—|(IZ—-(|20 Se0y CH,—CH—lco
' I
CH, CHD CH, CHD CH CHD CH CO
7 7/ N/ N/
+cH - cH ?H, CIH
|
éﬂ, CH, CH, CH,
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Quite recently Nazarov and Zaretskaya!52 demonstrated
experimentally that hydration of A!-cyclohexenylvinylacetyl-
ene yields not allyl A!-cyclohexenyl ketone but Al-cyclo-
hexenylpropenyl ketone. The latter was also synthesised
in a different way and proved to be identical with the pro-
duct obtained on hydration of A!-cyclohexenylvinylacetylene:

H,0
( \“—CEC—CH=CH, o (]—OO—CH.:CH—CH,
N/

L
- 4 )-cuon—mzm—cu, .

[)l + OHC—CH=CH—CH, — |

AN

Thus the work of Nazarov shows that hydration of divinyl-
acetylene hydrocarbons results in the formation not of
allyl vinyl ketones but of the isomeric divinyl ketones.

According to the ease of hydration, Nazarov! divides
dienyne into three groups:

R

|
CHa=CH—Cs=C~—CH=CH, CHy=C—C=C—CH=CH,

P At

CHp=C—C=C—C=CH, &H=C—-CEC—&=CH2
(XLIX)

R R R R R R

o
CIH=|C—CEC—éI='CH CH=C—C=C—CH=CH,

(XLVIII) (15]

where R = alkyl, aryl, or a cyclic residue.

Group (XLVII): symmetrical dienynes, in particular
divinylacetylene itself; the compounds are hydrated at the
lowest rate (in the course of 15-20 h) with good yields of
B-methoxy-ketones.

Group (L): asymmetric disubstituted dienynes; they
are hydrated very readily, usually in 1-2 h, with the for-
mation mainly of B3-methoxy-ketones in quantitative yields.

Group (XLIX): asymmetric mono- and tri-substituted
dienynes; as regards ease of hydration they occupy an
intermediate position.

Thus the rate of hydration of dienynes to a great extent
depends on the disposition of the substituents in them, an
asymmetric disposition favouring hydration, which is
undoubtedly associated with the increased polarity of the
molecule. It has been shown that the dipole moments of
asymmetric dienynes are higher!53. This explains the
fact that hydration of asymmetric dienynes occurs in only
one way, the elements of water adding to the triple bond in
such a way that the oxygen always becomes attached to the
carbon atom which is linked to the substituted vinyl group.
It has also been established that not only the disposition
but the nature of the substituents has a very great effect.
Introduction into the dienyne molecule of aromatic and
large aliphatic residues slows down the reaction, which is
probably due to steric hindrance. Thus, for example, the
following dienynes are difficult to hydrate despite their
asymmetric structure 15¢-157;

CyHy (I:OHG
CoHy— CH=C—C=C—CH=CHj CeH;—CH—C—C=C—CH=CH;
cH, 1-C.1,
C,H"-—CH=é—CsC——CH=CH, cHs NeedCaC—CH=CH,
CHy”

Thus divinylacetylene itself and symmetrically substi-
tuted dienynes are the most difficult to hydrate.  Intro-
duction of one and particularly two substituents into one of
the vinyl radicals of the dienyne (asymmetric substitution)
greatly accelerates the reaction. As the size of the sub-
stituent increases, the rate of hydration again falls.

Attempts to hydrate divinylacetylene to allyl vinyl
ketone under the conditions of Kucherov's reaction have
been unsuccessful’. Only a very small quantity of a pro-
duct was isolated, to which the structure of the allyl vinyl
ketone was attributed without proof. As shown later by
Nazarov and Zaretskaya '4,!57  the physical constants of
this substance are similar to those of the products of the
further hydration of allyl vinyl ketone, namely 2-methyl-
tetrahydro-4-pyrone.

