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Introduction,
The thermal stability of the polyester fibre

poly(ethylene terephthalate) ( I ) , or Terylene, is of
considerable technological importance, The thermal decom-
position of the pelymer has been studied, bubl the precise
mechanism of breakdown remains obscure. Pohl (1) found
that the polyester undergoes random main-chain scission,
with progressive reduction in molecular weight., He
detected acetaldehyde, waler, and carbon dioxide, as well
a8 carboxyl and anhydride groups in the pyrolysate.

Marshall and Todd (2) studied the kinetics of degradation
at 0a. 280~320° by following changes in melt-viscosity.

They also deduced the occurrence of random chain scission.
They detected terephthalic acid, a solid § (not positively
identified ), acetaldehyde, carbon monoxide, and carbon
dioxide, and suggested that the decomposition is essentially
free-radical in character, Gilchrist (3) noted the presence
of high-boiling carbonyl compounds in the degraded polyester.
since the pyrolysate is obviously very complex, it Lherefore
appeared desirable Lo make & full qualitative identification
of the decomposition products of the polyester.

a[%c@%.%.%] i
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vifficulties encountered in preliminary experiments
with poly(ethylene terephthalate) (I, itself, led to a
study of the pyrolysis of the following model compounds,
representing segments of the polyester chain:-

B0, Qg CHp4 0B3 § Bz0.CHp.G2402C (! \) Co2e M2, Gl 0Bz ;

(11 (111;
Bw.ﬁlz.alg.O.%.ﬂtg.OBﬂ » BIO.%.(HQ.OR H MQQ“WR .

(1v) (v) (v1)
The reasons for selecting (Il), (III,, and (V) are evident
from formula (1). (1IV, represents the known incorporation
of occasional ether linkages ( e.g. diethylene glycol units )
into the original chain during polycondensation, Vinyl
benzoate (V1) was selected because ethylene dibenzoate (II)
is known (4, to decompose into benzoic meid and vinyl
benzoate, Owing to some ambiguous results obtained on
pyrolysis of 2-benzoyloxyethyl Lerephthalate (III;, it
was found necessary Lo examine the behaviour of the chlorine-
~labelled model (VII;, shown below:

¢l ,\/ \\ g CHg s (24026 </3> coa.ma.ma.oac</_\>ci

N

(vix)
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The pyrolysis of the models (II), (III), and
(VI) has been described by Allan, Forman and Ritchie,5.0).
The pyrolysis of (IV), (V), (VII), several other related
compounds, and finally of the polyester (I) is desoribed
in this thesis (Chapter Il). Owing to the complex
results obtained in the pyrolysis of esters, and of ethers
(esge IV), a short survey is first made of their known
behaviour on pyrolysis,



Chapter 1

i.1 The Pyrolysis of Hsters.

'i'he pyrolysis of an ester can give rise to a
number of products as a result of (1) competitive primary
decomposition reactions, and (1i) secondary and tertiary
decomposition reactions.

1.20 Alkyl-oxygen sclssion.

This tekes place when a f~hydrogen atom is present,
and yields an acid and olefin, thus constituting a2 formal
reversal of the known catalysed addition of acids to
olefins to form carboxylic esters, ‘tThe symbols _A_‘ and _Af
have been introduced (5, to distinguish between alkyl-oxygen
and alkenyl-oxygen scissions respectively. The A'nuum
is common, and applied very often for the synthesis of
olefins, e,g. the synthesis of acrylonitrile (7) and of
2-alkyl~1,3-butadienes (8) :

meGH(0A0) ON ~ASCH. gy con.on ....... A!
Gg: CR, CH(0A0) Mo A%y :cr cHich, ... A
The elimination of acid from an ester of the type
> GHCH(0AC )+ CH  (where the two f3 ~carbons both carry
hydrogen atome but are differently substituted) can formally
give Lwo olefins depending on the direction in which the
elimination takes place, There are two rules governing



elimination reactions, and they lead to opposite
predictions, The Hoffman rule (9) states that in the
decomposition of a quaternary ammonium hydroxide, the
major olefin will be the one having the smallest number
of attached alkyl groups. According to the Saytzeff rule,
(9) when an alkyl halide is converted to an olefin, the
main product will be the most highly branched olefin,
A mixblure of products is usually obtained, with one
predominating. Thus, Houlman, van Steenis, and Heertjes
(10) found that the pyrolysis of sec.-butyl acetate
yielded a mixture of but-t-ene and but-2-ene, Similarly,
the pyrolysis of (-)-menthyl esters has been found to give
(+)=p=J-menthene and (+)=-p-2-menthene in the ratio of 2:1
respectively (11).

