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SUMMARY

The thesis is divided into three parts.

PART I.

The base-catalysed isomerisation of hepta-l, 6-diyne
to-toluene has been investigated using a variety of base;-solvent
systems., The best results were obtained by refluxing the
diyne with a 10% solution of potassium t-butoxide in diglyme.

A number of straight chain diacetylenes have been prepared and
aromatised, by this method, to isomeric mixtures of mono- and
o-disubstituted benzenoid hydrocarbons in which the most
symmetrically substituted o-isomers predominated. The reaction
is general for this type of diacetylene and the aromatic mixtures
were obtained in 60-70% yield. The macrocycle, cyclotetradeca-l,
8-diyne, and the dienyne, octadeca-9, l2-dien-b-ynoic acid, also
aromatise, but not the tetraene, ethyl arachidonate,

A mechanism involving internal Diels~-Alder cyciisation of a
conjugated allene-diene intermediate is suggested. An empirical
method of correlating the structures of isomeric o-dialkyl

benzenes to their G.L .C. retention times is put forward.



PART 1I.

l, 2, 5, 6= Tetrabromocyclooctane has been
dehydrobrominated with potassium t-butoxide in diglyme to
a mixture of isomeric hydrocarbons containing mainly
benzocyclobutene, styrene and a compound believed to be
bicyclo [u.?-.o] octa-l, 3, b6-triene. Cyclooctatetraene and
an unknown compound are present in trace guantities only.

This constitutes a new two stage synthesis of benzocyclobutene
from readily available starting material.

Cyclooctatetraene has also been isomerised under the
same basic conditions to the same isomeric mixture as that above,
An additional component, thought to be bicyclo EA.Z.O] octa=2,
4, 7= triene, is also present. The relative amounts of these
components are dependent on the reaction temperature. This
is the simplest synthesis of benzocyclobutene yet devised and

the yield compares favourably with those obtained by other routes.

PART I1I,.

The stereomutation of cis to trans-undec-4-—ene during

hydrogenation over palladium catalyst has been investigated, and
the extent of stereomutation related to the catalyst concentration.

The hydrogenation of cigs-undeca-l, 7-diene has also been studied.



 PART 1

THE AROMATISATION OF DIACETYLBNES.






INTRODUCTION

Since its discovery in 1866 by Berthelot,l the
polymerisation of acetylene (Ia) to benzene (2a) at red heat
has remained the first, possibly the most tangible and certainly
the most easily remembered reaction of acetylene presented to
chemistry students. The reason for this is probably the
simplicity of its formal representation which easily encompasses
the analogous reactions, discovered by Fittig2 and Aldedingen,’
of the higher homologues methyl (lb) and dimethylacetylene (ic)
to mesitylene (2b) and hexamethyl benzene (2c), respectively.

These polymerisations remained for many years the only
examples of aromatisation of acetylene, or simply subatituted
acetylenes, until the trend for chemical sophistication led to the
discovery of Ziegler type catalysts which could 'condense' the
triple bonds to the catalyst surface, there polymerising under
very mild conditions * The uses of this elegant technique have
been reviewed by Zeiss® and the pertinent example of the
trimerisation of dimethyl acetylene (lc) to hexamethyl benzene
(2c) over a triphenyl chromium catalyst in tetrahydrofuran is
explained by stepwise replacement of the tetrahydrofuran ligands
in (3) to form the 'tetramethylcyclobutadiene' metal comples (4)

which can then undergo an external Diels-Alder addition of
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dimethylacetylene givinz (2¢). A particularly good illustration
of the chemical potential of this type of catalytic polymerisation
is furnished by the trimerisation of vinylacetylene (5) to 1, 2, 4=
or 1, 3, 5«trivinyl benzsne, (6) and (7), at «109 over
triisobutylaluminfum/titanium t@trachloride.‘

C’.:urrept interest In carcinogzenic compounds led Iadger
and his colleagues / to investizate the tars coproduced with
benzene in Eerthelot!s polymerisation of acetylene at red heat,
They found, besides bengene, a wide array of aromatic
hydrocarbons incladinz toluene, g ~ xzylene, styrene, naphthalene,
fluorene, phenanthrene and many polynuclear aromatiec h ydrocarbons.,
Compounds of this latter type have been encountered by
Sondheimer in his siznificant research into macrocyeclic poly=ynes
and poly-enes, Thus the macrocyclic cyclooctadecahexsyne (8)
a.mn:i cyclohexadecadientetrayne (ll), obtained by oxidative coupling
of the corresponding diynes, give triphenylene (10) & and
l0=diphenylsuccindene (12),” respectively, when treated with
strong base, In the former case, the reaction is wbelieved to
go by base-catalysed isomerisation of (&) to the none-planar
1034 759413,15=cis~hexaene~5,11,17=triyne (9), a model of which shows
that C(6) 18 close to C(ll), C(12) to C(17), and C(8) to C(5).
Transannular interaction across these positions is then sugzgested

as a likely pathway to triphenylene (10), A slmilar argument can
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be applied to the formation of the succindene.

A further isolated example of the aromatisation of
acetylenes comes from the unlikely source of steroid chemistry.
Much evidence!” ¥ hag Indicated that the formic acid induced
isomerisation of ethynyl carbinols leads almost entirely to the
(. ’ B = unsaturated methyl ketones by initial dehydration followed
by hydration of the conjugated ethynyl grouping.n Thus
l=ethynylcyclohexanol (13) gives initially l=ethynylcyclohexene (14)
which hydrates to the 04',18 -unsaturated methyl ketone (15).

In an attempt to introduce a methyl ketone into ring D of a
gteroid by this method, Hardegger 13 found that a 17’,,8 =hydroxy
«}7 { =ecthynylandrostene (16} gave not the required ketone (17),
but presumably by dehydration with concurrent methyl migration,
ring expansion and aromatisation, an aromatic ring D(18).
Jacques 1% found exactly the same rearrangement in the pregnane
series, and suggested that the mechanism involves a series of
Wazner-Meerwin rearrangements.

In connection with the hydration of i=ethynylcyclohexene,
Levina Y discovered in 1938 that this and the related
ethynyleyclohexane both gave a high yleld of ethyl benzene when
heated over a platinum catalyst at 200°,.

There remains one other example of the aromatisation of

an acetylenic derivative described in the literature, and since it
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provides the foundation of the present work, will be dealc with
in greater detall. In 1907, Perkin and Simcmsen,16 then
investigating approaches to cyclopropane, discovered that
condensation of 1,2,3~tribromopropane with diethyl malonate gave
besides the expected product, X ~bromoallyl malonate, a small
quantity of high boiling ester believed to be X, e l -dibromodiallyl
malonate (19)., Hydrolysis of this ester gave a monocarboxylic
a.cid,“f« —m=toluic acid, m.p. Lp’?o, to which the structure of
dipropargyl acstic acid (20) was assigned, on the basis that the
acid analysed for CSH8C’2 s Zave copper and silver salts, and was
instantly oxidised by alkaline permangate solution. This acid
possessed the unique property of being easily isomerised to
m~toluic acid (22); boiling with water or dilute sulphuric for two
~ hours, and hydrobromic acid were effective, but not heat alone.
Perkin proposed the unlikely reaction scheme shown involving
condensation of the initial hydration product, diacetonyl acetic
acid (21).

A number of facile hydrations and cyclisations of acetylenic
compounds is known . Kon and Everettw have reported that
attempted purification of hepta-l, 6-diyne (23) via the mercury salt,
(mercuric iodide followed by hydrochloric acid and steam distillation),
led to high yields of the unsaturated ketone (24). Ketones shown

to be (27) and (30) were also obtained from octa-l, 7-diyne (26)
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and nona-l, 8-diyne (29), respectively, Compounds (2L) and
(27) had previously bsen obtained by the action of 40% alkali on
k;epta_-ai?., O=dione (25) and octa=-2, 7-dione (28), respectively.

The conversion of Y/ -m =toluic acid into m ~ toluic acid,
however, remains az singular reaction. Recently two groups of
French workers have described the preparation of dipropargyl
acetic acid (R0) and its derivatives, and a number of closely
related acids, ketones and esters.

(Gaudemar 18

obtained (20) from a condensation bhetween
acetoacetic ester and l-bromoprop=L-yne. A similar condensation
with malonic ester gave a 50% overall yield of (20), and in addition,
diproparzsyl malonic acid (31). Decarboxylation was found to occur
easily with this acid, but the products were not identified,.

Colonge and Gelin Y have described the reactions of (32) and
(33) shown on the opposite page. Rearrangement involving an
allenic intermediate is postulated for the latter reaction and for
the formation of m-toluic acid from the ester (34).

Dipropargyl acetic acid (20), me.p. L5.5°, obtained in
high yield by Eglinton (unpublished) by the route shown from the
condensation of propargyl bromide and diethyl malonate, was
recovered unchanged from treatment with boiling water, boiling

10€ sulphuric acid or hydrobromic in acetic. Similarly, refluxing

with methanolic potassium hydroxide had no effect. Thus, despite
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the similarity in mslting point, it seemed unlikaly that - -m=toluic
acid was in fact dipropargyl acetic acid.

The problem remained intriguing, and Eglinton and iHarkin
in 1955 tried to repeat Perkials original route. The experimental
details given by Perkin for the crucial step, the hydrolysis of the
dibromo diester (l9) are, however, particularly vague, and nothing
approaching ¥ -m=toluic acid was isolated. They did, however,
discover that dipropargyl acetic acld (R0) could be easily isomierised
in high yield to m=toluic acid by simply refluxing the acid with
potassium hydroxide in ethylene glycol or water. Continuing along
these lines, Eglinton and I.:aosenfeld21 obtained spectroscopic
evidence which supported that the simple hydrocarbon precursor,
hepta-l, 6~diyne, was isomerised to toluene with 0% potassium
hydroxide in esthylene glycol for four hours at 120°, and it was at

this peint that the work described in the proceeding pages was begun.
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DISCUSSION

The faclle isomerisation of both dipropargyl acetic acid
and hepta-l, 6~diyne with strong base, immediately suggested that
some type of base-catalysed prototropic rearrangement was
operating, The first object of this work was the establishment
of the best conditions for this reaction, which in turn demanded
a knowledge of the basic systems previously used in anionotropic
rearrangements.

Base~catalysed isomerisation of acetylenes.

The iscmerisation of acetylenic hydrocarbons under alkaline
conditions, a much easier process than that for the corresponding
olefins, was discovered by Favorskii® in 1888. He found that
treatment of but-l=yne {35) with potassium ethoxide in ethanol
gave a high yield of but-R-yne (36). it was therefore not
surprising when Krafft,” several years later, found that some
undec-9=-ynoic acid (39) was produced in a preparation of
undec=l0=ynoic acid (38) involving elimination of hydrogen bromide
from 10, ll-dibromoundecanoic acid (37) with alcoholic hydroxide at
180°.

When it was realised that the production of conjugation
was an important factor in the troublesome formation of colour

in fatty acids and oils, the food industry sponsored investigations



into the processes involved, paying particular attention to the
alkaline sapomnification step so widely ised in the industrial
production of many essential acids and oils, These investigations
showed that alkaline hydroxide soluticns in alcohol or water were
effective at high temperature # (eeze cae 225° in the latter
case), while solutions in glycol facilitated conjugation‘a.t lower
te‘mperatux*es.' Thus linolenic acid (40) readily forms 10, 12, 4 -
octadecatrienoic acid (41) ir a beiling solution of 25% potassium
hydroxide in glycc:vl.25

Alkali metal catalysis of olefinic isomerisation, generally
slow below 100°, is extremely effective if the metal is dispersed
on alumims..‘mS A very active catalyst is produced in this way,
and isomerisations occur at much reduced temperatures, for

exainple, but-l-ene is isomerised to an equilibrinm mixture of

27
cig- and trans-but-g2-ene over sodium on alumina at -80°; while
28
pentene gives the analogous reaction at 30° Jnconjugated

dienes are rapidly conjugated, and cyclic dienes are not only
isomerised, but dehydrogenated forming aromatic systems at room
temperature. The surface area does not account for the
catalyst activity, and the suggestion is 7 that the actual catalyst
is formed by reaction of the olefin with the sodium on the alumina
surface; apparently a combination of support, ionic and metallic

sodium is necessary. Surprisingly this method has never been
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used for acetylenes,

Closer to the present problem is the receat work by
Jones and Whiting on prototropic rearrangements of diacetylenic
dicarboxylic acids from which conjugated dien~yne and tetraene
dicarboxylic acids are obtained. Thus hexa-2, L-diyne-l,
6=-dicarboxylic acid (42) and octa-3,5~-diyne-l,8-dicarboxylic acid
(44) give respectively hexa-l,3-dien=5-yne-l,b=dicarboxylic acid
| (43) and octa=-l,3,5,7-tetraene-l,8~dicarboxylic acid (45),% when
treated with 0% aqueous potassium hydroxide at 55%, Similarly,
but-3~ynoic acid (46) zives both the allene (47), and but~2~ynoic
acid (48) with 182 aqueous potassium carbonate at 40-90°, *
These rearrangements are in complete agreement with the findings
of Jacobs ® in the pentyne system (see later).

In the acetylenic hydrocarbon series, Sondheimer 3 has
successfv.lly isomerised the cyclooctadecahexayne (49), prepared
by oxidative coupling of hepta-l,b-diyne, to the fully conjugated
hexaenetriyne (50) using potassium t-butoxide in t-butanol at 90°.
This is the nearest approach to an isomerisation of hepta-l,
6-diyne itself,

In conclision, neglecting alkali metal catalysis, any base
varying in strength between potassium hydroxide and t-~butoxide
in any hydroxylic solvent has provided a system sultable for the

isomerisation of olefins and acetylenes. It is interesting to note,



‘Taole I,

Initial base/solvent system invest.gations determined
by refluxing hepta-l, O~diyne with a 0% solution of the base.
The table shows the approximate heights of the significant

peaks present in the infrared spectra of the products.

Run H-C =z C -1 C=C=C C=C~C=C Vinyl ether Toluene
number ¢a2.3300 cm. 1950 i640 12001000 730

i ] @z L} s

2 - = - n-g B

3 8 - w - -

4 w = m-8 . @m 8

5 143 2 X - B-8

6 - - -4 - B-8

Run l. Sodium hydroxide/glycol for 8 hours.

Run 2., Sodium hydroxide/ methyl cellosolve for 8 hours.
Run 3. Soditi m hydroxide/dimethyl formamide for 8 houra.
Run 4., Potassium t~butoxide/t-butanol for 3 hours.

Run 5. Sodamide/diglyme for 2 hou;rs.

Fun 6. Potassium t-butoxide/diglyme for 15 minutes.
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at this point, that although the rate of prototropic
rearrangement brought about by potassium t-butoxide in izethanol
is less than in t-butanol, this latter system has the disadvautage
of forming a ‘E_u'butoxide/_t_ubutanol complex which is insoluble below
80°. Hydrogen ovonding between the solvent and the catalyst is
also believed to inhibit catalytic action.>3

Catalyst efficiency,

The effectiveness of various base-solvent systems in
prom&ting the prototropic rearrangement of hepta-l,i-diyne <o
tolnene was investigated by refluxing the hydrocarbon with the
basic system for suitable times, The extent of reaction was
determined by a superficial examination of the significant peaks
at 3300 (H-C=C), 1950 (allene), 1650~1630 (double bonds),
1200-1000 (viny]l ether) and 727 cm. > { ¥ =CH in toluene). The
results obtained are tabulated in table l.

Systems cmploying solvents containing a free hydroxyl
group were ineffective, as was dimethylformamide. Eoth
sodamide, previously known to catalyse deuterium exchange in
hydrccarbonﬁ,‘* and potassium t-butoxide in diglyme (diethylene
glyeol dimethyl ether) were effective,. Reaction with the former
aystem was slower, and strong allenic and ethylenic absorption
was present in the infrared spectrum of the product. The

significance of this absorption will be discussed later.
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Potassiam g-butoulde in diglyme proved completely satisfactory,
and was used in all subseqguent isomerisations. As previously
mentioned, there are disadvantages in the use of t=butoxide in
the presence of t-butanol, and even traces of the alcohol treatly
retard prototropic exchange, Sublimed butoxide would therefore
have been ideal, The reactions did however proceed smoothly if
the last traces of the alcohol were removed at 160° under oil
pump pressure untill the butoxide started to sublime,

Suitable aromatisation conditions having been established,
the next step was to investigate the generality of the reaction,
To this end, a series of diacetylenic hydrocarbons were prepared
and subjected to this basic treatment.

Preparation of diacetylenic hydrocarbons,

There is an excellent review by Marzak® on the general
methods of preparation of acetylenes. Most of the diacetylenes
listed in table 2 were prepared by well established routes which
are fully described in the experimental, The physical constants
and yields of the diacetylenes so formed were compatible with
those quoted by previous authors. Heneicosa=l,20~-diyne (57) was

prepared by the route shown.

Isomerisations of dilacetylenic hydrocarbons.

The aforementioned diynes were isomerised by refluxing

them with a 104 solution of potassium t-butoxide in diglyme for
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Infrared spectra of: Frequency ( cm.'l) : Assignment

(a) Product from attempted
isomerisation of

hexa-l, 5-diyne {58)

(b) Acid gﬁzﬁrelysis
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periods generally determined by infrared analysis of aliquots
removed at reasonable intervals, The term 'solution' is perhaps
misleading in this text because although most of the butoxide
dissolved, some always remained as a milky suspension. The
results of these isomerisations are summarised in table 2 and
expanded beloW..

Hexa~l, 5=-diyne (table 2, run l)

The infrared spectra of aliquots removed after reaction
times of one, three and seven hours were substantially the same,
and suggested that a conjugated dienyl-t-butyl ether was produced.
If initial prototropic rearrangement of the diyne (58) gave the
conjugated dien-yne (59), then butoxide addition could conceivably
ocecur, as shown, giving an intermediate of the type (60). Ring
closure and hydrolysis of this would then give the cyclohexadienyl-
t~butyl ether (6l); a structure which completely agrees with the
spectral data shown. Acid hydrolysis of this should give the
ketone (63).

Acid hydrolysis of the reaction product gave an oil and the
significant absorption bands, with their tentative assignments in
the infrared of this oil are shown opposite. The general broadening
of peaks In this spectrum suggest the presence of an enol, possibly
a8 the tautomeric system (6R)=(63). The oil gave a deep red,

unstable D, N.F,. derivative which rapidly darkened on attempted
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recrystallisation and gave an Insoluble solid which could not be
characterised,:

Zince it was obvious that benzene had not been formed,
investigations into the product from hexa-l,5-diyne were
discontinued,

Hepta-l,o~dlyne (table 2, run 2).

Treatment of this diyne with basic systems other than
t~butoxide have already been discussed. With this system, strong
Y =«CH aromatic absorption occurred In the infrared of the product
after only fifteen minutes at 130°, which reflects the efficiency
of these conditions for promoting prototropic rearrangements.

In s.n‘ isomerisation at reflux for four hours, the yield of toluene
by infrared analysis was 35%, and the hydrocarbon was identified
by wmfrared and oxidation to benzoic acid. The reaction procaeds
only slowly below 100°, Thus, when heated on a steam bath for
five hours, weak allenic and ethylenic absorption appeared although
there was no noticeable change in ethynyl absorption.

Qcta-l, 7=diyne (table 2, run 3)

The infrared spectra of aliquots removed after reaction
times of one and eight hours contained no ethynyl absorption, and
were identical in the 700-800 cra . region to the superimposed
spectra of ethyl benzene and o-xylene. Alkaline permanganate

oxidation of the product gave a mixture of henzoic and phthalic



Ladle 3.

%

Analytical G.IL..Ce. of the Isomerisation Product of

Qcta -3, 5 -~ diyne.