The hydration of divinylacetylene was achieved for the
first time 58 in 1942 in aqueous methanol in the presence
of sulphuric acid and mercuric sulphate.  The resulting
dienone (propenyl vinyl ketone) was converted under the con-
ditions of the experiment into a mixture of 1,5-dimethoxy-
hexan-3-one and unsaturated methoxy-ketones by the addi-
tion of one or two molecules of methanol:

> CHy—CH=CH—CO—CH=CH,
- CHy— CH=CH—CO—CHy—CHy—OCH,
CHy—CH—C=C—CH=CHy—| CHy—CH—CH;—CO—CH=CH,
"~ OCH,
CHy—CH—CH;—CO—CH,—CH,0CH,8
S,

This reaction was studied in detail, the concentration of
methanol, the reaction time, the temperature, and the com-
position of the catalyst being varied. As a result, it was
found !5 that addition of sulphuric acid is not only unneces-
sary but that it actually enhances resinification. In the
presence of mercuric sulphate without sulphuric acid in
90-95% aqueous alcohol divinylacetylene is hydrated in the
course of 20 h, a good yield of 1,5-dimethoxyhexan-3-one
being obtained:

CHy=CH~C=C—CH=CH; — CH;0CH;—CH;—COCH,CHCH; .
H,

Isopropenylvinylacetylene, which is obtained in guod yield
on dehydration of dimethylvinylethynylmethanol, is rela-
tively readily hydrated under similar conditions 104,15, The
hydration of this dienyne in aqueous methanol yields iso-
propenyl propenyl ketone, which under the conditions of
the experiment combines with one or two molecules of the
alcohol with the formation of the corresponding B-methoxy-
-ketones:
CH,
CH,=&—CO—CH,—ICH—CH,
OCH,
CHy ?H:
CH,.—_‘C-CEC—CH:CH,——-» CH,OCH,—CH—CO—CH=CH—CH,

CH,
c&x,ocx-xg—éﬂ-co—cr{,—cu_cm
OCH,
Like the above dienynes, 5-methylhepta-1,5-dien-3-yne
very readily undergoes total hydration in aqueous solutions
of methanol at 60-65° in the presence of small amounts
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of sulphuric acid and mercuric sulphate, the products
being the methoxy-ketone and a mixture of two isomeric
dienones 3 which differ sharply from each other in their
physical constants. = When methanol is split off from the
methoxy-ketone, only the high-boiling isomer of the dienone

is formed. On hydrogenation both isomers yield only one
saturated ketone:
CH, CH,
C 4H=é—co—cx-[=cn—cn,
7\
CH-C ¢
CH,—EH d CH, CH,
('%H, CH=C—CO—CH;—CH—CH,

dan,
On more prolonged heating of the dienyne under the above
conditions, the main product is 2-methoxy-5-methylhex-5-
-en-4-one. On ozonolysis of the methoxy-ketone, acetic
and B-methoxybutyric acids are formed in good yields:

CH, CH,
0,
CH=C—CO—CHy—CH—CH;y ———s CH,COOH + Hooc—cu,«'m—cu. .
'3 OCH]

In another investigation Nazarov and Zaretskaya 180
studied the hydration of 5-methylocta-1,5-dien-3-yne, ob-
tained by dehydration of methylpropylvinylethynylmethanol.
As in the previous case, the dienyne hydrates readily with
the formation of 5-methylocta-2,5-dien-4-one, which like
the previously investigated 5-methylhepta-2,5-dien-5-one,
is apparently obtained as a mixture of two geometrical iso-
mers. In the presence of mercuric sulphate methanol
readily adds to the propenyl radical of each isomer, the
corresponding methoxy-ketones being formed:

Hs(lzﬂ CHg HC; CH,
CHm&—CEC——CH=CH, —— CH= H—CO—CH.—?H—CH, .
OCH,

In the hydration of alicyclic dienynes, as in the hydra-
tion of other asymmetrically substituted divinylacetylene
hydrocarbons, the addition of water to the triple bond is
such that the oxygen always combines with the carbon atom
linked to the substituted vinyl radical. = Addition of water
which would result in the formation of tetrahydrobenzyl

vinyl ketone is not observed !¢,
N CO—CHi—CH—CH ,
OCH;

O—csc-amca,
R —_—
where R = H, CH,.