Me. CH(OAe) . CHg Ve ﬂ—) CHg: CH, CHgMe + Me,CH: CH.Me . . .Al

Q‘ >© + Q R W
: (X=C1,A0,B;)

These results show that the Sayilzeff rule is usually obeyed.
Bailey and King (12), however, pyrolysed a number of acetates
under conditions such that no carbonisation took place,

and found that in each case only one olefin was formed,
Their results indicated that while the corresponding
aloohols were dehydrated according to the Saytzeff rule,
the decomposition of the esters followed the Hoffmann rule,




00+ Clile, CHite, —=A00H, o ; G, Citliey .......... I\
122.Ag1-oaqun scission,
This results in the formation of either a keten

and @ hydroxyl compound, or of two carbonyl compounds thus :
—> R.CH:C0 + R*.CHOH....... B
ReCHye COL0.CHOR' —

L R.GHy,CHO + R'.GHO, ... ... e
The reaction involves transfer of hydrogen from either
the acyl or the alkyl group, and is designated (5) by the
symbols _B_'and !2 respectively, Aoyl-oxygen scission is
often observed with esters lacking & P -hydrogen atom.
Yhen the latter is present, however, the acyl-oxygen
scission rarely predominates and the products are obtained
in small =2mount, The fermation of two carbonyl compounds
from an ester constitutes a formal reversal of the
Tischenko reaction (13). As examples of acyl-oxygen
scission we have the decomposition of vinyl isobutyrate

to acetaldehyde and secondary products attributable to
dimethylketen ( 5 ) and the pyrolysis of benzyl benzoate
to benzaldehyde (14) :

Gl 1050 Cliey —e,01 00 + [ Gt CHOH| —> GHgCHO ... &'

o +.e) C:C(Me)ps
PhCHg.0B28 —> ZPheGHO ... .......... B




1.4,Decar lation
The appecrance of carbon dioxide among the

decomposition products of an ester does not by itself prove
the primary decarboxylation of the latter, as the carbon
dioxide might have arisen from secondary breakdown of a
oarboxylic acid formed by & primary alkyl-oXygen scission,
True ester decarboxylation is, however, known to take
plece with certain«(-unsaturated esters and with formates,
Thus, aryl esters of ¢innamic acid decompose to stilbene (15):

Ph, CH: GH,COpAP — > PhoCHI GHAT + C0p eeseessesel
The symbol 9_2 is used to denote decarboxylation, while
_c} i3 used in the case of decarbonylation, which is common
with aldehydes, A well-known method for preparing allyl
alcohol involves what really amounts Lo the thermal
decomposition of glyceryl formate, The process involved
is one of decarboxylation and dehydration, The method is
generally applicable to tha conversion of & glycol grouping
~CHOH , CHOH—into an olefin-CH: CH-,

HOGHo. CHOH . CHp02C H— > CO- + HgO + CHgt CH,CHoOH
A very unusual type of ester decarboxylation was observed
by Lacey (16) who showed that dienones were formed in the
thermal decomposition of aceloacetates of evhynyloarbinols :
/czca <0y

Ry efige6 Ghly + GO JM8 ——> Ry ol Gt Cl4 CH3 CH, GO Me o C2

000!



1:5:Disyroportionation,
This type of behaviour is generally metl with in

the case of unsymmetrical esters., Thus, Cretcher and

Pittenger (17) found that the menoaroyl esters of ethylene
glycol decompose into the diester and ethylene glycol at
300°,
2Ar4CO,CH., o CH O ——> AT4C0-. CH, 40,000 AF + HOCH,. CH,OH
csssts B
The resciion is represented by the symbel D, The formation
of acetaldehyde and benzoic amhydride (in small amounts
only) from ethylene dibenzoate is another case of
disproportionation. It has been shown (&) te involve the
intermediate formation of ethylidene dibenzoaie :
B304 CHyeClige0BS 5 B2OH + Chy:CH.0Bz — > [Me,CH( 0Bz )z
(1) ——>g§?&w + B2 sveee B
1.0.0earrongement,

This reaction involves acyl-oXygen scission, and
results in the fommation of carbonyl compounds. It is
observed in the case of certain unsalurated esters, Thus,
Boese and Young (18), and Young, Frostick, Sanderson, and
Houser (19) observed that many enol carboxylates undergo
intramolecular rearrangement at ca. 500° to an isomerie
P =diketone.