Run Diglyme . Ethyl benzene unknown g-xylene
. #* . .
number R 4 RT % R - ¥ R T %
l 9,8 - - - - - - -
2 . - __— Ny - - - - -
3 = - - -~ - - 16 . 7 -
L - - 1.8 28 We2 8 17.4 64

Chromatograms run on 5% Apiezon 'L with an Argon flow rate

of 50 ml./min_.

Run

l. Diglyme at 47°

2. Ethyl benzene at 50°

3. » o-Xylene at 50°, |

L. Isomerisation product of e#ﬁ-S, 5«-6.13'&0 w' i;aﬂa.

#* . . . : :
RT is the apparent retention time in min,

+ Relative amount of component in the product determined

by area measurement and expressed as a percentage.
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acids. Tae yileld in this oxidation coupled with the yield of
o-xylene by quantitative infrared analysis, using the band at
740 cm.ml, showed that the product contained 22 and 6l% of
ethyl benzene and {-xylene, respectively. The yield of these
isomers from the diyne was 72%.
Octa-3,5~diyne (table 2, run 4)

The infrared spectrum of the product after a reaction
time of fifteen hours was identical to that obtained from
octa-l, 7=diyne above, The boiling point and refractive index
of the product were comparable to those of gw-xylene, and was
oxidised to a mixture of oenzoic and phthalic acids.

‘The analytical G.1l..C. of the product (table 3) indicated
a three component system. Two of these, present as 25 and
64% of the product, were identified by mixed chromatograms as
ethyl benzene and o=-xylene,respectively. The third component,
present as 8% of the mixture, was not diglyme, and remains
unknown.,

The yield and product distribution from the isomerisations

of these C_ diynes was almost the same, which possibly means

8
that' the same intermediate, prior to cyclisation, has been produced

by prototropic rearrangement in both cases.



Table be

Analytical G,L.C. of the Isomerisation Product of

Nona = 1, & - clyne.

Run n -~ propyl benzene unknown o~ethyl toluene
number R, g | Ry 4 Ry, 4
l 9 . 6 - Lo L - -
2 9.9 - 6 2.3 17 13.) 77

These chromatograms were run on 5% Aplezon ‘Lt

at 70°, Argon flow rate 50 ml./min.

Run l. n - Propyl benzene

Run 2, Isomerisation product of nona - 1, 8 -~ diyne.
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Nona-l, 3=diyne {(table 2, run 5)

The infrared spectra of the prodﬁcts obtained, after
reaction times of one and six hours, were identical to the
superimposed spectra of a-propyl benzene and o=~ethyl toluene,
and all the peaks could be accounted for on this basis. Oxidation
gave phthalic and a trace of benzoic acid.

Analytical G.L..C. of the product (table 4) again showed
three components present as 6, 17, and 77% of the mixture.

The first of these was identified by a mixed chromatogram as
n-propyl benzene, while the last is presumably o-ethyl toluene.
The yield of these isomers from the diyne was 69%. The
structure of the third component is unknown.,

Nona-2,7-diyne (table 2, run 6)

The infrared spectrum of an aliquot removed after one
hour at reflux was identical to that of the product from the
1,8~isomer above, Similarly, after seven hours, oxidation gave
the same products. Gel.eCuss were not run, and the yield of
aromatic product was estimated, only approximately, as 70% from
the oxidation results.

The isomerisation of these 09 diynes clearly shows that
as the chain length of the diyne increases, the proportion of
¢~disubstituted product also increases. ‘The overall yields are

not effected.
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Deca=l,9=diyne (table 2, run 7)

The product obtained after twelve hours exhibited only
typical aromatic infrared absorption, particularly complex in the
aromatic § -CH region. An interesting situation has now arisen
in connection with the difference in boiling points between mono-
and o-disubstituted aromatic hydrocarbons which are listed in
table 5. In C8 hydrocarbons this difference is ca. 8%, the
monosubstituted isomer being the lower boiling, in Cg ca. 6°,
and in Cw there is almost no difference. As this series is
continued, there is actually an inversion in boiling point position.

" v
Thus n-hexyl benzene boils 17° above Q_;Iisopropyl benzene, and
n-octyl benzene 40° above p=-dibutyl be;l\zene, with n-heptyl toluene
intermediatory and just below n-octyl benzene. Eoiling points of
isomers containing more than fourteen carbons could not be found
in the literature, but taking the trends in this last known range
a little further, it would appear that boiling points decrease as
the symmetry of o-disubstitution increases. Retention of aromatic
hydrocarbons on the non-polar stationary phase, Apiezon 'L?, will
be mainly a function of boiling point, and these trends should be
reflected there.

In the present case the boiling points of the expected
aromatic products lie at the 'cross-roads', and differences in the

retention times of the isomers are expected to be small, if any.
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Analytical G.L .C. of the isomerisation of deca-l, 9=-diyne.

Run
number

1

2

n - butyl o=~n=-propyl toluene and/or

benzene o~diethyl benzene
RT & R s

1109 b - P
12,0 ca. 5 12.6 ca. 95

These chromatograms were run on 5% Apl. at 86°, with

an Argon flow rate of 50 ml./min.

Run l. n - Butyl benzene.

Run 2. Isomerisation product of deca=l, 9=~diyne.
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The G.L.C, of the product (table 6) showed only one peak
with a shoulder, ca. 5% of the whole, at lower retention time.
The retention time of n-butyl benzene and this shoulder were
the same, but a mixed chromatogram gave only a general
broadening of the main peak with no defined separation. The
main peak, by analogy to the previous isomerisations, is probably
a mixture ofon-propyl toluene and o~diethyl benzene in which the
latter predominates. The actual product distribution could not
be determined by infrared or oxidation, and remains unknown.
The yield of aromatic isomers was 66%.

Tetradeca=-l,13~diyne (table 2, run 8)

Although ethynyl absorption had completely disappeared
from the infrared spectrum of the product after a reaction time
of four hours, there was significant allenic and olefinic but only
weak aromatic | -CH absorption. "After eight hours, the
aromatic § =CH had strengthened, and after eighteen, the
spectrum was typical of a mixture of g-disubstituted benzenoid
hydrocarbons.

The G.L .C. of the product, reproduced as a histogram
{fig, 1), revealed a six component system in which two, peaks
IIX and IV, predominated ss 52 and R23% of the mixture. Tiacause
of the boiling point reversals above, it was impossible to assign

structures to these on G.L..C. evidence alone, nor was it feasible
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to prepare all five possible aromatic isomers for comparisons.
The peaks on the G.L..C. were, however, sufficiently separated
to make preparative G.L.C. practicable, and these main peaks
were subsequently separated on the Fye=Argon apparatus using
a 108 Apiezon ‘L' column. Prom the preponderance of the most
symmetrical isomers in previous isomerisations, structures (64)
and (65) were the first choices for the main components.

Infrared analysis of the main products from tetradeca-l, 13-diyne.

The samples from the &,L,.C. were trapped in J tubes
using acetone/dricold, and despite drying precautions, the collected
fractions were inevitably wet. This was apparently caused by
condensation just before and just after sample collection when the
drying tubes were absent from the J tubes, The concentration
of the carbon disulphide solutions used in the infrared analyses
were therefore unfortunately unknowni the solutions being dried
and diluted until suitable spectra were obtained, The infrared
spectra of the components corresponding to peaks III and IV
(fig. 1) in the 3000 and 750 cmo ) regions are shown in figures
2 and 3 respectively. Although there is little difference in the

¥ -CH bands, there are marked Intensity differences in the
3000 cm.™ region.
Pokrooskij & has examined the C~H vibrational bands of

a number of n-alkanes and found that:



Hesc (cuz_)mc.a cH

(e0) R3=R%= 4
(65) R3*=3,R*%*= s
(e6) R3=2, R%=¢

where €3 and K% ame Gl nember
of carbams i e M- alkyl sile chains
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(a) the band at 2924 cm.” is the C-H vibration of the CH,
groups and its intensity increases with increasing chain length.
(b) +the band at 2957 «:m."l is the C-i1 vibration of the CHB
group and its intensity decreases with .increasing chain length.
From these considerations the ratio of the intensities
of the bands at 2925 and 2957 c:m.m1 in a structure (65) would
be expected to be greater than the same ratio for a structure
(64). On these grounds, structure {(04j) can be assigned to
the infrared spectrum (fig. 2) of G.L.C. fraction III, and
structure (65) to that of G.L .C. fraction IV (fig. 3).
Since the actual intensities of these hands in thls series are
unknown, these spectra could as easily be assigned to structures
(65) and (66) respectively. The actual lengths of the side
chains in either one of these components must therefore be known
before any definite conclusions can be made from the infrared

data.

Mass spectroscopic analysis of the main products from

tetradece =~l, 13-~diyne.

>3 in his recent book has reviewed correlations

Beynon
between mass spectra and the structures of a number of alkyl
benzenes. The predominant dissociation processes in these tend

to be those which require the lowest energy, and these processes

are mostly those in which a stable ring structure is preserved in
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the ionised fragments. Since the presence of the ring in the
alkyi benzenes causes marked differences in bond strengths along
ths alkyl side chain, the spectra show prominent peaks due to
fragmentation at the weakest bond. Thus in alkyl benzenes the
strongest ion in the spectra is one of mass 91 corresponding to
rupture /3 - to the ring giving the stable Cy H7+ ion.

In poly-alikyl benzenes dissociation - to the ring tends
to centre in the side chain which has the longest subsituents on
the o{~ carbon atom, and although mass 9] may remain a prominent
peak, it will no longer be the strongest in the spectra. The

unsymmetrical structure (65), containing 633 and C_ side chains,

5
from the above considerations, would be expected to give a
prominent peak corresponding to the loss of C5 E—Iu by rupture

o = to the ring at this side chain. Predictions about the mode
of fragmentation of the symmetrical structure (64) are uncertain
as there is equal probability of o{ - and /5 - rupture.

The mass spectra of G,L.C. fractions III and IV are
shown as histograms (figs. 4 and 5). Both have parent peaks
of mass 190 (Clh- Hza) and lesser peaks of mass 9l.

The spectrum of fraction IV (fig. 5) is dominated by a
-‘pea,k of mass llI9 corresponding to the loss of a fragment of

mass 71, i.e. C5 Hll' The next main peak of mass 05 corresponds

to further loss of CI—Iz giving a stable rearrangement ion which
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in turn loses CH, giving the stable Cnp H * jon typical of aromatic

7
structures. From the considerations discussed above, this
cracking pattern clearly indicates that fraction IV is g-n-propyl-n-
pentyl benzene (65).

The spectrum of fraction III (fig. 4) is completely
dominated by a peak of mass 105 presumably caused by
,é - fragmentation giving this as a stable rearrangeraent product.
There are also a series of peaks corresponding to successive loss
of CE-IB and CHas from the parent ion, the strongest of these,
of mass 133, corresponding to loss of mass 57, i.e. CL» Hg
indicating o = fragmentation at a Cy side chaine. The overall
simplicity of this spectrum surely reflects the symmetry of the
molecule, and structure (64) is assigned to fraction III, in complete
agreement with the arguments based on infrared.

The product from the isomerisation of tetradece -I,
I3-diyne has now been shown to be a mixture containing mainly
O~dibutyl benzene and 9=-n=-propyl-n=-pentyl benzene in 52 and 22%
respectively. The other component V of longer retention time
is probably o-ethyl-n-hexyl benzene from bolling point considerations.

The yleld of aromatic isomers from the diyne is 6%, and the

structures of the remaining two components I and II are unknown.
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Heneicosa =1, 20~diyne (table 2, run 9).

The infrared spectrum of the product after a reaction
time of twenty-four hours contained, other than aromatic absorption,
bands at 1640, 980 and 710 cm.™  assigned to cis and trans double-
bond unsaturation. Hydrogenation resalted in the uptake of one
molar equivalent of hydrogen, corresponding to a yield of 75% of
aromatic products if the by-products were non-cyclic and completely
reduced. Non=arcomatic unsaturation had disappeared from the
spectrum of the product, bﬁt there were now new bands at 2670 w
and 810 cm."] possibly caused by a cycloalkane system.,

The discovery that this peak at 710 cm.™) was caused oy
double-bqnd absorption was somewhat disconcerting as peaks around
this frequency had previously been noted, generally as shoulders,

In all the isomerisations of diynes containing more than seven carbons
which gave rise to unidentified unknowns. This band had been
assigned to aromatic - CH and not to double bond absorption,

and consequently hydrogenation had not been attempted. The
implications of this discovery will be dealt with when the mechanism
is discussed.

The G.L..C. of the hydrogenated product, reproduced as
a histogram (fig. 6, opp. pa= ), contained eight peaks dominated
again by one, peak IV. Attempts to separate this peak by

preparative scale G.L .C., were unsuccessful as there was






considerable bleeding of the stationary phase, Apiezon LM,

By analogy to the isoinerisation of tetradeca =l, 13-diyne, this
main peak was assigned to the most symmetrical o-disavstituted
benzencid isomer n-~heptyl-octyl benzene (67), and peaks V = VIII
to isomers (68) -~ (7l) respectively. Components (67 - (71)
occurred as 73% of the product and the yield of these isomers
from the diyne was 0O4%.

Analogies are never really satisfactory, and some empirical
relationship between the retention times of these isomers was
"sought. Several empirical methods have been used for correlating
gas - chromatographic data for solutes in homologous series, and
for solutes of similar structure with other physical data. Thus
straight lines are usually obtained for plots of the log of the
retention time on a given stationaryhr ase against
{(a) the number of carbon atoms in tue molecule 5%
(b) the boiling point of pure solute. %

In the present case, the boiling points of compounds
(67) = (71) are unknown, and a plot of type (b) could not be made.
The following qualitative considerations did, however, lead to a very
interesting result. As the structures of these isomers is changed
from (67) = (71), polarisation effects within the molecules would

remain the same until the length of an alkyl side chain became less

than four at which point the dipole moment of the molecule would
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change. This phenomenon, which would effect intermolecular
binding and thereforge boiling point, is well known in the case of
n-alkyl halides.ss If the alkyl chains are four or more caroon
atoms long polarisation effects can therefore be eliminated from
boiling point congiderations. Changes in boiling point might now
be possibly accounted for by changes in molecular packing which
might again be directly effected by the ratio of alkyl substituents
R3 and R*.

It has been found that the plot of the 'substituent ratio!
(RB/Rh) against the log of the retention time of peaks IV - VII,
assuming they have the structures (67) - (70), is a straight line
(figs 7)o It has further been found that ;ﬁeak VIII, assigned
to structure (71}, which has a n-propyl side chain and would be
expected to have a different dipole moment from the others,
deviates from this plot towards a longer retention value, i.c.

a higher boiling point.

Unfortunately, other long chain diacetylenses were not
prepared and aromatised, and this empirical method could therefore
not be tested further, It does, however, add some weight to the
validities of the analogies drawn above. The explanations offered
for this plot may be extremely crude, but it should be borne in
mind that plots (a) and (b) and others like them were used and

relied upon for many years before they received theoretical backing

quite recently.



Table Z [y

G.L.C. of the isomerisation of cyclotetradeca~l, 8=diyne

and related compounds.

Diglyws WM % e we

R % A % R % B § N % B $ B % B 8
3%

.“5 x” » - - L3 - - - - - - - - - -

Run

- - - - - " » - - - - - - 14 ;900

- » » » . = W73 2 JO5 20 1.0 8% 13 43

*
]
L
?
L 4
*
E

T8 1.0 W85 A7 1,0 566 2 2

" B0 93 67 33 g2 8 + - 483 B2 20 6642 - -

Chromatograms run on 5% Apl. at 163-5°,

Ze
3.
L.

5

Argon flow rate 31 ml./min.

Diglyme.

Cyclotetradeca~l, 8-diyne.

Isomerisation product of cyclotetradeca~l, 8-diyne.

Isomerisation product of cyclotetradeca~l, 8-diyne plus
cyclooctatetra~l, 8-diyne.

Hydrogenated isomerisation product of cyclotetradeca-l,
8~diynes.

o Extrapolated.



Cyclotetradece -1, S=diyne (table 2, run 10)

The product alter a reaction tiine of sixteen hours was
an oil with a typically aromatic infrared spectrum containing
complex aromatic | - CH absorption, and bands at 1630 and 698
c:m..m1 assigned to cls double bonds.

Analytical G.L.C. (table 7) showed the presence of
four components, two of which, ¥ and =, were present as 70
and 20% of the product. The ounly other significant coraponent
was identified by a mixed chromatcogram (table 7, runs 2, 4) as
starting material, and was hydrogenated quantitatively presumably
to cyclotetradecans. The fourth component X, present as 2%
of the mixture, hydrogenated to two new unknowns and was
probably a tricyclic isomer of the starting diyne. The hydrogenated
mixture could not be separated by alumina chromatography. Ey
analogy to the other isomerisations, product Z was probabiy
benzocyclodecene and was obtained in 62% yield from the diyne.
The structure of ¥ is unknown.

Bis-ethynylcyclohex~l~ene (table 2, run 1)

Bearing in mind the easy isomerisation of ethynylcyclohex-
l~ene to ethyl benzene}® it was not surprising that the dimer,
after a reaction time of fifteen hours gave a 42% yield of
1, 4~ diphenylbutane, identified by direct comparison with an

authentic sample,
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CHy (CH,), (CH=CHCHy), (CH,), CO, Et
(72)

l

RS (cH=CH), R°®

CHg (C‘H'z.)@ (CHgCHCHg}z c= C(CH?;)@ CO,H
(13)

(7t) R® = (CHp), m}!g ; R*=(CH,), COH

(15)  R¥=(CH,), CHy ; R*=(CH,), COH



The isomerisation of wmiscellansous acetylenes.

The followin: acetylencs wore iso.uerised as described
for the hydrocarbona, and the results obtained are summarised

m tabla &,

Dipreparzyl acetic acid (table 6, run 1)

After a reaction time of five hours, m-tolaic acii was
isoleted in 70% yield and identified by infrared and wmired wmelting
point,

Ethyl arachidonate (72) (table &, run 2)

No aromatic product was laclated from this skipped fatty
acid ester, but the infrared apectrum of the product, alfter a
reaction time of twenty hours, contained considerable azsorption
between 1650 « 1550 cm.""i, Indicating that the wellmestaclisied
base-catalysed isomerisation of skipped double bonds into coanjugation
had occurred, There was some hydrolysis during the reaccion and
both eater and acidiscolated contained these conjugated double-=bond
bands, Ag expected, the products were uanstable and deco:uposed
on standing at room temperature overnight.

This reaction iz lmportant because it shows that four
double bonds and presu.uably four conjugated double-bonds de not
aromatise under conditions satisfactory for dlynes,

Qetadeca -9, lR-dien-G-ynoic acid (73), (table 8, run 3)
The product isolated, after a reaction time of eight hours,

was an acid, or wmixture of acids, in 84% yield, containing strong



aromatic infrared absorption. Alkaline permanganate oxidation
of the product gave phthalic acid, The product was probably
a mixture of acids (74) - (75), and no attempt was made to
separate these. Thus a compound containing a dien~-yne system

has aromatised, and this must be accounted for in the mechanism.
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Summary of results and discussion of mechanism

Any suggested mechanism must account for the following
experimental observationss-
(i) Aromatisation occurs in straizht chain diacetyleneswhich
contain seven or more carbon atcms but not, as in the case of
hexsa-l, 5-~diyne, when there are only six. This suggests an
essential intermediate containing seven carbons.
(ii) In every case examined introduction of a diacetylene to the
basic system produced a change from colourless to yellow which
slowly darkened through orange and red to brown at a rate which
wag approximately proportional to the distance between the triple
bonds. This suggests the formation of a conjugated ionic
chromophore.
(i1i) In i{somerisation using potassium t-butoxide in diglyme no
intermediate could be detected, However, if the weaker base
sod_amide} was used, the reaction was much slower and the I.R.
of samples removed in the early stages of the reaction contained
strong allenic and ethylenic together with ethynylic and aromatic
absorption (page 10 , table 1, run 5). This implies that an
intermediate containing allenic and ethylenic grouplags exists
between the acetylene and aromatic product.
{(iv) Diynes and dienynes are aromatised while tetraenes are not.

