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SUBMARY

In the first section of the thesis a study was
made of the vapour-phase decomposition of the ester
cyclohexyl benzoate. The ester was pyrolysed in a flow
reactor system at temperatures between 300° and 500?

Thermal breakdown of the ester was also studied in
e static system by an empirical method in which the break-
down rate was followed by measuring pressure changes in
a system containing the vapourised ester with a gquantity
of liguid reflux. From the study using the flow reactor
system it was found that the ester decomposed by an
exclusive alkyl-oxygen sciesion to give benzoic acid and
cyclohexene only, over the range of temperatures employed.
In the presence of small amounts of metal catalysts,
breakdown of the ester was more complex and several
competitive scissions were detected. From studies with
the static reactor system it was found that the exclwsive
alkyl-oxygen scission of the ester was a homogeneous
reaction.

In the second part of the thesis, the thermal

decomposition routes of three esters were studied using



a flow system at 500°, The firet ester, vinyl benzoate,
wus investigated as part of a study of the decomposition
of the polyester 'Teryleme'. The main pyrolysis route
was re-examined in greater detail and a new minor
competitive ecission established, by which the eeter
produced keten and banszaldehyde.

Two other related enol carboxylates, isopropenyl
bengoste, and “—Mylvinyl benzoate were pyrolysed
asnd the products ozxamined. Decomposition of each ester
took place by several competitive seis=ions including
thermal rearrangemont to a AS~diketone, previously
roported to be the exclusive breakdown product for this

group of esters,
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PART 1

Competitive Routes in the Pyrolysis of Cyclohexyl Benzoate



1. IBIRODUCTION

1.1. Senezel

Pyrolysis, or the effect of heat on organic compounds,
has been a notable field of resecarch for a number of years.
Structural changes in, and breakdown products from, materisls
sub jected to heat stresses iave been determined for meny groups
of ooapo\m&ll. In epite of the complex nature of meny degradations,
the general routes by which a variety of compounds decompose
are well esteblished,
1.2, Ihe Pyrolyeis of Zsters and Polyesters

The thermal degradatioa of carboxylic eeters hss been studied
widely. Eetere of the gener:l formuls n.@oz.cﬁz.cna.n' have been
found to underge pyrolysis wccording to the genersl uw2’3'

: 1 i , :
5.002.CH2.CE2.R 2.0023 + 032008.3'

ester acid olefin

kster pyrolysis was recognited as a methed for preparing olefiuns,



and for a considerable period esters were thought to pyrolyse
smoothly by one route, producing an olefin and scid only, Early
workers frequently fuiled to seek other competing routes, but it
wes later reelised that although this was often the major route,
others could compete, and in some cases, actually predominate.

¥ith the advent of better analytical techniques, competing
routes were detected which could not have been recognised by the
methods available to easrlier workers. Methods used to investigate
the breakdown products from several acetates, work completed as
recently as 19564’5, have been shown to be in error6 with the
advent of improved analytical techniques,

Many examples of ester pyrolysis in the litersture now
appear to be of questionable value owing to the fact that no
attempt was made to detect compounds which could arise from
competing routesy in some cases products were found which
could only have erisen from secondary decomposition of primary
fragments, [or example, Chitwood7 identified benzoic acid
and vinyl benzoate in the pyrolysate from ethylene dibenzoate,
but failed to detect acetophenone, found later by Allan and
Ritchie? a8 the main product from secondary breakdown of
vinyl benzoztes

PheCO,.Cl,.CH_,s0,CePh -~ Ph,CO

N NG P 2

Ph.CO,.CH:CH, - (Ph.CO.CH,.CHO) = PR.CO.CH

H + Pho,CO,.CHsCH

2 2
+ CO

2 3
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In some cases an ester whose masin pyrolysis route has been
established, has been re-iivestigated and other routes found.
For example, it has been c'.almed9 that enol carboxylates under-
go thermal rearrangement t+ A-diketones. Ritchie st &}O
confirmed this, but were a.so able to detect several other

competing routess

O C.R L 0
e = (Keor
—-—jv '
“—  + other products(gf. p.15 et seg.)

The way in which any ester breaks down depends ultimately on
many factors., The extent mnd variety of competitive scissions
is affected by points of wakness in the molecule, structursl
and substituent groupings, lsbility of hydrogen atoms and
steric effects; in additioz, temperature, pyrolytic techniques,
in the gas or liquid phese. static or flow systems must all be
considered,

Much recent detsiled vork on ester pyrolysis has been
published as a result of siudiss of the thermal stability of
organic polymers and polyesters, The behaviour of the polyester,
poly(ethylene terephthslate) or 'Terylene'(I.C.I. Ltd., Fibres
Division) has been of interest, Degradation of this material

has been studied by two meihcds, the first of which involves



an examination of the polymer itself, Using tihis technique,
ror1*! measured the rate of gas evelution from the polymer

at 300° and sugwested thet random main-ohain sciseion was
occurring. The polymer was found to evolve water, carbon
dioxide, carbon monoiide, and in the pyrolysate, ankydride
and carboxyl functlonz]l groupings were detected, Pohl suggested
that the methylene Zmups A« to the ester groups were the
weak pointe in the molecule. ¥arshall snd Toddi® studying
changes in the melt viscosity of the polymer at 3007 concluded
also that rendom main-chain sclssion was occurring, and
suggested a possidble free-radical nmechanisnm,

Traces of unwanted colour in the polyester have besn shown
to be causad by elight thermal degradation during the manu-
facturing process. Small amounts of polyene groups snéd poly-
substituted bensene melel were produced, and small quantitiss
of coloured meterisl were isolated by Goodings&"’ This worker
elso demonstrated that the presence of acetaldehyde, from
degraded material in the polymer, incressed the rate of
decomposition.

The second methol devised for the study of the degradation
of 'Terylene' involvel the choice of & model compound repressnt-

ing a segment of the jolyester chain, or a pyrolysie product

from the segment. The choice wes made by examination of the



polymer chain, and the compounds studied contained the szame

end groupings or ether linksges &s the polymer:

A U O.Ph.m2.0H2.cH O

2 G.Ph.002.0ﬂ2.0H2.0

C.Ph.cozw

g 2

This technique was devised by litchio? and 1%t led to the

pablication of much work on the pyrolysis of alkyl esters of
aromatic 00110%4'17 Kinetic studiee and identification of the
rezction products were greatly simplified dy this method, The
importance of oster pyrolyeis was apparent from these studies,
as waa the variety of deccmpositica routes. A nomenclature

4

systen has been suggested by Ritohicl to cover various poutes

for eater brsokdomm, end is deseribed in the follewing section,

12410
ReCO,eClpeCligeR? = RuCOH + Gllys0H,R' el
1
3.002065103.2. - R.COZB + cﬂicﬁ’ ...Az
I

This, the classiosnl route in ester pyrolysis, involves the
yupture of 2 carbonwoxygen bond and tranafer of a proton, The
scission requires the presence of a AS-hydrogen atom in the
alkyl group of the molecule. At some point in the process the
proton of the alkyl grouping decomes attached to the earbonyl
oxygen of the ester group, Rupture of the bond between the

ether oxygen of the eeter group and the ol=canrbon of the alkyl



portion takes place, and the products are an acid and an
unsaturated hydrocarbon molecule. The route 1ls designated A;
or A2 depending on the degree of unsaturation of the hydrocarbon
produced.

Typical compounde decomposing by the A; route to give
the corresponding acid and olefin are ethyl bonzoateB(I; E=Ph,
R'=H) and ethyl acetate-( I3 ReCHy, R'=H). Vinyl soetate(II; ReCH,,
R'=H), end vinyl benzoste #(II; ReFh, K'=H) both decompose by
several routes, one of which is an A2 scission,

Variations in the alkyl portion of the ester have been
shown to affect the pyrolysis temperature and decompositidn

routes, Hurd and Blunoki®

in a study of n-, §-, and t-alkyl
acetates, found that the stability of the eater increased as
the number of available A-hydrogen atoms decreased, bul that
with increased thermal stability greater complexity of the
pyrolysis routes occurred. For ethyl, isopropyl, and I~butyl
acetates, Haccolllg showed that the decomposition rates were
in a ratio of 11263515 at 4005 The corresponding formatee guve
a decomposition rate ratio of the same order, indicating that
changes in the acid group of the ester molecule have a relatively
snall effect on its thermal stability.

The relstive thermal stabiliity of esters was confirmed by

van Pelt and Wibaut?o’zl and other workersgg In the ester



pyrolyses ptudied by van Pelt and ¥ibaut, 1t was also claimed
that there was no evidencs for competing dreskdown routes, and
thet the oclsfinc undeyvent no displacezent of the doudle dond

or change in the varbon skeleton. Several examples of slngle=~

route dacompomition were givent

Acstate ofs Qlsfia prodused:
butan-i-ol but-l=cns
pentan=3=~ol pant=2esns
haxan-legl hex-l=ene
hapian=le-gl haptwl=ane
Zegthyldutanslesl 2=ethylhut-lecne
menthel wenth=l-ene

Pyrolysis temperatures for prisary scetates ware abown to he
in tke rogion 5%-*525’ on the basia of the resulis oblained
from the ssters examined,

This wor: was disputed by Noutman g3 glo3 who claimed that
tomparatures in the rigilon of 625° wore required for the pyrolysis
of prinary alkyl acelites, and that decomposition oscurred at
‘jOO“ only 1f the renctor had been carbonised by previocus
pyrolyses. For two of the »rimary acetates sxamined, small
amounts of doudbla dbond shift wore detected in the olefins
produceds

I L . ,
hHB.ChZ.CnQ.CHz.OZC.Cn3 GBB.OH?.GIHCR2 + CH QCB'CBOOBB

3
98, 5% 1.5%



s 7 g
985 2%

Thin ahift was eoncluded to be & secondary resction brought

about by incressed contact times in the resetor,

An ester with en glkyl gyoup which coneists of an
ungymeetrical branched carben chain may theoreticslly produce
a mixture of isomeric slefins by Al route aointion?4 Pyrelytio
alimination from g-butyl scetate gives the following mixture

of 1&0&0:3:23'25
CH
oo 3 emedso® |
514 28% trane,15% cle

Gelectivity in the direotion of elimination from esters has
beon the sudbject of much controversy. It may be governed by two
mles, sugrested by Saytzeff and by Bofmann,

Snytsoff%6’27 from a study of ths decomposition of
secondary and tertiary alkyl bromides, deduced that the olefin
formed preferentislly en eliminetion would be the one bearing
the largest number of attached alkyl groups, Production of the
predominating olefin ie governed by the fact that the eliminated
proton comes from the Awgarbon atom bearing the smallest

number of hydroxen atoms,



Blimination from a quaternary ammonium hydroxide containing
different orimary alkyl groupe was investigeted by Bethcna?T’za
e found that preferentizl elimination occcurred to give the
oiefin containing the smallest number of alkyl substitusats,

Primary esters with an unsymmetrical carbon chain
nornally give pne olefin on pyrolysis, and not an isomeric
mixture, so that the rules do not apply. However, olefin
elimination from a series of unsymsetriosl secondary and
tertiary acetates wasz studied by Balley and co—uoztors?9’3o
The olefin produced exclusively in all the cases studied wae
that bearing the least nuvmber of aliyl subatituents,
It was concludad that oliminstion from acetates 1a the gae
phase wns governed by the Hofmanan mlo?l Control of the
pyrolysis conditions to prevent carbonlsation was thought %o
be the factor responsible for the production of a aingle
olefin32933

Studies of the pyrolytic behaviour of several scetates
By a nusbher of workozss'25’34 save siace shown that Balley's
work wos in error. In the ellainaticns studied, isoumerie
mixtures of olafins were found, and in e reappraissl of

35

previous work, Balley and Hnle™” were unzble to reproduce

the salectivity reported sarlisr. They studied the eoffect of
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temperature variation oan the direction of elimination from
Yeunyl avetete and l-setiyloyclebexyl acetata. The Saytseff
product sas found %o be favoursl asz the teapsraturs was

lowered, bul ever this haa receatly baen quoationodé Repults
from the pyrolysis of l-methyloyolohexyl acetate are of interest.

The sglexr deconposes as follows:

HyC  0,C,CH,
- é - é + UH3¢C‘02H
III v v
Souree Tenp. Composition of olefin mixture

Balley ot 8120 450° 131;;’ nzl
Bglinton snd Bodger~® 450° 194 823
Froemodoxf ot als” 450° 241 765
Bailey and Hale ? 300° 15% 85%

450° 267 T4%
DePay ot 1S 400~500° 275 73%

Ingold4°’41 Lzs pointed out that in any one reasction, doth
rles may govern elimination simultaneously, independently of
each other, In eliminetion from cyclic esters such as zceiates
and benzoates, the Saytzeff product predoninates ?>2931=39 yuy
is not the exclueive olefin, Witk non-gyclic aceteotes, steric

and statisticsl factors fivour elimination to give the least
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substituted olefin, and the predominating olefin is that
avparently predicted by the Hofmann rule.

It appesras that none of the secondary or tertisry ocetales
studied gives one specific olefin, and that, in fact elimination
pocurs in & random fashion governed solely by therwodynamic,
steric, and statiotical factors inherent in the wmolecule., The
reoaction is posslbly even less selective than pyrolytie
elimination from unsyumetrical amine oxidee, shown by

Cope g% “52,43 to produce olefinic mixtures,

l.243¢ Seyl=DX
B1

B1

. CHsCO + R' . CH_ .08 asw
ReOH .ee.z.cnz.x' v i 2 2
-—;.R.Ciie.(mo + 2t ,CRO sasB
o« B oC

1 and 42, acyl=oxygen ecission involves

In common with routes A
rupture of 2 carbon-oxygen bond and proton transfer, ¥ith this
route, hydrogen atom transfer occurs from one of the carbon
atome in the oc~position tec the ester group as shown sbove,

and not the A=-position from which trensfer takes place in the
Al and A2 routes, I the proton migrates from the acyl grouping,
the products ave 2 keten and & hydroxyl compound, and the route
ig designated Bl. Transfer of the proton from the alkyl group,
the 32 route, produces two carbonyl compounds, In generasl, this
route iz only common with estere which do not have & A~hydrogen

atom in the alkyl portion of the moleculs, thus precluding the



i2

1

A" route, and it normally requires higher temperatures than

doen alkyl-oxygen scission, although a recent 1uvuatigctioa129

sugassted that this might not be 80, A& compound decomposing

by teo routes, one of whick is the Bl route, is acetyl bronide14
CHy 4 COu 31 690° CH,000 +  HBr sveniasl

At 1100°, methyl nootnto45 decomposea by weveral routes, among

which is & Ba sgcilesiont

CR. +C0,..CH - CH,.«CHO + H,CH0 oeoo-oaxz
f s e | 3 '
further decomposition
2

5

1,2.4. Deenzbo

Loss of carbon monoxide from an ester molecule(route c‘)
ie relatively uncommon, but this decomposition route has been
recorded for phenyl formetes’ This route has been found %o be
a characteristic decomposition route for ketones and aldebydes,
whick yield carbon monoxide and the appropriate hydrocarbone6

Pyrolyiic decarbonylation bhas been used a2 a synthetie
method, For examzple, in the preparation of pimelic ascid from
cyolohoxnnono?7 the intermediate ethyl Z-ketohexabydrobenszoate
is prepared by the pywrolysis in the liquid phase of ethyl

2~kxetoeyclobexylglyoxalnte:

GG, C0 .CB?.GH e+ €0,,.Cl,«CH

3 200° o g
35 X

¢

2
U

The eater molecule which is decardoarlated may ocontain a
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ketonic or aldehydic grouping, but elimination from the
molecule of the carbon and oxygen atoms from these functional
groups does not necessarily occur, and may in fact take place

from the esterified carboxyl group. For instance, Calvin and

48

Lemmon™" studied the loss of carbon monoxide from ethyl pyruvate

by using tracer techniques, and found that the carbon monoxide
produced came from the ester group and not the ©O%-carbonyl

groups

14

[+
CHya 40, 00,. CH,,. CH 11070307 05 (905)  cocensesl

2 3

+ all the radiocactive
material in other by-products
A similar technique has been employed to study diphenyltriketone,
and it was shown that the central carbonyl grouping was
eliminated on py:olysie$9
That it is not alweys necessary for the ester molecule
to contain a ketonic carbonyl grouping to undergo decarbonyl-
ation is shown by phenyl formatesot
H.00,.Ph = 0 + Ph,OH siksrsninn it
Decarboxylation (route 02) is well established as a
pyrolyeis route for carboxylic acids, but has recently been
shown to occur during the decomposition of several eaters

such as vinyl benzoatel4, cyclohex~l-enyl benzoatolo

acrylate, and phenyl mothacrylato§3 Also, this route has

y Phenyl

been found to be general for the aryl esters of cimnamic
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soidsll

Ph.cmca.coz.u - 00 + Ph CEsCH,Ar .....'..02

2
Hsters knomn to undergo decarboxylation ( cinnamates, mol.a&ou?e
ao!115t00§3 and enol oaxboxylatoalo) show either olefinic or
bengenoid unsaturation, which mey be a prerequisite for this

route,

1.2+5 Zispropoxtionations foute L.