RoCOpeCales CHR'— > MesC0. Uit COME  sassnnsssananel
The symbol R 1s used to denole rearrangement. More recently,



Allan and Ritchie (5) found that gyclohex-l-enyl benzoste
yields 2-benzoylecyelohexanone at 480°, They found this type of
reaction to be of major importance in the thermal decomposition
of vinyl carboxylates, Vinyl benzoate (V1) gave mainly
agelophenone on pyrolysis., I was ahow.mthm intermediate
benzoylacetaldehyde was involved, the overall resction occurring

in two stages (R/C').

OBz 0
N Bz esanasesnsnoense R
O — O :
CiH. :

2:0}1.026.3%3.00.@12.@'!0 —>C0 + R,COM® sovecceee &c
1.7, Complex reactions,

While most cases of ester pyrolysis fit into one system

of classification described so far, there are a few exceptions,.
The formation of ﬁmaldomdo in the pyrolysis of methyl
phenylacetate (20) and of 2-phenoxyethyl acetate (21) would
appear to be the resull of a complicated resction sequence:

PhGip . COple ‘
——> Ph,CHO,
PhO, Giig. g .0A0 ———
(viii)
1.8,Mechanism of pyrolysis of esterss

1t is probable that no single mechanism accounts
for all the products obtained in ester pyrolysis. A lot of
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work has been done with esters possessing a f-hydrogen atom,
and it seems falrly certain that the elimination of acid
in such cuses proceeds through a six-membered oyclic

intermediate involving the cis- P ~hydrogen (Hurd and
Blunck,20), thus:

Sl
W
——c\/ ¢!

Houtman, van suoni.o, and Heertjes (10) have adversely
ceriticised the Hurd and Blunck mechanism on the grounds
that a hydrogen bond is usually formed between two negative
elements and cannot be of much importance in an elimination
reaction, This argument is nol valid, because it is now
known that hydrogen bonds of the type O>h-C and N>H-C are
capable of formation e.g., molecular compound formation such
ss B4 0 » CHCly (22).

Young et al, (18,19) proposed an intramolecular
mechanism to account for the themmal rearrangement of enol
carboxylates to isomeric S -diketones, and this has been
epplied by Allan, Forman, and Ritchie (5) to the case of
vinyl carboxylates, thus :

yh il Ph ] Fh
8'.| 3 +o-c..o' o 0 ::-o
: O=Ca0

| - z ] a2 oA
Ho= i, HO=Gi, HC-CHy

— -—



The possibility of radical intermediates in
thermal reactions must always be borne in mind, Bilger
and Hibbert (23) suggested that all pyrolytic reactions
involve radicals, but did not have sufficient evidence,
Hurd and Blunck (20) suggested that they are more likely
to occur with esters lacking a P-hydrogen atom, the
incrensed thermal stability of these esters necessitating
the use of higher tLemperatures.

The sis of Ethers.
1.9.5aturated aliphatic ethers.

Aliphatic ethers of the type R.CHg.0.0H, R
generally break down to an aldehyde and a hydrocarbon i

ReCGlye04CHgeR — > ReCHO + MOR  sescesccesseshh
The symbol A, indicates that hydrogen is Lransferved
across the point of scission to the alkyl group; Aag is
used when an alkenyl group is involved,
1.10,Vinyl ethers.

Vinyl alkyl ethers usually give acetaldehyde
and an olefin on pyrolysis but are known to undergo
rearrangement &8 well, Wang and Winkler (24) found
that ethyl vinyl ether yields acetaldehyde and ethylene
in a first-order reaction at 380-450%, Hasche and
Thomson (25, found, however, that over a wide range of
temperature and pressure alkyl vinyl ethers rearrange

to isomeric sldehydes,
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GHt CHOMEL — > MOCHO + CHgiCHp seseess Al
CHgt OHW0WR —> R,CHgeCHO esssees R

The sufiix ¢k indicates that hydrogen is transferred to

the alkoxy grouping. R 1s again used Lo represent

rearrangement,

Vinyl ebher (IX,, being fully symmetrical and
unsuturated, presents a special case, Taylor (20) has
repor.ed that it breaks down in a sealed tube at 450°
Lo keten and ethylene (_.52;2 Jo It has now been found
(see experimental) that in a flowereactor it yields

only acetaldehyde and acetylene by the iaog route,

g 1300, O 1003 [ MeLGHO ¥ GHIGH suiv.eenp®
w0 s Gl st

1.1i.,Aromatic ethers.