The significant difference in these types of compounds is that
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acetylenes can isomerise to allenes while the tetraenes being
moreg stable than allenes, can not. This again supports the
contention that allenes play an essential role in the aromatisation
process.

(v) The aromatisation of diacetylenes leads to a mixture of
mono- or o-disubstituted benzenoid products only. As the

chain length of the diyne increases the amount of monosubstituted
product decreases and the product which predominates is always
the most symmetrical 0-disubstituted isomer.

(vi) Nonearomatic unsaturated compounds are inevitably formed
in low yield as by products.

As early as 1888 Favorskiizz described the isomerisation
of but-l-yne to but-2-yne with potassium ethoxide in ethanol, and
showed that the allene 'buti;l, 2=-diene was an intermediate.
Jacobs s in recent years ilas examined the analogous rearrangement
of pentyne with alcoholic potassium hydroxide and found that an
equillbrium mixture of pent-l=yne (76), the allene (77) and
pent-~2-yne (78) was set up as shown. To explain this he
proposed the route shown which also allows for conjugated diene
(79) formation. Jacobs, however, did not find any diene but
Jones and Whiting extending their work on the rearrangement of

7
hydrocarbons to diacetylenic diacids describe the formation of

the diene (8l) by treatment of the diacid (80) with aqueous
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potassium hydroxide.

In the present case it is suggested that the triple
bonds move towards or away from each other by this mechanism,
as the case may be, until the position (82) is reached in which
there are two triple bonds within a seven carbon system.
Further rearrangement then gives the conjugated allene-~diene
system (83) which undergoes an internal Diels-Alder cyclisation
to (84) and iﬁ turn is isomerised to the O=disubstituted aromatic
system (85). This mechanism accounts satisfactorily for the
observations (i) - (iv).

It is surprising that successive prototopic shifts should
occur over an extendead chain of as many as seven carbon atoms
which must be the case if the Intermediate (87) is formed from
heneicosa - }, 20 - diyne, and it would be inﬁeresting to discover
how long the carbon chain must be before the driving force of
potential aromatisation becomes ineffective. It is equally
surprising that the conjugated diyne system in octa=3, 5~diyne
should be disrupted which gives testimony to the compelling force
of potential aromatisation.

An explanation for observation (v) that the main product
is always the most symmetrically substituted O~dialkyl benzene
follows from this mechanism., In the case of tetradeces - I,

13~diyne (88), for example, assuming that the triple bonds move
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towards one another at approximately the same rate, the
unsymmetrical ;:Hacetylene {89) will be formed. Aromatisation

can then occur either via (90) or (91) giving the unsymmetrical
(92) or the symmetrical (93) O-disubstituted benzenes respectively.
This explains the predomninance of the two most evenly substituted
{somers In every aromatisation. The fact that (93) forms the
major product might reflect a statistical preference for the
formation of intermediate (9l) rather than (90).

If some of the diyne isomerised, not to the conjugated
dien~allene system {83), but to the conjugated tetraene (106},
cyclisation involving eight or six carbon atoms could then give the
eyclooctatriene (l07) or the cyclohexadiene system {108). This
would account for observation (vi) that small amounts of
unsaturated compounds, containing cis-double bond absorption in
the infrared, Inevitably occur as by=-products in the isomerisations.

Internal Diels=-Alder cyclisatioms have been proposed before,

Pines #

suggests this mechanism for the pyrolytic aromatisation

- of limonene (94) by cyclisation of the intermediate (95) to
me=xylene (96), and Paschke” for the cyclisation of eleostearic
acid derivatives (97). In this latter paper EFaschke also suggests
possible routes for the cyclisation of arachidonic acid (98).

One o f these routes shown involves initial isomerisation of (98)

with heat to the conjugated system (99) containing both a diene
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and a dienophile. Diels=Alder internal cyclisation is then
proposed giving the bicyclic acid (100).

The simplest example of an internal Diels-Alder reaction
is described by Aldel"so for the isomevisation of hexatriene (101)
to cyclohexadiene (102) at 400°,

Alternative mechanism.

During their efforts to synthesise trideca -l, 3,
ll-triene -5, 7, 9-triyne (l04) by chlorination of the diol (103)
and subsequent dehydrochlorination with ethoxide Skattebol and
Sorenson & surprisingly isolated phenylheptenediyne (105).

The reaction was later tested with R = phenyl and gave tolan.
They suggest the mechanism shown involving cylisation at the
dehydrochlorination stage, a mechanism which can hardly apply
to aromatisation of diacetylenic hydrocarbons.

et
Elogenic Implications.
. A

E?orensensz and his colleagues in their significant work
on naturally occurring polyacetylenes have pointed out intriguing
structural similarities in 013 compounds derived from closely
related plant species. Thus open-chain compounds, cyclic isomers
of the benzenoid series and analogues of the furan and thiophen
series are produced by Compositae plants (see table e
Bul'Lock 8 has proved that polyacetylenes are synthesised from

glucose through acetate and the present work showing the ease
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of transiormation of diacetylenes to benzenoid compounds must

surely support the thzory €2, 64

that a new benzenoid-ring
biosynthesis, alternative to those involving oxygenated cyclic

im;ormadiates,”* % 67  guch as shikimic acid, is operating.,

3. Compounds from Compositae Flants.

t .
CHQ = CH.CH = CH.C =2 C.C =2 CoC =5 CCH = CH.CHaoAC

C6 1“150CH2 C =2 CoC = CHLLCH = CH
L o s
CHp = CH.C =2 C,C = C.C = C.C = C,CH = CH,CH

3
CgHg.C = C.C = C.CH = CH.CH,
Co HS C ZC.C=C,C= C¢CH3
Cg HzC = CH.CH = C.C & C.CHj

L

va - m = Toluic _a‘.ei.d..

It had previously been suggesstezd21 that Perkiﬂ's
~) = m - tolulc acid might be an intermediate of the type {109)
or (ll0) between dipropargyl acetic acid and m - toluic acid, and
in the hope of detecting such an intermediate, the isomerisation
of dipropargyl acetic acid at low temperatures was examined.
No isomerisation occurrei when the acid was heated with the

basic system at 55° for three hours, and the reaction mixture



was allowed to stand in the cold for four days. Curprisingly,
the infrared spectrum of the product now contained both strong
terminal ethynyl and strong aromatic absorpticn. The ultraviolet
spectrum however showed no absorption approaching that expected
for a dienic or allenic conjugated acid and was in fact the same
as expected of m - toluic acid. Methylation of the product gave
an oil with an infrared spectrum in accordance with a mixture of
the methyl esters of the dipropargyl acetic and m - toluic.acids.
The ultraviolet spectrum was identical to that of methyl a - toluate.
The components of this mixture were further identified by mixed
chromatograms in which there was no trace of a third componesnt.

No intermedizte in this rearrangement has been detected
and the structure of o/ = m = toluic acid remains unknown. The
best procedure for any future investigations alohg; these lines
would be a direct ultraviolet study of the isomerisation, probably
of methyl dipropargyl acetate, as it is actuany proceeding.

Dimethyl sulphoxide as_a solvent for the base-catalysed

isomerisations.
During the course of invaestigations using potassium
t - butoxide in diglyme, attention was drawn to a paper by Crantt
in which the rate of prototropic rearrangements promoted by
t ~ butoxide is shown to be 10° times faster in dimethyl sulphoxide

than in t - butanol. It was therefore decided to examine the



i13¢C 0
STo No-H > CHz 5
\‘cH"
HaC
(i11) ( 112)
HsC HBC H3C
2 '>S=0’ — > s 4+ Nso,
HyC Hyc Hsc/
(1) . (11%) ' (115)
He (2 » |
. CHy -5 -CHs » .
<\ - C[/LSC”s
Hczc-r —_— HyC=c
. \ Q
(16) ' (H-l)

R= CHy CH=CH-cH = cH,

ov  CHLCHy CH=CH-CH = CH,

Table 2 »

Infrared spectral data of the products from the
attempted isomerisation of hepta-l, 6~diyne using

dimethyl sulphoxide as solvent.

Frequency (cm."l) Assignment.
30108 H-C=C
1600, 1620w C=C=C=C
1360m C - CH,4
910, 980m H,C = CH

7058 -C -9 -

690 cis c=cC
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effects of this system on diacetylenes. On addition of
hepta -1, & - diyne to a 10% solution of potassium t - butcxide
in dimmethyl sulphoxide there was an immediate exothermic reaction
and intense blue colouration. The infrared spectra of the
products (table 9) removed after reaction times of fifteen
minutes and thirty-six hours, at room temperature, were identical
and there was no trace of either starting acetylene or toluene.
A similar spectrum was obtained in the analogous reaction involving
octa «l, 7 = diyne, and again there was ho trace of aromatisation
products ethyl benzene or O-xylene.

Bxplanations of this anomaly, apparently involving solvent
participation, were not readily forthcoming until the recent work

of Corey"

was noted. He found that dimethyl sulphoxide (lll)

in the presence of the strong base sodium hydride formed the
methylsulphinyl carbanion by proton abstraction. Addition of the
sulphoxide to the triple bond of the acetylene via this carbanion
could be visualised, but would lead to a sulphoxide having very strong

1 This was not the

absorption in the in1"‘7:'*5.1%;«5‘7‘D around 1060 cm.™
case as the spectrum of the product was in complete agreement
with the sulphide, structure (117). A possible explanation is that
the dimethyl sulphoxide (lll) disproportionated to the sulphide (ll4)
and the sulphone (ll5) and that addition of this sulphide to a triple

bond took place via the corresponding carbanion, as shown,



t - butoxide replacing the hydride in Corsy's work. The
incidence of strong conjugated double bond absorption in the
spectrum shows that sulphide addition has taken place mainly
at one triple bond accompanied by isomerisation at the other.
The actual proof that structure (ll7) was present was
not attempted, as the knowledge that dimethyl sulphoxide was
useless as a solvent for the aromatisation of diacetylenes

answered the original query,.
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CONCLUSION

A number of diacelylenic hydrocarbons have been
aromatised by potassium t - butoxide in diglyme to mixtures of
their mono -~ and o - dlsubstituted benzenold isomers. In these
products, the most symmetrical ¢ - disubstituted isomer
predominates., Dien~ynes but not tetraenes also undergo the
reaction which is general for dizcetylenes. The mechanism is
believed to involve Diels-Alder cyclisation of a conjugated allene -
diene intermediate., -y = m - Toluic acid has not been isolated
and its structure remains unknown. An empirical relationship
between the ratio of alkyl substituents in o - disubstituted
benzenoid isomers and their G.,L..C. retention times is suggested.

The availability of diacetylenes leaves plenty of scope for
future uses of this reaction, particularly in the field of

hetero-aromatic chemistry.
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GENERAL.,

Unless otherwise stated, the following experimental
conditions apply to parts I, II and III.F The infrared spectra
were determined on an Infracord spectrophotometer and are
corrected to the 1603 cm."'l band of polystyrene. The wave

1 region are, however, oaly

1

numbers quoted in the 3000 em.”™
believed to be accurate to withia 20 cm.” Accurate infrared
spaectra were measured on a Jnicam model £ .,FP, 100 mark II
equipped with gratings. Ultraviclet spectra were determined
with a Unicam E£.P. 500 quartz spectrophotometer.

The gas-liguid chromatographic (G.L.+C.) analyses were
run on a Pye-Argon chromatograph with a column (130 x 0.5 cm.)
of 85 - 100 mesh celite using 5% Apiezon 'L!' as the stationary
phase, The relative amounts of eluates were based on the
measurement of peak areas by means of a planimeter; the mean
of eix such determinations being taken. The quantitative results
are therefore dependent on uniform response by the .5 - lonising
detector.

In analytical G.L.C.s, the term ‘'mixed chromatogram!
means that a mixture of known and unknown compounds was run
and that one peak was obtained with an increase in arca

corresponding to sum of the areas of the two compounds when

run separately.
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Woelm alumina, standardised by Brockmann's method
to grade V, was used for alumina‘ chromatography.  The light
petroleum used had b.p. 60 - 80°,

Melting points were taken on a Kofler hot~staze and
are corrected. The following terminal diacetylenes were
prepared by the method of Bader et al .37 for octa=l, 7=diyne
by the reaction of sodium acetylide with the corresponding ’
A /uJ - dibromoalkane. Atter an explosion during the distillation
of hepta~l, b6-diyne, a little hydroquinone was added to the
acetylenes before distillation.

Hepta =-l, 6 = diyne from sodium (ll8 g., 5.1 mol.), liquid
ammonia (1800 ml.)} and 1, 3=dibromopropane % (525 g,

1.25 mol.), a8 a colourless oil (32.4 g., ?8%), Yield decreased
by explosion during distillation. b.p. 12-116°/760 mm., n i"

D

'
lokh3k, (W.5°/760 mm., n -0 1.4423)°  Redistilled, b.p.

40 = 42°/37 mm., n 0° Luk2k, v S8 32.0vs, 2100m (-C=C-),
1930w (allene) and 1630w cm._l. The G.L.C. of this product
showed no dibromide and only trace amounts of olefin.

Nona -1, & —diyne ¥ from sodium (i0 g., 0.4% mol.), liquid
vammonia (150 ml.), 1, 5=dibromopentane (2L.4 g, 0.ll mol.), as

a colourless oil (8.26 g., 65%), b.pe 50°/25 mm., n 2;")

"2 1,4500,
(bup. 68°/29 mm., n = L500),” VB4, 3250, 2105 em.7.

Deca «l, 9=diyne from sodium (10 gy Ookl mol.), liquid ammonia
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(150 ml.) and 1, 6-dibromohexane (25.9 g., 0.1l mol.), as a

colourless oil (6.9 Zey 4I%), Deps 06 = 689/13 mm., n <l y,u523
i

Sy 17 I -
(bep. 78 - 80°/29 mm., n %0 Lysee), v Ll 5250, 00 cm. L

The following terminal diynes were prepared 0y oSther
routes. fiexa =l, 5 = diyne was prepared by the method of
Raphael and Sondheimer. " Diallyl (39.6 gey 048 mol.) and
bromine (158.4 ge, .99 mol.) gave 1, 2, 5, 6= tetrabromohexane
(130 g., 68%) recrystallised from petrol, m.p. 47=49°, 55=57°,
The isomers were not separated.

Dehydrobromination of |, 2, 5, 6 = tetrabromohexane (l00.6 g.,
0.25 mol.) with sodamide (from sodium, 46 ge., & mol.) in liquid
ammonia (600 ml.) gave hexa =], 5=-diyne as a colourless oil

#* )
(9 2., 45%) distilled under nitrogen, b.p. 75=809, n EQ 1,437,

oo
(b.p. 87-88°, n %3 Lu3s0), VILU 5280, 2920m, 2120m cm.™,

Heneicosa -1, 20-diyne (57) was prepared by the route shown
opposite page 1l .

L4
Dibromoundecylenic acid (51).

A solution of bromine (86 g., 0.54 mol.) in petrol
(35 mal.}) was added over two hours with stirring and cooling to
undecylenic acid (50) (975 g+, 0.54 mol.) in petrol (250 ml.).
Stirring was continued for a further two hours and the mixture

allowed to stand overnight. Removal of the solvent gave the

¥ Distillation carried out in a stream of mtrogen . B.pes fromo

these discilatin.. are thoersTors low ard over & r253 of cades b
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dibromide (l48.5 ge, 82%), m.ps 37-38°,
Undec - 10 =~ ynoic acid (52) ¥

Dibromoundecylenic acid (51) (ll3.5 g., 0.36 mol.,) was
halved and each portion heated at 160° with potassium hydroxide
(86 g.) in water (52 ml.) for four hours, allowed to stand
overnight at room temperature and then heated again for a
further four hours. The reaction mixtures were cooled,
dissolved in water (750 ml.), acidified to Congo Red with 6 N
~ sulphuric acid, extracted with ether (4 x 125 ml.) and the
extracts combined and dried with magnesium sulphate. Removal

of the solvent and distillation gave the acid (46.8 g., 78%),

o )1;7, Lg

bipo 12)-&"1280/0025 mmo, mope 14-30({3.1391»8\"18/’.{,0/15 [Nl ey ITA.pezJ,B

Undec = 10 - ynoyl chloride (53).

Undec = 10 = ynoic acid (52) (40 g., 0.22 mol.) was
heated with thionyl chloride (40 g., 24.4 ml., 0.33 mol.) on a
water bath at 60° for two hours and then on a steam bath until
evolution of sulphur dioxide and hydrogen chloride ceased (a further
two and a half hours). Ibxcess thionyl chloride was then removed
under water pump pressure and the product distilled to give the
chloride (38 g., 87%), b.p. 10-116°/0.3 mm., VIIB 3280m, 215w,
1800vs (acid chloride), 735s and 680s cm.™ (chloride).

Ketene dimer of undec - 10 - ynoyl chloride (55):"

The chloride (53) (17.35 g., 0.087 mol.) was split into four
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equal portions each of which was mixed with triethylamine

(Re7l 8oy 0,027 mol.) In dry benzene (60 ml.). The reaction
mixtures were allowed to stand overnight in tightly stoppered
flasks. They were then combined and vigorously stirred for
-three hours. The mixture was then acidified with 6N sulphuric
acld, water (ca. 100 ml.) added and extracted with ether

(4 x 100 ml.). The extracts were washed with water, dilute
salt solution, dried and decolourised with magnesium sulphate/
chqrcoal and the solvent removed to give a yellow oil ﬁ;’g.B’aQO,

1

210, 1870 and 1820 cm. = (A -lactone), which was decomposed

- Immediately.

Decomposition of the Ketene dimer %

The yellow oil was mixed with ethanol (125 ml.), water
(10 ml.) and potassium hydroxide (13 g.) and after standing at
room temperature for forty-eight hours, was refluxed for four
hours., Cooling then gave crystals of heneicosa =l, 20=~diyn =ll=
one (56) (13.6 g., 4l.3% from undecynoic acid). Recrystallised
as white plates m.p. 46=47° from aqueous methanol, gﬂg:.
3270m, 210w, 17008 and twin peaks at 722m and 728m ( [Cﬁg]n).
(Found: C, 83.4l; H, 10.99. Cg; HBI& O requires C, 83.38;
H, 11.33%). The infrared spectrum showed weak absorption

between 1600-1640 c:m.ml indicating that some isomerisation had taken

place, This was unavoidable and was removed at a later
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chromatography stage.

Clemmenson Reduction of henecicosa - 1, 20-diyn - 1l -~ one (56)

The zinc amalgam was prepared by shaking zinc dust

(10 g¢), mercuric chloride (1 g.), concentrated hydrochloric acid
(1 ml.) and water (15 ml.) together for five minutes. The
gupernatant liquid was decanted, the amalgam washed several
times with water and used in the reductions below.
Reduction without a co-solvent: The zinc amalgam was covered
with water (7.5 ml.,) and concentrated hydrochloric acid, the
ketone immediately added and the mixture refluxed for eighty-seven
hours. The infrared spectrum of an aliquot at this point showed
considerable carbonyl absorption, so the reaction was repeated for
a further eighty hours, extracted with 40-60° petrol (4 x 50 ml.),
dried with magnesium sulphate and the solvent removed to give a
white low melting solid (1.52 g.). Chromatography of this product
on grade V alumina (50 g.) gave three fractions.
Fraction 1. (490 mg.), elution with petrol, ) Z:;t. 3300w,
1630m, 990s (=CH = C-), 9l5s cm.'"1 (= CH2) (Mixture of en-ynes).
Fraction 2. (280 mg.), elution with petrol, :ﬁi;t. 3300s,
1630w, 990w, 915w cm.“1 (mixture of required diyne and en-yne)
Fraction 3. (59 mg.), elution with 50/50 petrol-benzene,

V melt 3300w, 1700s, 1630m, 990s, 915s c:m.“l (mixture of

max,

en-yn-ones) .