In many instances when an oeter pyrolyseas by the
disproportionation routegy an apparently intermclecular
reaction is inwlved, For example, the pyrolysis of 2=hydroxy=-
othyl bensoate ocours as followst
0

2 Ph-. wz.CHz.Cﬂa.Oﬂ - Ph.GO .Cﬂz.cn

2 CePh + ao.cnz. 032.03

2 2
Compounds produced by this route are generally more symnetrical
than the original ester, In contrast to the above renction,
ethylidene diacetate produces acetic anhydride and acetaldehyde
by a disproportionation roactlon?5 The mechaniem suggoeted was
apparently intramolecular, requiring the participation of only
one eater molecules

¢ 0.333

2

cnchn - (Cﬂ3.m)2° + GH3QCBO .."..'n

\

0.C.CH

|
» Hany disproportionation reactions Lave been investigated which

2
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occur in the gas phase and involve the tranefer of a hydrogen

ctonfg There ic a good deal of evidenoce that the reaction

involves a free radioal nochautsm!‘

1.2.6. HALTT R

Esters are known to undergo molecular rearrvangement in
seversl ways acooxding %o a veriety of schemes. Rearraagement
may or may not require a catalyst, or the reaction may involve
a shift or scission of the ester grouping of the molecule in
a number of ways. Hach resrrangement requires careful examine
ation, and early workers had difficulty studying the phenomenon
with estors owing to the traneient nature of some of the products,
A clue to one type of ester rearrangement,'keto-encl' teutomeriem,
was found by Clalsen in an investigetioy of acetyldibenvoylmethane
and triboauoylnothano?6 He found that each compound could be
isolated in two solld forms, true examples of tautomeric systeus:

Ph.co.ca(co.rh)e = Pb.c(on)sc(co.i'h)2 seensell

Later, peparate, easlly interconvertidle isomeric forms of
A =ketonic esteors and AR-aldo-esiers wore inolatod?7

liost rearrangeuesnts require the application of heat or
the presence of a ocatalyst. 4 Clasisen rearrangement(common to
8llyl ethere of phenole) brought about by either agency is the

conversion of ethyl o=allyloxyorotonate to ethyl OC=agllyle



PR—

16

acetoscetate, first reported to require en amsonium ohloride

catalynt58

59

and later found to rearrange by purely thermal

Rreans:

?oCRa..Cﬂlcaz i 3 ?HQ"G:“ORZ esssael

GKSQCI 03.002. Gﬂz. 033 Gﬁf.cﬂ. 002.03 «CR

R
60

¥isliscenus  studied the rearrangemeni of methyl formylphenyl

acetate and found that it gave Ywo isomers, only one of whiech

woulld preoduce & coloured iron complex, Later studies with

unsaturated systems, in particulsar enol oarboxylatoa6§ led the

same worker to record their conversion %o A=diketones by thermzl
meanss

R.CO QCR'OC’!R. - E.CO.GBR”QCOQR' ......R

2
This reaction, found to be comuon to & number of enol

oarboxwlatos?’sz both acetates snd bemsoates, occurred by thermal
means snd also with & boron trifluoride catalyst at lower

temporatures. For isopropenyl acetate, the reaction was

eriginelly deacribedéa ags

OCQCB (2]
3 208 CBysCO40H,0004CHy  4osoR

A leter study of thie resction by Ritchie gt %O showad that

CE

it was reversible, pyrolysis of the diketone yielding small
emounts of the corresponding ester. Pyrolysis of several encl
esters and their related diketones showed that eouilibdbrium wass

far towards the diketone side, and that several minor competing
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routes were alsc teking place, not recorded by earlier workorléz

An ouvtstanding paper by BDarton, Hosd, and ﬂllliumaBg skowed
that (=) ~menthyl benscate(Vl) undergoes alkyleoxygen scission
excluaively by the Al route &t tesmposratures up to 400° in both
statiec and dymanic systeme, %o give benzoic acid and s mizture

of the olefins (+)-p-menth=2~one{VII) and (+)~p-zenthel-ene(VIII):

Q‘\Ogc.l’h - Ph,C0 0 + L(“ - 00.00000‘1
A - '
A

VI VII VIiZ

From the kinetic etudy it wae found that the ester displayed
firet order kinetics to greater than 50% decomposition. lHo
induction periode were detected in pyrolycer at lover temperatures
in pscked roactors, ror wes the rate lowered in the presence of
propylene or nitric oxide, It was concluded that the reaction
was homogeneous end unimoleculer, with ne evidence fox pyrolysis
by redicel or froseradicsl chain mechanisnme,

Analysis of the pyrciysate roevealed that approximately
twice as much of VIII as VII was present cfter decomposition.
Un the badis of this result, Barton claimed that his pontnlat063
on the relationship hetwoen gigeelimination and & unimolecular

mechanism wag correct.
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A decomposition mechanisn for esters was suggested by Hurd and
Blunek}a which involved & siz-moumberad trunsition etate shown
belowy Barton asreed with this mechanism, so that for the

menthyl oster, with u unimolecular mechanism established, gle-

sterecapecificisy would g311°.§3’55

X
The related ester; {(-)~menthiyl ncetate(IX; Re¥e), haz beon

gtudied by several wor?era37’3s

and gig-elimirnation eetablished
by produst eanlyeis, but no atteapt wus nade to study the
reaction meclonien,

Chomicnl stoichiometry was esteblished by confirming that
the pyrolysis produots from (- )-menthiyl bensoate were stadble
under the reaction conditicnsg and aleo by csreful snalysis of
the prrolysate, with the bansoic acid snd (~)=menthyl bensoate
determined, found to correspond axactly with that expected from
a known amount of pyrolysand, In this way 4t was confirmed that

enly cne breakdown route was cocurring under the reaction

conéitions smployed,
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In a study of the effect of molecular sige and structure
on the pyrolysis of esters, Smith and lﬂul“ oxasined &
sories of cyclohexyl esters from the formate to the oota~
decanoate which included the bensoate and found that the
pyrolysis temperature decressed as the molecular weight of
the enter inoreased,

It was not found possible to correlate the rosults
obtained by comparing the ester structure and sisze with the
pyrolysis temperature which yilelded a naximum amount of acid
and olefin, Buccess in this direction came with the concept
of *characteristic temperature's This was defined as the
temperature at which & maximum was obtained by a graphical
plot of percentage yield divided by temperature(’C) yg. the
tomperature(®C), The characteristic tempersture was thus the
temperature at which the moet efficient pyrolysis ccourred
if the flow rate for all the ssters was constant,

Cyclohoxyl bengzoate was claimed %o decompose smoothly
at temperatures up to 465° ¢ by & smooth 11 alkyl=ozygeon
socission to give benzoic acid and oyoclolkezene as the only

productss

(+}
Phocoaq\o ‘52 Phocozﬂ * O "ooll



Zubstituted cyclobexyl benzcate esters were shown to pyrolyse
wore readily then the estor itself, Those estors with electro~
nogutive groups in the g~ end p= positions were found to
break down moPe resdily than those with substituents in the

2~ » as shown belows

Ester Cheracteristic Acld
temperature(°C) vield(#)

Cyclohoxyl 465 98
Benzoate

Cyclobexyl 457 99
g~cilorobenzoate

Cyclohexyl 444 94
@~chlorobensoate

Cyclohezyl 448 95
Dp-chlorocbonszoate

Degradation of sn ester muy take place during pyrolysie
in the liquid or gms phase, or in both simultancously.
Several experimental methods have been euployed to bring
about thermal decomposition, The materisl mey be heated in &
secled tube at elevated tonporaturolf? refluxed ia an inext
atmsphoufa or pyrolyeed in o flow ayatw&‘ The products

are analysed by chemical means, often supplemented by such
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physical mothods a8 infrared and ultraviclet spectromatry,
nucleay magnetic resonance, mass spectrometry, and gas
chronatography. Hoet ascourate information about reaction
rates and decomposition mechanisms Lae been obtained from
gas phase .tudioa§9 In this phase, the simplest resctions
take place, uncomplicated by solution end adsorption effects
found in liquids and at surfaces.

Gas phase studies arye cerried out either in a flow or
a8 atatic system, In the flow syotem, the reactant in gaseous
form is passed through the heated reactor, and the pyrolysate
collected and analysed, Liquids are studied using this method
by pre-~heating, followed by decomposition of & guantity of the
vapour, although for best results this technique is limited
to geses and liguids with high vapour pressure, Preduct analysis
and the verious physical factors involved are correlated
sathenatically to give the required kinetie informationi 12970

The reactant may be transported throughk the aysten by
preosure difference across the reactor or by transport in a
strean of inert gas, or in u vapour(e.g., nitric oxide, toluene,
or propylene) known to suppress an unwanted minor competing
radical moohaniauﬁ¢4

The second physical method used to study a gas phose
syotem iz the static technique. A measured amount of the

material to be decomposed is allowed to flow in the vapour
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phase into an evacuated recctor of kmown voluwe which is

heated at e uniforas temperature, Pressure plots against time
are obtairved under different conditions of temperature and
concentration. Pressure changes in the system are most commonly
used to detect decouposition, but in some casee variations in
thermal conduetivity of the gas, or mirror techniques'~?!! hLave
been employed, in several ingenioue methods depending on the
eysten under examinotion, Reaction kinetice are then deduced
for the system by correlating the various feotors, but confirm=
ation is often obtained, by direct chemical analysis if possible,
of the recction producte and unchanged starting material,
1.5¢1e The kinetle study of ester ryrolysis.

After establishing the pyrolysis products and breakdown
routes for any ester, there remains the task of elucidating the
reaction kinetics, which sre the factors governing the decomp~
osition rate snd the mechaniss by which the reaction occurs,
Several diffioulties arise in the study of a docompoeitions
breakdown may teke place in the gas phase in & coupletely
homogeneous manner, but this main reaction may de accompanied
by & heterogenecus one at the walls of the reaction vessel., The
presence of radicals or a radical chain mechanism, if undetected,
may give rise to errors in the kimetic iaterpretation. XKinetic
gtudies establish the reaction order, and reactions involving

more than three molecules are not known %o occur in the gas phase,
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Many gee phase decompositicns have been found to be homo-
geneous unimolecular elinminations, either proceeding by a
single route or such thet any competing routes were small
enough to be ignored., Before the poseidilisy of radical
mechanieme was realised, many early workers assumed that all
thermal decompositions proceeded by molecular elimination,

with the result that no attempts were mede to loock for possible
radical mechanisms in the resctions studied,

Contemporary workere apply teste in each »eaction
investigated,to determine the type of mechanism by which the
compound decomposes, Por instance, Barton, Head, and Williass'®
found that («)=menthyl chloride pyrolysed to wive hydrogen
chloride and & menthene mixture by a true homogeneous
unimolecular mechanisms

0
Q3_5.0 Q+ Q b OBOL e.ieedt
ul'a .
/\H P

The activation energy for the resction was 45 k.cal./mole. It
was found that in clean glase reactors, & much faster hetero=-
gonecus decompoasition reaction predominated

Using a toluene~inhibition technigue to suypress other
ainor mechanisms, 1t has been shown'’ that ethyl and isopropyl
formate, and ethyl and isopropyl acetate undergo unimelecular
honogeneous docomposition. The activation energlies for the

reactions were all between 44 and 48 k.cal./mole.
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fsters which docompose by true molecular elimination are
thought to do so by an intermediate activated ocomplex, to give
two or more molecules., The mechanisn postulated for many non-
carboxylic esters of halogen soide( for example, ethyl ohloride,
isopropyl chloride, and $~butyl chloride), where HX is

olmznsma,a 82 involves & four-meubered ring in the traneition
complex(X=C1,Br)s
\ /7 b 7 s
el o /?”’?\ - \cz-c + BHX
| | \ } 7~ ~
B X B---X

Barton®> found that where gie- oliminstion of EX from chloro-
hydrocarboans was ocvcurring, the homolytic bond dissociation
energies deoreased in order from the primary to the secondary
to the tertiary compound,

Carboxylic esters decomposing by a molecular elimination
mechanisn are also thought tv do so dy an activated complex
involving & multi-aton intermediate, With some of the compounds

studied, a Pour-membered sctivated ring hae been sugcosteds

0 COWRY _.0eC0.R*
ReCH =  R.GH  TO0.R' - R.CHO + (R'400),0
Y04 004 R? 0°

Exemples of esters for which this mechanism has been suggested

ere dimethyl malonate, diectiyl malona‘hoesand ethylidene dlacotatt?“
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liowever, for monocarboxylic eeters which decompose by A‘ alkyl=

18

oxygen sciession, jurd and Blunck™ suggested a siz-umembered

ring for the sctivated complexs

20~ B, G,R‘
Re€ 5
T Q-- —1,6(’2 ‘3
¥ =B

Apart from this mechanism, and a four-membered intermediate for
the rearrangement of enol carboxylates to Jw=diketones suggested
by !bung1.1“‘;gg there are no generally sccepied mechanisme for
the other known routes, although radicel mechanisms have been
sugsested for the breakdown of some esters.

In eater elinminations, it is often possidble to envisage
sctivated rings with three, four, five or six mewbersj the one
normally consldered moet probable is the least straineld system,
that is, the siz-mesbered intermediate, Often, a very plausible
radical mechanism is alec poeosible, which must dbe rejected
because of lack of evidence for its participation, For instanve,
vinyl bengoate could decompose by a radical wmechaniom, but
experimental evidence has suggested that pyrolyeis occcurs mainly
by a molecular moehaninn?s for vinyl benszoate, a hypothetical
rediosl mechaniss would be as followes o’

Initiations Ph.002.033032 o

Propsgations PRCO . CHICE, + Phel0s = Ph.cca.?ﬂ.
Cﬂa.OO.Fh

= Ph,C0, + +U.,CH2CH



Propagation continueds:

mowzomo - (mowtcg?ocm) + Ph,CO,

eﬁz. w.Ph *
PL,CO, Gﬂa + 00

#ith no general mechanisms for moleoular eoliminations, the
compounds under consideration in this present work will be
conaidered individually at appropriate steges of the discussion,

105.3. c AR

The rate of thermal decomposition of monocarboxylic sstere
has been found to be increased by the presence of motal and

metal oxide oatalyats§6 soudoronoa7

pyrolysed othyl acetate,
ethyl propionate, and ethyl dutyrate, alone and also in the
presence of an aluming or thoria catzlyet, In the experiments
where the ester pyroclysed over a catalyst, increased bdreakdown
was recorded when compared with the same ester pyrolysed in

an alle=glass aystem,

The catalytic effect of metal oxides derived from
amphoteric hydroxides on the thermal bLreakdowa of esters was
studied by Sabastier and ﬂailhe?a These workers found that the
catalyst promoted coupetitive breakdowm routes, and suggested
that the decomposition was facilitated by the action of the
catalyst on the primary breakdown producte, the acid and olefin,
In this way the equilidrium concentration of the resctant and

primary products would be diesturbed during pyrolysis, and



increased breakdown could result, Secondary pyrolysis products

wore dotected by anelysis:

heat
e R.GOZ.CnB,a*l o‘:“l’.t 4 C‘um + 002 + 820 + R.COR
Producte from pyrolysis
of the aoid

Analyais of the pyrolysate from the methyl ester showed that
dinethyl ether wans present, but water was not detected.