¥hen both groups attached Lo the oxygen are
aryl, such as in diphenyl ether, the compound is very
stable and its dodanpooittm very complex, Aryl alkyl
ethers, however, decompose to a phenol and olefin, e.g.
ethyl phenyl ether (27) @

PhoO.Eb —> PhOH + CH,10H,

Allyl aryl ethers rearrange very easily on heating
(Claisen reaction). Thus, allyl phenyl ether yields
o0~-allyl phenol on heating to its boiling point, A minor
side-reaction is the cyclisation Lo 2-methylecoumaran (28) :




-d) -

¢4 @ :2.cusm2 snessl

O
% 5 &0
O/ Gty CHi: Gl
3 O
-

le

Thermal rearrangement of aryl alkyl ethers is not
very common, but it has been recorded. Thus, Hart and
Eleuterio (29; found that under purely thermal conditions
j=phenyl~i-phenoxyethane decomposed along Lwo different

routes, one yielding phenol and styrene, and the other
mainly 1-phenyl~i -g=hydroxyphenylethane :

0« GiiMePh —> FPaOH + Ph.cmma
i
—>
CHMe .,Ph + @G&.’h
(15%)
1,12 ¢ and other ethe

When ethylene oxide and its derivatives are
oracked, carbonyl compounds are obtained., Peytral (30)

found that the decomposition of ethylene oxide followed
three routes @

—

/o\ CH 0 + Cglig
CHomGly —1——> MNeCHO

LS (HiCH + 10




The reasction is probably complex, since Simard et al,
(31) detecled (among other things) keten, bty infre-red
analysis, in the above decomposition,
The decomposition of acetuls involves elimination
of alcohol, This method has been applied Lo the
synthesis of vinyl ethers (32) :
no.m(on)zﬁ%zm.o.a. + ROM



Chapter II
2,1.The Pyrolysis of 2,2'-Dibenzoyloxydiethyl ether(IV)
The ether-diester (IV), which is stable up to
oa. 350° in a vapour-phase flow-reactor, bresks down at
ea, 450-550° to a rather complex pyrolysate containing
some fourteen constituents (including ethylene). Some

of these can be accounted for by more than one reaction.
scheme. The following sejuence appears to offer the best
interpretation of the results,

Stage 1~ Alkyleoxygen scission at one of the two ester

groups, thus:-

B0 g 00y Qs —> B Qe i B IR 1. oA

Stage 2- Secondary breaskdown of the ether-ester (X) by

the following three competitive routes i-
1

= Q!Z(:%,OBI + Qi}ocﬂo sssssavene A
/
CH,.: CH.,O0,CH,eCH_,0B2 — CH_.OB2 CH,¢0,CH: CH
3 {X)a @ > .Q“, - + ' &lz O.Gl m:’.‘..g
«Ub2 . :
(lf) 2 .(XU 1
LS lez(mgio.m‘% + BzOH ooooooooA
)

Stage 3- A series of tertiary decompositions - (1) of
vinyl benzoate (VI) by the three competitive routes

(4%, ¢, B/c') desoribed by Allen, Fomman, and Ritchie (5);
(11) of ethylene dibenzoate (1I) by the A' and D routes (5);
(111) of scetaldehyde by decarbonylation (C'); (iv) of
benzoic acid by decarboxylation ‘gz) 3 (v) of the unstable



diether (X1) by the following consecutive routes : -

e (o CH:

‘2 %2 S ue.ai0 ¢ Chs G0+ CHIGHp asveh,
ig.Ch:GHg

X1

~ s 2
Cﬁzu(}ilii)).mw!igﬁ Me,CHO + CH:CH ooooooooooooﬁog

The primary breakdown of the ether-diester (1IV)
involves alkyl-oxygen scission at one of the two
identical ester groups, giving acid and olefin
acoording te the well-known pattern, It appears that
soission does not ocour at the ether linkage. The latler
would require the formation of methyl benzoate and ethyl
benzoate, from Lhe predictable sequence :
B0 Gl Chig +0 4 Clig « GHip, 0B > [n:cjéguz.cwj + BaOEts... A%
(B2OMe + CO) (BzOH + &lgzmz)
Ethyl benzoate would be destroyed Lo some extent at 5009,
yielding benzoic acid and ethylene, both of which were
identified, Sinece, however, vinyl benzoate itself is
known (5) to give ethylene by some unknn route, the presence
of ethylene ocsnnot be bLaken by itself as evidenoce for the
formation of ethyl benzoate in the pyrolysis of (IX).
Methyl benzoate, on the other hand, is a very thermostable
compound (33). The pyrolysate, on hydrolysis, did not
give any methanol or ethanol, vhich were tested for by the
xanthate colour reaction (34). This proved the absence of
methyl and ethyl benzoates, and hence of secission at the
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ether linkage, in the pyrolysis of (1IV).