Under the above conditions the hydration terminates
after 2 h. On further heating of the reaction mixture for
5-6 h almost the entire dienone is converted into A!-cyclo-
hexeny! B-methoxypropyl ketone. Ozonolysis of the latter
gives B-methoxypropionic and adipic acids. On heating
in 80-85% methanol under the above conditions Al-cyclo-
pentenylvinylacetylene is readily hydrated with the forma-
tion of two isomeric dienones (liquid and crystalline) which
under the conditions of the experiment readily combine with
methanol yielding the same A!-cyclopentenyl B-methoxy-
propyl ketone. The latter on distillation with p-toluene-
sulphonic acid splits off methanol, yielding only the crys-
talline Al!-cyclopentenyl propenyl ketone 162,

chc—ahcn, e — E—J—fo—CH,—ECH;m, .
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The corresponding B-methoxy-ketone is also formed'®* on
hydration of vinylethynylcamphene (obtained on dehydration
of vinylethynylborneol):

=C—CH==CHy €O0—CH,—~CH—CH;,
Hy Hy OCH,

On heating in 90% methanol in the presence of sulphuric
acid and mercuric sulphate, 2,5-dimethylhexa-1,5-dien-3-
-yne (obtained by dehydration of tetramethylbutynediol) is
hydrated to 2,5-dimethylhexa-1,5-diene-3-one ¢4,  The
hydration of this symmetrically substituted dienyne takes
place with much greater difficulty than that of asymmetric
dienynes.
CH, CH, CH,
cu.=l:_c=c—|c=cu. —— CH,OCH _ti—co—cu=c(
= y =c(
CH,

Under the conditions of the hydration reaction, methanol
adds to the isopropenyl group of 2,5-dimethylhexa-2,5-dien~
-3-one with the formation of 2,5-dimethyl-1-methoxyhex-4-
-en-3-one. The latter on distillation in the presence of
p-toluenesulphonic acid splits off methanol with the refor-
mation of the initial dienone. Hydration of 3,6-dimethyl-
octa-2,6-diene-4-yne yields 3,6-dimethylocta-2,5-dien-4-
-one which is incapable of combining with methanol145.

CH,

When 2-vinylethynyl-2-decanol is heated with 50% sul-
phuric acid for 5 h at 55-60°, it is dehydrated yielding a
mixture of 2-vinylethynyl-A!{-gctalin and 2-vinylethynyl-
-A2® _gctalin.  When this mixture is hydrated in 95°
methanol in the presence of sulphuric acid and mercuric
sulphate, the product (70% yield) is a mixture of liquid
and crystalline propenyl Al -octahydro-2-naphthyl
ketones 195,186 which can be readily separated by freezing
out. On more prolonged hydration of the dienynes (more
than 5 h), the principal, or even the only products, are
methoxy-ketones which on vacuum distillation in the pre-
sence of p-toluenesulphonic acid split off methanol, and
the initial dienones are reformed; hydrogenation yields
the corresponding saturated methoxy-ketone:

c
YL \I/ —co—CHz—c|H—CH,.
I ' &n ' OcH,
VAN (gH, N\

C CO—CH;—CH—CHy .,
\'/, /‘I:I:I AVA Y4 (I)CH,
L— |
VAN gH, VAN

The structure of the unsaturated methoxy-ketones has been
demonstrated by ozonolysis.