With some of the esters examined, the catalyst acted
preferentislly towards one of the primary breakdown producte,
and the coumplexity of the reaction scheme was increased:s

" catalyet acts
4 RGO C K, o o0 -31“ bt 2RCOR4+200,+2CH +
2 G, e e0H

Where the catalyst wis not active towards the mcid, the
predominating reaction wes alkyl-oxygen scission of the ester
to an acid-plefin mixture,

In comparison with their decomposition in an all-glasa
syaten, formates were found to give incressed breavdown in the
presence of finely divided metal catalyets such as nickel,
copper, and plattnum?ﬁ Although stable at 400° in & flow aysten
in the gas phase, formates broke down at temperstures between
220° end 350° in the presence of the above metals, Several
conpeting routes participateds the pyrolysate contained an
ether (or water and an olefin), en aleokol, an nldehyde, formic

acid, carbon monoxide and carbon diczide, These results
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contrasted with the work of Stcaatoag who investigated the
pyrolysie of methyl formate and found that the predominating
route was decarbonylations

ﬁ.002.033 - 033.08 + 0 ......oﬁl
Examples have been recorded of cother esters which decomposed
by several competing routes at ingreased rates by the action
of wetsllic zincy’ nickelj® anbydroue gine ohloride, rare earth
hydroxides, aluains, and traces of sulphuric aotd?2

The mechanisms by which catalysed resctions ccour are
extremely complex, and only partianlly understood. Three theories
exist which attempt to account for catalytic astivity snd explain
posaible mechanisms, Tuesme are the stoichiometric, the adeorption,
and the radiation theories. According to the stoichiometric ox
chemical theory, there occours during the reactiony sltermate
formation and decomposition of a complex formed by the catalyst
and the reactant, The interwediate produced is conaidered %o be
sufficiently labile to decompose during the course of the
reaction to produce the final producte and the catalyst in =an
unchanged ntnto?3

According to the adsorption theory, a resction takes place
between unsaturated atoms on the surface of the catalyst and the
reacting molecules, The reacting molecule and the catzlyet are

considered to coime together initially by physical or chemical
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means, after which the reacting molecule, in an excited state,
dooonpooon?‘
The radistion theory of catalytic activity postulates
that the catalyst emite rediation of wavelength suitable to
activate one or wore of the reactante. Hach of the theories
kas been used to account for results obtained in specific

exanples studied,



It wae decided to study the thermal decomposition of

oyclohexyl bensoate over a range of temperatures (300-500°C)

in search of routes other than the exclusive alkyl-oxysen
sciesion reported for smenthyl esters over the same teanperature
range, in sttempt was aleo made to elucidate the kinetics and
mechenisns involved, The pyrolysis of (=)=menthyl benzoate was
an interesting example of one route thermsl breakdown , and
eyclohexyl bensoate wae chosen a8 o simpler model based on this
ester. It was thought thaet the pyrolysate from the model
compound eould be more readily examined than that fros (= )=menthyl
benzoate, which gave benzolc scid snd an olefinic mixture of
sterecisomersy & simple mizture of benzoic scid and cyclohexene
from the oyelohexyl ester would be expected up to moderately
high tenporcturcs(400°). based on the results from the menthyl

eator.
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3elels Cyelohexyl bengoate
The ester may be prepared by direct combination of cyclo=

hexene with bensoic acid in the presence of an acid oatnly-t?s
but bettor yields wore reported with freshly distilled bencoyl
chloride, pyridine, and cyolohoxanol?‘ Agcordingly, eyeclobexanol
(200g. ) and pyridine(17%9g.) were mized together in & flask
covled in an ice bath, Bensoyl ohlorido(1408.).wua added slowly,
and when completed, the mixture was heosted and refluxed gontly
for one hour, After cocoling, pyridine Lydroechloride was renoved
from the mixzture by washing several times with weter, Hther waes
added teo the oily layer and traces of benzolc secid were removed
from it with sodium hydrogen ocarbonate solution, After shaking
with wotery the ether extract wee dried over anhydrous magnesium
sulphate and the pure ecter obtained from it by fractional
dietillation under vacuum, The ester was obtained as a colourloess

14quid(280g.5637)y beps 160-165°/45 mumey 20 1,525
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(14425 bups 170°/50 mmey 020 1,523) (Founds €, 76,2 H, 8,1 &
Cales for G, 0.8 Cp 76,55 Hy Te9k)e
3elee Gyglohezeue

This compound was prepared by the pyrolysis of oyclohexyl
benzoate in the vapouyr phase in a flow reactor under nitrogen
at 400°, The oster(65g.) yielded a white slurry from which
benzole acid(24g.) was removed by filtration. The filtrate was
distilled and three frections obtained (1) b.p. 75-83°,
(11) beps 115-132°/36 mm., (1i1) & dark residue b.p. H150°,
Fraction (i) on redistillation yielded only cyclohexene(12,9g.,65%),
Bale 80-82‘(113? bepe 83%)5 fraction (ii) contained undecomposed
estor(18g. )y no0 1,514y fraction (11i), o dark terry residue,
gave a small amount of benzole scid(gas 3g.) which had remained
dissolved in the ester,
3e143s Gyelobazyibenzoeng

Alkylation of benzene(40g.) with cyclohexene(40z.) by a
Friedel=Crafte reaction using a hydrofluoric acid catalyst(2wl,)
was carxried out in a polyethylene receiver cooled in an ice bath,
The hydrocarbon separated as a cloudy liguid and was taken up
in ether, The agueous layer was run off and the ether extract
was sheken with dilute sodium hydrogen carbonate solution
followed by seversl washings with water. The ether layer was
dried and the pure product obtained as a colourlesa liquid by

distillation under reduced pressure. The oyclohexylbengene
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(378+545%) as obtained had bep, 180-188°/20 mm,(11t25° b,p. 2350
mepe 8°%)s
3eleds Othox compounds

Compounds used for comparative Ldentification by gas
chromatography, such as diphenyl, dieyclohexyl, bensaldelyde,
cyclohezanone, @ic., wore obtained from commerciasl sources.
3eleDde Purity of prepared semples

The purity of prepared samples was tested by comparing
the phyeical constanis obtained with the literature values
(refractive indices, densities and boiling points for liquidsy
melting points for solide). ¥ith new compounds, microenalysis
wae useds In all examples, unless otherwise noted, literature
velues are given in brackets after experimentally obtained
constante. ¥Wherever possible, gas-liquid chromatography was
employed to ensure that only one compound was present in a
sanple. The apparatus was heated by refluzing vapour(I.C.I.
designi! Nobel Division, Stevenson, Ayrebire), and the
chromatofraphy column was 4um. bore, 4ft, in length, with s
*Celite 545'/20% Apieson'd' packing.

A flow reactor system was used to inveastigate the nature
of the decomposition of cyclohexyl benscate, related compounds,

and the enol carbdoxylates deseribed later in the work.
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A flow system did not lend iteelf to a noéhanistto atudy,
and & static system was employed for ocyclohexyl benzoate.
The chief diffioulty with this system was the low volatility
of the ester concerned, when the gas phase studies were
involved, but the problem was approached by an empiricel
method.
3.2.1. Flow resotor system

The apparatus used is shown in Pigure l. The system was
based on that used by Ritchie g;,l;}‘ for ester pyrolyesis,
but glass was employed throughout. Pyrolysis occurred in a
Pyrex reactor, a TOom. tube with a central chamber, 25cm. long,
3om, diam., heated by an electric furnsce, to temperatures up
to 550% For higher teaperatures, & silica or quartz reasctor
was required, Ligquids were fed into the reaotor by gravity
feed from & dropping funnel with a pressure~egualising side
srne The reactor was connected to & condenser, traps, and gas
recoivers all Jjoints were mede with "Quickfit' ground glass
fittinge, Aly wes removed from the system by an oil pump to

o pressure gg. 1071

mmey @nd liquids were degaesed at the same
time, Pyrolysis took place in the reactor packed with Pyrex
gless helices under oxyzen~free nitrogen from a S5=litre
roservolr on the line, or from a coylinder connected to it,

Pyrolysates were collected below the reactor in a receiver
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and fractionated under vacuum on the line or removed from it
and fractionally distilled. The reactor temperatures, regulated
with a '"Varise' controller, were measured by a chromel-alumel
thermocouple,
34242, Gtatie Feaotor system

The ¢lassical static technique for the gas phase study
of ester decomposition under various physical conditions could
not be used due to the low volatility of the compound concerned,
eyclohaxyl bensoate,

A means of following the decomposition of a relatively
involatile ester by a static method whore pressure changes in
a closed system were followed manometrically wos devised by
Stoadman§5 who investigated the kinetics and smechanisme involved
in the pyrolysis of vinyl benzoate, The aystem employed 4e shown
in Pigure 2, With this reactor, used without medification for
the studlies on cyclohexyl benzoate, decomposition took place
in & heated U-tube attached to a vacuum line, Pressure changee
vere messured on a mercury manometer, and the reactor wes fitted
with & ooiled air condenser and aplash head at the punp side.
Circulation of hot vapours between the two limbe of the resctor
was alded by an open bridge near the tops the Jjoint at the
bridge elso gave rigidity to the unit, Access to oach limd

wae by stoppered *Quickfit' jointe at the tops The reactor
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length to the bridge was {3om,, diameter 12mm., volume 65ml,,
and the volume to the tap above the splask head was 130ml, The
totel volume of the syetem including the trap and adjacent leads
was 390ml, The reactor wue heated in the furnace used for the
flow studien, temperstures being measured by the chromel=alumel
thermocouple attached to the outside of the resctor by asbestoa
etring. A plug at the furnace base prevented convection currents
and ensured & steady thermal gradient in the inside of the
furnace. The ester was introduced into the reactor by & dropping
funnel with & pressure equalising side arm,.

The systen was operated by measuring a volume of ester
(nor=ally 2ml,.) into the container followed by evacuation and
de=gassing, This was contimwed while the furnace temperature
was allowed to settle. The system was olosed to the pump and
the run started by dropoing the ester(2ml, required ga.5 scoonds)
into the reactor. Pressure changes were followed at resular
intervals(l=? minutes) on the manometer until no varision
ocourred in consecutive prossure readings.

fhere gases wore used, for instance nitrogen for the
preassure dependence studies and nitric oxide for inhibition,
esch was stored in a buldb attached to the vacuum line and
tapped as requirsd. Solid and liguid initistors and inhibitors
were dissolved in the ester before pyrolysis, During she

investigation of reaction homogeneity, the reactor was pucked
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with glase wool or fused gquarts fibre. Silicone gresse was
used for Jjoints sbove the resctor where resistance to heat was
inportantsy on other seals, 'Aplezon M' grease was employed.
After each reaction the decomposition products were removed with
an acetone-benzone miiture, and the surface of the reactor was
cleaned by passing & strean of air through the reactor while it
was meintained at 450° in the furnace,
Touperature distributions Furnace temperatures were measured
with a chromel-alumel thermocouple inserted in a glass pocket
of the flow reactor, and at the surface of the static reactor
on the cutside wall. The furnace had & slight kot spot, and the
temperature distribution curve is shown in Figure 3. Readings
from a 25 mv. meter calibrated for the thermocouple against a

standard potentiometer, gave temperatures with an estimated

accuracy of 33’.

egs Sunccessive pyrolyses of the

ester in carbonised resctors whick were not cleaned after each
run showed & marked fall in reaction rate. Successive runs
deposited s surface layer of carbon, and the fall in rates was
most noticeadle in & new glase reactor. Buns in a cleaned reaotor
@ave reproducible rates over short time periods, and the cleoaning
teconigue described above was used throughouty each run was

compared with 2 blank carried out at the same time,
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dnalyeis of ester decomposition products by ges-liquid
partition chromatography is a well established tnchnigao§’34
In the present work, 1t was used %0 supplement cheaical analysis
in 2 search for amall amounts of compounds produced by wminor
competing routes, and also in the purity tests and synthetic
work on vinyl benzoate,

The unit is shown in Pigure 4, It contained two chromato=
graphic columns, 120cm. in length, 4mm, diameter, packed with
a stationary liquid phkase on 'CTelite 545', one of which was
operational, the other a blank column, The carrier gas, nitrogen,
flowed through esch column via e constant pressure deavice.
Compounde, vapourised by a heater at the column entrance, passed
through and were detected a2t the column exit by katharomoter
wires in & bridge circuity differences in conductivity were
recorded on & Honeywell-Brown 'Hlectronik' unit, The chromato=
graphic tubes and gless cells of the detector were kept at uniform
tenporature dy refluxing vapours from liquids of known boiling
points, sslected for the required analysis, The system was
lagged with *Fibregless' sheeting,

in operation, steady conditions were obtained with a known
nitrogen flows. The gas flow was stopped, and the material injected
into the column by an 'Agla’ nicrometer syringe. Liguids were

added directly, eolids in a suitsble solvent. Simultaneously,
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a suall slug of air was added, which served as s marker from
which other retention tiuses wore measured, sinee it produced

an ooposite deflection from the esaple. The 'retention time',
the interval botween the sir peak and the peak for the compound
being analysed, was used to identify the sample under the
conditions obtaining at the time, For gquantitative work, the
wethod of direct calibration of peak ares sgainst semple sise
was usedj in a few exmmples, the 'internal normalisation'

technigue was u-od?e
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The ester wias pyrolysed at atmospheric pressure in a
glass eystenm using nitrogen as the inert gas. Over the heated
area, the reactor was packed with Pyrex helices, In a zum in
an evacuated system at 4503 only elight pyrelysis occurred,
Pyrolysie was carried ocut at temperatures between 300° and 500°
at 5° intervale. Competing routes, if any, wore oxpected at
the higher temporatures, and accordingly, the high temperature
pyrolysates wore examined in the preliminary study.
4elele

Pyrolysis 1(400°): Decomposition of the ester(42g.) gave 2

white slurry(37.58.)s This wes filtored and the sclid obtained(9g.)
recrystallised(from 1ight petroleum b,p.60=-80°) and identified

as benzolc acid with meDe 120°(mixzd MePe with an asuthentic

sample gave m.p.120-122°). Pistillation of the regaining liquid

yielded four fracticns(i~iv) sad a residue(v). Frection (1)
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(bape 67=92%), redistilled, gave & clear liquid(8g.), beps 80855
containing only cyelohexene(gas chromstographiec analysie and
positive unsaturation testy oxidation with slkaline potassium
permanganate solution produced adipie acid(2.2g.), m.ps 152°
(13429 w.pe 152°))s Fraction (11)(beps 95-155°/20um, ) contained
unchanged ester{7g.), ngc 1.518(11%?? DeDs 110°/50nu..n§° 1.5231
confirmed by infrarved). Frection (111)(6ges b.p. 150-172°/15mm, )
consisted of ester contaminated wiith bensoic seid(chromatographioe
analysis). Fraction(iv)(b.p. 165-200°/3nn.). & pale yellow liquid
(2458 )y solddified in the condenser and was identified as
benzoic acid,by mepe and mixed mepe(m.ps 116=120%), Fraction(v)
(g&e 28+) was & high boiling residue, The pyrolyeis ges(0.9 1,)
contained displaced nitrogen and a trace of olefin(infrared),
posaidly ethylene or cyclohexene vapour,

Pyrolysis 2(450°): The eeter{35z.) gave a yellow pyrolysate(28g,)
from which susponded bdensoic acid(7g.) wes filtered. The filtrato,
distilled, geve three fractions(i=-iii) and a residue(iv).
Froction(1)(5g.s beps 72-85°) was mainly oyelohexens, no> 1.433
(13437 n2% 1,445), with a 11ttle bonsene(ca 57), denonstrated by a
two peak chromatogram. Fraction(i1)(10.5ges Bep. 115-160°/28 mm,)
wes undecomposed ester{confirmed by alkaline hydrolyeis to

bengoic acid and oyclohexanol )., Praction (4ii) was & truce of

bensolic seid, and fraction(iv) was e high boiling residue,
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The pyrolyeis gae(l.7 1.) contained displaced nitrogen(10%),
cerbon dioxide(74), and unsaturated hydvocarbons(83%), the
lagtenamed mainly ethylene(infrared),

Pyrolyeis 3(500%): The ester(40g.) gave a pyrolysate(3dg.)

which was a distinet pink colour owing to incomplete removal

of pyridine used in the preparation of the ester, Un standing
for 24 bhours the colour disappeared and did not interfere with
subsequent anelysis. Densoic acid(lig.) was filtered off and
three fractions(i-1ii) obtained by distilling the filtrate,
Praction(1)(12g.5 bepe 75~85°) contained oyelobeszene end bensene.
Frection(11)(3g.s beps 110-135°/18mm,) was unpyrolysed ester,
Fraction(iil)(4ge Vepe 162-195°/7um.) was benzoic acid. Bach
frection was chromatographed on the unit described previocusly
(e 33 gt 289.)s The pyrolysie ges(3.4 1.) contained co, 315,

CO 74, end unsaturated hydrocarhons 61%, mainly ethylene(infrared).
Pyrolyses 4,5, and 6(3005 3505 and 530° respectively)s Theee
runs all uesed 15z. of ester, The pyrolysstes wore analysed

and previcus resulits confimmed. In the run at 530° the pyrolysate
was brown and there was cerbon in the reactor, but in the other
runs, only carbon traces were found, and the pyrolysates were
light coloured,

bDetection of carbonyl compounds: Practions(i) snd(ii) from
pyrolyses 1,2,3, and 6 were tested with semicarbaside Lydro-

chloride and Zid~dinitrophenylhydragine in solution in an
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attenmpt to isolate carbonyl derivatives, but even after heating
and prolonged standing there was no precipitate from any of the
samples, confirming that carbonyl compounds were absent,

4ede2. [

An sutonsntic feed system to give accurate eater flow rates
for pyrolysie was devised which used & hypodermic syringe above
the reactor with its plunger driven by a geared electric motor.
nring a series of runs, ¢ycloheiyl benszcate in the syringe was
found to be grey in colour from contamination with a very fine
suapension of metal from a seal or the plunger of the syringe.
Hore complex pyrvolysates and inoreased ges production resulted
at the various pyrolysis temperatures, Carbonaceocus deposits
were also noted in the reactor, but the presence of nickel
traces or an alloy of lead, tin, and biemuth were suspected as
the ocause,

Aecordingly cyclohexyl bensoate(l0g.) was pyrolysed within
the range 350-550° in & packed reactor containing ¥ood's metal
(3g.) on & layer of glass wool above the resctor packing in the

heated zone, The metsl was finely divided.