There is corroborating evidence that the
pyrolysis of ether-esters involves the ester rather
than the ether linkage, Burns, Jones, and Ritchie (7)
found that on pyrolysis, the esters (XIla) decompose to
form substituted acrylates in good yield while Fein,
Ratehford, and Fisher (35) found that the esters (XIIb)
yield aorylates as expected, though here the yields were
low, The poor yield may have been due Lo secondary
breakdown of the primary products, or there may have
been competitive primary scissions. Fein et al. noted
the presence of acetaldehyde in the pyrolysis of the
methoxy and ethoxy esters; this might have been
derived in known fashion from the vinyl ether (XI1I1I1),
or from oC(-aceloxypropionic acid,

> AGOH + Gy R, COg, Clig «CliguOR'

A0, CRMe. (0 ¢ Clige CHige 0 JR'— AL
(X11) : o ity UG . »

—> AGO.CR,Ye.COgH + (ax’ﬁ?)‘,??, A‘

(a) R = Me; R' = Me or Ph,

(b) R =H; R' = Me,Et,Bul , or tetrahydrofurfuryl,
Stage 2.~ The absence of methyl benzoate in bLhe pyrolysis
of (1V) precludes Aq scission of (X) to ethylene and
benzoy loxyacetaldehyde, since the latter would decompose
to methyl benzoate, thus:



CHgi GH, 0. Gl Clip. 0B8 —% > Ciigi Clip + |B804Clip,CHO|-—> CO + BaOe,

(%) cevonkiul

Origin of Acetylene, This substance is attributed to
(1) known alkenyl-oxygen seission (gf) of vinyl benzoate
(V1), and (11) the 2% seission of vinyl ether (IX),
thus:

CHot Wlie0B2 —> BaOH + CHICH sescvecssncnnnses

Vi
L:t&xctlou.dtzt}&iz-—)lﬂ..ﬁw + Gl GH eesssssensee
IX

(I)»w 1> s

R

Two other possible sources oan be eliminated -

520& scission of the vinyl ethers (X) and (XI)., If the

former bresks down in this way, the accompanying product
would be 2-hydroxyethyl benzoate :

B20. (. CHpa0 4 Gt Gl ——> B8O ,Olig s CHgOH + CHCH.wvesssns 42

0 )
?b.OCH:CHz
Gl 0 Gl 5> HOGH, . CHpe0uCHICH, -+ CHiGHa ee kg

2-Hydroxyethyl benzoate (V) is known to yield water on
decomposition (17); no water was found in the present
instance., If the ether (XI, lost one molecule of
acetylene, the resulting product would be 2-hydroxyethyl
vinyl ether, a substance which is readily cyclised to
ethylene scetal, Hurd and Botterton (36), in an attempt
to prepare the diether (X1, by dehydrochlorination of
ethylene di-1-chloroethyl ether obtained insteud the
eyclic ethylene acetal, This suggests the followling



medhanism:

CHQ.U.&LMO\}.L 2 GH‘?QQ' Gkis \Jh2 C}‘2m G‘Q—O <
Clige U, Uhield Wlige z.tih Gy | [CHge O, GH: GHy °H2’0/
E X1, 2|

A repetition of Hurd and Botterion's experiment showed,
however, that there was no liberation of acetylene; their
result must therefore be alitributed Lo some slilernative
mechanism,

Recrrangement of 2-benzoyloxyethyl vinyl ether (X, 4s an
important consideration in view of previous findings on