On heating in aqueous methanol under the above condi-
tions, 5,6-dimethylhepta-1,5-dien-3-yne is quantitatively
hydrated with the formation of 5,6-dimethylhepta-2,5-dien-
-4-one, which under the conditions of the experiment com-
bines with one molecule of methanol and is converted into
5,6-dimethyl-2-methoxyhept-5-en-4-one1%?, On vacuum
distillation in the presence of p-toluenesulphonic acid, the
latter splits off methanol and reforms the initial dienone:

He CHs He G
>C=(‘:—CEC—CH=CH, —_— >c=c—co-cu,-cn-c1—1, .
HiC HGC ACHa

b
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5-Isopropyl-6-methylhepta-1,5-dien-3-yne, obtained by
dehydration of diisopropylvinylethynylmethanol on heating
in aqueous methanol in the presence of sulphuric acid
and mercuric sulphate, is readily hydrated to the corres-
ponding dienone, whose propenyl group combines with
methanol and 2-methoxy-5-isopropyl-6-methylhept-5-en-
-4-one is formed%8. On careful heating of the latter in
the presence of 0.5% of p-toluenesulphonic acid (15 min
at 120-130°), methanol is split off with the reformation of
the initial dienone (in high yield), which on more prolonged
heating cyclises into the corresponding pentenone:

¢ CHs—CH—CH,§ yC CoH—CH—CH,
>C=.C—CEC—CH=CH, —_ >C=C—COCH,—CH—CH, .
HyC HiC ACH,

The above findings show that hydration of divinylacetyl-
ene hydrocarbons in aqueous methanol may be regarded as
the simplest and most convenient method of the synthesis
of B-methoxy-ketones. It has been established!®® that
dienones can be hydrated in different alcohols, which makes
it possible to obtain a wide variety of B-alkoxy-ketones.
Depending on the conditions, this reaction results in the
formation of B-alkoxy-ketones or tetrahydro-y-pyrones.
In order to obtain B-alkoxy-ketones, water is gradually
added to the heated mixture of the alcohol and the dienyne,
while tetrahydro-y-pyrones are obtained when the dienyne
is added dropwise to the water—alcohol mixture. The ease
and the time required for the hydration of dienynes depend
also on the nature of the alcohol used, the rate of hydration
being lower when the latter has a branched structure and a
high molecular weight.

When divinylacetylene and isopropenylvinylacetylene are
heated in 50-60% aqueous ethanol or methanol in the pre-
sence of mercuric sulphate and sulphuric acid, the corres-
ponding tetrahydro-y-pyrones are obtained in 50% yield:

"!”2 y  ROH

“Row R I
Hy CH
I b
where R = H, CH,.

In the hydration of divinylacetylene in 80-95% alcohol,
considerable amounts of a mixture of alkoxy-ketones, whose
structure has been elucidated by ozonolysis, are formed in
addition to the pyrone:

R_c/‘\\\; ool N

R
i
A —» ROCHy—CH—COCH=CH—CH,
- ¢ C/CO\ R
i
R'— CH |
Cth ‘h‘” —_— i —— | CHy=C—CO—CH,CH—CH,
CH, CHy, CH R
H .
|
-+ ROCH,CH—COCH,CH—CHj +
R

It has been shown that a disubstituted vinyl group is
incapable of combining with alcohols (even methanol), the
propenyl group combines with alcohols more readily than
the isopropenyl group, and that the unsubstituted vinyl group
undergoes the addition reaction most readily '"°. With res-
pect to the rate of addition of the alcohols (and also amines

and other compounds) to apB-unsaturated ketones, vinyl
radicals can be arranged in the following series 1%%:

CHy ¢ CH, CH,

|
CHy=CH—>CHy—CH=CH—>CHy=C—> >c=CH,— >CH=C— .
H,C

It must be noted that, when the hydration of dienynes is
carried out in solution in isopropenyl alcohol, the only
reaction product is the monoalkoxy-ketone (R = iso-C,H,),
i.e. isopropenyl alcohol proves to be quite incapable of
adding to the isopropenyl group of isopropenyl propenyl
ketone.

Disubstituted asymmetric enyne hydrocarbons are also
readily hydrated in aqueous alcoholic solutions in the pre-
sence of mercuric sulphate and sulphuric acid. The
hydration is completed in 3-4 h but here instead of the
expected B-alkoxy-ketones the hydration products are only
the corresponding unsaturated ketones. Prolonged experi-
ments (24 h) have shown that, instead of combining with the
alcohols, these unsaturated ketones cyclise into the corres-
ponding cyclopentenones.