Pyrolyseis Decomposition Temperature Pyrolysis gus
7 10-20% 350° 0.7 1.
8 70~80% 450° 2,15 1,
5 2841005 550° 2.6 1.

The pas pyrolysate from yun no.7 consisted of 002(52%), co(11%),
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saturated hydrocarbons(37#; mainly ethylenes infrared), while
pyrolysis 8 gave a gaseous mixtuze of 002(57$), c0(17%), and
unsaturated hydrocarbons{26%). Pyrolysis 9 gave 002(32S), co(13%),
and unsaturated hydrocarbons(55%). The metal catalysed pyrolysate
from run 0.8 wse chromatographed st 197° and the results aze
showm in Figure 5.
Decomposition in the presence of pure metals(Pyrolyses 10,11,12):
The ocatalytic asctivity of metals in Qho pyrolysis of the
eoter was confirmed by repeating the procedure described above
using a cetalyst of tin, lead, and bismuth(lge of each) in each
of three yume at 450°, Tin wes found to be an active oatalyst,
producing & pyrolysate containing cyclohexanone, eyclohexene,
benzoic scid, and benzene(chromutographic analysis)y benseldehyde
wae not identified. No activity was shown by bismuth or lead, only
benzolc asid and cyclohexzene heing pzoduood(t;noltcion). In the
ran with lead, a fine yellow filu was deposited over the hot
surfaces of the reactor.
Several runs with vadying asounts of tin in the reactor
confirmed the setivity, but in several of the pyrolyses there
wes slmost no evidence for competing routes, This was found to
be caused by the particle sisze of the tin, catalytic activity
beiny shown only by the finest particles obtained by attrition

of the metals Purenickel was not tested for activity.
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de2. 1o Exzolysis ef (relohesene
yolohexene from comuereirl sources iv normally prepared
by debydretion of oyelubsaransl ia yieslds up to 80%:

954 1,50
130-140° @

Althougk the =ain resction is the removal o1 the slemaunts of
wster froa the molevule, several coupeting intermolecular recetions
are rossidle, and unrencted cycichexemcl is alsp 2 pessidle
sontaninent of the olefinic product, & coumerclial sanspie of She
bydrecerbon, ohvomatographed, contained asven compounds, After
csreful distillation it wae still impuve, but a pure ssaple for
pyrolysic was obtasined from gyeloshexyl bensoste by the method
described previously(scution 3.1¢2.)e

Pysolyeds 13(450°%)s Cyolobexene(10z. )y pyrolyeed in a flow
resctor under aitrogen, gave eS¢ of liquid pyvolysate, 4 alig t
contensate in the scetone/'lrikeld® trap was unchanged saterisl
only. The ge evolved(l.7 14}, consieted of acetylene($i), other
unsasursted hydroosrbons(B6%) meinly othylene), and saturated
bydrocarsons(Bi)s The main component of the saturated hydrooarbon

gas was methano{infrazred ).

The evter was subjected %0 pyrolyeis in the e phase using
the sppepatus deseribed in section 3efe2e ot 475" under various
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conditions, and time-jresvure plots obiained for esch run
using 8 2al, sanple of enter.
delel. Pyre

Typleal tiue~pressure plots for the ester are shown in
Mgure 6, In a dirty reactor(i.s. one in which decomposition
products were allowed %o acoumulate from run to run), the
breakdown rate foll markedly with suecessive pyrolyses, and
reproducible rates could not be obtrined, Over the linear part
of the decomposition ourve, the rate fell from 0,74mm./min. to
De¢l2mms/mine in 8 successive runs,

44342, Eymolysis du s closp resclor

Roasonsbly »eproducible rates were only obiained using a
reasctor from which bLraakdowm products wexre removed after each
Tun by a combination of washing with mixed solvents, followed
by heating in a atream of air at 400°, Fluotuations did occur,
but blank runs were always mede whors rates were being compared,
It was never found possidble to reproduce the rates obtained in
new glase reactors afier s nuaber of runs, despite the most
stringent cleaning preceutions. In a seasoned reactor, any
rate variations wexs small and easeily detected during pyrolysis.
4e3+3¢ Zhe offect of nitrogen

The effect of adding different amounte of nitrogen to the
systes is shown in Pigure Q. Fyrolysis of the ester in the

system, to wbieh nitrogen %o a pressure of 40mm. had dbeen
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added bofore the etart, gave a rate of O,7mu,/min, compared
with Os3mm./mine. in the blank run, The reaction aleoc appeared
to go to completion much faster., ¥here 18mm, of nitrogen wus
sdded after the reaction bad run for 30min., the rate inoreased

from 0,2 mm./min. to Oe.dmm,/min., snd the reaction went to

completion before the blank,

Pyrolysie of the ester with its own degradation products,
each added separately, gave the following results:
Cyclohexene additions A small amount of cyelohoxene vapour wan
introduced into the reactor during an early run ia & new glass
reactor and decomposition etopped immediately, In a later run,
with the reactor surface in = ‘seasoned' condition, the addition
of this compound had no effect whatever, a result confirmed by
repeating the run several times, indicating a different
mechaniom.
Benzoic acid asdditions Addition of 0.25g. of acid to the 2ml,
sample of emter before the run produced a fsll in the rate from
0« 36mn, /min., for the blank run to 0.23zm./min. for the co=
pyrolysis. Degradation products such as bensaldehyde and
cyclohezanone were not tested for possible effect on the
decomposition rate.

4e3e5e

Enown free-radical initistors were tested for a possible



effect on the breskdown rate of the ester in & c¢lean reactor
with an 'aged' surfuce. The initiators were sdded prior to

each run in the following concentratiocns:

Goncentration
dimtebutyl peroxidesssssesesessess 1.25
111'«agobiscyclohexanecarbonitrile 0u 5%
benzoyl peroxide ceccessssccesscss 1,05

Hone of the additives used had a detectable effect on the
devomposition rate.

The following free~radical inhibitors were also tested, Nitric
oxite wes added during the run, dbut each of the other compounds

wig added before commencing.

Concentration
hydroquinone ceessessesssessess 2.0%
tolUGNE  sesssecsssseesssnnnes 04 5%
P-t0luquinone ecsesecccssscencocs 0o 5
2itric 0xlde sevevsevecsesvsane 30mam,

Sone of the compounds caused & significant rate change compared
with the blank run, Hitric oxide was introduced during the run
after 40min., had elapsed, but the rate before addition, 0.52mm./min,
rose to O.6lam,/min, afterwards,
43.6. Surface effscts

The effect of artificislly increasing the avallable surface

ares in the reactor was investigated by packing each limd loosely
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with glass wool(8g.), over the bottom six inches of the hot

sone, and in one run with fused gquarts fidvre(lg.)s In the

quartz run a swall incresse in rate took place, from 0.22mm./min.

for the blank, to 0.38om./min, for the packed run., The glass

wool packing caused a fall in rete to O.lmm./mine, and the

reaction proceeded to complotion at thie low rate, taking

considerably loager than the blank run, although normal reflux

of the hot ester was observed in the coil of the air condenser,
The surfece provided by steol wool was tested for ita effect

on the decomposition rate. Before use, the wool was oleaned and

degroased by washing with bengene, then acetone, and finally

dried in sn oven &t 1100 The wool{2.6g.) wee pleced in the

reactor before the runy a rate increase was detected, from

Q¢ 22mme /min. for the blank run to 3mm./min, for the packed run,

The pressure rose to 215am, after 50 min., then cemsed completely;

blank yune required 100min, for completion, Tin filinge(0.2g.)

in the remctor gave & similar effect, with a rate of 1.9mm,/min.,

and heavy carbon deposition. Decomposition in esch run was

obpervad by a film of benszoic acid from the ester on ¢ool

parte of the reactox,

Ae3aTe 2

An incrense in the decomposition rate wae evident(see
Figure 8) when the pyrolyeis temperature was inoreased, with

a four-fold rate incvease for a temperature rise of 60%
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Selele IThe zesction schemg
Cyclohexyl bensoate was found to decompose at temperatures

between 300~530°C, by an exolusive A' alkyl-oxygen soission, to
give benzoic scid and oyclohexene as products)

000 () 3002530 PaCOE ¢ @) esneecd’
Compounds whioh could arise from other competing routes were
sought, scyl-oxygen sclssion of the ester by the 32 route would
give cyclohexzanone and benzaldehyde, dut neither compound wae
found in the pyrolysate fractions concerned, using tests for
garbonyl compounds. This result waz confirmed by gas chromatog-
raphys products from routes competing with the main ‘1 sciseion
could not be detected, but compounds from the secondary breake-
down of benzoic scid and cyclohexene(benzene, carbon dioxide,
methane, ethylene, and acetylene) were readily identified,

Hxmmination of high=-boiling fractions from the pyrolysates

gave no positive evidence for possible condensation or rearrange~
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ment products, although the isomeric ester phenyl cyclohezanew
carbexylete, undergoes thermal rearrangement to cyolohexyl
o~hydroxyphenyl lmt:mu?7

O .002.© e ng-go O sensesel

Alkyl=oxygen scivsion of eyclohexyl benszoate at tomperatures
up to 400° was expected on the basis of results obtained from
the pyrolyeis of (=)=menthyl bensoate(gf. pe17) over thoe same
tomporature range. With the menthyl ester, excluaive alkylw-
oxypen scission was established, and on the basis of a homo=
geneous unimolecular mechaniem, gig-elimination in a carboxyliec
ester was Tirst demonstrated by the presence of (+)=p-menth=3~ene
in the pyrolysate. The pyrolysis of oyclohexyl benzoate ocould
not produce an olefinic mixture of sterecisomers, and the
gquestion of glgeelimination did not arise, but it was possible
to establish whether or not the reaction was homogeneous snd
unimolecular, and this was done to the extent permitted by the
experimental technisues(gfs p.60 and p, 61).
9els2e B

Above 4005 with the detection of benszene and various gsses
in the pyrolysate, it was evidemt that secondary breakdowm of
bengolc acid and coyclokexene, the primary sclission products,
was teking plsce.
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102,106

Cyelohexenes Rlce and Teller showed that cyclobexene

pyrolysed sccording to the following schemes

[: 82 + GGHB
[::] nzc:cn.cnscnz 4 nacacnz

Butadiene and ethylene were the mala products, but emell amounts

of nydrogen and higher clefine were also found, This work was

confirned by & later study of substituted oyolohexenesi’> where

the pyrolysate was found to contain mainly substituted butadienes,
Decomposition of gyclohexene by secondary decomposition

from ¢cyolohexyl bensoate was confirmed by pywolysing a pure

sanple of she hydrocarbon ot 450° in a flow resctor, The pyrolysate

was & geseous mixture containing acetylene, ethylene, saturated

hydrocarbons(mainly methane ), and smell amounte of hydrogen,

One possible reaction scheme would Ve ss followss

~  HCICH + 2H,C10H, sessseee(i)

- 2HCICH ¢ (C,H,)

¥
/ X
O — B,010H, + Hy ee(it)
e 3HCECH + 232 aoco.ooaooo.o(iii)

- HCICE =+ 2cq‘

#ith regard to the major constituent of the pyrolysis geas,

+ 2C oooooo(i')

ethylene, route(i) of the reaction scheme would eppear to
predominate, although acetylene was not found present to the
extent predicted by this route, Uther routes participated in
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in the dscompesition, as shown by the methane and hydrogen
traces found, Theae results would account for the quantities

of ethylene in the gaseous pyreolysste from cyclohexyl benzoate.
Bengolo scids Bengene and oarbon dioxide in the pyrolysate

from the ester sbove 400° were derived from decompesition of
bengeic acid,; which has bheer studied by earlier workers. Feyer
and Hofwann' % detected bensens in the pyrolysate from bensoic
acid at temperatures sbove 450? ‘ouorlos found that the acid
broke down by a heterogeneous mechanisw in a gless system around
370° by & major decerboxylation to benzens and carbon dioxide
scoempanied by & minor competliive route yielding phenol and
carbon monoxide to a maximum of 85 of the total breakdowm. 4t an
acid concentration of 0.164moles/l., tie halfelife was found to
be 4.75 hours.

Above 400° benzene, carbon dioxide, and carbod monoxide
wire detected in the pyrolysate from cyclohexyl benzoate, but
vhenol was not found aven at temperatures up %o 530°1n the glass
system with no catalyst present; it could have undergone
further decomposition or was present in smounts too small to de
identified, but thio probles was not ianvestigateddfurther.
Jelele fintal

Houtes competing with the exclusive alkyl-oxysen ecission
found for oyclohexyl benzcate in the glase system were detected

when smell smounts of finely divided metasls were introduced into
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tue reactor at temperatures from 350° to 550? The greatest
activity wee found with a sixture of lead, tin, bismuth, and
& trace of nickel. The compounds found to be preseat in the
pyrolysate sre shown in the following resction schemet
PhaCOH + \fo) SN
a0 350-5%0° Lo naCi0 ¢ 4 winiininend®
—>002+§—-0§O'O...02
These results were partially confirmed with & tin catalyst
used alone in the reoactor at 4502 when the Al and 32 routes
(see above) were again detected, However, with only tin in the
reactor, the 02 reute wes not confirmed, Hxtensive carbonisation
acoompanisd the hreakdown, which was apparently surfasce
catalysed and heterogeneous in nature, as the sctivity of the
metal wes found to depend on its particle size. In some of the
runs, when the metal was not pleced in the resctor in a finely
divided state, only &l scission was found. Identification of
diphenyl, dicyclobexyl, and (tentastively) cyclohexylbengene
in the mired motsl catalysed pyrolyasis indicated that a2 radiocsl
mecuanien wight have participsted in the 62 route,
It hae been suggostodas that in eny decomposition reaction,
x catalyst does not introduce new reactionsj rather does it act
by increasing the rate st which a reaction ocours which under

noraal conditions would tske place %0 & very minor eixtent, In

view of this, results obtained from the pyrolysis of ethyl
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bensoate ware of interest. Bilger and Fidbert® pyrolysed this
enter and found only ethylene and benzoic seid from Al sciszasion,
These worrers mads a careful soarch for carbenyl compounds in
the pyrolysate with 2:4-dinitrophenylbydrazine in acetic acid,
but found ne trace of scetaldehyde or benealdehyde, resulting
from  possidle 3° soiscion, Sthyl benszeate was pyrolysed during
the present lnvestigstion in 2 reactor centaining & Wood's

zotal eatalyst, at 450°, and acetaldshyde was readily identified
in the pyrolyesate by the isola2tion of its 2sd4-dinitrophenyl=

hydraszone derivative,

The supirical approach used to study ester decomposition
ratas in the preosent work was subject to the limitations imposed
by the experizental tecuniguem, and accordingly, resulte shisined
weze intexrpretatoed with caution.