the thermsl rearrungement of vinyl ethers (see 1,10),

If rearrangement of (X) or vinyl ether (IX) ocours, the

following rescticon seuence should tLake pluce:e—

CHys CH.L‘.?(JI ‘32.08;3—9 [Mo%o(}ﬂ?o%o@w]-gl) Ba0. Wgo&zoﬁl"cﬂ
2 .G.' A 1

mdzc?ig;w:cua ——>[CH3 CH 4 CHy, o CHO| ———> GHp: CHuMes o oR/C

There was no sign of propene iu the pyrolysates from

the ether-diester (1V) from (X,, o trou vingl ether

itself, proving thet the above rearvangement of the

vinyl ether (X) does not occur,

A% solssion of (X) would lead Lo the formation of keten

and ethyl benzoate. MNeither of these was detected in the

pyrolysis of (1V) and (X)e

B20.CH 2 Gﬂz.O.Cﬂ %——)BO.%.% + QL"GO ooooococég




The intermediate ether-ester (X) in the
pyrolysis of the ether-diester (IV), has not itself
been identified. Its postulation is neverthleass
reasonable, since it has been prepared and cracked
separately, and gives the same end-productis as the
ether-dieaster(IV,). It decomposes along three different
routes, as indicated before, Of these, the most important
is the one leading to acetaldehyde and vinyl benzoate,
The latter were almost the sole products obtained in a
Tun at 400°. The behaviour is anslogous to the
decomn~sition of ethyl vinyl ether to acetaldehyde and
ethylene (24),
B30, G e 0o Gl Gl —> BEO4 (3 G + MeCHO seseechl,
E%0, CH: CHg —> CH iCH,  + MOCHO o.vv.eahc
It is surprising that despite the presence of
a hydrogen atom in the Peposition with respect Lo the
carboxyl grouping, alkyle-oxygen scission of the ether-ester
(X) ooours only to & small degree. Vinyl ether (IX) is
formed, bubt in amounts detectable only by infra-red
spectromelry.
m.m,.mazg;mx% — > BEOH + mam(:ig;m:ma.....g’

The disproportionation of the ether-ester (X)
is sgain not easily predicted, Ethylene dibenzoate (1I)
was obtained from (X) at 450-70° it was also obtained



from the ether-diester (IV) at 450°, It was not formed
abt higher temperatures, owing possibly Lo some catalytic
effect of the curbon deposit on the walls, or to
decomposition of the ethylene dibenzoate abt higher
temperatures, The decomposition of the diether (XI),
which would be expected to accompany ethylene dibenzoate,
and of the latter substance itself, yields acetaldehyde
and vinyl benzoate, These again can be attributed Lo
alternative routes. In one run at 500°, the pyrolysis
of the ether-ester (X gave vinyl ether (IX; and

benzoic acid when no ethylene dibenzoate was observed,
proving the A‘ route. This variation between the results
of two similer runs may be due Lo different degrees of
carbonisation on the walls of the reactor. The possible
effect of a carbon deposit on the course of reaction can
be seen from the observation of Houtman, van Steenis, and
Heertjes (10) that the absence of curbonisation practically
inhibits reaction, Bailey and his co~workers have shown
(37, that by carrying out & pyrolysis in such & manner
that substantially no carbonisation occurs, some
side~reactions are avolded, The élgmu ¢f decomposition
of the ether-ester (X) is strongly supported by the known
A! breskdown of alkyl vinyl ethers. Bensoic arhydride is

obtained in small amounts in the pyrolysis of both the



ether-diester (IV) and the ether-ester (X). It is

probably formed in a minor disproportionation either of

the latter, or of ethylene dibenzoate (see Section 1.5.)
cud.osz CH2+0.CH: CH,

Bz0. CH2QCH200 Q'"ai291 + 1 | seesel
C!'laoOBz Q'L-.OoCH aiz 5
(‘IJ\LD ;
A oR
(MeGHo + B2,0) (MeCHO + Cly3CH.0,CH: CH,)
(IX)

2.,2.Behaviour of vinyl ethers,

Since the ether-ester (X) decomposes principally
to vinyl benzoate and acetaldehyde, and also because vinyl
ether (IX) itself is obtained in very small amounts, a
study of the decomposition of some vinyl ethers was undertaken.
The two butyl vinyl ethers (XIV, and (XV) both broke down
smoothly at 500° to acetaldehyde and the corresponding
butenes, There was no evidence for any other decomposition
route, the possibilities of which have been discussed in
the case of 2~-benzoyloxyethyl vinyl ether (X). Vinyl ether
(IX) gave acetaldehyde and acetylene in an é%R scission,
and not keten and ethylene as reported by Taylor (26).

Gt CH40 O 50 CH,y, Ol le >MOCHO + CHo!CHEY  wevsvss Al

(XIV)

%:C}!.U.%.%‘jz —>MeCHO + Q‘la:@g\b secssnee Ag’z
(xv)

Gyt GH.,0.4 CH: GHp NGO + BB crrerart B

(1X)
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Phenyl vinyl ether (XV1) provides & case where
:}Q scission is structurally precluded., Its decomposition
has previously been studied (38, but the results were
indefinite. The following possibilities have been

A

considered at present &nd ruled out because the reguired
products were not identified though carefully sought.

P % ;. %3% ooooooloooéap\

— Oa

| Ot!zmz o\o'o-oo .R_
()

PhOoQ‘“ma ;

(xv1) Qg O.

———> Phe G« CHO ssvsssne R

According Lo the present studies, phenyl vinyl ether

yields & pyrolysate containing phenol and scetlylene.