On heating in 95-98% ethanol or butanol for 3-5 h in the
presence of mercuric sulphate, A!-cyclohexenylvinylacetyl-
ene is completely hydrated to the corresponding unsaturated
ketone (LI) % which in more prolonged experiments partly
cyclises into 1-methyl-4,5,6,7-tetrahydroinden-3-one (LII):

co 0
c=C AN 7
NS CH ]
CH ——— ' | ———
l ] & U N []\ '
(V5 ’ CH, 1
CH,
Ly (L
hydration of 3-methylhepta-2,6-dien-4-yne (LIII) in ethanol

or butanol for 20-26 h yields a mixture of 3-methylhepta-
-2,5-dien-4-one and 2,3,4-trimethylcyclopent-2-en-1-one:

clﬂ, CH,
~ it —cocH=cH—cH,
CH, CH,
|

H=C—C=C—CH=CH, H,C o)
N__ A

) D

/
HC |
CH,

The above data show that, under the above conditions of
the hydration reaction, ethanol and butanol are incapable of
adding to the aB-unsaturated ketones described. This
makes it possible to hydrate asymmetric disubstituted
enyne hydrocarbons to the corresponding aB-unsaturated
ketones, which could not be achieved when these dienynes
were hydrated in methanol, since under the conditions of
the hydration reaction the unsaturated ketones formed are
capable of combining with one molecule of methanol to
yield B-methoxy-ketones. The divinyl ketones thus
obtained have become readily available and are now the
simplest unsubstituted starting materials for the synthesis
of a wide variety of carbocyclic and heterocyclic ketones
of the tetrahydropyran, thiopyran, and piperidine series.
For example, when aqueous ammonia or aqueous solutions of
primary amines are allowed to act upon B-alkoxy-ketones,

253



Vol.33 No.5

RUSSIAN CHEMICAL REVIEWS

May 1964

the corresponding y-piperidones are obtained in high
yields!™:

0\
- j Ha
-CH }H-CHJ
R o

The action of hydrogen sulphide on allyl vinyl ketones in
alcoholic solutions of sodium acetate or amines results in
the formation, in high yields, of a wide variety of tetra-
hydro-y-thiopyrones !’? which are readily oxidised by potas-
sium permanganate in acetone solution to the corresponding
suiphones:

a
~ {O}H: H,S m
~CH  CH—CH, CH.

OCH,

RNH,
L

%%

When treated with phosphoric acid (and also other acids),
allyl vinyl ketones are extremely readily and often quanti-
tatively cyclised into the corresponding cyclopentenones*:

The discovery of very simple methods for the prepara-
tion of heterocyclic ketones (y-piperidones and tetrahydro-
thiopyrones), which were previously difficult to obtain, has
led to the recent extensive development of the search for
and synthesis of new physiologically active and medicinal
substances. In particular, it has been possible to synthe-
sise a whole series of new ethers of the piperidine series
with exceptionally high analgesic activity, several times
greater than that of morphine and other natural products.

16. ALKYLATION AND CYCLOALKYLATION

It has been shown that, when isopropenylvinylacetylene
is heated with phenol in the presence of phosphoric acid,
p-substituted phenols are obtained 73,174

CH,
CH,-—-C-C:CCH:CH:

} + CH,=(!:C_CCH =CH; —— @

The alkylation of phenol with DVA takes place similarly '75:
CH,CH—C=CCH=CH,

AN _
" I + CHy=CHC=C—CH=CH, ——>
Y :
H on

Quite recently it has been shown!?® that heating of
DVA with tetrafluoroethylene in the presence of 0.1 gof
N-phenyl-B8-naphthylamine for 11 h at 125° results in the
formation of bis-(2,2,3,3-tetrafluorocyclobutyl)acetylene
and 1,1,2 ,2-tetra.f1uoro-3-viny1ethynylcyclobutane. The
products of addition to the triple bond were not obtained.