4 typlozl prescure-~time curve for the decompositicn of the
eater showed a mhszp pressure rise in the initial minutes of the
ran, followed by 2 stendy linear preesure rise st a much lower
rate, The sharp initlal rise was thought to be evaporation of
the liguid in the hot zone of the remotor, followed by pyrolysis
at o steady rate gs shown by the pressure rise over the linear
portica of the curve until completion of the reaction. The

sarves were reproducible cver short time periods, with regazrd to
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both curve shape and reaction rate during the linear portion
of the curve, provided that a clean reactor with a ‘'seasoned’
surface wae employed, 'Steady' rates(during the linear part of
the curve) between 0,25 and O,5mm,/min, were obtained with the
‘seasoned' reasctor during s series of blank runs, while rate
variations between runs of #0.lmm./min. were taken as limits
of reproducibility.

Another limitation of the technique was the problea of
decomposition temperatures & range of 20° existed over the hot
zone of the reactor at a nominal 415°C, messured at the furnace
hot-spot, In addition, the ester concentration during pyrolysis,
the contect time in the reactor, and the effective reactor
volume were all unknown., With these factors to be considered
in any interpretation, the importance of comparative rate

measuroment was amply demonstrated,

' 1 e d

Freliminary studiee showed that the decomposition rates
fell steadily with successive runs if breakdown products were
allowed to accumulate in the reactorg reproducible rates were
not obtained, and the rate fell from ga. lmm,/min. to O.1lmm,/min,
after 12 runs. Thie rate drop in carbonised reactors has been
recorded in many pyrolytic reactione§9’79 Generally, it has
been found that reproducible rates are only obtainable in

reactors whose surfaces have been 'sesasoned' by a number of runs,
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The number required for the 'smeasoning' effect has been shown
to vary greatly among different compounds. Barton and ﬂowlotteo
found that over cne hundred runs were necessary before li12~di-
chloreoethane gave reproducible decomposition rates, whereas
Brearly et }07 obtalned reproducible results after only ten
runs in a study of the pyrolysis of I~butyl and t—amyl chlorides,
In the present investigation, the limiting decomposition rate of
cyvclohexyl benszoate in a carbonised resctor was very low, and
recsction conditions differed from those obtaining in the above
mentioned systemsy the present study used much higher ester
concentraticns, with correspondingly increased carbon deposits.
Falling decomposition rates with the cyclohexyl ester may have
been caused by three factors, a fell in the surface activity of
the reactor by an 'ageing' process, the presence of heavy carbon
deposite, and to a amaller extent, the presence of benzoic acid,
Barton79 has suggested that the rate fall in 'seasoned' vessels
ie due to elimination of heterogeneous decomposition on the
glass surface, Certainly this effect was evident in early runs
with the coyclohexyl ester, when a large excess of ¢yclohexene
astopped the reaction. In later runs with & clean 'seasoned!
reasctor, the activity of the glass surface had decreassed, and
the effect of oyclohexene could not be reproduced,

Carbon deposits nommally produce positive catalytic results

in decomposition rate studies, and not the fall in rates found
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in this sevies of experiments. The observed rate fall wes
grenter than that direcily attridbutable to 'scasoning of the
roactor surface alone, and carbon depvsitas together with she
presence of breakdown products undoubitedly played some part,
In heterogenecus resciions, decvouposition rales have
bean oLserved Yo fall in the presence of resction products
due o preferential adeorpiion of the products on resotion

sites at a eurfhon?l

The decomposition of ¢cyclohexyl densoate
was 8 bomogensous reastion, but if heterogeneous breskdowm did
take place at a carboun surface, the main homogencous reaction
would be expevted to maintain at least a steady rate, and
coupled with any heterogenecus reaciion, should give an oversll
rate inorease. In faot, no rete increase took place.

The alight fall in rate associated with the addition of
smell amounts of bLenzoic acld to the ester for co=-pyrolyesis
may have been due %o inhibition. A sore plausible explanation
aross from the obesyrvation of resctors after a pyrolysis,
Benzoic acid produced by the pyrolysis, condensed on the cool
surinoes of the reactor above the furnace, absorbed guantities
of the ester and prevented some decomposition, In runs with
acid edded, more ester could be abesorbed, resulting in lower
breakdown rates.

Iaconposition in new glaze reactors gave high rates of

& heterogeneous nature. In later runs in clean, ‘seasoned!
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reactors, the high rates could be approached dut not egualled

by careful surface cleaning. From the resulte obtained in runs
with initietors and inhibitors, it was apparent that decomposition
of the ester in a clean, "seasoned' reactor was a2 bhomogeneous
reaction.

HeleZe Jog

The production of a free-radical in a reacting system
requizes a higher energy of activation than that required for
a wolecular reaction giving the same end products, liowever, the
chain process which the wadical can initiate requires only a
swall amount of energy, with regenevstion of the radical, which
may then initiate Murther decomposition. Accordingly, many
reactions may occur by a combination of both processes, and may
even do s0 by & predominantly redicale-chain procese.

The inbhibition of ¢yclohexyl benzoate decomposition in
a new glass resctor illustrated ths presence of a radical process
in esrly rune, It i also probable that radicsls or a radicale
chain process participated in the breakdown in bLoth the static
and flow systems where motals were present(gf. p.54). The results
obtained in c¢lean, ‘seasoned' resctors demonsitrated that radicel
processes were not participating to s significant extent, Freg-
rodical initiators, benzoyl peroxide and lsl'-azobiscoyclohexanc=
carbonitrile, did not affect rates significantly. Neither was

the rate depressed by gquinvnes, toluene, or nitric oxide, The
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latter gas was added during the course of a reaction, and a
enmall rate incresse observed, consistent with the pressure
effoct observed when inert gas was added. Nitrogen added to
the system during a run with the eanter caused an increese in
the decomposition rate; the reaction was pressure dependent,
whioh would sccount for the result with nitric oxide, but there
was no yate fall indicating radical inhibdition by this gas,.
slkyl-oxygen sciesion of l-methyleyclohexyl acetate has recently
been -ho-n35 to be unaffected by szo~ and peroxide catalysts.
t~Butyl foraste aleso decomposes by alkyl-oxygen lctclion198
and the reaction is unaffected by cyclohexene, a known free-
radical inbibitor.
2«23+ Beaction homogenedty

Comparison was made between the decomposition rates of
eyclobexyl benzoaste in packed and unpacked reactore. In o
reastor packed with gless wool, the rate was O.lmn,/min,
compared to 0,22mm,/nin., for the blask, Quarts fibre packing
increased the rate to 0,38mm./min. The rate increase was not
considered great enough to be positive evidence for a bhetero-
geneous resotion, snd rate varistions were thought te be caused
by packing effects, In the shsence of other evidence, the
resction in a8 oclean,'seasoned' resctor waes considered to de
bomogeneous. Reactors containing steel wool and tin filings

showed high rates, thought to be indicative of heterogencous
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deconposition on the metal surfsces,
Se204+ Henction mechsnises

In view of the abuence of a free-radicnl oz radical ohain
process, 8 molecular mechanism appeared to be the most plausible
one for the aliyl-oxyzen scission of cyelohexyl benscate. 4
unimoleguiar mechanise would proceed through a multi-meabered
erelic interymediate involving four, five, or six atoms:s

| |
N
c.'.ﬂ \c/ ‘..Hoo.o '.\'
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Steric and other fuctorse favoyr the six-nembered syatem, and a

mechaniswm of this type invelving & chelste ring aystem was

18

proposed by furd and Blunck™ to sccount for A-type ester

scisclons. With cyclohexyl benszoate, the mechaniowm would be a8

follown:
I/Io T Geth - O.‘o =GP - “ o§9‘”‘
R B e} k"n"' 0 B.,.0

The cyelic treneition state mechaniss hse been agreed on as the
method by which many compounds decvompese, Arnold, Smith, and
Eadson109 concluded that gls- and tranp-methyleyclohexyl acetates
decomposed by this mechanism, and it haz aleo been used to

explain the breakdown mechanisn for zanthate oatorl6§
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6. CONCLUSIORS

Cyolehexyl bengoate undergces thermal decomposition in the
vapousr phase by an exclusive alkyl-oxygen scisalon to give
benzolic seid and cyolohexene only, at temperatures up to

500? There wae no evidence for jmrticipetion of radieal ox
radicsl chain mechanisma in the decompomition, and 1t was
concluded that the reaction ogours by a homogenecous
unimolecular mechanism,

In pressance of metal catalysts, the ester decomposes by
different heterogeneous mechanisms involving competing routes.
bieyolohexyl, diphenyl, and poesibly cyeclokexylbenzene from
one of the competing routes, a decarboxylation, suggested
that breskdown could sccur by & free-radical procese.

In the static mysteam, retardation of the decomposition rate
of the ester by benwoic scid tukes place by & vhysical action

and not by chemieal interaction.
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T+ LETHODUCTIOR (LITERATURE SURVEY)

The formation of AB=diketones fros enol carboxylates wes
firet recorxded by ¥iasliscenus in 1905:61

B.wz.CR'sCEB' e R.OO.CHR".CO-CR' 0..00.0!.0‘

& AL

This rearrangemont Las been employed commercially for the
preparation of A=diketones’s For instance, acetylacetone
{313 Rvﬁ's(.‘lija R"sH) wag prepared from isopropenyl scetate
{X3 R=R'=CE 3' R"sE) by s thormal reoarrangement at 500° in
yields up to 85k 62(3{,. Pel5 8t 885« )s

Coniversion of enol cstors to Q-diketones has slso been
shown 10 ocour at muck lowsr temperatures in the presence of a
boren triflucride catalyet, firet recorded by Kastnex :° in 1948
af'ter a study of the conversion of oyeclobex~l-enyl aceiate

{2113 B-CHB) to Z~acetyloyclohexanone(X1I1; R-‘CHB)u

0 - QOQR
) BF /)’, . -
@020'3 20 L J<co.x

X1l XIIl
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The general nature of enol carboxylate rearrangements was not
realised until Young gt g,fz found that several ketone enol
esters{scetates and Lenzoates) were converted to AS-diketones

by thermel rearrangecent and also by & boron trifiucoride catalyst
at lowar temperaiures, The latter workers concluded that thermal
rearrangesment of anol carboxylates wmas an intramelecular resciion
involving a four-membered intermediate for the tramsition staie

with an oc, J=shift occurring:

R R R
" 'A -4\ l -— l
104 CH0 * onco o 10
(. i b essnasell
| [ N
RYCe CHRY RY.C=CHR RY.C «~CHR"

Young co-werkers nleso Investipated the rearrsugsament of enol
ecaters to A-diketones under the influence of borou triflucride.
soverel esters were treated with boren trifluoride at teuperatures
betwaen 0° and 209 The sizture wae hydrolysed with aqueocus
sodium acatate, Conversions of the ester to the corresponding
B~diketone in yielda of 22% for iseopropenyl acetate and 459
for o(=benzyl vinyl bensoate were recorded., Some side reactions
also gccurred, end benszoic scid snd the parent ketone(from
benzoate esters) were found in the reaction mixture. Blank runs
showed that the ketone snd scid were not formed by hydrolysis
(of the ketone enol ester) nox by cleavage of the S-diketone,

but were in fact uy-producis from the boren trifluoride resction,



1n contraet Lo their suggested mechsniss for thermsl resrrange-
ments, Young gt al. postulsted that the bewxon trifluoride
cetalysed resction wes ap intermclecular agylation of one
moleculie by anovber, with the folliowing mechaniam:

VelluR

1 3_1;3 complax RaOF R.C0,CHR", 00, R*
£ K'.CiCER" (CKB.COE.LQ)
+ R'.COR" + 3.0028

Allan, scbue, and aitchhm cxamined the thermal rearrange~

sent of enol curvoxylates{other then vinyl esters, X; K'=R"sN)
‘o A=diretones and showed that the resction wes reversibtle.
Fyrolyeis of tbree enol carboxylutes, isopropenyl acetate,
oyelober=1wenyl acetsta, and eyeclohex~l-enyl benzoate(X R-R'-(ms,
BB, YIIg H-cﬂs znd Ph respectively) anéd of two of the
corresponding A-diketones(il; x-R'-cu3, R"sH, AIII§ BePh) in
the vapour phase at on. 5’)0" revealed that the rearrangement
wes & raversible resction with the equilibrium far over to the
A ~diotore zide. Pyrolysates from the pure [S-diketones,
scetylacetone and 2-bensoyleyelohaxancne weyre found to contain
smell amsunts of the ecnel carboxylates, isonropenyl scetate
aad eyecloher=l-enyl bercesie respectively.

Young and co-wcrk,orssz éid not recoxrd sny produsts from
competing routes in their investigetion of enel carboxylates.

10
Allan, MoGee, and Ritohie found that, in general, enol
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carboxylutes deconponed by & complex series of coupetitive
scissione seoording to s resction schome suggested earlier for
vinyl carboxylates(X; R'=E"sH) by Allan, Porman, sud Ritohderd
Isopropenyl scetate; an enol ester, was found to pyrolyss
according to the proposed schese whick ie outlined belows

—— Cﬂsgm.Cl!z.cﬁuaﬁs ssssesR XK
v CHJ.EOQH * Bcif.08.3 01000&2
?”3 H,CI000R,  saeveeR
- 033.30.@3 & Haclm seveed” XK
0+ 304004 CllyyCliy e
oo, + EyGac(en;), sl

2ca cn2

+ traces of (683.00)20, 6!!4, and B
x indicates a »wajor route
t+a product identified only in the ester pyrolysate and not in
that from the Aw-diketone
Allan, HeCes, and Ritehie found that the enol bensoate,

¢yelokex~imonyl benzoste, pyrolysed by fewer routes as folliows:

0
- 1 COPh sens 00000"*
Ozc.% —————f~ Ph.b"ozn + @ 7 0000012
O
- ¥h

& 002 o.oo.c2

O

+ traces of CU, HpCelliz, benszene, and ceyclohexanone



68

In sach esier pyrolysis investiguted, the /S-diketone was the
ma jor product, and in sgreemaent with this, from pyrolysis of
the Q-diktetons, it was found that the diketore was more thermo~

stable than its parent esiex.

Hitohle !§H31}4 sugpested the following reacticon scheme
for the pyrolyeis of aliphatic vinyl carboxylates:
~ CHER',00H 4+ NOiCE P
~ CRRVICO 4 CH,.CHO stssusl
e CEER',CHO + H_C300 seesssB”

CHRK? .802. CHICH - e
‘~0 (Cﬁ“'.mn»cnz.cHO) cnsnsask

| CHER'4GOMCHy # €0  saeeesC’
~ CHRE'.CHICH, + 00 sesensC
Tho same workewrs found that the aromatic vinyl eater, vinyl

bengzoate pyrolyeed by three routes between 350° and 500°, and
that this ester wae less stable thenm the aliphetic ssters. The

nochere e chown delow:

(?h.ﬁO.sz.CBO) QOQQOQQR

’ ; , 1

Phcw2.m§8052 | ?b.QOQCHB + €0 sessssl
-" Ph.@l“(:ﬁa + Goa DO"O.ea
- Fh.weﬂ + HCICH oooaoo‘lz

Prom an examination of the pyrolysis gas, 5teadmmn85 estimated

that for vinyl bdenzoate decosposition, route 2/01, the major
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route, sccounted for 70=-80% of total dreakdown, route c? for
10-20% of the totel, and zoute A° for 5=10f, Steedman concluded
that the vapour-phase pyrolyeis of vinyl benscate was pye=
dominantly homogonsous, routes B/cl and ,-Aa being completely
homogeneous, while route ¢? was partislly aseterogenecus. o
positive evidence was found in the firat two routes for
participstion by redical or radicslechain processes.