L5

F'raction @ was rechromatographed on grade V alumina (50 g.),
elution with petrol, and two main fractions obtained.
Fraction 2 (i), (152 mg.), V 28IF 33008, 1630w cm.™!

(mixture of diyne and en-yne).

Fraction 2 (ii), (82 mg.), no olefinic or carbonyl absorption and
the infrared spectra is as expected for heneicosa -1, 20-diyne
with a singlet at 735ms em.™ (= [CHB] n--)

Thus isomerisation during reduction renders this method completely
impracticable, -

Reduction with a co=-solvent present: The reduction was performed
on the ketone (500 mg.) with the same reducing system as above
but containing dioxan (ca. 10 ml.) The mixture was refluxed
for ninety minutes, more concentrated hydrochloric acid (5 ml.)
added and refluxing continued for a further ninety minutes. The
infrared spectrum of an aliquot showed carbonyl absorption, so
the reduction was allowed to continue for a further three hours.
Bxtraction as above gave a product (500 mg.) containing a little
olefin which removed by alumina chromatography (grade V, 50 g.)
to give the required hencicosa =1, 20-diyne (57) as a white wax
(239 mg., 50%), m.p. 47-48° (from methanol), \ ﬁiﬂ‘:‘ 3300s,
2l0w-m, 7258 cm.”) (Found: C, 87.28; H, 12.66. Cp Hag
requires C, 87.42; H, 12.58%). Analytical G.L.C. at 196°,

Argon flow rate of 49 ml./min. gave substantially one peak RTBh.u

mine.
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The reduction time is very crucial and better results would
have been obtained if the reaction time in the above reduction
had been about four and a half instead of six hours, unchanged
ketone being more readily separable from the diyne than any of
the isomerisation produéts.

Nona =2, 7 =~ diyne was prepared from hepta -l, 6-diyne by the
method of Henne and Greenlee.% Thus a preparation involving
sodium (3 g, 0.13 mol.), liquid ammonia (100 ml.), hepta =i,
6-~diyne (4.5 g., 0.049 mol,) and methyl bromide (ca. 12 ml.)
gave nona =2, 7=diyne as a colourless liquid (3.3 g., 57%),

2L =0

%
bepe 67°/1 mm., n 14660, (180°/760 mm., n N l.4674),

v R 2060w cm.™

Batisfactory results were only obtained when methyl bromide was
substituted for the recommended methyl iodide. The bromide,
a gas at room temperature, was simply bubbled into the
disodicacetylide suspension in liquid ammonia where it condensed.
Octa =3, S5=-diyne ¥ was prepared by the addition of ethyl iodide
to the disodium salt of butadiyne, itself prepared in situ by the
dehydrohalogenation of 1, 4-dichlorobut =2 =yne with sedamide in
43

liquid ammonia, as described by Jones and Whiting.

1, 4= Dichlorobut - 2 -~ yne was prepared as described by

Johnson 2 by chlorination of but=Re=yne =1, 4=dial (R5 2., 0.R9 mol.)

with thionyl chloride (50 ml.) in pyridine (45 ml.). The chloride
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was obtained as a colourless oil (21.35 g., 63%), D.p. 58°/12 1am.,

21
n
)

i

1.5050, (bep. 63°/17 mm., n fO Lso72) ©
Octa -3, 5=-diyne {from 1, 4 - dichlorobut = 2 = yne (10 g.,
0,083 mol.), sodamide (from sodium 7.7 g., 0.33 mol.), liquid
ammonia (150 ml.) and ethyl bromide (19.6 g., 0.22 mol.) as a
colourless oil (4.52 g., 54%), bep. 54=56°/17 mm., n 20 Lu93,
(n % 1.4928), " V fila R150w, 2180w crm.™)

5 max.,
BEthyl bromide was found to be a more satisfactory ethylating
agent than the recommended ethyl iodide.

15,

Cyclotetradeca ~l, &=~diyne Nona =l, 8-diyne (1l g., 0.0083 mol.)

in dry ether (35 ml.) was added over fifteen minutes with vigorous
stirring to a solution of sodamide (from sodium, 0.4 g., 0.017 mol.)
In liquid ammonia (1 1.), and after two hours 1, 5-dibromopentane
(192 2., 0.,0084 mol.) in dry ether (100 ml.) was added over a
further two hours. This mixture was stirred overnight, cotton-
wool lagging being used as insulation, ammonium chloride (ca. 2g.)
and more ether (200 ml.) added and the aminonia allowed to
evaporate off. ‘water (100 ml.) was then added, the ether layer
separated and the aqueous layer extracted with ether (3 x 50 ml.).
The ethereal extracts were combined, washed with 2N sulphuric acid
(100 ml.), saturated sodium carbonate solution (100 ml.), water
(100 mls) and dried with magnesium sulphate. Removal of the

solvent gave an oily yellow solid which was immediately



chromatographed through grade V alumina (40 g.) to give
the diyne as colourless plates (0.536 g., 34%), m.p. 97 .5=-98%/
from aqueous methanol « (Found: C, 89.08; H, 10.62.

Calcs for Cy, Hy, 3 C, 89.29; H, 10.71%).

L8
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I OMEBRISATIONS.

Preliminary isomerisations of hepta -l, 6=diyne.

The efficiency of the various basic systems listed in
table 1, page 10 to catalyse prototropic rearrangement of
hepta -1, b6-diyne to toluene were determined by assessing the
relative amounts of terminal acetylene, allene, ethylene, vinyl
ether and toluene present in the infrared spectra of the products
obtained by refluxing the diyne with these basic systems for
guitable times., The results are tabulated in table 2. The best
system for the aromatisation was 10¢ potassium t-butoxide in
diglyme.

Isomerisation of Diacetylenes

In every case the aromatisation was accomplished by
refluxing the diyne with 107 potassium t-butoxide in diglyme
(3 g« of butoxide used for every 0.5 g. of diyne). The
t-butoxide (from dry t=butanol) was pre=treated before use by
heating at 160° under oil pump pressure until sublimation started.
The diglyme was dried by distillation from sodium before use and
ﬁhe isomerations were perforimed under a stream of dry nitrogen.
The reaction products were worked up by initial dilution with water,
extraction with n-pentane, washing at least six times with water,

to effect removal of the diglyme, drying with magnesium sulphate
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and removal of the solvent under water pump pressure.

C.L .C. analysis of the products was carried out on a Pye-Argon

chromatograph, The areas were measured with a planimeter
and the mean of six such readings taken. The inaccuracy in
reproducibility of the Pye-Argon apparatus is 7% and since
compounds of the same type were generally examined differences
in the 5 ~jonisation detector response should be small.

| Inaccuracies are therefore not believed to »e greater than 7%,

Alkaline permangzanate oxidation of the aromatic products.

A typical example is the oxidation of O-xylenes=
O=-xylene (0.126 g., 0.0012 mol.) was refluxed with t-butanol
(5 mls), water (7 ml.), sedium carbonate (ca. 0.5 g.) and
potassium permanganate (0.8 ge., 0,005 mol,) for four hours.
The mixture was then cooled, acidified with 6N sulphuric acid
and refluxed for a further thirty minutes. Solid sodium bisulphite
was then added to remove precipitated manganese dioxide, and the
resulting clear solution extracted with ether (3 x 20 ml.), the
extracts washed with saturated salt solution and dried with
magnesium sulphate. Removal of the solvents gave phthalic acid
(0,174 g., 88%) sublimed at 100-140°/0.1 mm. as phthalic anhydride,
m.p. and mixed m.p. 131°,
All oxidations of the isomeration products were carried out in this

way generally on ca. 100 mg. of product and using an excess of
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permanganate, Resulting aixtures of benzoic and phthalic

acids were easily separated by sublimation; the former subliming

at a much lower temperaturse.

Attempted isomerisation of hexa-l, 5~diyne (table 2, run 1)
Aliquots removed from an attempted isomerisation of

hexa =l, 5=diyne (0.5 g.) after reaction times of one, three and

N film

seven hours had substantially the same infrared spectra, max.

| 3010 (H =« C = C =), 1630 and 1570 (conjugated double bond),
1360 (= CHj), 1200 = 1050 (ether) and 890 cm.™ (g-butoxide).
The product after seven hours was refiluxed with twice its volume
of 3N hydrochloric acid, extracted with ether, washed with sodium
bicarbonate, water and dried with magnesium sulphate to give a
brown eil ) xfnﬂar?;. 3350 (intermolecular bonded OH), 1710 = 1590
broad absorption with peaks at 1710, 1680, 1640 and 1590 cm,™}
(conjugated diene-one).
The hydrolysed product gave a dark red precipitate from Erady's
solution which darkened rapidly an attempted crystallisation from
ethanol, acetic acid, and ethyl acetate giving insoluble residues.
Aromatisation of the hexa-l, 5=diyne had obviously not taken place
and the product was not investigated further.
Isomerisation of hepta -l, 6 - diyne (table 2, run 2).

Treatment of the diyne with the basic system at 130°
for fifteen minutes gave a product ) frfgi. 7278 cm.™} (H-C = C)

completely absent.
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An isomerisation of the diyne (l g.) at reflux for four
hours gave a product (0.87 g.). This product (0.76 g.) on
oxidation with permanganate gave benzoic acid (0.l g.), m.p. and
mizxed mepe. 1229, Comparison with an identical oxidation of
toluene (1 g.), in which the yield of benzoic acid was 84%,
indicated that the yield of toluene from hepta -l, 6-diyne was
RR%.

Yield of toluene by infrared analysis was determined by comparing

the optical density of the Y=-CH band at 727 em ."1 produced by
carbon disulphide solutions of toluene and isomerised preduct.

The results are given below}

Toluene (mg.) in Optical density?
10 ml. of CSZ solution
16, 2k ) ie 9
8.82 , A _ 1.03
5.68 0.658
Product at

same dilution
R2uh 0.7
R2.4 mg. of product therefore contain 6,05 mg. of toluene
corresponding to a yield of 35% from the diyne.
Isomerisation of octa -l, 7-diyne (table 2, page , run 3)
The diyne- (0.553 g.) was refluxed with the basic system
and an aliquot (5 ml.), removed after one houxj, was completely

free of terminal acetylene. The reaction was allowed to continue



for a further six hours and gave, on working up, an oil

- f" b ; = L
{04 gol,y \)mﬂa;::. Th5vs, 7008 cm. ! ( ¥~ CH of Q_-xylenen

- 2 b
7hl cm. 1, oi ethyl benzene7 096 cm, !

EPermanganate oxidation of the product.

The product (0.39 g.) on oxidation with alkaline
permanganate gave a white solid (U.42 g.) which sublimed to give
mainly phthalic anhydride, m.p. and mixed m.p. i31=132°, and a
trace of benzoic acid m.p. 122°. Accounting for a yield of 88%
(from the identical oxidation of o-xylene) and the presence of
60.8% of g-xylene in the product, by quantitative infrared analysis,
this oxidation result indicates the presence of 22% of ethyl
benzene in the isomerisation product. The yield of aromatic
isomers from octa =-l, 7 ~ diyne is therefore 72%.

Isomerisation of octa -3, 5=-diyne (table 2, page , run L)

The diyne (0.5 g.) was refluxed with the basic system
and an aliquot (5 ml.), removed after twelve hours, showed
strong { -CH aromatic infrared absorption. After fifteen
hours the reaction was worked up to give the product (0.31 g.),

=& 1.4995 (Ethyl benzene, b.p. 136°;

beps W6-149°/760 mm., n 5

o=xylene, b.p. Wy°, n fo

1.5058) Infrared spectrum identical
to that of the product from octa =l, 7 =~ diyne.

Permanganate oxidation of the product (0.102 g.) gave a white

powder (0.ll5 g.) sublimed to benzoic acid m.p. and mixed me.p.

19.5 = I2I°  ang phthalic anhydride m.p. and mixed m.ps 131-132°,



Analytical G.L..C. of the product (table 3, page 1, ) showed

that it consisted of three components, two of which were
identified by mixed chromatograms as ethyl bsnzene and O=-xylene
as 28 and 64% of the product. The third component is unknown.,
The yield of aromatic isomers from the diyne was therefore 68%.

Isomerisation of Nona -1, 8 - diyne. (table 2, page 12, run 5)

The diyne was refluxed with the basic system for six
hours., The infrared spectra of aliquots (4.6 and 5 ml.) removed
after one and five hours, were identical to that of the final
product (0.27 Zedy N :I;ig;. 795, 756, 732 ( ¥- CH of QO=-ethyl

toluene) and 740, 698 crmo™l { Y= CH of n - propyl benzene).

Permanganste oxidation of the product,

(0.12 g.) gave a white solid (0.13 g.) which sublimed at 1609/760
mm. to benzoic acid, m.p. 120°, and phtlalic acid m.p. 197°
(indefinite) . Assuming that the product is mainly o=ethyl 'toluene
and that the yield in oxidation is ca. 88%, product contains

ca. 89% of g~ethyl toluene.

Analytical G.L.C. of the product (table 4, page 15) revealed

the presence of three pesaks present as 6, 17 and 77% of the
product, The first of these was identified by a mixed
chromatogram as n - propyl benzene and the last, from the
infrared, is probably O=ethyl toluene. The yleld of aromatic

isomers from nona -}, 8=diyne is therefore 69%.
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Isomerisation of nona -2, 7-diyne (table 2, page 12, run 6)

The diyne (0.5 g.) after seven hours gave an oil (0.35 g.).
The infrared spectra of the product and that of an aliquot (4.7 ml.),
removed after one hour, were identical to that 'of the isomerisation
product of nona -l, & - diyne above.

Permanganate o:idation of the product.

(0.35 g.) zave a brown powder (0.4 g.) which sublimed to

benzoic acid, m.p. 120°, and phthalic anhydride m.p. and mixed
m.p. 131=-131.5°¢ Assuming again that the yield in oxidation was
68% and that the main component was o-ethyl toluene, this
oxidation indicates that the product contains 94% of g-ethyl toluene.
Comparing this with the value (89%) obtained above, the yield of
aromatic isomere of nona -2, 7/ - diyne is ca. 70%.

Isomerisation of deca -1, 9 - diyne (table 2, page 12, run 7)

This diyne (2.6 £.) on treatment under isomerisation
conditions for eighteen hours gave an oil (1.72 g.), V g-,ilaf;:. 790w,
7458, 7l0m and 700w cm.m; (¥ - CH vibrations in a mixture of
o~iisubstituted benzenoid isomere; Y00 em. possibly mono-~
substituted isomer). |
Analytical G.L.C. of product (table &, pagel7 ) showed one peak
with a shoulder ( ca. 5%) The retention times of the shoulder
and n - butyl benzene were the same and differed from that of

the main peak by only 0.6 minutes. A mized chromatogram with

n - butyl benzene therefore only broadened the main peak without
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separation. The main peak is presumed to consist of
o~n-propyl toluene and o-~diethyl benzene as ca. 95% of the
product. The yield of aromatic isomers from deca -l, 9~diyne
is then ca. 60%.

Isomerisation of tetradeca -l, 13~diyne (table 2, page 12, run 8)

Isomerisation of this diyne (0.5 g.) for eighteen hours

gave an oil (0,37 g.), ﬁilar?c. 750 br.s, 70w em. ™!

Permanganate oxidation of the product (0.3 g.) 'gave a grey

powder (0O.! g.) sublimed as phthalic anhydride m.ps and mixed
mepe 1315 ~ 1329, Assuming a yield of 80%, this oxidation
corresponds to 48% of .O-disubstituted CIL;. aromatic isomers in
the product,

Analytical G.L..C. of the product (fig. 1, page 17 ) revealed the

presence of at least six components two of which, occurring as
52 and 23% of the product, were separated by preparative G.L..C.
on the Pye-Argon apparatus using a 10% Apiezon 'L' column

(130 x 1 em.) at U5° and an Argon flow-rate of 0.15 l./min.

A series of 10 ul. samples were injected on to the column and
the separated fractions were trapped in a U=tube immersed in a
dricold/acetone mixture. Altﬁough considerable trouble was taken
to ‘ensure that no moisture entered the traps, the collected
fractions were inevitably wet, moisture presumably entered during

the short periods just before and after collection when the drying
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tubes were removed, The presence of moisture made
quantative infrared analysis impossible and the solutions in

carbon disulphide were dried and diluted until suitable spectra
were obtained,. The Unicam infrared spectra of these fractions
are reproduced in figs. 2 and 3. The mass spectra (figs. 4 and 5)
of these fractions showed that the component present as 523
wag Qwbibutyl benzene (64) and that in 23% as o-n-pentyl-n-
propyl benzene (65), The component with a longer retention
time than these two and present as 7% of the mixture was
probably O~-n-hexylethyl benzene. The yield of these three
isomers was 62% from tetradeca -1, 13=diyne,

Isomerisation of heneicosa -1, 20-diyne (57) (table 2, page 12,run 9)

Isomerisation of this diyne (180 mg.) for twenty-four
hours gave an oil (153 mg.), V ?{%{5‘{, 980, 960 (trans double bond),
753, 725, 715 cm.™} (mixture of O-disubstituted henzenss).

Hydrogenation of the isomerisation product (150 mg.)
in cyeclohexane (25 ml.) over 10% palladium/charcoal resulted in the
uptake of 12 ml, of hydrogsn corresponding to the hydrogenation
of one double bond equivalent, This corresponds to a yield of
arorﬁatic compounds of 75% provided that the reduced materials
were non-cyclic. The product, an oil, now had peaks in the

infrared at 2670w, 810w (cycloalkane ?), and 753, 725 cm. ™

The G.L..C. of the hydrogenated product (fige 6) contained eight

peaks, five of which were assigned to isomers n-heptyl-n=-octyl
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benzene (67) to n-propyl-n-dodecyl benzene (71) as 73% of the
mixture., The yield of aromatic isomers from the mixture was
6L4%. Repeated attempts to separate the main peaks by
preparative G.L.C.; using the Gas-liquid Chromatobraphic
Company's apparatus with 10% Apiezon 'L column, failed because
of continual bleeding of the stationary phase.

Isomerisation of cyclotetradeca -l, 8-diyne (table 2, run 10)

This diyne (150 mg.) after sixteen hours gave a colourless
oil (133 mg.), VI yom, 780m, 768m, 746s, 728m and 696w
cm."" Analytical G.L.C. (table 7, run 3) showed four peaks X,
¥, & and starting material in 2, 20, 69.4 and 8.4% respectively.
The last peak was identified by mixed chromatograms (table 7,
runs 1, 2, L4). Complete hydrogenation of the product (M0 mg.)
"gave the product as an oil (100 mg.), ) film 780, 768, 7h6, 728

max.
1

and 696 em. "  Analytical G.L.C. (table 7, run 5) show‘ed that
the cyclotetradeca -4, 8=diyne had been reduced quantatively to,
presumably, cyclotetradecane and unknown X to a mixture of two
new unknowns. The retention of components ¥ and & remained
unchanged. Attempts to separate the mixture by alumina
chromatography failed. Component Z is probably benzocyclodecene

obrained in 62% yield from the diyne.

Isomerisation of bis-ethynylcyclohex-l-ene (table 2, run 1),

The diyne (400 mg.) after fifteen hours gave a brown

oil (166 mg.), G.L.C. analysis and mixed chromatogram with
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1, 4=diphenyl butane showed one peak at 153.50, Argon flow=rate
40 wmle./min., Ry 063.6 min, Alumina chromatography gave a
colourless low melting solid, infrared spectrum identical to that
of 1; L=diphenyibutane. The yield of diphenyl butane was 42%.

Isomerisation of dipropargyl acetic_acid (table 8, run 1)

The diyne (23 mg.) after five hours gave a white solid
(160 mg.), recrystaliised frem water as m~toluic acid, m.p.
and mixed me.p. 1o°.