254

C CF3—CF,
A .y
(I%H ?: CH,—CH—C=C—CH—CH,
CH, ’fH + CF3=CF, -—'l: CF:—-CF: ClFr—CF,
]
ttetrc=c—tudn, .

Chlorotrifluoroethylene condenses with DVA in 6.5 h at
150° with the formation of bis-(2-chloro-2,3,3-trifluoro-
cyclobutyl)acetylene:

C
7\
fI:H (i‘, CTFCI_(I:F’ ('IZFCI——CF,
|
CH, lCH + CF,=CFCl —— CH;—CH—C=C—CH—CHj, .
|
CH;

Condensation of DVA with Bg-difluoro-a-methacrylo-
nitrile yields an adduct consisting of a mixture of the isomers
of 1-vinylethynyl-2,2-difluoro-3-methyl-3-cyanocyclobuta..
and 1-vinylethynyl-3,3-difluoro-2-methyl-2-cyanocyclo-
butane:

i
(l:Fr—(lD—CEN
C=C — CHy=CH—C=C—CH—CH,
7N cH
CH CH S CH,
I I+ = —— |
CH, CH, =N N=C—C—CF,

Lo
- CHy=CH—C=C—CH—CH,.

17. DIENE SYNTHESIS

Marvel and coworkers “® were the first to establish that
diisopropenylacetylene is capable of undergoing diene syn-
thesis with maleic anhydride when a mixture of the two
compounds in xylene solution is heated in the presence of
aqueous alkali. However, these workers isolated an
amorphous compound whose structure was not determined.
Later, this reaction was studied in greater detail by other
investigators!’?, who showed that bicyclic compounds with
‘methyl substituents (LIV) are indeed formed:

Ci,

CH,C o
N
) C/0 CO CH,

c
\ O
N CH—CO N
O—CH | I Do
o & +/C_CH’ t &b
N _/ CH, I/\ \co

co
o
(LIV)
Subsequently this method was used for the synthesis of
compounds of the hydrochrysene series with angular methyl
groups. It was shown that condensation of di-A!-cyclo-
hexylacetylene (or its 2-methyl derivative) with two mole-
cules of maleic anhydride yields the tetracyclic adduct (LV),
whose decarboxylation and dehydrogenation give chrysene 178:

ok |0R
1]
CH—CO NN w)
DO Wi e o2
= cH—Co |
: 0—0

AN
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where R = H, CH,. Dicyclohexylideneacetylene undergoes
diene synthesis with maleic anhydride ! and dimethyl
fumarate 120, The resulting ester (LVIa) proves to be the
stereoisomer of the ester (LVIb), which was obtained by
the reaction of methanol with the adduct (LVII):

CH—COOCH, 0OCH,
+ z}lu CH,00
= —
()\c=c CH00
CH—CQ
l2 I > OOCH,

CH— 00CH;

0—CO (LViay

|
(]

CH,0H

(LVIb)
(o}

O_A (Lvmn

The addition of dienophiles to dienynes was studied in
detail by Butz and coworkers!81,182,  Al-Cyclohexenyl-A!-
-cyclopentenylacetylene (LVIII) also undergoes diene syn-
thesis with the formation of the adduct (LIX) whose struc-
ture was demonstrated by dehydrogenation, using palladium
on carbon, to 15,16-dihydro-17H-cyclopenta[a]phenan-
threne} (LX) 181,182

(o]

@\EC/O vaf 2o .

wvun lc"Fc"' 0—0

l {L1X)

O~

Condensation of the dienyne (LVIII) with ethylene yields the
tetracyclic compounds (LXI).

xn

It is interesting to note that, when an attempt is made to
condense the dienyne (LXII) with p-benzoquinone !83  instead
of the expected reaction dehydrogenation of the dienyne with
the formation of the aromatic compound (LXIII) occurs:

18. ALDEHYDES AND GLYCOLS OF THE DIVINYL-
ACETYLENE SERIES

Aldehydes of the divinylacetylene series have been pre-
pared for the synthesis of carotenoid compounds 84-18?, The
synthesis was achieved as follows. Reaction of a-methyl-
acrolein with acetylene di(magnesium bromide) gave the cor-
responding diol (LXIV) which was subjected to anionotropic
isomerisation to give the divinylacetylene glycol (LXV) in
good yield. Oxidation of the latter with manganese dioxide

I See formula (XXIX) on p.249 (Ed. of Translation).

gave the divinylacetylene aldehyde (LXVI), whose conden-

sation with methyl a-methyl-g-bromoethylacrylate followed
by selective hydrogenation of the resulting dehydrocrocetin
(LXVTI) gave a good yield of the dimethyl ester of 8,8-cis -

-crocetin (LXVIII).

By reaction of crotonaldehyde with the acetylene di(mag-
nesium bromide) derivative, Heilbron and coworkers !
obtained the corresponding acetylene glycol (LXIX). The
latter was subjected to anionotropic isomerisation to yield
deca-3,7-dien-5-yne-2,9-diol (LXX). When this isomeri-
sation was carried out in an alcoholic solution of sulphuric
acid, 2,9-diethoxydeca-3,7-dien-5-yne (LXXI) was obtained:

" 4.,_1,
2C! —C=0 + BrMgC=CMgBr ———e CH,—C H—C=C:

l (I.XIV)
Eﬂz (iH:
BrCH, Hﬁ—aﬁ—u‘,& HOCH,— —CH"'CEC-G#L—C"W
Hy (LXV)
OHCaCH—~C=C—CH=C—CHO
(LXVDH Hy H,
»
Gy O3 C— C=CH—CHBe
Hy Hs Hy Hy
CH;304C—C=CH—~CH=CH~( == CH—C=C~CH=(—CH=CH—~CH=C—C0;CHy
Pd,Hy {Lxvin
i Hy Hy
CHgO,C— H~—CH=C| =CH-CH=CH—CH CH=CH—CH=C—COyCHy
(LXvun

CHy—CH=CH—CHO t BrMgC=CMgBr + OHC-CH=CH—CH;

CH,-CH=CH—EH—C'='C—CH—CH=CH—CH,

lu.

CHy~CH—CH=CH—-C=C—CH=CH
{LXX}

H du HS0,
(LXIX) CyHsOH

s CH,—EH-CH%H—(H-CW H—CHy .«
CaHg (LXXI) EC:"S

Quite recently Yanovskaya and Kucherov!®” obtained
2,6-dimethylhepta-2,6-dien-4-yn-1-al (LXXII) in 20% yield
by condensation of B-ethoxy-a-methylacrolein with iso-
propenylethynyllithium in ethereal solution followed by
hydrolysis of the product with acetic acid in the presence
of sodium acetate:

CHy=C—C=CLi + QH.OCH:?—CHO — cH,=c|:-c.=_c-CH=c—CHo.

H, CH] CHO CH!
(LXXII)
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An earlier review! has surveyed work on the principle
of structural correspondence in the multiplet theory of
catalysis. However, this principle alone is insufficient
according to the theory. Thus ThO, and CaF, have the
same structure, but different catalytic effects on alcohols 2.
A second principle which follows from the multiplet theory
— that of energetic correspondence — will be examined
below.

1. FUNDAMENTAL EQUATIONS OF THE MULTIPLET
THEORY

Spatial (structural) and energetic factors in catalysis
are linked by potential-energy curves. Fig.1 shows such
a curve for the chemisorption of an atom A on the surface
of a catalyst K. The x axis is taken to pass through the
centre of the sorbed atom A and be normal to the plane of
the catalyst surface KK. On the atomic scale the profile
of the surface is represented by the wavy line ZZ. The
adsorbed atom A will be in a more stable position in the
trough K’ between the surfaceatoms!. In Fig.1, therefore,