It has been simmse that isopropenyl benzoate, in common

with other enol cardoxylates, undergoes themmal reecrrangement
and rearrangement in presence of o boron trifluoride catalyst
to the A =diketons, densoylacetones

?2{3.%

cﬂsgclcﬁz s no“o“,.”o“’ ssseel

lio othey products from pyrolysis of the sater were upomtse

which could have arisen from competing »outes, #hen the cater
rearyanged to bensoylacetone under the influence of the boron
catalyst, the resotion mixture was also found to contain
ascotone end bensoic acid{gf. pe 66).

Te5e

oC=Phenylvinyl benzoate(X; R=R'=Phj E%li) was alseo

investigated by Young gt ?2 and found to rearrange to the

B~diretone divensoylmethans by thermal rearrengement and almo
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in the presence of boron trifluoride st xoom tenmperatures

ozc.n;
| - Ph.w.clz.w.l'h sescenh

m.cacnz
In common with the resulte reported for the pyrolyesis of
isopropenyl bensoste, products from competing resctions were
not detected in the pyrelysate from -phenylvinyl bdeanzosate,



The enol benzmoate of avetaldehyde, vinyl densoste, has
been shown o pyrolyse by several competing routes, The main
route produced acetophenone and oarbon monoxide, and it was
suggested by earlier kamu that these compounds arose
through a postulated intermediate, bensoylacedaldelyde, whioch
then decomposed, Benseylacetaldehyde was not isolated from the
ester pyrolysate in any of the previous studies. Vinyl bensoate
was selected for pyrolysis in the hope of isclating or
identifying the labile intermediatey it was also intended that
a careful search be made for compounds from decomposition routes
other than those previously recorded for the ester,

Two related eaters, isopropenyl bensoate and ocephenylvinyl
bensoate, were also selsected for pyrolysis. It was decided
that the pyrolysates from these caters should be examined fu.
produets from routes competing with the exclusive thermal
rearvengement to a Aediketone previously reported for each

'3
ostor. *
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e EAERRINGZAL

9.1 Preparation of Compounds
9«1.3¢ ¥inyl benzoate
A survey of the litarature revealed several preparations
for this eater, and in the present study, three of these were
used in an attempt to obtain a highly pure sssple. Bitohie st ali?
were unable to prepare a pure sample of vinyl bensoate in an
earlier investigation becsuse it was found that the ester
deccmposed to give acetophenone around 1900 It was obvious that
sethode involving high teuperatures for the preparation should
be svoided. Uirect combination of ascetylene with bensoic acid
in the vapour phase at 350’ over & mized chromite eatalyntlfl
end pyrolysis of ethylens d&bonsosto7. two preparative methods
requiring temperatures above 200: whre thus discarded.
Adalmanlle recorded a wethod for preparing a pure sample
of vinyl benszoste by & *minyl interchenge' recotions The

conditions wore mild and it wns claimed that bLy-producta could

be excluded by careful choice of the reaction conditions,
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A sanmple of the ester wes prepared by a method similar to
that used by Adelmans

(=) ¥ir
Benmoic ecid(120g,) was dissolved in vinyl acetate(330g.),

previously distilled, The scid disesolved under vigorous stirring,
Nercuric scetate(3.B8g.) snd sulphurie eeid(lml.; s.g.1.84) were
sdded to the resotion mixture to produce the mexcuric sulphate
catalyst in situ. The mixture was refluxed for varying periods,
After cooling, sodium scetate(anhydrous) was added tc neutralise
any unrescted zcid., The ester was obtained by fractional
distilletion from the mizture through a two-foot spiral column
under veoouum, Accowding to Molm%u copprer acetate wap added

to the recction mizture to prevent polymerisation of the reactants
and product, but the inhibitor may reduce the yield 2, snd was
not used in the present study., Yields were incressed, and only

a amall smount of polymerisation of the product Sook place during

dietillation, The following wesotions were carried outs

Henotion Reflux temp. Reszction time(bre,)  Yield
1t 35° 7 67%
2 * 55° 42 5%
- B 75° 5 234

* no discetate esters present
¥ traces of both discetstes preseat

® voth discetates present, ethylidene diester predominating
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By-products in the reaction were found dy gas chromatographic
analyesis of aliquot samples tzken from the resction mizture at
intervals., Physical constants for the product are listed(p.77).

Sladkov and Petzov''s in o paper on $he Fesction of
acetaldebyde with acid chlorides in & basic medium, descoribed o
preparation for vﬁnsl bansoate where scetaldehyde roacted as
(enolic) viayl alcobol with bensoyl chlorides

CRyo0H0 2% CH,1CH,OR ¢ Ph.00.G1 - PhiCO,CHICH,

Three bases were ueed. Pyridine gave highest yieldsy in some
preparations guinoline reaoted viclently with the acid chloride
and caused resinification of the acetaldehyde. Dimethyleniline
was found to be difficult to separate from the vinyl ester
produced, The preparastion of vinyl benzoste was thus attempteds
(b) Bern

Agstaldehyde and the base were mixed in o flask cooled in

an ice~bath, Sensoyl chloride was added carefully while the
sixture was stirred over a two hour period., The acid chloride
was rediastilled befove use. After adding the ascid chloride, the
pixture was heated to 60° for one hour, then poured into ice~
water. An oily layer did not separate as desorided inm in the
original paper, but the mixture was extracted ssveral times with
ether, The extract was dried(snhydrous Saeso‘) and distilled,

o ester was produced in any of the reactions. Each resgent was
carefully distilled before use and dried.
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Pyridine was purified by adling the asine to & concentrated
solution of gine chloride followed by hydrochlorioc aecid, 4

soplous pracipitate of pyridine hydrockhloride resulted which

waa purified by recrystallisation Tfrom abmolute ethanol, Sodium
hydroxide relscsed the pyridine, which was then dried over

sodium hydroxide pellets, distilled, and the fraction cellected
with bepe 114=115°, Dimethylaniline, a brown liquid(L.Eight & Co.),
wae dyied over oaloium chloride and distilled from s flask
conteining sinc duste It gave & clesr liquid with b.p. 60=62°/3ma,
The following reactions were caryied cut:

reactunts acetal~
Reaction Base base aoid chloride dehyde Yield
1 pyridine 2008 -140g. 88g. nil
2 pyridine 260g. 112z, 88g. nil
3 prridine 460¢g. 140g. 88g. nil
4 dinethyle 365g. 140¢. 88g. nil

aniline

In the firet throe resctions, the ether extract contained only
sowe benzolec soid, and traces of resctantsz, but no ester, Reaction
4, on extraction, contained no product,

It was not found possidble to prepave vinyl bensoate by this
method in the precent ianvestigation, and it may be significant
that although Sladkov and Petrov claimed high ylelde for the

seven vinyl estere(bensoests, maleate, fumarate, phthalate,

[ =naphthonte, adinate, and mebacste), physical conatante

for thene esters were not listed,
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The preparation of monohalomercuriketones and aldebydes and
their resotions wns studied by lNesmeyanov gt s}.‘“’u, These
workers deseribed a preparation for vinyl benszoate by reacting
ehloromercuriscetaldelyde with benseyl chlozide, The ester was

Chloromercuriacetaldehyde, ax.aubcnz.ean. was prepared by
edding vinyl ascetete(86g.) teo an agueous solution of merouric
acetate(320g, in 1.5 1l.) with vigorous shaking. The precipitate

of mercury salts was filtered off, snd potessium chloride(75z.)
sdéed to the solution., A crystalline precipitete of ohloro-
mercuriacetaldehyde(196g., 71%) was obtained as colourless
plates m, D 132—133'(11152'}5 yield 1008, wep. 129—130°). On
standing, the reaction sixture gave mnother precipitate(23g.,
Beps 160-162°) shioh wes not examined further, The mercury
conplex was ground finely and suspended in sodium-dried xylene
(200m14 ) Benzoyl chloride(l00g) wes slowly sdded to the mixtuve,
after whiech it was heated to 50° for six hours, After cooling,
wmerouric chloride was filtered off and the crude ester obtained
by fractionation in vacup. The eater product persistently
contained treces of benzoyl chloride whioh were removed by
troatment with pyridine, dilute acid(3% v./v.), sodium hydrogen
earbonate aolution, and washed finslly with water. The ester
wes dried and redistilled(23g., 15%) and showm %o be pure by



ehromatographic anzlyasis, Constante obtained for the ester
from the literature and from prepared samples are listed
belowe

(Q) o Do Ftad

Reference BeDe ug ¢ i a:° ' Yield

Burnett and 96°/20mm, Wit - . 1,067 -

urignt o 145130

S1adkov and 15°/4mme = - - - 89%

P-tmvl 13

Adalm.nnz 72-74°/3m. ngl‘ s - - 1.0706 ns
1.5259

aomygaov 72-13%/3nm,  w2" “. 1,068 658

1

s & 1.5279

(v) tresent woxk

(1) from she T1-73°/3mm, 85" 3.2 5.6 1,070 675

method of Adelsman 1.5263

(11) from the 76-80°/5mms ma’ 73,3 5.5 1.0 156

method of Nesmeyznov gt gle 15283

Caloulated for 09 Og8  €y73405 iy SedBe
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9.1.2. Ethylose discetute

Acetic snhydride(112g.), ethylene glycol(62g. ) and
sulphuric acid(2ml.,8.8:1.84) wnre mixzed together, Aftey
refluzing for three hours at 130°, the mizture wae ocooled
and extructed with ether. Traces of ethylene glycol were
removed from the extract by several washings with water,

The product was obtained by fractlionating the extract, as a
colourlese 1iquid(45g., 315) and had b.p. 180-185°(11¢327 v,p.186°),
9+1.3. Bensevleseteliohyvde’”

Acetophenone(120g, ), ethyl formate(110g.), and sodium
ethoxide(34g.) were wixed together in ashydrous ethex(110ml, ).
The mizture was oconled in an ilce~bath, and the sodium salt
of bhenzoylaceitaldehyde precipitated out, Thia sodium complex
was converted 3o the copper salt{with copper mcetate) which
had mepe 202=206", Hydrolysis with dilute mineral acid gave
bengoylacetsldebyde ae a yollow liguid(yield 30%). Some product
desompozed during hydrolysias{product gave a J-pesk chromatogram)
aud oould not be distilled; the materisl was not charvagterised
by €, H anslyelal Allan, Porwen, and Ritehie ¥ aleo prepemed
this compound and were unsble %o obtaln it puve, inalysis for
thelr sample was nnoaxisrasto!il In apother preparation, the
sodiun salt of bensoylacetaldehyde wis converted to the niokel
complez(saturated nickel scetate solution) as a dark green

solid(mep. 340=344%), Hydrolysis of the nickel complex with
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dilute mineral soid gave a purer product(founds Cy 75.13 E, 4.8)
Cale. for 69128023 Ty 73,03 2, 5.4%) but the analyeis was still
cutside accepted limits. Bensoylacetaldehyde gave s characteristic
red colourstion for{enclic) «C0,CH « groupings with an alcoholic
solution of ferric chlormo?s
9«1+4. Compous

Yatericls for the pyrolyeie studies connceted with vinyl

benzoatetr ethylidene diacetate, acetophenones, styrene, bensale
debyde, phenylacetylens, gtc., were obiained from commereial

SOUrCHT,

2+2. Logpropeayl Deneoate

Two meathods have been descrided previcusly for preparing
this sster, In an apparatus similar to that descrided by Young
8t ng the following recction wae carried outs
Isopropenyl scetate(30Dg.) and a sulphuric acid cetalyst(lol.,s.f.
1,84) worve refluxed gently under sn efficient column while
benzoyl chloride(l40g.) was sdded over a five hour paricd.
During this tine, a low-boiling fraction was distilled out, The
renction mizture wes fractionated under reduced pressure, but
produced ouly benzoic acikd and starting meterials., It was not
found powsible to prepare the ester by this method,
It wee eventually prepared by a method similar to the one used
for vinyl bensoute(p.76) described by Hesmeysnov ot “}15
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02C. CH3 ‘ ;
(Cﬂs.wa)a.ﬁc + iizﬂ + £C1 # m‘:.c‘cna b “.H‘.“eom.els &

02C.Ph

n.as.cnz.eo.cuso Phel0Cl = W36OW2 + cu3.eo.cx

Chloromercuriscetone(166g. ,575) with m.ps 102~103°(11811° 754,
meps 103=104%) was prepered by mixzing isopropenyl scetate(100g.)
with merouric ascetate(320g.) in water{(l.5 1.) end adding
potasaiun obloride{75:. ). Benzeyl chloride(140g.) was added %o
the meroury complex suspended in dry xylene(250mls rigorous
drying with sodius metal increased the yield of ester greatly'’)
and the mixture was hested %o 0° for six houre, The crude
aster was obtalned by fractioning the sixture,under reduced
pressure. Traces of mercury salte were removed with dilute
anmonia{benzoyl chloride was removed with pyridine in another
prepuretion), after which the ester was dried and redistilled.
The product was a coleurless 1iquid(71g., 44%) with B.p. 62°/2mm,,
n2? 1,516, €20 1,045(14833° 635 ups 87%/Tmm., ng 1,517
457 1,047)(Founds Gy 744085 B, 6427, Calos fox Gyolly O Cy Tdels
Hy 642%)s
Fe2e1e Allylibensens

411yl bromide(60g. ) rescted with a Orignard reagent
prepered from bromobenszene(80g.), magnesium(20g.), and anhydrous
ethor(350ml, ) gave on kydrolysis, allylbenzene{4lg.,73%) with
bape 150-253°(21¢222 824, bup.153-154°),
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94242, Propenyibensene’’”

Allylbensene was passed through s flow veactor at 250°
packed with Pyrex bellioces costed with "8”3 and a conversion
of ga. 454 to propenylbenszene obtained, The product was not
isolated, but conversion was measured by chyozatographic
analysis,

Delele

Compounds used in the work connected with isopropenyl
bensoate, bensoylacetone, Xemethylstyrene, propiophencne,

acetone, 2%c., were obtalned f{rom commercial sources.