Ethyl arachidonate (72) (table 8, run 2)

The ester (830 mg.) was isomerised for eighteen hours
and the products extracted from basic and acidic solutions.
Basic extracts (180 mg.) of ester V fnig‘;. 1640=1600m (conjugated
double bonds), 960m (trans-double bonds), 7l0w., br. (cis-double
bond) . The spectrum was contaminated with diglyme and the
product was washed a further six times with water and dried over
magnesium sulphate overnight. The infrared spectrum of the
product now contained littie double-bond but weak-medium hydroxyl
absorption (3500 cm."'l). Hydration of the double bond system
had apparently occurred.

The acid fraction (500 mg.), V S 1640 -1590w,
940w, 70w, cm."'l (conjugated system again), decomposed to a

tar on standing in the fridge. In both extracts there was no

trace of aromatic compounds. The experiment was thrice repeated

and the same results obtained.
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Isomerisation of octadeca =9, R-dien=f~ynoic acid (73) (table 8,run 3)

This acid (95 mg.) after eight hours gave an acidic

film

product (80 mg.) as a brown oily solid, V .

1600w, 1500w,
960m (trans-double bond), 750m and 725m cmo™} {aromatic § - CH).
Permanganate oxidation of the product (ll5 mg.) have phthalic acid
(52 mgs), m.p. and mired m.p. 130-131°, (as the anhydride).

Attempted detection of =~ m tohiic acid,

Dipropargyl acetic acid {700 mg.) was heated with the
basic system at 55°. Aliguots removed at intervals over three
hours showed no indication of isomerisation. The reaction mixture
was heated for a further three hours and then allowed to stand
at room température for four days to give an oil % fr}lar?c. 32308
(H -Cz=z=C), 7508 cm."l {aromatic J - CH), qualitative ultraviolet
NEEH 210m, 2328, 278w mu .

The product was methylated with diazomethane as followses-

50% aqueous potassium hydroxide (6 ml.) and ether (20 ml.) were
mixed and cooled in ice. Nitrosomethylurea (2 g.) added with
shaking and the ethereol layer decanted into a solution of the
product in ether until a permanent yellow colouration persisted.
The mixture was allowed to stand overnight, washed with
saturated sodium carbonate, salt solution and dried over magnesium

sulphate. Removal of the solvent gave from the diyne (700 mg.),

without removing aliquots, the ester (410 mg.),



. \) film

IMax. 32508 (H -~ C = C), 1740vs {ester), 750s cmel’l

EtOH

ic ¥ - nethvl metalis
{aromatic CH in methyl m~toluate), /\max.

207 (£ 1700),
234 (1560), 280 AL (540) identical to that of methyl metoluate.
Analytical G.L .C. showed two components identified by mixed
chromatograms as methyl dipropargyl acetate R’I‘ L.2 min., and
methyl m~toluate R 21.16 min., at 103°, Argon flow-rate

45 mle/min.

Dimethxl sulphoxide as a solvent for base=-catalysed aromatisation

of dlacetvlenss,

Dimethyl sulphoxide {lll) was dried before the reactions by
distillation, drying over B,D.il. molecular sieve type LA and
redistillation,

On addition of potassium t-butoxide (l.5 g.) to a solution of
hepta =}, 6-diyne (0.3 g.) in dimethyl sulphoxide (15 ml.), there
was an Immediate exothermic reaction with intense blue colouration
which gradually darkened. The infrared spectra of the products
(table 9, page 35) after reaction times of fifteen minutes and
thirty-six hours at room temperature were substantially the same
and contained no toluene aromatic absorption. The same product
(10 mg.) was isolated from a similar reaction from which no aliquots
were removed, The nature of the main product was not
investigated further but is believed to be a vinyl thioether (ll7).
Similar results were obtained in the analogous reaction of octa =i,

7=-diyne, and again there was no trace of the expected aromatic

isomers O-xylene and ethyl benzene.
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PREFACE

When the aromatisation work described in Part I
of this thesls was nearing completion, and it became obvious
that the reaction was general for the type of acetylenic
groupings described therein, the question arose as to whether
polybromides, as a source of potential acetylenes by elimination
of hydrogen bromide, under the strongly basic conditions of the
reaction, would aromatise. The readily available 1, 2, 5, 6 =
tetrabromocyclooctane was chosen for study as loss of hydrogen
bromide might result in either a highly strained cyclooctadiyne
or, by ensuing rearrangement, benzocyclobutene.,
Dehydrobromination gave the latter system and cyclooctatetraene,
as a reasonable intermediate was consequently isomerised to
the same aromatic product. The mechanism involved in these
two cases is possibly different and they will be dealt with

separately in the following pages as sections A and B.



PART II

BECTION A

Rearrangements involving I, 2, 5, 6 ~

tetrabromocyclooctane.
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INTRODUCTION

Benzocyclobutene (1) was ° . . first mentioned in the
literature by Perkin® in 1888 and the first attempted synthesis
recorded by Willstatter? in 1907, It is now known that the
first synthesis of a genuine benzocyclobutene derivative, 7, 8 =
dibromocyclobutene (2), was achieved by Finkelstein? in 1910,
but the uncerta.inty of this structure led to a lapse of interest

¥ vindicated Finkelstein's claims

in benzocyclobutenes until Cava
and, further, prepared benzocyclobutene itself.5 Interest
then quickly revived and a large number of benzocyclobutene
derivatives are now known. Eenzocyclobutene has been
prepared by four different routes 5678  but the yields are
small and no simple synthesis has yet been devised. Some
higher homologues benzo [1, 2 3 L, 5] dicyclobutene (3),.9
naphtho [a] cyclobutene (4)10 and naphtho [b:[ cyclobutene (5)n
have 'also been prepared. Very able reviews on the chemistry
of benzocyclobutenes have been complled by Craig,12 and Eﬁaker.n’w
The circumstantial evidence provided by the well
established valence tautomerism effect exhibited by the mobile

l, 3, 5 = cyclooctatriene system (6) gives reasonable grounds

to hope that an eight-membered carbocyclic system containing






71

four double bond equivalents, which should be produced by
_ dehydrobromination of 1, 2, 5, 6 - tetrabromocyclooctane,
might aromatise readily to benzocyclobutene,

Reduction of cyclooctatetraene (8), best accomplished
electrolytically 1 or by decomposition of its disodium salt (9) 16 17
gives a mixture of 1, 3, 5 = cyclooctatriene (6) and 1, 3, 6 =
cyelooctatriene (10), which can be completely converted to the
conjugated system (&) by base treatment. When (6) is heated,
an equilibrium mixture of 85% of (6} and 15% of the bridzed
structure bicyclo [u.B.OJ octa -2, L4 - diene (7) is c>§:.\’¢:ai::aed.18
The dynamic isomerism of (6) and'(7) has been termed 'valence
tautomerism! by Cope 1%  and is an isomerism in which no atoms
or groups are shifted. ‘The only changes that occur are
electronic displacements required to open or close the bridge

-~ of (7)e A similar situation arises between 1, 2, 3, k4, 7,
8, 9, 0 - tetrabenzocyclododecahexaene (ll) and bis=-
biphenylenecyclobutane (I2) hed

fValence tautomerism! gives rise to complications in the
preparation of 1, 6 - disubstituted bicyclo [u.z.o] octa =2, 4 -
dienes. Thus Vogel et al,?” # attempting to prepare the 1, 6 -
dicarboxylic acid (13), found themselves with cycloocta -1, 3, 5 -

triene = 1, 6 -~ dicarboxylic acid (14) and had to go via the

anhydride (15) to obtain the diacid (13).






It is worthy of note that Cram and Allingergzz using
the above examples as analogies, unsuccessfully atterapted to
isomerise cyclododeca = 1, 7 = diyne (16) to the cyclobutadiene
derivative (17). A further illustration of electronic
rearrangements of this type is provided by the nickel catalysed
dimerisation of butadiene (I8) to cis, cis - 1, 5 = cyclooctadiene
(19) which has been shown to involve cis - divinyleyclobutane (20)
as an active intermediate. > 2*

The various cases presented above support the premise
thai: an eight-membered carbon ring containing four double bond
| éguiiralents ‘mlght aromatise by a similar mechaniém; the

equilibrfum in this case would be expected to lie far to the

aromatic side,
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DISCUSEI0ON

Eromination of cig, cis - 1, 5 = cyclooctadiene (i9)
with pyridinium bromide perbromide® gave colourless crystals
of I, 2, 5, 6 ~ tetrabromocyclooctane (21), mepe W7 = 80.
Asguming transg addition of bromine, the most probable
stersochemistry of this single sabstance is the trans-gyn-trans
conflzuration. The snergy of conformational intsrconversion
isa very small in the cyclvoctane series and the gensral broadenin:
of peaks in the N.d.ii. spectrumn oi this compound BuZ ests a
mixture of easily convertible conformations of which the Ycrownt
structure (2la) with all the osulky Lromines pssudo-equatorial,
is a likely one. 1The only other 1, 8, 5, & = tetrabromocyclooctanes
reported in the literature were cotained independently by
willstitter % and by Jones 7 by bromine addition to the
krans, trans ~ diene when isomeric mixtures of indefinite melting
points were obtained. That sharp wmelting crystals were
obtained from the cls, c¢ls - diene bmb&bly indicates one isomer,
and this would reflect the extent to which non-bonded

interactions effect the steric course of bromine addition by

pyvidiniun. bromide perbromide.
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Dehydrobromination of 1, 2, 5, 5 = tetrabromocyclooctane (21)

The dehydrobromination of {21) was effected with a

molar excess of potassium £ - butoxide in diglyrme at 120° for
twenty~two hours, and the product was a bromine-free oil
(product A). The infrared spectrum of this product was
complicated, but prominent peaks which could be associated
with olefinic (gigs) bonds and with the g - disubstitution pattern
(780 and 7I4 cm."i) exhibited by benzocyclobutene were present.
The ultraviolet spectrum (fig. 1) showed broad absorption
between 225 and 257 mu then at longer wave lengths a
pattern (260, 266 and 272 muw ) i-—ﬂdjco..-biv& ¢ of

benzocyclobutene ’ (fize I)e

Yield of benzocyclobutene in product A,

Alkaline permanganate oxidatlon of product A gave
phthalic acid, sublimed and identified as the anhydride., -
Comparison with the yield obtained from an identical oxidation
of benzocyclobutene gave an estimated yield of 204 of
bengocyclobutene from the tetrabromide. This agrees fairly
well with the results obtained from the infrared analysis of
product A, using the 9 - disubstitution band at 714 «'zm."l

(£ 240) which leads to an estimated yield of 23%.
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G.L..C,. analysis of product A (Flow Sheet 1)

The analytical G.L.C. Investigations of product A
showed that of the phases Apiezon 'L', squalane, silicone
grease and silver nitrate/triethylene glycol, all supported on
celite (table 2, runs 6, 7, 8 and 9), the first provided the
best separation. Analyses with this column (table 1, run 1)
demonstrated that product A contained at least four components,
two of which were identified, by mixed chromatograms (table 2,
runs li, 15), as cyclooctatetraene (8) and styrene (23), present
as trace and ca. ll%, respectively. The last and dominant
peak, as more than 80% of the mixture, had the same retention
time as benzocyclobutene (1), while the remaining unknown
eoymponent (22) was present in trace quantity only. Analysis
on the silver nitrate column gave the very interesting result
that all but the last peak were completely retained under these
conditions, and the sample size used indicated that this peak
was diminished by more than half, Jnsaturated molecules,
especially those which form silver nitrate complexes e.3Z.

18, 7 are readily

cyclooctatetraene and cyclooctatrienes,
separable on silver nitrate columns. 2 % Retention of
cyclooctatetraene and styrene was therefore not unexpected,
but retention of more than half the last peak must mean that

this peak, of the same retention time as benzocyclobutene (1),

contains an unsaturated component (24) and a component,
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presumably (1), which is not retained. Similarly, retention
of the unknown (22) points again to unsaturation, and its
retention time (table 1, run 1) suggests a close relationship
with cyclooctatetraene.

The last peak was collected by preparative G.,L.C.
using a 1% silicone grease column. Its ultraviolet spectrum
(fiz. 3) was identical both in peak position and shape to that

> The € values were, however,

of benzocyclobutene,
lower presumably due to the presence of a little moisture

in the 'conecﬁad fraction (see part I}. The ultraviolet
spectrum of unknown (24) raust therefore be very similar to
that of benzocyclobutene, The mass spectrum of the collected
Tra-.tion had a cracking pattern 1denticai to that of

benzocyclobutene and cyclooctatetraene, »

Complete hydrogenation of product A,

The oil resulting from the complete hydrogenation
of product A showed infrared bands in the ¥ = CH region
corresponding to those of ethyl benzene (696, 744 em. )
and of benzocyclobutene (74, 780 em.™)) together with an
additional peak at 598 cm."'l. The peaks In product A at
808, 800, 775, 735, 700 and 672 cm.™} were now absent.

Because cyclooctatetraene, styrene, and unknown (24) were

present in unknown amounts in product A, no correlation of



hydrogen uptake could be made to the structure of unknown
(24) The presence of a peak at 698 cm.™ in the
hydrogenated product suggests that hydrogenation of the
unknown (24) has not gone to completion and that a cis—-double
bond remains. The ultraviolet spectrum of the reduced

material was, as expected, identical to that of benzocyclobutene.

Analytical G.L..C. of hydrosenated product A.

(table 3, run 20) showed peaks which on the basis of mixed
chromatograms (table 3, runs 21, 22, 24, 26) were assigned

to ethyl benzene (26), unknown (25b) from unknown (22),

unknown (27) (ca. 58% of mixture) and benzocyclobutene (l).
Preparative scale G.L..C. on the Griffin and George apparatus
using a 10§ Apiezon L' column was only partially successful in
that only ethyl benzene was effectively removed. The
infrared spectrum of the resultant oil showed peaks at 1660 ‘
and 698 c:m."'l attributed to a cis = double bond, and since the :
only component present in an amount sufficient to give such
absorption is unknown (R7), this apparently contains a cis-

double bond formed in such a position from unknown (24) that

it is immune to further reduction under these conditions.

To derive some idea of the types of structures which might

be encountered together with benzocyclobutene, the mechanism

of dehydrobromination will now be considered.
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The mechanism of dehydrobromination,
1,1~
The mechanism for bimolecular elimination requires:

{(a) that the departing nucleophile (in this case Br.@ ) be as

far removed as possible from the proton under extraction by the
base, and, (b) that this proton, the X - and 42» - carbons and
the departing halogen be coplanar. In cyclic systems this

happy situation is achieved when the substituents are trans-
diaxial. However, trans-—addition of bromine to a cig-cycloalkene
leads to a situation In which the o = hydrogen and they,,«"% =bromine
will be mutually cis and cannot normally attain the trans - diaxial
position e.g. (28) on the opposite page. <« , ,8 - Elimination
producing a vinylic bromide (20a) will not therefore be favoured,
and /5 » § = elimination tor give an allylic bromide (29b) will be
preferred. This is the case in the cyclohexane series
fllustrated (28), but in the very much more flexible cyclooctane
series both < , 8 - and [8 s § = elimination must be considered.
In the proposed 'crown! conformation the bromines probably

occupy the equatorial positions in a trans - syn - trans

configuration. Consider the two cases:

A A, J - Blimnation of two moles of hydrogen bromide.
B oL, A - Elimination of two moles of hydrogen bromide.
case A. Initial loss of two moles of hydrogen bromide by

B e Y = elimination could glve the structures (30, 31 and 32).
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(a) Further A, { - ellmination could then give an intermediate
8 = bromocycloocta =}, 3, 5 = triene (33) which could then either
(1) undergo valence tautomerism to glve 7 - bromobicyclo [u.z.o_]
octa -2, 4 = dlene (34) followed by elimination of the last mole
of hydrogen bromlde to give bicyclo D;.E.O] octa -2, 4, 7 = triene
(35), or
(ii) successively lose hydrogen bromide giving cyclooctatetraene (8)
followed by tautomerism to (35) (See later ). Both these
pathways are possible. Tautomerism of the bicyclo D.z.o]
octatriene system has been dealt with earlier in the introduction,
while Reppe"o and others have shown that cyclooctatetraene often
reacts as (35).
(b) 1, 4 = Transannular loss of hydrogen bromide from (30)
would give 2 ~ bromobicyclo [2:,.2.0] octa =3, 7 - diene (36).
(The hydrocarbon bicyclo LL;.Z.O] octa -3, 7 - disne was prepared
by Ziegler a by sodlum reduction of cyclocctatetraene. The
hydrocarbon is stable to further reduction by this method).
Further losa of hydrogen bromide would then give bicyclo Lb,.z.o_]
octa ~!, 3, 7 = triene (37). Eoth mono = and dimethylene
¢yclobutenes are known, ’» 33 and (37) is therefore a feasible
structure.

1, 3 = Transannular elimination from either (31) or (32)
and further dehydrobromination would lead to & cyclopropene or

methylene cyclopropane which is sterically unlikely.
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Case 3. Initial loss of two moles of hydrogen bromide by

. ﬂ -~ elimination would give strﬁctures (38) and (39).

The | - and 5 - positions are so far apart in the cycloceta

- 1, 5 = diene ring that transannular selimination across thase

positions;, to give the [3,3.0] bicycle (40), is unlikely to occur.

l, 4 = Blimination is much more probable and would give 2 -

bromobicyclo [u.z.o] octa ~l, 5 = diene (41) and 2 -~ bromobicyclo
[4.2.0] octa =2, 6 - diene (42). Dimethylene cyclobutane is

known Hy 35

and structure (41) although strained is not
unreasonable. Dehydrobromination and rearrangement would then
give benzocyclobukene (1) which might rearrange further to
styrene (23). Structure (42) could similarly give bicyclo [4.2.0_1_,
octa =1, 3, 6 = triene (43).

Any isomers of the bicyclo [};.2.0] octatriene system
which have not been shown to arise in cases A and E, can be
formed readily by base-catalysed prototropic rearrangement of
those illustrated,

Possible structures for unknown (24) are (35, 37, 43,
b, 45). 8hozda36 has proposed the bicyclo EI;.E.OJ octa = 2,
4y 6 = triene (47) as Intermediate in the preparation of
7s 7, 8 = trifluorobenzocyclobutene (48) by dehydrohalogenation
of (46). He sﬁggeéts that, by analogy to the slow lsomerisation
of methylene cyclohexa - 2, 4 = diene (49) to toluene at room

temperature,” the proposed intermediate (47) would be expected
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aromatise to the product (48)., Although the Aé - double

bonds in structures (47) and (L5) are in quite different electronic
environments, it is believed that this latter structure would also
readily aromatise, and is therefore an uulikely candidate for the

unknown structure (24).

Diels - Alder adduct formation of product A and the isolatios

of benzocyclobutene. (Tlow sheet 2)

Reppe etl al.gb'o in their excellent war-time researches
on cjclooctatetraene, showed that cyclooctatetraens forms
adduects corresponding to dienophilic addition to its valence
tautomer (35). Thus with maleic anhydride cyclooctatetraene

18, 40

gives (5la), with dimethyl.acetylene dicarboxylate (52) ul and

2
with benzoquinone (53) and the structures established by

Friess, 43

Cope,la Hvram i and Cookson.m‘ Maealeic anhydride
adduct formation seemed a very plausible method of removing
unknown (R4) frem product A as 8 derivative which would directly
reflect the unknown structure.

The schematic separation of product A by adduct
formation is shown in flow sheet 2. Treatment of product A
with malelc anhydride in refluxing benzene for two hours yielded
. on’ adduct, m.p. 145°, and an oill. Analytical G.L.C. (table ],

run 2) showed a proportional decrease of the area of the last

peak with respect to the others, demonstrating the absence of (24).
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Table 4.

Infrared spactral data of. unknown (24) by
subtracting the above curves,

Frequency (cm."l) ' Assignment
3006 CH stretch, trisubstituted double bond
3000 ® ’ﬁﬂ stretch, trisubstituted double bond
2970 g - @H stretch, CH,
2920 - LN CH stretch, CHy
8L0 * ¥="CH, trisubstituted double bond.
810 - §- CH, trisubstituted double bond
7, 730 ° ¥~ CH, ring substitution

700 | ¥- CH, cis. C = C.