The reaction is not simple, however, as a lot of carbonisation
takes place, and the phenol and acelylene are not isolated

in equivaelent amounts., The latter was identified by
infra~-red spectroscopy. 1t is reasonable, neverthless,

to regard the primary breakdown, thus;

PhO.QuCﬂa-——)m . 4 Q!'tcﬂ Pesvsesane Ag&
(Xvi,



Phenol can add on to phenyl vinyl ether to give diphenyl
acetal when the decompesition is effected in s sesled
tube (Lauer & Splelman, 38,

PhOH + CHgiCH.O.Fh —> MeGH(UPh)p

(Xvl,

This resction doe# not, however, teke place in & vapour-phase
pyrolysis; there was no evidence for diphenyl acetal in the
pyrolysate,

The behaviour of the two butyl vinyl ethers, and
of vinyl ether (IX) is in agreement with thad of the
ebher-ester (X), the intermediate in the pyrolysis of
21 2'~dibenzoyloxydiethyl ether (1V); A’ scission is the
prﬁ:otpul reaction invelved. Another constant feature of
the pyvolysis of the various vinyl ethers and esters is
the formation of ethylene., There is no simple explanation
of its presence; the occurrence of some form of radical
reaction suggests itself,
2+3.The Pyrolysis of 2-Benzoyloxyethyl Terephthalate (VI1),

The pyrolysis of the unchlorinated model,
2-benzoy loxyethyl terephthalate (111, has been described
by Allan (6), and it is convenient to discuss his results
here. Because of the presence of several P -hydrogen atoms
(see formule below), it is to be expected that the primary
reaction will be alkyl-oxygen :cinion(é' ) abt the ester

linkages. It is possible that the following primary breaks




will occur at the points & and b, giving different vinyl

esters:

‘63&0.%&“25026 @ 002.013.&&2.03!
& h. '

14 a (a=a'; b=b'.
(I11)
|

-%vBIGH%:CH.Oz v @ 002.(32.%.038 Sessscssnsenee é

Lm.m:ma + H020© CUpeCHeCHQeUBZ  savnvssnsssnse A’

Further reaction sequence is difficult to predict, because
the various formal possibilities 2ll lead to the same end-
products (which were identified;, viz., terephthalic scid,
benzoic acid, 4-acetylbenzoic acid (XV1I) ethylene dibenzoate,
vinyl benzoate, acetophenone, acetaldehyde, benzoic anhydride,
carbon monoxide and dioxide, methane, acetylene, and ethylene,
The latter is a known decomposition product of vinyl benzoate
(5) though its precise origin remains uneertain,

The important features of the pyrolysis are
the formation (1) of ethylene dibenzoate, (ii) of vinyl
benzoate and its decomposition products, and (1ii) of
acetaldehyde and benzoic anhydride., Ethylene dibenzoate (1I)
can arise either by disproportionation at the 'end' of the
molecule, or Ly alkyl-oxygen scission &b the point b followed
by decarboxylation, thus:
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204 CHioe w.‘,boze -@ ooa.m.‘,.wg.oss

& (111
!— O C-@ WQQQ‘IZQWQQ()m—

—> B:O.Qiz.mz.OBn

Al fe C@ooz Gl g, 0B3

\Z
’—)BSO.QLQL, + W / \ 002 % %.Oll sesssrene A'

LA R R R R R N 2
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By labelling the terminal benzoyloxy groups with a
4~chlioro substituent (see Section 2.,4,), it 1s possible

(1) to distinguish between Lhe A‘ / ¢ and D routes in the
pyrolysis of (111) leading to ethylene dibenzoate, and (i1)
to determine how much of the benzoic acid from (III) is
obtained by A' soission at the puint &, and how muoch is
derived from a semi-~decarboxylation of terephthalic acid,
2.4 rolysis of 2-(4-Chloro ethyl

(Y11).

The results obtained with the chlorine-labelled
compound (VII) are in good agreement wiih those obtained with
(1I1). The products obtained at 500° were as follows:-

(i) terephthalie scid, (ii) 4-chlorobenzoic acid, (1ii)
benzoic scid, (iv) 4-acetylbenzoic acid (XVII), (v)
‘aphydrides’, (vi) acetaldehyde, (vii) ethylene di-d-



-chlorobenzoate (viii) acetophenone, (ix) 4-chloroacetophenone,
(x) earbon monoxide, (xi) carbon dioxide, (xii) methane,
(x1ii) acetlylene, and (xiv, ethylene,

Again, because of vhe presence of several
P ~hydrogen atoms, the primsry resction will be é_‘ scission
&t vhe points a and b, leading Lo the following pairs of
products: -