P« X=Phonylvinyl Fengoals
hcetophenone{120g, ) and bensoyl chloride(140g.) were

120

refluxed together for ten hours ss describded by Lees” s The

ester was obtained as & pale yellow liquid with depe 140-144°/4uam,,
na’ 1.599(144350 bepe 200-204°/11nm, )(Founds C,80473 Ky5e6. Calo,
for Gy 0.1 Cy8045) Hy5e4%)s The yield was 92g. or 41, Young®2
elso prepared this ester in 30-35F yield mnd recorded b.p. 186-
189°/9mm, In one preperation, Young cleimed to have obtained tie
ester as & solid, m.ps 37-38° s Pecryatallised from wethanol, Ir
the present work, & methunolwsoluble, colourless meterial was
isolated from the resciion mixture whichk proved to be not the
ester product, but bensolc anhydride; m.pe 39'»40’. confirued

by mixed mep. and infraved,
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Compounds used in the work coaneoted with OC=phenylvinyl
bensoate, such as didensoylmethane, diphenylmethane, phenyl
bensyl ketone, lil'ediphenylethylens, 230., were obtained

from commercial sources,
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1%.1e1¢ Yingl bengoste
sdelman’?? claimed that vinyl bensoate could be obtained

in & pure state by the ‘vinyl interchange' resction. The
conditions were mild, and the ester was not contaminated with
ita owmn pyrolysis products as happened in other preparationss pl0ild
In the'vinyl interchange' resction, bensolic ascid rescis with
vinyl acetate in the presence of s mercuric sulphate catelyst.
Although termed & catalyst by Adelman, it is possible that the
mercuric sulphate forme an intemwediate of a type similar to

that lselated by Nesmeysnov et al  ” during their prepsration

of vinyl bensoste(gfs P.76)s Possidle resctiouns ia the ‘viayl
interchange' reaction are:

(1) PhoCOSH + Cllyo00,.CHsCH, E%04 Ph 00, CHICH, + CHyeCOH
(11) CHyo0OH + CHyo00,4CKICH, 304 Cil o e (0,C4 01y ),

(114)0H,, 00,8 + caz.eoe.cmca;a?4 Ol 00,50 CB 0 €l 0,0 GBly

Molnen detected ethylidens discetate, the main dy-product(ii),
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but failed to detect ethylene discetate(iii), found in the
present ik by chrowetographie anslysis, The ethylene diecater
appesred ss a by-product when the reaction mizture was heated
sbove 50°. Adelman found that the yield of vinyl bensoate was
incrensed by lowering the veaction temperature from 75° to 30°
and reising the reflux time from 6 to 75 hours, Burnett and
wright ® prepared vinyl benzoste for polywerisstion by the
‘vinyl interchange® resction, but clalmed that the yield did net
vary despite the uase of s wide range of reaction temperatures and
tines.The last workers did not mention contamination of the
bensoate ester by other produsts, but inhibitien pericds were
reported in the polymerisation experiments, indicative of
impurities in the eater. In view of these conflicting results,
the eater was prepared by a sevies of 'vinylation' veaotions(p.73)
and the course of two reasctions followed by analyeing aligquot
samples removed from the reaction mixture at intervals, These
are shown in Pigure 9 For the analyeis, samplos(ld. frow an
‘igle' sicrometer eyringe) were chromatographed and each peakw
ares measured. In early stagee of each reaction, ethylidene
diascetate could nct be determined on account of blocking by the
vinyl zcetate peak, The unknown posk was identified by comparing
its rotention time at different tempeoratures with that of & puve
sampie of ethylene diascetate, The resction aixture gave pesks
for vinyl scetate, scetic acid, bensoic acld, and those shown
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belows
osk Bereption Sine{minutes)
1 el
ethylidene diacetate 940
2 1447
ethylens dlacetate 14.6
3 29.1
vinyl benzoate 27.6-30,2 *

¢ depeuding on sample size
Vinyl benzoato sauple was prepered by the method of Nesmeyanov nliq
Ethylideone dincetate was an Faninan Kodak cheaical, reagent grade.
Of the three methods used in the present study to prepare vinyl

bensoute, Shat proposed by ltmmvus gave the purest sanples,

!

which were used for pyrolysis etudies,
10.1.2. Isopsopenyl bensoate

Attenpts %o prepare this ester by benseylation of {(enolic)
scetone in pyridine were unsuccessfuls

B H
cns.oo.cﬁ:’:;‘:css.lcn? + Ph,00,01 o> Phowz.ga%ﬂz

Instead, a guantitive yleld of bensolc anhydride wae obtained, In
another preparation, melar guantitiee of acetone and densgoyl
ohkloride were zefluxed together, but no ester wae produced.

This reaction failed on sccount of the low enocl content of

acetone in the liquid phase, reported 1’ to be as low as 2,52107%,
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although Lees ="

bensoates from hizher moleculax weight ketones by direct ianter-

was able to prepare a series of ketone encl

aotion betwean bensoyl chloride and the corresponding ketone,
The socope of this resction was investigated, and the results
are included in the asppendix to this thesis,

Young gt g1°° prepared isopropenyl bemzoate by refluxing
bensoyl chloride with isopropenyl scetate in the presence of
an acid catalyet, ccetyl chioride produced during the remotion
being removed by distillation through a eolumng

o . o
CHyeCaCH, + Pho00LCL "R704 CHyo004C1 +OHyoCrOH,

c. Cﬁs c.n

It wae not found possible to prepare the easter by this method
during the present work, ond the use of alternative catalyets,
mercuric sulphate and gquinoline, slso proved unestizfectory for
preparing the ester. In each reasction, the main preduct was

bongoic acid, The ester wes eventually prepared yis the mono-

halomercuriketone omlu.’.‘w

Pyrolysis 14(500%)s The ester used for pyrolysis was the product
ebtained by the method of lesmeyenov gi “}15 Deconposition of

the eoster{2l.52.) gave s davk liquid pyrolyecate(16.8g.) and a

trace of clesr liquid(gs. 0e5¢.) in the cold trap, Distillation

of the liguid pyrolysste gave four fractions(i-iv) and = residue(v).
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Fraction(i)(gae.lg.ybape 45=-94%) contained benzene(infrared).
Proction(44)(3422.ybeps 95-150°) contained benszene, toluene,

and styrene(infrared end chromatographic anslysis)., Praction(iii)
(6e58e9DePe 72-110°/10mm, ) contained styrene, benzaldehyde(trace),
and acetophencne, identified by its 2s4~dinitrophenylhydrazone
dorivetive, meps 235-237°(114322 239-242%), and by mized m.pe
with an suthentic sample. Fraction(iv)(5gz«,bepe 71-152°/4nn.)

was unchenged vinyl benzoate with some dissolved benszoic acid,
There wus no evidence for benzoylacetaldeshyde in apprecisable
amounts in this fraction. A portion of the undistilled pyrolysate
gave a positive dark red colouration with an alcoholic solution

of ferric chloride, indicative of the presence of an(enolic)

-00.082- grouping of the type present in the benszoylacetaldshyde

56

molecules A sample of the pyrolysate was aleo tested for
anhydride groupings with the Davideon-Hewman rengnnt%so in a
search for bengoic anhydride, and there was a slight positive
reaction. The liquid in the cold=-trap wes benszene(infrared).
Acetnldehyde was possibly present in the gaseous pyrolysate

(shown by & yellow precipitate when the gas wae passed through
214-dinitrophenylhydrazine/HCl reagent), but there was no

evidence for keten in the gas(aniline-ether trap). The masin gas
pyrolysate(le.l 1.) contained acetylene(6.9%), carbon diozide(9.4%)

olefins(l.6,), and carbon monoxide(82.1%).
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The pyrolysate and sach fraction of the distillate was chromato=
graphed in an attempt %o find the nusber of producta:s

Legk Standaxd Beteption time(min.)  Bomorks
1 - 05 dissolved gases,
2 ~ 0.8 or acetaldehyde,
3 - 1.2
4 - 2,2
- benzene 2.1
5 - 3.8
- toluene 3.8
& - 6.6 phenel or phenyle

acetylane
T - Ted
- styrene Ted
8 - 11.2
o bengaldehyde 11.3
9 - 17.3
- acetoplhencne 17.0

10 - 32.1

- vinyl bensoate 29¢2=33¢4 depending on the

sample sipe injected
Analyses were carried out on & column containing 20% Apiecson 'N'
on "Celite 545,

10.3- L 218

Pprolysia 15(500°)a Decomposition of the ester(l4.7s.) gave &
dark pyrolysate(ll.fg.) containing carbon which settled out,
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Carbon wae filtered out, and on standing, the pyrolysate
precipitated out a solid(4g.) vwhich was removed and recrystallised
several times from ethanoly it was identified ae bensoylacetone,
epe 58=60°(28835% m,p, 60-61%) by mized m.p. and infraved, The
liquid pyrolysate wse dietilled into three frections(i-iii).
Froction(d)(2gs,bepe 33~39°/40mn, ) contained scetone, bensene,
x=-methylotyrene or an isomer, and possibly ethylbenzene(chromatos)
graphic anslysis)s Fraction(id)(1s5g.,beps 80=155"/28mm., )
contained propicphencne and undecomposed eater. Fraction(iii)

(28 ybeps 84~125°/3um,) was unchanged ester and s little benzoic
acid; the ester was further charascterised by slkaline hydrolyeie
to scetone and bensgoic acid. The pyvolysate, and frection(iii)
were tested for acid mmuds}w but geve & negative reaction,
The pyrolysate gas from isopropenyl benzoate(0.8 1.) centained

a trace of methylacetylene(gg.1%), confirmed by infraved, carbon
monoxide(85%), olefins(mainly ethyleney T#), and carbon dioxide
(8%)s There was also & trace of methane present(infraved),

The pyrolysate and distillate fractions were chromateographed to
deteraine the produciss

Eesk Shundurd letention time(min.) Lenoyks
1 - 0.9 trace present
2 "~ 1.1 . "
3 - 1.6
" acetone 1.6

continued overleaf
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chrosatographie results for isoproponyl bensvate, continueds

ok Stondaxd Zetention %ine(win. ) Bepazks
4 - 240

- bansene 241

? - 340 trace component
[ - 3 . 5 ] o

7 - 5e0 . .

8 - Ted - .

- sthyibensene Te7

9 - 10.0

12 - 1042

- cc-methylstysene 10.1

- S=nathyletyrene 10,1

- sllylbensgens 10.2

11 - 225 trace component
12 - 29.8

- propiophencne 3041

13 - 38,5

= isopropenyl 36=41 depending on the

hensoate sample eigse injected

14 - %

All the snalywes were carried ocut on a column conteining £0%

Silicone greoase on 'Celite S545'.



An exploratory mun with the oster(24g.) gave a dark slurry
{178+ ) from which solid material was removed by filtering,
Recryotallised several times from bensens, the material(3.5g.)
was 8 yellow solid, m.pe 75-77”. which proved to be didensoyle
uoihanc(ltt}%l mepe T7=78%) by mixed m.ps and infraved,
Pistillation of the liquid pyrolysate gave four freotions(i-iv)
and o earbonaceous residue, Prection(i)(s fow drope, b.p.40=95°)
contained bensene(infrared) and two other compounds{chromatographic
analysis). Fraotion(11)(78.sdepeB85-130°/3mn,) was acetophencne,
phenylacetylene, mnd undecomposed ester(chromatographic analysis).
Praction(111)(2.5¢. yDepe130-175°/3mm, ) contained ester amd
beneoic acid, the latter charscterised by m.p. and mixed mep.
Fraction(iv)(4€. 0ape130-280"/2mm, ) wus o hoavy yellow oil
containing several compounds. Treated with 2:4~dinityophenyle
hydrssine/BCl weagent, fraction{iv) mve the 21d-dinitrophenyl=
hydrazone derivative of phenyl bensyl ketons, with m.pe 199-203°
(111%?5 2epe 204%). The cold trep contained s clear liquid(3g.)
ghich was not charactorised. It boiled slightly above room
temperature, and ite infraved spectrum showed the following
peakss 3800w, 3600w, 24008, 2200w, 2100m, 1320m, 950w, T40m,
720m, and 6758 cums>

The pyrolysate gas(l.36 1.) conteined carben dioxide(26%),

carbon monuzide(69%), elefina(%) possidbly ethylens(infraved),
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and & trace of methane(infraved). The pyrolysate and distillate
fraotions were chromatographed Yo deteramine the productss

2ok Stendazd  Beteatlon time(min.) Henoxks
1 - 240

- benzene . |

2 - Zed trace component
3 - Jed trace component
& - Te2

3 phenylacetylene Te2

5 - 8¢5

é - 20.5

- ascetophenone 2042 trace component
7 - 53

- bengoio acid 54

8 - 76 trace component,
. . - poor resolution
10 Xwphenylvinyl 80-84 depending on sample

bengoate

osize injected
For identificetion, retenticn times for unknown peaks were
compared with times for known samples chromsiographed uader
identical conditions,
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11. DLECUSSIGN

11.1. The Praelyeis of Vinyl Senzoste

1.1 Tho spootion sohoug
Fronm the work descoribed in the previcus section, the

deconposition of vinyl banzoate appesrs t¢c bo as followns
d (ﬂhmoe&zom) escessneh
]
\J
m@} + O seessene
- ?’hﬁﬂteﬁa + 002 oooottotcg
e

Ro@;“3‘ €0 cooooooocl
cl

Pha GO omtm? L* P‘.wzﬂ + HCICH see0nesd
l

2
'Ll—» benzene + eoa.....c’
> phenol + €0 sepesl
b PRACHO + (CH,100) seseed®
oot Beoipneniion
In common with the results obtained from the pyrolysis of viayl

bengoate in sarlier mtk.u the thres routes, B./“1 P Ce » and 42

predominated in that respective oxder. The postulated intere
wediate for the thermal roavrangement of the ester, bensoyle
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acetaldehyde has besn shown to decompose to acetophenone and
carbon nomxzdoe the main pyrolysis products from viayl bencoate
itsoif, The thermal instability of the 4 ~ketoaldehyde wne
slso noted by eariier -omu}"“‘ and for this resson it
was possibly not isolated from the emter pyrolysate, although
its presence was indicated by the ferxic chloride colour test,
A sample of benzoylacetaldehyde, ch¥omatographed at 1173 geve
with difficulty a three-peak chromatogram, mainly acetophsnone
and a small smount of the ketoaldehyde., The bensoylacetaldelyde
retention time was eimilar to that for an authentic sanmple of
vinyl bensoste, and it is doubtful whether the two compounds
ware separable by zas chromatography. The chromatographic and
dietillation techniques employed in the attempts %o isclate
bengoylacetaldehyde from the ester pyrolysate wore probebly
sufficient to cause complete decomposition %o ¢arbon monoxide
and acetophenene as found muouou}"as 1126

The two other primary routes for vinyl benzoate pyrolywmie
{routes ¢ and ‘2) wore also confimsed in the present study
by chemical and chromatographic mesns, but were of much less
importance in the veaction scheme $han the R/C' route.

A previous investigation of She pyrolysis of{aliphatie)
vinyl esters’ ahowed that those esters decomposing by the B

1

route do o by the B” route to a keten and a hydroxyl compound,
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A new primary decomposition route for vinyl bensoate was

found in the present investigation, Pyrolysis of the ester

by the B° route to benzaldehyde and keten oocurred to & very
minor extent, Benzallehyde was identified by chromatographic
analysis of She pyrolysate fractions., The 32 route was recently
found to compete in the decomposition of three other avomstio
vinyl osters, vinyl g=, m=, and pechlorobensoster! The
corresponding chlorobengseldehyds isomer was found in the
pyrolysete from ench ester in the relative ratio of 432sl

for the gm, B~y and p=~ isomer respectively. Xeten, the other
product from B seission of vinyl bensoate, was not isolated
from the gas pyrolysate, slthough products from keten breskdowm,
ethylene, carbon dioxide, anéd carbon monoxide were prosent.
Ymsma pyrolysed keten at temperatures between 510' and 570°
in a static sysienm with an initial vapour concentration of keten
of up to 300mm. His suggested decomposition sbhene wns as followss

2 Rzm CO = H,zeu Cs mﬁ + 002
Bec; Cs OBE - 8 cna 4+ HCiICH
ocﬁe 4 ch‘aoo - .683 + GJECiCO

Young proposed that the reasotion would continue by attack of the
mothyl radical and the CHi group(from decomposition of ,HCIC0)
on the keten moleoule. 4 radical chain mechanism was suggested,
the chain-length increasing with temperature, a procese thought
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to overvhels the bimolecular decomposition at bhigher tomperatures,
In & run at 5113 koten gave the following mixture: hydrogen,
cerbon monoxide(40/ of total), methane, ethylens, othane,

carbon diozide(26%), and allens. These products varied with the
pyrolyeis temperature, but were usinly carbon monoxide, carbon
dioxide, and ethylene, Of the three gases, carbon monoxide

end caxdon dioxide arese mainly from routes R/C and €% break~
down of the ester, with sone contribution from secondary pyrolyesis
of keotea preasnt. Bthiylene would only be explained in the sster
pyrolysate by keten breckdown, although it was not found poseible
to dsclate keten from the vinyl bemsoate pyrolysate with an
aniline=ether trap,

1le1.2. Sagong

Decompoeition of several of the primary products from
pyrolysis of the eoter would account for small amounts of
ethylene, methane, bensene, and toluene found in the pyrolysate.
Ethylene, as previously mentioned would arime from keten break-
downs bonzene is & known decarbdoxylation product of bensolc
an:dlo? decarbonylation of scetopbenone would account forx
toluens in the pyrolyeste, A similar decarbonylation reaction
by a free-radical mechanise was shown % ccour in the pyrolysis

i3z

of methyl p-butyl ketone between 430° snd 5003 when carbon

monoxide and esevaral hydrocarbone were produced,
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Hethane would srise from pyrolyesis of aceteldehyde, produced
during prrolyesis by intarsetion between bensoic aeid and vinyl
bensoase, known to give ethylidene dibenseate’® whioh then
givea the soid anhydride and acetaldehydes

P00, CHsCH

2 4+ n.w

H = (nowz)g;cﬁ.cxs
(W.W)ego + Oﬁs.m P
in the chromatographic analyeie of the ester pyrolysate(p.92),

ponk no.4 was of particular interest, Its reteution time(7.Z2min,)