The peaks corresponding to (23) and (1) were collected by
preparative G.L .C. and their infrared spectra found to be
identﬁcal to those of styrene and benzocyclobutene respectively.

This constitutes a new synthesis of benzocyclobutene.

The structure of unknown (2.4)

Unknown (24) was also encountered in the aromatisation
of cyclooctatetraene and its presence confirmed by G.L.C.
analyses before (table 2, run 19) and after hydrogenation to
(27) (table 3, runs 20, 23). The physical and chemical evidence,
from which a tentative structure for (24) is derived, is taken
from both these sources and discussed below.
(1) Infrared spectral data. During the course of investigations
into the aromatic product obtained from cyclooctatetraene, the
Gl.L .C. peak, corresponding to the isomeric mixture containing
both benzocyclobutene (1) and (24), was collected. The accurate
infrared spectra of this fraction and of benzocyclobutene were
determined and are shown in fig. 2. By subtraction a spectrum
of (RL) was obtalned and the absorption bands in this, together
with their assignment, are listed in table 4. If these
assignments are correct, unknown (24) contains one ¢is and
two trisubstituted double bonds. Of the possible structures
(35, 37, 43, 44 and 45) in the bicyclo [b,.z.o] octatriene

series, only (43) and (L4) agree with this spectrum.
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(ii) Jltraviolet spectral data. The ultraviolet spectra of

mixtures containing only benzocyclobutene and unknown (24)
derived Dby G.L.C. separation of the last peak in (a) product
A, and (b) isomerisation product C from cyclooctatetraene,
together with that of authentic benzocyclobutene, are shown in
fige 3. It is difficult to deduce a spectrum for unknown (24)
from these, but it appears to have generil broad absorption
between 250 « 280 mAc o

The ultraviolet characteristics of related types of
compounds are shown in table 5. Erom these, the surprising
feature arises that the absorption of conjugated exomethylenes
is only slightly effected by a double bond in the eyclobutane ring,
ee8e (54), (56) and {57) all absorb at ca. 246 mw .  This
suggests that (56) and its 3 - methyl homologue are not
conjugated trienes, but #jsnes cross-conjugated with a double
bond. Similarly, (55) and (58) do not behave as conjugated
dienes.

Although structure (44) does not strictly contain
exomethylenes the above considerations eliminate it as a possible
structure for (24). Any of the other possible structures

(35, 37, 43, 45) would be more in harmony with the deduced

~ ultraviolet spectrum.
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Table 6.

Group frequencies coincident in the above spectra,

EFrequency (em.™) Assignment

1843 - 1760 3 peaks; C=0 vibs; cyclic anhydride

1250 - 1220 C - Ovibs.

1100 - 1050 2 peaxs; - CH vibs. (substituted
cyclohexene type ?).

g70 - 870 L, peaks, -~ CH, substituted
cyclobutane type.

840 - 720 5 peaks, substituted cycloalkene

680 - 720 Y- CH, cs. & = C.
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(1) The Diels - Alder adduct of (24). The adduct,

m.p. 459, had a mass=spectrometric molecular weight of

202 | CIE Hl(} 03) and was not identical to the corresponding
adducts of cyclooctatetraene (5la), or benzocyclobutene (62)“5’ e
melting points, 168 and 186-7°, respectively. The adduct of
c;yclooctatetraene wWas prepared both by the method of keppe
and by the method already described for product A. In the
latter case the yield was very much smaller which is reflected
by the presence of cyclooctatetraene in product A, after adduct
formation.

‘The infrared spectra of the adducts from
cyclooctatatraene and product A, shown in fig. 4, were not
fdentical, but very similar and had the group frequencies, listed
in: table 6, in common. The structures of the two adducts
would therefore appear to be very similar and further, a mixture
of the two melted a't ilplq.o, ise. almost no depression from the
adduct of A. Without additional evidence structure (35) would
be assigned to the unknown (24), discrepancies in melting point
and iInfrared spectra of the adducts being accounted for by
different stereochemical configurations.

The N.M.R. spectra of the two adducts, however,
differed not only in the peak positions, but also in the areal
distribution of these peaks. Thus while the N.M.RE. of the

cyclooctatetraene adduct agrees with the structure (5la)
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{the area ratio corresponding to olefinic and methine protons
being as expected 2 : 3; methylenic protons absent) that of
the unknown adduct (fig. 5) does not. In this case the peaks
corresponding to olefinic (77 3,5 = 3.6) and methine protons

(7 742 = 7.4) are in the areal ratio of 1 1+ 2. ‘There are also
signals assigned to methylenic protons (7 8 - 8.6). Structure
(35) can therefore be discounted for unknown (24).

Of the possible structures, only (43) has not been
eliminated. Normal 1, 4 -~ addition of maleic anhydride would
give structure (61) which would not agree with the N.M.R.

It is difficult to envisage 1, 2 - addition to give (60)- and, in
any case, the infrared spectrum of this would not resemble that
of the cyclooctatetraene adduct so closely. The most likely
structure for the unknown adduct is (5lb) which could conceivably
arise by 1, 4 = addition of maleic anhydride to the valence
‘tavtomer (45) of (43) with concurrent migration of the
cyclobutene double bond from the 6, 7 to the l, & - position.

Valid criticisms can obviously be made about the suggested
route from (43) to (5lb) but the most serious argument against
structure (43) stems from hydrogenation work. The isomerisation
product of cyclooctatetraene (see section B), proved to contain
(24), was completely hydrogenated with palladium on charcoal and
the component (27), corresponding to hydrogenated (24) was

collected by preparative G.L..C. The salient absorption bands
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Table 2 0

The infrared spectral data of component (27)

and ethyl cyclohexane,

Frequency (cm.™) Assi@meﬁt,
Bthyl cyclohexane = (27)
3010 cis C=¢
2900 - CH,~
R 2680 cyclohexane ring
/ 889 o 892 ) cyclohexane ring
754 P 751 )
g 702 cis ©=¢C

Possible structure for (27) is l




in the accurate infrared spectrum of this component and
their assignment are listed in table 7 with those of ethyl
cyclohexane. The spectrum of (27) is in agreement with
the structure of bicyclo Ilh. 2. 0] oct = 7 = ene, i.e. a
substituted cyclohexane with a cis - double bond outside the
six-membered ring. A reasonable pathway to this is initial
3, 4 - addition of hydrogen to bicyclo LL{.. Re 0] octa

- 1, 3, 6 = triene (24; 43) gziving the 1, 6 ~ diene (63)
followed by rearrangement, as shown, to (27). The weak
point in this argument for structure (27), and therefore for
f_(:{;.B), is this cessation of hydrogenation at (27) under conditions
which would be expected to reduce a cig = double bond.

Jones, 7 during an examination of the reduction of
cyclooctatetraene by sodium in boiling alcohols, discovered that
all three cyclooctadienes were formed. The presence of 1, 3 =
octadiene was unexpected as sodium in alcohols generally reduces
conjugated double bonds leaving isolated double bonds untouched.
To explain the formation of all three isomers he suggested initial
isomerisation to bicyclo [l;. 2e O] octa -~ 2, k4, 7 = triezne (35),
then 1, 4 - addition of hydrogen giving the 3, 7 ~ diene (64).
Further hydrogenation and ring opening of this would give &ll
three isomeric cyclooctadienes,

The processes involved in hydrogenation over palladium

on charcoal and with sodium in alcohol are different and no



analogies can be taken from the work by Jones. It does
ghow, however, that anomalies have been encountered in the

hydrogenation of cyclooctatetraene and its tautomeric bicycelo
[4, Ra O:\ octatriene system.,

Mass spectometry is not really adaptable to systems
such as (5la) and ‘(Slb) because these so readily undergo electronic
rearrangements, when subjected to the large energy imput, that
thek resulting cracking pattern is very difficult to interpret in
terms of the original structure. The unknown adduct on mass
spactroscopic examination readily loses stable fragments
corresponding to Cp Hp and C) H, while the adduct of
cyclooctatetrasene loses labile fragments again corresponding to

Ci?. F, and Ch Hh‘ This is presumably caused by rupture of

2
the cyclobutene rings and the stability of the fragments
associated with the position of the double bond in these rings,.
The cracking patterns, on the whole, are very similar. There
are no examples of mass spectra of this type of compound in

the literature, from which the cracking pattern can be studied,
and bearing in mind the comments above, all that can safely be
said of the unknown adduct is that it is not the cyclooctatetraene
adduct, although very similar with the same molecular weight,

and probably has a different double bond placement in the

cyclobutene ring. This Is really a problem for N.M.R,



In the final assessment the assignment of structure
{5lb) for the unknown adduct rests on I.R. and N.M.R.
evidence. The precursor can be (43) or (45) of which the
former better agrees with the infrared spectrum. It is
therefore tentatively suggested that unknown (24) {8 bicyclo

[ho 2. 0] octa - 1, 3, 6 - triene (43).
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CONCLUSION

l, 2, 5, 6 = Tetrabromocyclooctane has been
successfully dehydrobrominated with potassium t - butoxide
in diglyme to a mixture of isomeric hydrocarbons containing
mainly benzocyclobutene, styrene and a compound believed to
be bicyclo [h. 2. O:} octa -~ 1, 3, 6 -« triene,
Cyclooctatetraene and an unknown compound are present in
trace quantities only. The overall yield of benzocyclobutene
is 23%. This is a new, two stage synthesis of benzocyclobutene
from commercially available starting material, and compares

favourably with those previously published, > & 7%
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INTRODUCTION

Cyclooctatetraene (C,0O,T.) has attracted considerable
attention since Willstatter?a in an attempt to create a new
non-benzenoid aromatic system, synthesised the molecule and
found it devoid of aromatic charactaer., The commercial
availability of C.0O.T. by the nickel-catalysed tetramerisation
of acetylene devised in war-time Germany by Reppe et al.ho
»and the many illustrations of its anomalous reactions, by these
same authors, provoked an attack, the intensity of which is
precedented in chemical history only by the research on benzene
itself, The many facets of the chemistry of C.0QO.T. which

12 and Raphael .1'9

were uncovered are amply reviewed by Craig
The presence of C.,0O.T. in the dehydrobromination "
product of 1, 2, 5, & - tetrabromocyclooctane and the possibility
that benzocyclobutene had been produced in the reaction by
rearranczement of C,.0,T,., as elimination product,; led us to
speculates on the feasibility of direct isomeration of C.O.T. to
benzocyclobutene. This speculation is not unfounded as, on
reaction, C,0,T, readily forms both bridzed and benzenoid
compounds., A particularly good illustration of the formation

and mobility of the bridged structure is shown in the preparation

of cyclooctatetraene monobromide (67a). Halogenation of C.O.T.
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gives the bicyclo system (66), formation of which has been
explained by Friess " in the case of (663.) as transannular
rearrangement of C.O.T. on electrophilic attack to give the
carbonium ion (65a) hence to (H6a). Treatment of this with
phenyl lithium gives (67a) by s process explained by Cope 9 as
basic displacement of a proton followed by reversal of the
bridging process. Bxamples of valence tautomerism particularly
in regard to Diels-Alder adduct formation have already been dealt
with, Fermanganate and chromic acid oxidation of C.0O.T. yleld
benzoic (70) and phthalic (71) acids respectively, ¥ while pyrolysis
of the dichloride (66b) gives A - chlorostyrene (68b).% & .
Photolysis of C.Q.T. gives benzene (72) plus acetylene, and
vphotoisomerisation yields styrene (23).52 Ring opening reactions
are also known 5% e.g. attempted preparation of the cyanide
(66e) from the dibromide (66a) gives the straight chain

tetraene (69¢) R
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Isomerisation of cyclooctatetraene

Several\ experiments in which C.O,T. was treated
with 10% potassium t - butoxide in diglyme, under varying
conditions, \are described below, and the results shown opposite.
(i) Treatment of C.,O.T., at 80° for twenty-four hours and
then at 100° for a further twenty~four hours gave unchanged
starting material, which on further treatment at 130° for
seventeen hours gave product E,.
(ii) Repetition of the attempted isomerisation of C.0O.T. at
100° for eighteen hours gave product C. The infrared spectra
of products E and C were identical to that of product A from
l, 2, 5, © = tetrabromocyclooctane. G.L.Cs analyses
demonstrated that all three products contained the same four
components, C.0O.T. (8), unknown (22), styrene (23) and the
last peak composed of benzocyclobutene (1) and unknown (24),
but in different concentrations (table l, runs 3, L4, 5; table 2,
runs 16, 17, 18, 19). The last peak was collected by preparative
G,L.C. using a 1% silicone grease column and its accurate infrared
and ultraviolet spectra, previously used to deduce a structure
for unknown (R4), are shown in figs. 2 and 3 respectively.,

C.0O.T. is notorious for producing the unexpected,



and that this reputation is by no means ill-founded was
demonstrated when the isomeration at 130° was repeated,
(ili) Treatment of C.O.T. with 13% potassium t - butoxide
at 130° for fourteen hours gave an oil which was separated
into three boiling-point ranges. The lowest boiling fraction
{(product D) display.ed a similar infrared spectrum as products
B and C, but there were additional peaks at 1600, 1296, 194
and 12 cm."l, and G.L.C, analysis (table 1, run 5) revealed
the presence of two new components (73) and {74) in trace
and ca. 23% respectively. There was now only negligible
amounts of C.O.T. and unknown (22) but an incresse in the
proportion of styrene. The relationships between products

By, C and D are shown in flow sheet 3.

Hydrogenation of product D,

Complete hydrogenation of product D gave peaks
corresponding to benzocyclobutene (1) and ethyl benzene (26).
Analytical G.L.C. (table 3, runs 23, 24, 25) revealed five
peaks, two of which were identified by mixed chromatograms
as ethyl benzene and benzocyclobutene, The other three
components were (75) in a proportion in agreement with
hydrogenation of the new unknown (74), component (27) of
the same retention time as hydrogenated unknown (24) in
product A, and presumably the co-prodaction of (24) and
benzocyclobutene (1) with coincident retentlon times is also

occurring in this case, and component (25b) in trace quantity,



also present in hydrogenated product A. The components
(75), (R7) and (1) were collected by preparative G.L .C. using
a 10% Apiezon 'L.' column, and the last component identified by
infrared as benzocyclobutene. This constitutes a new one
stage synthesis of benzocyclobutene in 13% yield.

Component (75) had an infrared spectrum concordant
with that of cycloalkane and is probably cyclooctane (25a).
From the relative proportions of the other components in
unhydrogenated product D, this constituent can only come from
component (74). As previously mentioned, Jones 27 has
suggested that sodium in alcohol reduction of C.0.T. takes
place by initial isomeration to bicyclo \:l{—. 2. O] octa - 2, 4,

7 = triene (35) followed by 1, 4 - addition of hydrogen giving

the 3, 7 = diene (64), which undergoes further hydrogenation
with rearrangement giving all three isomeric cyclooctadienes.

This lends some support to the suggestion that cyclooctane (25a)
is formed by hydrogenation of bicyclo [u. 2. O] octa - 2, 4, 7 -
triene present as the new component (74) in product D.

The accurate infrared spectrum of component (27) is
summarised and compared with that of ethyl cyclohexane, in
table 7. From this spectrum it has previously been tentatively
;uggested that component (27), present in both hydrogenated

products A and D and presumably in E and C, is
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bicyeclo [lp. 2 O:) octa - 7 =~ ene formed by hydrogenation

of bicyelo |4 2. 0] octa = 1, 3, 6 - triene (24). The
cessation of hydrogenation at thiz stage may be a consequence of
the very rigid cyclobutene structure. The relationships between

products A, B, C and ID are shown in flow sheet 4.

The mechanism of aromatisation of cyclooctatetraene.,

The structure of C,0,.,T, has been the subject of
extensive physical examinatiou by many workers, prominent
émong whom are Kaufman,” Tanaka® and Lippencott and
the molecule is known to exist asdn all cis "tub' structure (8a)
with almosat completely localised alternating single and double
bondé. The generally accepted mode of base-catalysed
prototropic rearrangement cannot apply in such a rigid non-planar
-gystem and an alternative mechanism must be sought, The
problem is to change the rigid localised ftub' structure into a
planar delocalised structure which will permit unhindered movement
of electrons. The energy required to do this would necessarily
have to be large and some compensatory factor, suéh as the
production of a highly resonance-stabilised aromatic system,
must be involved. Huckels application of molecular orbital
theory to aromatic compounds led to the prediction that
monocyclic molecules containing 4 n + 2 electrons would be

aromatic. This has been adequately demonstrated in the cases






of the cyclopentadienyl anion (‘7«6),5'8 the cycloheptatr ienyl
cation (77),59 and where n>1 in Sondheimer's 60

cyclooctadecanonaene (78) and Allinger's &, 62

L 4, 5 =
triazacyclohepta - 2, 6 - diene (79). The aromatic system
embodying C.0O.T. is the cyclooctatetraenyl dlanon (81).
This has been prepared by Katz aad the N.M.R., J«Ve, IR
spectra and the wave-mechanical assessment are in accord with
the theory-.%’ 63, &4, €5, 66 Katz has further shown that the
product of the treatment of C.O.T. with sodium or lithium in
tetrahydrofuran is an equilibrium mixture of the '“ub'! structure
cyclooctatetraene (8a), the planar cyclooctatetraenyl radical
anion (80) and the planar cyclooctatetraenyl dianion (8l) with
the equilibrium lying to the right. The dianion formation has
been used to prepare C.U.7T. derivatives, thus carbonylation
gives cycloocta - 1, 3, 6 = triene - 5, 7 = dicarboxylic acid (82)67
and oxidation glves cyclooctatriene (6).

In our work when the diglyme solution of potassium
t -~ butoxide was added ©io the C.O.T. solution there was an
instantaneous colour change from colourless to bright purple,
reverting to green on standing and back to purple on shaking.
It has been noted'elsewhere that not all the t - butoxide

diesolves in the diglyme but a milky suspension is obtained which

slowly settles. The colour change on shaking suggests a



reaction between C.O,T. and solid butoxide. Heating produced
a deep red solution which persisted for the first hour then
slowly darkened. A similar colour change is reporced by
’Miit’i;ig;‘53 in the preparation of the disodio derivative of C.O.T.
using trityl sodium ~ %on mixing the two reaction components
there was an immediate deep red colouration which cleared to

an orange solution," and is presumably associated with (di) anion
formation, On this evidence the mechanism proposed for the
formation of the products obtained by base treatment of C.O.T.
is initial formation of '‘this aromatic c¢yclooctatetraenyl dianon
{possibly in equilibrium with C.Q.T. and the radical anion) which
on hydrolirsis yields the reported product.

The formation of the same products from both 1, 2, 5, 6 =

tetrabromocyclooctane and C.0O.T. support the premise that, In
the former case, these are formed via C.0O.T. and its dianion.
It is, however, doubtful if this diarnion would form in the presence
of £ - buté;nol, although excess t - butoxide is present, Whether
the products are formed directly by dehydrobromination or via the
dianion remains unknown.

None of the higher boiling fractions obtained with
product D from C.O.T. have been Investigated. The highest
boiling fraction, a low melting solid, is probably the dimer of

CeQOeTey mMmePos 41.5°, described by Hagﬂhara" and Nybu.rgzo



CONCLUSION

Cyclooctatetraene has been successfully isomerised
to a mixture of mainly five components of which C.Q.T.,
styrene and benzocyclobutene have been identified and the
structures of the remalning two suggested to be
bieyclo lil;. 2, 01 octa - 1, 3, 6 - triene (24) and
bleyelo E+. 2. 0] octa - 2, 4, 7 = triene (35). The
relative amounts of these are dependent on the temperature.
In an isomeration at 130° in which all five were produced the
yvield of benzocyclobutene was i3%. This is the simplest
synthesis of benzocyclobutene and the yield compares favourably
with those obtained by other routes. It is suggested that the
mechanigm Involves the cyclooctatetraenyl dianion and, in

consequence, this is the first time a benzenold aromatic isomer

has been produced from C.0.T. without ring fission.
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BAPIDRIMENTAL

The general points on experimental procedure given
at the beginning of the experimental of Part I apply here.
Cis, ¢is - 1, 5 - gyclooctadiene (19) was obtalned from the
Citles Service and Development Co, > as & colourless oil
bepe 152%/760 mem., n 50.5" 1.4939, V f‘;’{; 3010 (CH = CH]),

6kl {(C=C), 700 Cerie™} {cls « double bond). All as quoted

by the manufacturers.