2 2

@id not correspond %o any previously recorded brezkdown product
from the esters Phenol(8.] min.) was considered, but its
rotention time was outelde acoepted limits, On the assumption
that the unknown compound was a hydroonrdon, a graph of molecular
woight vg. retention time was draswn for the unknown and for

three other compounds, dbensene, toluene, and styrene, The
molecular weight obtained by this graphical method fox the
unknown compound, between 100 and 104, indicated phenylacetylene,
eonfirmed by chromatographic snslyeis, but the mechanism by
whioh thie compound arose is obacure, if it wae indeed present,

in addéition to the thermal rearvangement of this ester

to benzoylaucetone earlier rooordodi? isopropenyl beusoste



pyrolysed as foliowas

- ﬁo“’ofﬂenco-c‘) PP
u.w.:lg.eaj + 00 oooooccl
mc’eo“s + €0 coooco‘l

Cﬂéﬂ 5

PRo0O, CalH, ———— Ph.COH + HyCuCICH soaveed
Y

bengene ¢ 002 oooaoocz

- u.c(ca:‘)ocng + 002 oooooocz
+ soetone, unsatursted hydro=
carbons

Houte B

The nmain reaction, as recorded ptcvlounufz WAS POAPIANLe=
ment of the ester to denmoylacetone. Prepicphenonc was also
identified ia the pyvolysate and may have arisen from secondary
decarbonylation of the A-diketone(gf. decerbonylation of
dibenzoylmethane during the pyrolyeis of oc-phenyl viayl bensoate),

or allernatively, vis the intermediates ALV and XV shown beolows
G CH

/7N | 3
- (Phoeo.? - clla > PhoCO,CH,CHO) ouoR
e - '
&omrclcﬂa e av i mw.ﬂ,.m3¢oo

> (u.eo.c:t.oo.ou,)
AVI Ph.w.c!e.cns or Phoc.zowooa3‘.‘w
The only intermedicte isolated from the pyrolysate waas XVI,

benzoylacetone., Fthylbenzene, the final decerbonylaticn product
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expected from bensoylscetone was also identified in the pyrolysate,
There was no positive evidence for the presence of the other

possible decarbonylation product, pheaylacetone,

Boute a°

This route was the smallest of the three main competing
routes in the pyrolyeis and took pluace to the extent of sbout
4~6/ bused on the benzeic acid recovered from the pyrolysate.
Hothylacetylene was also produced by this escission, but its
isomer, allene, was not confired, although it has been shown
that isopropenyl acetate pyrolyses at 500° by the A2 route to
give acotic acid, allene, and methylacetylene, Secondary breake
down of bensmoic acid produced by this route was noted by the

igolation of hengene.

Houte 22

Becarboxylation of isopropenyl benzoate produced carbun
dioxide and oc-methylstyrene, but it was not found possidle to
identify its isomers, and allylbenzene and propenylbengzene nmay
alsc have been present, X=iethyletyrene was present in the
pyrolysate(infrared) but chromatographic analysis failed to
produce peaiks for the two other compounds,

Cther Routes

Yecondary decompusition of bensoylacetone, the thermal

rearrangement product from the ester, would account for propio=

phenone and ethylbenzene, There was also a small amount of
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acetone in the pyrolysate, and this was considered unlikely to
have arisen by bydrolysis of the ester during pyrolysis, since
the ester had been dried rigorously before decomposition., It

could have arisen by the following reactions

CHy

PheCO,. o CsCH, + Ph,COH ~ (PhaCO,),0C(CH,), = CilyaC0,CH

pe UCH, 2 302 3

+ (PhOCO)eOO

The presence of ethylene in the pyrolysis gas was only explained

by possible decomposition of oc-methylstyrene or its isomers.

11.3. The Pyrolysis of oc-Phenyl Vinyl Benzoate
11.3.1. The resotion schome

ividonce was obtained for decomposition of the ester by the

following schemes

= ?h.CO.CBeoGO.Ph RPAPPPPS
' 1
Ph000.c52.?h + 0O sseesl
*h
Ph.cozobOCHa - Ph.cozﬂ + Ph,CiCH o.ooo&a
L 00, + (PRoC(PR)ICK,)  eseeeC’

This ester wae more thermostable at 500° than either of the
previous esters studied, In addition to the pyrolyeis producis
shown above, there were also small amounts of acetophencne,
ethylene, and methane,
foute H

In common with the recult from isopropenyl benzoate, the

main reaction was rearrangement of this ester to dibenszoylmethane
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but further decomposition by O decarbenylation did not ocour
to & large extent, end slthough phenyl benszyl ketone was present,
there wae no evidence for diphenylmethane., In this pyrolysis
it was not evident which carbonyl grouping was loot from the
A =diketone, whereas the carbonyl A= to the phenyl group was
eliminated from benszoylacetone during the pyrolysis of isopropenyl
benzoate.
gther zoutes

x=Fhenyl vinyl bensoste pyrolysed by the A° youte to benseio
acid and phenylacetylene, and is another addition to the group
of emters previocusly reported %o decompose by this zouto?3
The ges pyrolysate from oOC-phenyl vinyl benszoate contained
apprecisble amounts of osrbon dioxide(264), and accordingly,
¢® soiesion was expected, but the other product, lil=diphenyle
ethylene was not identified; it may bave undergone resrrangoment
or further breakdown., Methane and olefinic gases in the pyrolysate
wore &lso unexyplained, as was the small amount of acetopheonone
and the unknown liguid from the cold-trap whose infrared spectrum
was recordeds

Since thermal rearrangement of enol bensoates to /B =diketones

was shown to be revuraiblo}o

it ie diffiocult to ascertein from
vhich side of the system products arose, or whether they were

produced by pyrolyesie of one or both compounds.
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The thermal rearrangement of enol bdenszoste esteors studied
in this work, vinyl bensoate, isopropeayl benszoate, and oc=phenyl
vinyl benzoate, produced ASediketones by a mechanisam best
explained by Young ot 92 in an earlier paper in which s four

coentre transition mechanism was proposed(AVII)s

R R R
w LAy o |
(0+€10 el 0 Ci0
lﬂ e || i d 1] | vesese ki
R'.CICHBf‘ R'.C.CHR" R'.C—CHR"
XVII

The above rearrangement, originally suggested for enol esters,
led %o the proposel for the analogous rearrangement of wvinyl
bonaoatoa to sccount for the main pyrolysis products, carbon
nonoxide and acetophenone, erising yia the intermediate bensoyle
acetaldehyde. The present work has confirmed this suggestion.
Decarbonylation of the Ae~diketones produced by the ehove
rearrangenent probably takes place by several mechanisme, asong
which will be & radical mechanism, Previously recozded ketone

daoatbonylattongZGO132'133

some photochemiocally induced, have
been shown to occur by dissociation into free radicsls ylelding
carbon monoxide and other products, It has nlso been noted that
the amount of carbon monoxide produced by ketone pyrolysis varies
markedly with tomperature}34

Route c2, nezt in impowxtence for this group of esters, gave
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an &odd and an alkenes

R R
}a.coz.éacn,‘) - 002 + :clcna coooooooaoce

R
Ho generslly sccepted meghenism has been established for this
route, but on the basis of a gas-phase pyrolysis of one enol
benzoate, vinyl benzoate which decomposed to the extent of 10207

By this yousel? it was proposed that She O°

decarboxylation to
styrene and carbon dioczide was a partially heterogeneous reaction,
& radical or intermolecular mechanism may participate, or the
reaction could proceed by an intrameclecular mechanism via &
four-nembered intermediste. This appears unlikely since it would

involve soue cuch asystem as that depicted belows

’ a U R s
3208 'c ?. — Bzc..c‘ -:_?..-_. = 520. O\n se .G
0 — Cs0 == (30 + CO

2
It is probable thaet several mechanisms perticipaete in ¢
decnrboxylation of enol benzoate esters,

The smallest of the primary decomposition routoo,<A?
scisoion of the esteor to bensoic acid and an alkyne may have

occurred by a mechaniam similar to that proposed for Al alkyle

oxygen scission of saturated ostorclea
B, B By B A H
)y ¢ 0% g:c o e
i i - ] i - I+ M
R~ C ¢—R' R—C Cw R R—-C C~R'
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PART _II

12, CONCLUSICHS

1. Vinyl bengoate pyrolyses in the vapour phase et ga, 500° by
the three major routes previously recorded, and in addition, by

a fourth oinor scisaion to keten and bengaldehyde: the laste
named compound was identified in the pyrolysate, whereas keten
wag not, and was prosumed to have undergone further breakdown,
Pirect evidence was found for the postulated intermediate
benzoylaceteldehyde by which gg. 80F¥ of the totel decomposition
takes place. The ketozldehyde was not isolated, on account of its
thermal instability, but was identified by chemical means.

Z2e Two other enol benszoste esters, isoprorenyl benzoate, and
oCc~phenyl vinyl benzoante, previocusly reported to undergo exelusive
thermal rearrangement to the corresponding AS-diketone, were
found to decompose by several minor competing soissions in
add¢ition to the previously reported major rearrangement, The

/R =diketone produced from the ester was found to undergo

subsequent decsrbonylation.
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13. APPENDIX

13.1. Gas sneclyeis

The gasecus pyrolysates were analysed in an absorption
apparatus using the following solutionss
Asatylenes Alkaline potsssium icdomercurate molution was prerared
from mercuric chloride(40g.), potassium iodide(100g. ), and
sodiun hydroxide(S8g.), dissolved in water and made up to 22001}35
Lazbvon dioxides The solution employed was prepared by dissolving
potassium hydrozide(60g.) in water which was then made up to 200ml.
bongs Bromine(60g.) was dissolved in an

agueous solution of potassium bromide(10¥) for this reagent.
Lazrbon gonoxides An ammoniacal solution of cuprous chloride
was prepared from cuprous chloride(40g.), 150=1. of (30%)

ammoniun chloride solution, and concentrated ammonia(30ml,).

13,2, Prepaxe
During the work for this thesis, a simple method for

laoahowod that

preparing euol carboxylates was sought. lees
various ketone enol benzoates could be prepared by refluxing
together equimolar quantities of the ketone and the scid chloride,

benzoyl chloride. An attempt to prepare the enol benzoate of
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acetone, iscpropenyl bensoete, by this method failed, lees
claimed that methyl pe=propyl ketone wae the lowest ketone in
the series which would react with benzoyl chloride to give the
encl ester. luring the present study, a new enol bengoate estex,
o=gthyl vinyl bensoate wans synthesised by refluxing together
methyl ethyl ketone(2 moles) with benzoyl chloride(l mole) at
125° for 24 hours. The ester was obtained after careful distille
ation as a clear liguid{58g., or 34% based or the weight of
kotono consused) with bep. 126°/16m., nh 1,5170. This method
was alzo used succeeasfully to prepare the enol bengoate of
acetophencna, CC=phenyl vinyl benzoate in good yield, lLees

uged thies method to synthesis zeveral bhigher weight enol benzoate
esters such as the ketone encl ssters of methyl n~hoptyl ketone,

nethyl g~hexyl ketone, and acetophonone.

13.0¢ Yetermingtion of FPhysical Congtants of Mure Fgters

Densitys The Dgo values guoted throughout wore measured by the
pyknemeter method using a Towson and ¥ercer thermostated water
bath, type X27. Bath temperetures were regulated to within 20.01°C,
defrective indext Refractive indices were obtained from a

iilgez & Watts Refractometer, The prisme were maintained at 20°
fox nio values by circulating water from a pump attached teo

the thermostat bath described sbove,
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Adelman prepared vinyl bensoate from vinyl scetate and

bengoic acid by a reaction he tormed the 'vinyl interchange'!
resction in which a catalyst, merouric sulphate, was employed.
It was proposed that the process involved dissociation of the
vinyl acetate into & n acetylene-mercuxy complex, and acetic
aoid, The wmoetylene-mercury complex was thon thought to react
with the various acids present to form the vinyl derivativess
(a) Cliye 00,4 CHICH, + HgS0, == ClH,e00,H + xc\a/cn
He‘ﬁ%
" . —— ~ ~1g .

(b) RGO E 4 .‘C\t/Cb = RO CHaCH, + }18804

? -

3504
Jagpeated intermediate steps wores
(31) ChguCUn CHICH, = CHyW000 + HCICH
(a,) HCiCE + HgBO = 56 s CR

2 4 N/
Hgs0,
a3

(bl) R.Coaﬁ + HC\:/CJB w a.cozcmcria.ﬂga%

gso,

(bz) a.cug.cmcnz.ngs% - 3.002.650(:}12 + Hgm4
The Hgs0 4 calalyet was preparved in situ during the reaction by
adding nercuric ascetate and sulphuric wcid to the renction mixture,
In each »saction, the !13804 concentration did not exceed 0.5g.

per mole of vinyl ascetute, and in the preparation of wvinyl

trimetiyl acetate, the reactlon proceeded st the rate of 3%
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conversion por five minutes when trimethyl acetic acid was
reccted with an excess of viayl acetate,

This reaction closely resembled the process used by
Leanoyanov g% &}15 (p«76) to prepars vinyl benzonte, but the
reaction waz carried out in an agueous medium, and the complex
from vinyl acetate and mercuric acetete wae isclated by adding
EC1 to precipitate chloromercuriacetaldelyde, Clﬂs.cﬂzocﬂb,
which was obtained in a pure crystalline form. Adelman was
unable to isolate wny of the proposed intermediotes or scetylene
from Lls reasction scheme, although several attemptsc were made
to 4o this.

sceordingly, vinyl bensoete may be produced in the 'vinyl
interchange' resciion by a much simpler mechaniss than Adelman's,
as outlined below:

CBS.coz.cHacn2 + (CHS.GOQ)Z.Ec + B0

(033.002).33.6;12.930 + 2053.002n

l +Ph, 00 + HyS0 4

Ph.002.0H30ﬂ2 + Eg304 + 8330028 + 320
Any mechanictic scheme, must however, be regarded with suspicion
unless the intermediates can be isclated and characterised, but
the sbove scheme appoars %o be attractive on amccount of its

siaplicity,



13+5¢ Eyzolyols Dobo

Pyrolysand

Bur 8o

Tomp,
Teed=rate(g. /min, )
Contact time(sec,)
¥, pyrolysed(gs)
Pyrolyeate yecovored:
1. In cold trap(mls)

2e In mein roceiver(s.)

P D P D P P b2 o]

Rl e R RO B R
400% 450° 500° 300° 350° 536° 350° 450°
0s84 0u5T 0461 0035 0430 0,50 0447 0,28
30 22 19 44 41 23 30 44

42 35 & 15 13 1% W 0

3 4 2 nil 1.5 1 g2.0.51
375 28 34 1345 12,5 11.5 8.5 1

3. Gosoous pyrolyeate(l,) 049 1.7 34 = - o 0.7 2.15

Sompouition(?) of e
Co
00,

Unents Lydrocarbons

Ch4

o 8 3 - - - 5E b 1

trace 92 61 - - - 37 26

atBepctor oonteined Y%oedle Yetales

ps uyclohexyl bengoate pyrolycand,



Pyrolysis buta(continued)

Pyrolysend P N LR G Ry B
Run So. e R T
Tempe 550° 450° 450° 450° 450° 500° 500° 510°
Feedmrate (e /uin, ) 0445 0450 0440 0,23 0415 0430 0450 0,20
Contact time(sec,) 24§ 2% 3 5 33 28 18 63
%t, pyrolysedlgs) 10 10 10 10 10 21,5 1T 24

Pyz‘olysﬁte recoverels

1. Iz cold trap(nls) 28405 1 trace 1l  2.08.0,5 1 3
2. In wein vecedvor(gs) 6.1 7e8 Ted 8¢5 2.5 1648 11,8 17
Je Gaseous pyrolyscte(ls) 2.6 = - o 1.7 1.1 08 1,36

Couposition(i) of 3

o 13 - - - - 82,1 85 69

o, 32 » o e = Se4 B 26
lneant, hydrocardbons 5% o - - 867 1,67 5

! 4 - - e - (3 Srace trace iv,

etRecctor conteined Wdod'e “etal,

bs ® " tin.
cr * " lead,
dz " . biasuth,

gt Cyolohexeno,
rs Vinyl Fencoste, vi plus 6% acetylones
81 Isopropenyl BSeascates wi plus 77 sootylene,

it x=~Phenylvinyl Sensoato.
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