Pypidinium_bromide perbromide >’ n

Liquid browmine {100 gep 32.2 mele, 0.63 mol.) was
added with stirring and cooling to a cold solution of pyridine
(60 mils, 5842 8o 0e73 mols) in LGE hydrobromic aocld (120 ml.).
The solid product was filcered, washed with glacial acsetic acld
and recrystcallised from the same solvent to glve erange needles

‘M Gy ?zg)ﬂ

i, 8, 5, & = Tetrabromocyclococtane (21)

A solution of pyriiinium bromide perbromide
(120 zZ., 0.33 mol.) in pyridine/methancl (4 3 1, 400 ml.) was
added slowly withl stirring to a solution of 1, 5 = cycloctadiene
(19) (20 g+, 0.185 mol.) in benzene/methanol (1 1 1, 400 ml.)

at room temperature, and the mixture allowed to stand overnight,

rt
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Most ot the methanol was then removed under water pump
pressure and the mother liquors added to water (500 ml.)

and extracted with ethyl acetate (3 x 300 ml.). The
extracts were washed with 6 N hydrochloric acid (2 x 500 mle )
and dried over magnesium sulphate. Most of the ethyl acetate
was then removed and thekresidues crystallised from ethanol to
give the tetrabromide as clalourless crystals ( 66 g., 83%),

m.pe W7 - 148° (Found 1 C, 22.27; H, 2.94. Cg Hpp Bry
requires C, 22.,46; H, 2.82%). The N.M.RB., spsctrum was run
on a 1 molar solution in chloroferm and showed broad absorption
between 5.l15 - 5,38 (methylenic protons) and 7.0 = 7.95 7

(methine protons), areal ratio ca. 2 3 Io

Dehydrorrowination of 1, 2, 5, 6 - tetrabromocyclooctane (<l )

{Formation of product A.,)

A solution of 1, 2, 5, 6 = tetrabromocyclooctane

(6l g+, 0.l mol.) in diglyme (300 ml.) was added over thirty
minutes with stirring to a solution of potassium t - butoxide
(from 38 g. of potassium) in diglyme (300 ml.) under nitrogen
at 300. There was an immediate exothermic reaction with
black colouration. Heating was commenced immediately and
the temperature of the mixture maintained at 120°, stirring
being discontinued after seven hours. An aliquot (28 ml.) was

removed after twenty-two hours and on working up as below gave



a brown oil (200 mg.). Infrared examination indicated that
dehydrobromination and aromatisation had occurred. The
reaction mixture was therefore cooled, poured into water
(750 ml.), extracted with 40 - 60° petrol (4 x 400 ml,), the
extracts washed with water (5 x 500 mle} and dried over
rasmesiim sulphéte. . Removal of the solvent through a 15"
Dufton colimn and fast distillation gave a colourless liquid

(product A) (6 3.), bep. 135 - 145°/760, L4t - 45°/13 mm.,

max, and 3010, 1622, 700 and 672 cm."l (unsaturation,

cls ~ double bonds) \ETOH 235 (£ gi8), 260 (675),
7 max,
266 (Giy), 272 mi {467). Spectrum broad see fig. l.

Gas-liquid chromatography of product A, on Apiezon 'L},

squalane, silicone grease and silver nitrate columns (table 2,

runs 6, 7, 8 and 9) showed that product A contained at least
four components of which two were identified as cyclcoctatetraene
and styrene by mixed chromstograms (table 2, runs l4, 15).

The peak of longest retention time was collected by preparative
G.L.C. nsing a 1% silicone grease column at 6°, Argon flow rate
of 0.25 l./min., Ry k43 min. .Analytical C.L.C. of the
collected fraction on 10% apiezon 'Lt/celite at 71°, flow rate of

45 ml,/min, showed only one peak Ry, 19.6 min.  Ultraviolet
spectrum (fig. 3) showed \EEOH 260 (log £ 3.34),

M8 Ke

266 (3.42), 272 mw (3.38) identical to that of benzocyclobutene.
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The mass spectrum had an identical cracking pattern to that

of both benzocyclobutene and cyclooctatetraene,  of molecular

weight 104,

Alkaline permanganate oxidation of benzocyclobutene.
Benzocyclobutene (kindly supplied by Prof. Horner,

Mainz) (59 mg.) was heated at 100° for two hours with
potassium permanganate (l g.) and sodium bicarbonate (0.1 z.)

in water/t -~ butanol (4 3 1, 15 ml,) solution. The reaction
mixture was then cooled, acidified with 6 N sulphuric acid and
heated for a further thirty minutes. Sufficient solid sodium
bisulphite was added to remove the precipitated manganese dloxide,
more water (10 ml.) added and the solution extracted with ether
(3 x 15 ml.)e The extracts were washed with saturated szlt
solution (2 x 20 ml.), dried over magnesium sulphate and the

solvents removed to give a white solid (66 mg., 70%)

Alkaline permanganate oxidation of product A.
Product A (6l mg.) oxidised as above gave a white

solid (33 mg.) which sublimed at 130 - 160°/760 mm. as

phthalic anhydride, m.p. and mixed m.p. 130° (Found 1 C,
64.82; H, 3.37. Cale. for Cg H) O3 C, 64.873 H, 2.72%).
Direct comparison with the oxidation of pure benzocyclobutene
showed that product A contalned 48.4% of benzocyclobutene
corresponding to a yield of 20% from 1, 2, 5, 6 =tetrabromocyclo~-

octane,
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Infrared estimation of the content of benzocyclobutene

in product A,

The optical density of a carbon disulphide solution of
product A was directly compared with the optical densities
obtained from solutions of authentic benzocyclobutene in the

same solvent, using the O -~ disubstitution band at 714 cm.."1

Weight of product A/10 ml.CS, Optical Density
solution
1901 mMge 0.‘20
Weight of benzocyclobutene/l0 mls CS,
solution ’
. 724' mgge 90136
£23.00 mg. 0.265

Product A therefore contains 55% of benzocyclobutene
corresponding to a yleld of 23% from 1, 2, 5, 6 =

tetrabromocyclooctane.

Hydrogenation of product A. (flow sheet 1).
Product A (6l4 mg.) in cyclohexane (10 ml.) was added

via a hypodermic syringe and serum cap to a prehydrogenated
mixture of 5% palladium/charcoal (50 mg.) in cyclohexane (70 ml.)
and the resulting mixture hydrogenated. The hydrogen uptake
was 180 ml., 0.008 mol. Most of the solvent was removed

through an 8" Vigreux column to give a colourless oil
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y Fi
Y -,J:L_r?i 779, 712 (aromatic ¥ ~ CH, as in benzocyclobutsene),
750 and 696 (as in ethyl benzene) 742 sh. (unknown) and
-] R
698 cm. = (cis - double bond), other regions complicated by
ELtOH £,

cyclohexane /\max. RLO - 245 (sh.), 260, 266 and 272 mau .

Ethyl benzene ADBexane (loge ). 248 (2.2), 255 (2.4),

261 (2.4), 268 (2.3)7

Analytical &.L,.C. of hydrogenated product A on 108 Apiezon

'L‘ showed four peaks (table 3, run 20} two of which were
assigned to ethyl benzene and benzocyclobutene on the basis of
mixed chromatograms (table 3, runs 21, 22, 24, 26).
Preparative scale G.,L.C. on the Griffin and George
apparatus using a 10% Apiezon 'L column at 80° with a flow
rate of 2.6 l./min. was only partially successful in that ethyl
bengene was effectively removed. The infrared spectrum of
the resulting oil had peaks at 778, 714 (benzocyclobutene) and
1660, 698 cm o=t {cis - double bond}. Further attempts were

made impossible because of instrument failure.

Diels - Alder adduct formation of product A. (Flow sheet 2).

Product A (l.72 g.) in benzene (6 ml.) was refluxed
with maleic anhydride (0.87 gs) for two hours and allowed to
stand in the cold for two days when long needle crystals

separated. The supernatant liquors were removed and
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successively titurated with 40 - 60° petrel until solid

precipitation ceased. The white precipitates were centifruged
from the petrol-benzene solution and combinad with the needle
crystals. Most of the solvents were removed from the mother
liquors, under water pump pressure, to give a brown oil containing
some anhydride, V Im 1760, 1840 cm.l,  Distillation gave

an oil, b.p. 49 = 55°/15 mm., ﬂggé, 1610, 475 {aromatic C=C),
7785 713 (0 - disubstitution in benzocyclobutene), 982, 900, 694

cm ™ (styrene).

Analytical G,L.C. (table 1, run 2) showed the same four peaks

as untreated product A, but the area of the last peak had
diminished relative to the others. The main peaks (23) and (1)
were separated by preparative G.L.C. using a 10% Apiezon 'L*
column and the infrared spsctra of the collected oils were found
to be identical to those of styrene and baenzocyclobutene

respectively.

The_adduct of product A. (5lb)

The combined solid products obtained in the above
experiment sublimed at 100 - 120°/0.]1 mm. as white needles
m.p. W5° (sublimation to cover slip at 135°), (Found 3 C, 7l+2L;
H, 5.20. Cjp Hjp O requires C, 71.28;5 H, Lk.99%). Tha

infrared spectrum is shown in fig. 4 and the tentative peak
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ass{m ,..-.4-:‘ &:4-. "-—1‘&‘{ 5 [ X ~ . . - .
peak corresponding to a molecular weizht of 202, (C12 HIO 03).

peak corresponding to a molecular weizht of 202, (Clz HIO 03).
N.M.R., in chloroform (fig. 5) showed peaks at 3.62 = 3,51

(three peaks; olefinic protons), 7.25 (twin peak; methine
protons ol = to anhydride), 7.40 (allylic protons) and 8.4 = 7.5 T
(diffuse peaks; methylenic protons). The area of peaks
essoclated with methine and allylic protons was twice that

associated with the olefinic protons as measured by weight.

The maleic_anhydride adduct of cyclooctatetraene (5la).

Method A.L’o Cyclooctatetraene (537 mz.) wae heated with
maleic anhydride (591 mg.) in O - diclorobenzene at 160 - 170° for
one hour. On copling a yellow solid separated. The solvent was
removed by washinz with ether and yellow crystals (789 mg.,
74%) were obtainst, Sublimation of these at 100 - 120°9/0.1 mm,
gave colourless crystals m.p. 168° as in literature o sublimation
to eover slip'at 10°) (Found ¢ C, 71.25; H, 5.40. Cale., for
Clg Hyp ©3 ¢+ C, 71.28; H, 4.99%) The infrared spectrum is
shown in fig. 4, and the group frequencies, and their tentative
assignments, coincident in the spectrum of the adduct of product
A, In table 6, The mass spectrum showed no stable jon above
m/e 130, The cracking pattern indicated loss of Cp Hp, Cj H,,
benzene and Cp Oy in accord with the structure. The N.M.R.

spectrum in chloroform showed peaks at 4.2 (olefinic protons),



7+01 (protons allylic to the double bond of the cyclobutene ring),
7.29 (protons -( -~ to anhydride), 7.92 7 (allylic protons at
bridge head) and no signals associated with methylenic protons.
The ratio of the areas of the peaks associated with olefinic to
non=olefinic protons was ca. 2 : 3, as required by the formula.
Method .

Cyclooctatetraene (130 mg.) was refluxed with maleic
anhydride (137 mg.) in benzene (3 ml.) for two hours and the
reaction mixture allowed to stand in cold for a further twenty
hours. Tituration with benzene gave a brown solid (180 mg.)
which on sublimation at 100 - 120°/0.15 mm. separated into two
fractions m.p. 53° (maleic anhydride) and 166-7° (the required
adduct). Visually it was apparent that unchanged maleic
anhydrids was present to an extent >50%. Infrared spectrum
of erystals m.p. 166=7° was identical to that of the adduct

prepared as in method A.

U5, 46
The malelc anhydride adduct of benzocyclobutene 2 (62)

Benzocyclobutene (80 mg.) was heated with maleic
anhydride ‘(91 mg.) at 200° for ten hours in a sealed tube. The
contents were then extracted with chloroform and the solvent
removed to give a brown solid (154 mg., 96%) sublimed twice at
120°/0.2 mm. as colourless crystals of 1, 2, 3, L = tetrahydro
- 2, 3 - naphthoic diacid anhydride (62) m.p. 186.5 ~ 187.5° as

in literature.

100
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EXPERIMENTAL

Isomerisation of Cyvelooctatetraene

{i) Formation of product .

Redistilled cyclooctatraene (b.p. 4R9/17 mm., 6.2 g,
0.05 mol.) was heated with potassium t - butoxide (from 10 g.
potasgsium) and diglyme (300 ml,) under nitrogen, with stirring,
at ca. 80° (100° bath temperature), for twenty hours.
Extraction with pentane and work up, as usual, gave an oil
(4.5 Se)s Depe 31 = 32°/1l min., infrared spectrum almost
identical to cyclooctatetraene, This product (4 g.) was
treated again under the same basic conditions, heating this
time at 100° (110° bath temperaturs), without stirring, for
twenty-four hours and gave starting material (2.6 g.) containing
a little aromatic material \ f;lar;. 1600, 75 cmo™l, Further
treatment of this with potassium t - butoxide (18 g.) in diglyme
(180 mls.) for seventeen hours at 130° (140° bath temperature)
again without stirring gave an oile (preduct Bj; 730 mge).
Infrared spectrum very similar to that of the dehydrobromination

product A of 1, 2, 5, 6 = tetrabromocyclooctane.

Analytical G.L .,C, of product B (table 1, run 3) revealed the

presence of four peaks with the same retention times as

eyclooctatetraene (8), unknown (22), styrene (23), and
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benzocyclobutene (1) present as ca. 20, 13, trace and 63%
respectively, of the mixture,.

(1i) Formation of product C.

Cyclooctatetraene (2 g., 0.019 mol.) was treated as
above with potassium £ « butoxide (6 g,) in diglyme (60 ml,)
at 100° for eighteen hours to give a brown oil (1.96 g.),
distilled to a colourless oil (product C), b.p. 709/25 mm.,
infrared spectrum identical te that of product B, E tOH (c),

>\ maxXe
251 sh. (615), 259 (610), 265 (606) and 272 mi  (590).

Analytical G.L:.C,. of product C (table 1, run %) showed four
peaks three of which were identified by mixed chromatograms
(table 2, runs 1, 12, 13, 156, 17, 18) as cycloctatetraene (8),
styrene (23) and benzocyclobutene (1). The composition of
products C and A was alsc shown to be the same by a mixed

chromatogram (table 2, run 13}.

Separation and spectral characteristics of the main peak

(benzocyclobutene and unkanown (24)) in product C.

The main peak was collected by preparative G.L..C. using
a 1% silicone grease column and the eluate analysed as one peak
on 102 Apiezon 'L' at 7I®, Argon flow rate of 43 ml./min.,

R 0.8 min, The accurate infrared and ultraviolet spectra

T
of the collected sample and of benzocyclobutene are shown in

figs., 2 and 3, respectively. The salient absorption bands in
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the infrared spectrum of unknown (24), obtained by subtraction
and their tentative assignments are tabulated in table 4.

(i) Formation of product D.

Cyclooctatetraene (6.4 geo, G059 mol.) in diglyme
(100 .ml.) was added all at once to a soluition of  potassium
t - butoxide (from 20 g, of potassium) in diglyme (400 ml.)
There was an immediate cclour change to bright purple which
turned green on shaking but reverted to purple ocn gtanding.
The mixture was heated at 130° (1.0° bath temperature) under
nitrogen without stirring for fourteea hours when the infrared
gpectrum of an aliquot showed that the reaction had occurred.
The reaction mixture was consequently cooled, extracted with
pentane (4 x 200 ml.) and worked up in the usual way to give
a dark brown ©0il 5.92 g Fast distillation of this gave three
fractions:
{a) product D (2.1 Z.), beps 50 = 70°/22, WO - 153°/760 mm.,
infrared spectrum similar to that of products A, B and C, with
new bands at 1600 (aromatic T = C), 1296, 1194 and 12 cm.,'l
(b) straw coloured oil (200 mg.), bepe L0 - 170°/22 mm.,

N gﬁ 3010 w, 2900 s, 2800 s, 1612 w, 1600 w, 1580 w, 775 m,

75% m, 735 s, 708 m, 700 s cm."'l, (a mixture containing product

D). ‘This product was not investigated.

(c) brown oil (360 mg.), solidified on stan&hig,
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beps 100 ~ 120°/0.05 mr., V f% 3300 m (bonded - OH),
3010 s (CH = CH), 1595 m (aromatic C = C%), 1355 m (- OH),
755 8 ( ¥ = CH mode), 696 s em.”} (cis - double bond).

This product possibly contains the dimer of cyclooctatetraene,

69, 70
m.ps 41.5°. There was a dark brown resinous residue

(1,06 g.) from this distillation.

BEstimation of the benzocyelobutene content of product I by

infrared analysis,

‘The optical density of the infrared absorption band at
7L <':m."'1 was determined for knowa concantrations of product
D in carbon disulphide solution and compared with the absorption
 of the same band In authentic benzocyclobutene., ( & 240) in 0.5 mm,

cells, The results are given below:!

Welight mg. of product Optical % benzocyclobutene.
D/10 ml. CE, solution density

(a) 19,74 0.051 22.3

(b) 19.8 Col? 20.4

The mean benzocyclobutene content of product D was therefore

22.4% corresponding to a yield of 13.3% from cyclooctatetraene.

Analytical G.L..C, of product D. (table 1, run 5) indicated a

six-~component system consisting of unknown (73), cyclooctatetraene
(8), unknown (22), styrene (23), unknown {74) and a component

of the same retention time as benzocyclobutene (1).
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dydrozanation of product I,

Sroaact o (Lt me) was cowpletsly hydrogzenated
over L& palladluw on chercosl {59 wge) In cyclohexane (30 mle)s
kkamaoval of wost of the cyclheszane over a Vigresux column
followad by wmicro-distillation zave a colourless ofl (510 miz.).
The infrare. spectruis was dominated with peaks associated with
@thyl bengena (750, 495 erie™) and bangocyclobutene (778, 713 cm.""lﬁ

the other regions wasked iy the cyclohexane still pressent,

GolisCe of I

arogenated product e

Analytic Geieis, (tavle 3, mn 23) Indlcated the pressnce
of five components, of which ethyl bengzene (20} and
bengocyclobutens (1) were entifled by mized chmmﬁmgrama
{table 3, runs 24, 25, 20j. ‘The three main components were
collected Ly preparative scale (1.0,.C. using a 0% Aplezon .Y
column and the infrared spoctra of the resalting olls found to be
(in orier of increasing ii-,)
(a) *Ma 2900, 2866, 2800 and 835 cm.™ very similar to

AKX e
that of cycloheptane,
(b) ‘The Infrared spsctrum of this fraction is tabulated and
compared with that of ethyl cyclohexane in table 7, The
assignments are tentative,

{c) The ultraviolet and infrared spectra of this fraction were

identical to those of benzocyclobutene (figs. ! and 2).



Table 1

Gas-11quid chrometographic snalysis of the C, lydrocarbon mixtures.

o (713) , (8) (22) (23) (74) (1) and/or (24)
Ry By ares & R B dres 4 F K B dres h % B Rire ks 5 R R Aree & . B Roiread %
(win)  (sqeem) ‘
Run 3 22,9 0461 lolt 0.036.29 2Uelt 0,65 1.8 0,046,238 2846 0,77 543 0,14 11,2 : 373 139 1 821

Ren 2 : 2346 0a6 5¢9 0.13 8.1 24e9 0463 149 0,04 246 3042 0.77 16,505 22,9 v , 39.4 1 47,9 1 66.3
Ran 3 1422 0462 921 0433204 15 0465 5.9 0.21 13.2 17.9 0.78  1.7 0.06 3.8 23 128 1 62.6
R 4 15.5 0.6212.3 0437 234 1642 0,65 5.0 0.15 9.5 19.4% 0.78 1.8 0.05 3.4 : 24,8 1336 1 63.7

Run § 16e3 0,53 0s7 0.0l 1.9 18 0459 0.5 0405 18 1944 0a64 2.4 0,12 647 23.8 0.78 Ue6 024 12,8 27,1 0489 841t 0,43 23,3 0.6 1 19,4 1 53,9

’

#  Retention time relative to the last peak.
+  Area relative o that of the last peak.

Run 1. Dehydrobresination préduct of 1, 2, 55 6= Seirabroucoyeloostens at 72, 25.ude s

Run 2, Debydrobromination produst of 1, 2, 5, 6~ tetrabromoeyeloostane after reseval ot unm.mmu addurt o3 a :s sl
Bum 8. Isomerisation produst B of aycleostatetraens at 747, 35 ml.

Fun % Isemertsation produet C.of eyoleootatetvasne at 71°, 37 ml.

Run 5. Isemerisation yrodust D of eyeloostatetrasns at 69°, 53 mi.



Table 2.

Gas-liquid chromatographie analysis.

(&) (22) (23) (1) and/or (24)
A A A K% AR K R R
{min) .
B 6. 15.5 181 238
A 234 255 Fhe2
Ram 80 l‘" u'? 5', '

Rum 30: 234 057 26,6 065 7 077 B0 1

Run 13, - - - - 305 - - -
Run 126 236 - - - - - - -
Ran 13, ¢ = - - - - %9 -
R 14, - - 2502 0,65  29.4 0,76 38,8 1

Run 15, 248 0,55 26,8 0,68 32,5 098 M. 1
Rum6e 1505 0.62 162 0465 194 048 248 1
Bun 17 15.6 0462 1643 0465 136 078 251 1 ¢
Rm 18, 143 062 gL - 17,8 078 828 1 -

Run 19, 137 0s61 26  0.68 173 077 224 1

Run 6. Dehydrobrominstion produst of 1, 2, J; 6~ tetrabromosyslovetans on 10% Apl. st n’s 3w
Run 7. As sbove en 107 squalane at N1°, 3 nl.

Run 5; As above on %5 silicons grease at ;'J_", 43 mle

Run ‘9¢ As above on 20 silver nitrate/tristhylene glyeol at 71‘, 43 m,

Run 10, A above on 25% Apl. at 67°, 43 m.

Run 11, Styrene on 25% Apl. ab 68°, 43 nl.

Run 12, Cyeloestatetraens on 257 iple at 67°, U3 ml.

Run 13, Benzeoyclobutens en 107 4pl. et 72°, 23 mle

Run 14, Dehydrobronination produst plus styrenc on 25% Aple &t 66% 43 al.

Run 15. Dehydrebrominaticn product plus eyeloostebetrasne on 255 Apl. st 67°, 43 ul,
Run 16. Isomerisatien produst C of ayelcosistetrmene on 107 Apl. st 7%°, 35 ml

Run 17. Ae sbove plus banzecyelebutsno on 104 Apl. at Wo. 35 nl.

Rur 18. As above plus ayoloostctetraens on 107 Apl. at 71°, 4 al.

Run 13, A8 abowe plus isomerisaiion produst C on 10% Apl. at ?1°. 32 al.



fsble 3.

Gas-liquid ehromatographie analyses on 10% Apleson 'LY,
(26) (66) (25) (27) (1)

R, %Amahﬁ ns RLAmAL % a? R"&mAbﬁaT RLAmAL %&RRLAmALﬁ

Rom %0,

ke ol

Bun 22,
M 23,
Run 24,

Run 25.

Bun 26,

Run 20.
am .
Run 22.
Run 23.
Bun 24,
Run 25.
Run 26,

*

20,3 055 3 0958 - - - -

2601 0u71 1 0,19 548 312 0.85 10 1.89 5748 36¢7 1 563 1 30.7

- - - - - - - - - - - hd - - - - - - - - 36.9 - - - -

173052 & - = - - - =

2347 071 = = = 2747083~ = - 333 ~ ~ = =
35 0,55 5+00,16 7,0 3842 0.60 18.1 0,57 252 49,8 0469 6.0 0,19 8.4 5243 0.83 11 0.35 15,3 63.2 1 31.6 1 Ul
%

#
335056 = = = = = <+ 2 =« =+ o @ = e & = @ = =60 « - - -

X

30 0056 - - - 32.8 0061 - - - ”.5 0070 - » - W.7 0.83- - . 5307 1 . -, -

Hydrogenated product A (frou the dehydrobroninatien of 1, 2, s‘,’ 6 tmvmmm) at 72°, 25 ml.
Benzeoyuvlobutens at 72°5 23 mi.

Banzoqyolobutens plus hydrogensted product A ot 72°, 22 ml

Hydrogensted produst D (from the iscuerisation ef C.0.T.) at 70°, 16 al.

Ethyl benzens st 70°, 17 ml.

Bensoayelobutens st 70°, 17 nl.

Hydrogenated product D plus sthylbenzens plus benzocyelobutens at 70°, 18 ml.
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INTRODUCTION

The chief interests in the catalytic hydrogenation of
acetylenes are the selectivity of the proceses, and in the case
of disubstituted acetylenes, the stereochemical course of the
reaction, It is this latter phenomenon which is important‘to
this part of the thesis.

In an attempt to reach a better understanding of the
proceeses involved in heterogeneous catalysis, Farkas and Farkasl
in 1937 reviewed the stereochemistry of the hydrogenation of the
C~C . triple and double bonds. | Other reviews dealing with aspects
of this problem have since been compiled by Clampbell.2 .I":'}ley,3
Crombie,u Trapneli? I:xcnd,é and Eurweli]

For many years it was thought that hydrogenation of a
disubstituted acetylene gave exclasively the gif_wlefin.e’ % 30, 1
However, as examples of hydrogenations giving isomeric cig, trans-
miztures began to appear,u’ 13 ideas were altered and various
explanations were put forward to account for the formation of
trans-olefin. Salkind " found that, in the hydrogenation of
1, 1, 4, L-tetramethylbut-2=yne-l, 4-diol with colloidal palladium,
the amount of cis~olefin present was proportional to the rate of

hydrogen uptake. tie considered that the amount of catalyst

used was important in determining the relative proportions of cis



and trans-isomers formed, Bourgauel 108 suggested that the
prime product in any catalytic hydrogenation of a disubstituted
acetylene was always the cis~clefin, and that this might undergo
stereochemical conversion to the trans in the presence of the
hydrogenation catalyst, Such a conversion would be favoured
by a slow hydrogenation velocity thus explaining Salkind's results.
This premise could, however, not be established.

Actually, many compounds reported to be pure cis must

6
have been mixtures 15 1

because, bhefore the advent of spectro-
scopic and chromatographic techniques, analysis of isomeric cis,
trans~-mixtures relied upon isolation techniques, Many products
thought to be pure cis have now been shown to contain 5=-20% of

. 15, 16 - - . 17 .
the trans-isomer. Thus £ondheimer has found that half=

hydrogenation of hex-3-ynol with 5% palladium on calcium carbonate

gives an 80:20 cis, traas-mixture.

In some cases the trang-isomer is definitely formed by

8 has demonstrated that

isomerisation after reaction. Cadiot !
in the hydrogenation of 1, 1, 4, L=tetraphenylbut-2-yne-l, L-diol,
although reduction stops sharply at the olefinic stage, the catalyst

continues to catalyse the rearrangement of cis to trans-glycol.

In the case of acetylenes devoid of adjacent substituents which
might interact during the hydrogenation, there is, however, no

conclusive evidence as to whether the observed trans-olefin is an



initial product of the reaction or, whether it is formed by
ssomerisation of the cis-olefin.

Although this cis to trans isomerisation is mechanistically

very important, the problem has only received extensive attention
in the field of unsaturated fatty acide where it is technically
important. Feuge v and his colleagues have found that in the
hydrogenation of methy! oleate at 200° with nickel, there is present
38% of the trans~ester at 10¢ hydrogenation to methyl stearate.
Beyond about 50% reduction, the cig and trans forms are in
equilibrium (1:2). If the hydrogen is replaced by nitrogen the

amount of cis to trans isomerisation is greatly reduced, but occurs

at a reasonable rate at Z’.Qogfo The same reduction also taikes
place over platinum black at 170° and again in the absence of

2, 22, 23
hydrogen the rate is very much reduced. This may be a
case of the well=known high temperature isomerisation of olefins
over nickel and it is doubtful if it would occur over palladium at
room temperature.

Young and his co-workers gh have examined the reduction
of butadiene over 5% palladium on barium sulphate and found that
after g_q,_.' 70%¢ hydrogenation the product consists of 5% but-l-ene,
75% trans- and 20% cis-but-2«ene which Is in remarkable agreement

with the equilibrinm mixture expected irom thermodynamic

considerations., The product composition depends on the catalyst,
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€.ge colloidal palladium and platinum alone give 50=70% of
but-l-ene, but the trans-isomer still predominates in the
cis-trans mixture. The isomerisation is little affected by
temperature, and does not occur in the absence of hydrogen.
Similarly, Siegel % has shown that isomerisation of wvarious
dimethyl cyclohexenes over platinum oxide does not occur in the
absence of hydrogen. Thus there is a mmeasure of agreement in
that thesé isomerisation effects are dependent on the hydrogen
presaurés and temperaturefs
Large amounts of trans-isomer have been encountered by

Loevr" in the hydrogenation of chlorocdodec=7-yne with 10% palladium
on charcoal or 5% palladiuiu on calcium carbonate. The same
reduction using Lindlar catalyst gave substantially pure cis-olefin.
A particularly good example of the anomalies present in the
hydrogenation literature is provided by iZlsner and Faul :28 they
claimed spectroscopicaily pure cigs-octadecenes by hydrogenation of
all the possible octadecynes over palladium on starch.

~ There is an almost infinite variety of catalyst, catalyst
concentration, support, solvent, temperature and hydrogen pressure
described in the literature and, at the present time, it does not
seem feasiovle to elucidate, from that source, the factors involved
in the cis-trans isomerisation of olefins produced by catalytic
hydrogenation of acetylenes. ‘I"he question remains as to whether

any trans-olefin is a direct product of tue hydrogenation step.
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DISCUSSION

The present work® is a continuation of that of Dobson?’

Eglinton, Krisnamurtin and Raphael, They found that a
surprisingly high amount (ca. 50%) of trans-undec=h-ene (IV)
was produced from undeca-l, 7=diene (III) during the step-wise
catalytic hydrogenation of undeca-l, 7-~diyne (I) to undecane,.

One obvious explanation of these results involves
stereomutatién of initially formed g_i_ga-undecmlp-éne at the catalyst
surface, This simple idea has been discounted in the past7’ 2
in view of the findings that cis-ethylenes did not undergo
stereomutation in contact with the catalyst alone under these
conditions. This point has veen confirmed in the present case
by the observation that no stereomutation occurred when a solution
of cis-undec-k~ene was shaken in an atmosphere of air or nitrogen
with palladium-charcoal catalyst suspendel in cyclohexane and derived
in the following wayss:s untreated; prehydrogenated; used initially
in a simple hydrogenation, However, it was found that
steraou;utation did occur when the same mixture was agitated in an
atmosphere of hydrogen-fu » 3 This could be shown in a particularly
striking manner when the amount of catalyst used was reduced to
such an extent that virtually no hydrogenation of the double hond
occurred. In such circumstances substantially puare g_i_q--undec-h-ehe

was transformed in one hour at room temperature into a mixture
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containing ca. ?0% of the trans-isomer (table 1, case a), at which
point no further stereomutation seemed to occur (cases a and o).
This percentage of cis and trans isomers is surprisingly similar to
those quoted by Young 21*bc«t:h for experimental {(70% hydrogenation

of butadiene to cis and trans-but-<-ene), and by thermodynamic

calculations of the isomeric content of such an equilivrium mixture.
In an attempt to see if this represented a true eguilibrium
value, these same minimal catalyst sterecmutation conditions were
tried on pure trans-undec-L-ene; most surprisingly one mole of
hydrogen was absorbed with such rapidity that no accurate estimate
of the isomer proportions was possible (cass c). These results
would certainly seem to indicate not only that the pure traans-isomer
undergoes hydrogenation much more rapidly than the g¢is out also
that in mixtures of the two the cig-isomer preferentially occupies
the hydrogenation sites and thus inhinits hydrogenation of the trans.
This latter phenomenon would account for the inhibition of
hydrogenation of the trans-rich mixzture whici had oeen obtained oy
stereomutation, under conditions in which ready hydrogenation of the
pure trans-isomer occurred (cases a, 3, ¢). When sufficient
catalyst was used to overcome the poisoning effect of the cis-isomer
hydrogenation and isomerisation proceeded side uy side. in this
case a plot of the hydrogen uptake against percentage trans-isomer

(fig. 1) clearly .illustrated the cowpetition between cis to trans




126

stereomutation and hydrogenation, and agreed with the above
suggestion of more rapid hydrogenation of the trans-isomer.

It also suggests the possibility that the cis-isomer is not itself
hydrogenated but is first isomerised to the trans and then is
reduced.

When the above low catalyst concentration conditions were
applied to substantially pure cis-undeca-l, 7-diene (III), prepared
by Lindlar reduction of I, hydrogenation of the terminal double
bond proceeded fairly rapidly with concurrent substantial
stereomutation (73%) of the central dounle bond (see Experimental).

Since the above work was completed, a number of papers
have appéared in the literature. Although most of these are
concerned with the mechanisms of hydrogenation of ethylene,
acetylene or their deuterated derivatives several are related to
the asbove work. ‘The observed dependence of the relative rates
of hydrogenation of cis and trans isomers on catalyst concentration
has been further supported oy Harwood B and I\L:a,g-g;:,r.Bu A

2 previously overlooked,

significant paper by Japanese workers,
describes the selectivity of pailladiuin catalysts in the hydrogenation
of cis and trans - unseaturated fatty acids. They have shown that

(a) cis and trans~isomers are anydrogenated at different rates

depending on the catalyst concentration,
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(b) the speed of hydrogenation is not a linear function of
catalyst concentration,

(¢) there is always an amount of catalyst with which the
cis-modification is more quickly saturated, and there is also
an amount with which the trans-isomer is more quickly
saturated,

(d) the minimum rate of hydrogenation of the trans-isomer always
occurs with é smaller catalyst concentration than that of the
cis. These results collaborate ocur work.

Bellinzona and IDettinetti have carried out stereomutation
studies on cig-stilbene and cis~cinnamic acid using a wide range of
catalysts, supports and solvents. Their results confirm our
findinga that as the catalyst concentration is decreased the amount

of stereomutation increases, and there is no stereomutation in the

absence of hydrogen.



CONCLUSION

Ou.r‘ work has shown that, under conditions norn;ally used
by erganic chemists for the hydrogenation of acetylenes, nanely
rare metal catalysts on inert supports suspended in inert solvents,
the olefinic product contains amounts of trans-isomer produced by
stereomutation of the initially formed cis-olefin, ‘The amount of
trans=isomer in the final product is dependent on the catalyst
concentration and incrsases with decreasing concentration.

" The rate of hydrozenation ot trans-olefin is much greater
than that of its cis~lsomer, the latter apparently poisoning the
catalyst to transg hydrogenation. In the hvdrogenation of a
cis~olefin there is concurrent hydrogenation and stereomutation,
The rate will therefore 'depend on the catalyst concentration and
will increasé if sufficient catalyst is present to offset the
poisoning effect of the ¢is on the trans-isomer,

The hydrogenation=stercomutation behaviour revealed even
by the above relatively crude study is complex and would certainly
merit a8 physico-chemical investigation involviné rigidly-standardised

quantitative measurements.



DA PERKIMENTAL

Undec«i~yne was pfeparad by the general method for ;ubstituted
acetylenes,.” Thus reaction of n~-propyl iodide (18.7 g., 0.ll mol,)
with the disodium salt of oct-leyne, from the acetylene (ll 3.,

0.l mol.) and sodium (2.5 2+, O.ll mol.) in liquid 'ammonia (100 ml,)
gave undec-4-yne as a colourless oil (6.8 g., 45%), b.pe. 80-83°/

I mmey, n Dl? 164377

Cis~undec-L~ene. Undec=h=yne (4,028 Z., 0.026 mol,) in

cyclohexane (50 mle.), containing a trace of quinoline, was

8, % catalyst (467 mg.)e The

hydrogenated over L.indlar
hydrogen uptake was 600 ml., {Required 593 mls)e. The mixture
was filtered, washed successively with dilute hydrochloric acid,
water and dried over magnesium sulphate. Distillation gave
cis-undec-4-ene as a coloﬁrless oil (3.6 2., 90%), b.p. 80-829/

1 Miley It Dgl 10&29?0

Trans-undec-L~ane. The standard sodium-liquid ammonia

procedure for the reduction of the bilaterally substituted
acetylenic linkage furnished with undec-h=yne (6.l ge¢, 004 mol.)
trans-undec=h-ene (5.5 g+, 90%), b.p. 105«186°/5] mm., n 52'5

k273,
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Etereomutation Dxperiments,.

These experiments were carried out in a conventional
hydrogena.tion apparatus using a flask (250 ml.) fitted with a
side arm caﬁrying a serum cap. Cyclohexane was used a&s solve nt
and Esa.k'.ez*kﬂ 10¢ palladiumecharcozl as catalyst. Aliquots (5 ml.)
were rémoved at intervals by means of a hypodermic syringe,
filctered through celite and the intensity of the m;band at
968 cm™ measured using a Unicam £ 130 px"iam«gra.ting Infrared
spectrophotormeter, A standard solution of pure trans-undec-i-ene
absorbed at ) ;}faﬁohexana 968 cm=l, A‘)_g = 12 cm_l, & = 124,
{i) Substantially pure gis-undec-j-ene {4390 mg.) in cyclohexane
(39 ml.) was shaken in an atmosphere of nitrcgeh and air with
pre-hydrogenated catalyst (43 mg.) for two hours, No
stereomutation was observed, A similar result v;vas obtained in
an exactly similar experiment using caﬁalyst which ha;cf-. just been
used in a hydrogenation (oct=l=yne to oct-l-ene).
{(ii) The results in table ] were obtained using the following
conditions.,
Case (a) Undec~4=~ene (IV) (905 mg.) in cyclohexa;ﬁe {30 ml.)

using 10¢ catalyst (22 mg,)

Case (b) UUndec~h~ene {IV) (990 mg.) in cyclohexane (42 ml.)

using catalyst (17 mg.)
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Case (c) Undec=h=ene (IV) (1036 mg.) in cyclohexane (35 ml.)
using catalyst (22 mg.)

Case {d) Undec~y~ene (IV) (1584 mg.) in cyclohexane (32 ml.)
using catalyst (128 mg.)e.

(i) Hydrogenation of substantially pure Qg-undéca-l. 7=diene

(III) (94 mg.) in cyclbhexane )35 mle) using catalyst (27 mg.)

resulted in concurrent hydrogenation of the terminal double vond

and stereomutation of the central double bond as shown by the

following table.

Time (min) ' 0 17 27 43 72
molar hydrogen 0 0632 045 140 1.25

absorption

%irams in ethyle R 63 79 76 cay75 .
-ene product a . S

ot
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