€ €L ) COyeCHy e Clige0,C O coa.mg.m,.ogchx
—4 b )

a
(vi1) (=23 b=d)
3 , 1
__g)cl /N\ CogH + Gﬂat CH;O-‘;C cozégi,.m,.?c () sesh
(XviiI)

b czco;.mxma ' aogc i oo,;fa,.%.g@ Clessd

The {formution of both terephthalic aclid and 4-chlorobenzoiec
acid shows Lhal soission does in fuct ocour ab the points a8
end be The former compound is probably derived from (VII) by
A! scisgion at uhe point b'. Since the amount of bensoie
acid obtained in the pyrolysis of the labelled compound



(Vii) is very small, the semi-decarboxylation of
terephthalic acid must be only a minor reaction, The
benzoic acid obtained in the pyrolysis of the unlabelled
model (111, is therefore formed at the point a.

The decomposition of the intermediate
(XVI1I) will invelve the A' and R/ ' reactions; the exact
sequence is not easily predicted, 5_‘ scission abt the point
&' leads to vinyl terephthalate (XIX), which by analogy
with vinyl benzoate (5) would be expected to give lid-
diacetylbenzene. The latter was not found, though
carefully sought.

;zaa:m.o;c @ 602;?13.%.?26 ch il

a
(xvi11)

-
P %3@!.020 002.0180(% + HO;_#.OI

(X1x)

L (S w

A combination of the _A.' and R / C‘rouuonl,
with scission at the point b' leads however, to
4-acetylbenzoic acid, which was found in small amounts.
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4-Acetylbenzoic acid has been shown by Allan (6) to yield
acetophenone on pyrolysis, The latter can also be obtained from
vinyl hydrogen terephthalate (XX) hy decarboxylation to vinyl
benzoate, which then decomposes by the known R / C'route to
acctophenone, Since the pyrolysis of (VII) would be expected to
give vinyl 4-chlorobenzoate, the pyrolysate should contain
4~chloroacetophenone, formed by R / C! decomposition of vinyl
4~chlorobenzoate,

The detection of acetophenone and
4-chloroacetophenone in the pyrolysate from (VII) wes thus
of great importance, The complete separation of a mixture
of vinyl benzozte, vinyl 4-chlorobenzoate, acetophenone, and
4_chloroacetophenone is a matter of some difficulty, since
they all possess closely related boiling points. The



detection of vinyl benzoate and acetophenone in a mixture
of vinyl 4-chlorobenzoate and 4-chloroacetophenone by
infra-red spectroscopy is impracticable owing Lo the
presence of similar funcilonal groups. Attention was
therefore focussed on the identification of the two
acetophenones alone, This has been done ty a

chromatographic analysis of their 2:4-dinitrophenylhydrazones

(which will henceforward be DNPs), The two derivatives
have a small difference in Rp values for a number of
solvent systems. However, they showed some streaking,
vhich was unavoidable, and made the characterisation

of the spot with the smaller Rp value somewhat open to
question; but identification was made more rigorous, by
chromatographing the mixture of DNPs on a column of
bentonite / kieselguhr bty the method of Elvidge and
W¥halley (39), and then spotting the separate fractions
on paper, The results are given in Fige 3 (pe )o The
separate DNP fractione were obtained from the column by
elution with chloroform / acetone in 10 ml, amounts,

Five fractions were obtained, as shown by plotting the
optical density of the fractions against fraction number,
The last three fractions were obtained in quick succession
and were therefore collected in 2 ml, lots. The optical
density shown in the graph is one-fifth of that actually
measured; the smaller value is convenient %0 plot. The



first two fractions corresponded Lo the two acot-cmmonn(m.&

The other three have not been identified owing to lack of

time. They are probably the DNPs of carbonyl coumpounds of

highsr molecular weight than the two acetophenones identified,
The formation of ethylene di-4-chlorobenzoate

in the pyreclysis of (V1I) shows that disproportionation

takes place at some stage. It may involve either the

original molecule, or one of its decompesition proeducts, thus:

c1 @ %.%.Qizcﬂch c1
2 u@coa.cug.aq.ogcr }i %

a8 0020%.@!200306 Y

(where Y = GOgH, wamzm-mamz-OaGQ a

The product sccompanying ethylene di-4-chlorobenzosate
(see above) will in all probability decompose further;
no such material has been found in the pyrolysate, The
formation of ethylene di-d-chlorobenzoate and not of
2-benzoy loxyethyl 4-chlorobenscate (XXI) is significant,



c (XX1)

ﬁ .
H%CC\ c°2‘“"2'°”2‘°2°< cl / 3 003.012.%.020/ \ >01

It shows that the formation of ethylene dibenzoate in the
pyrolysis of (III) (Section 2,3.) is due to a disproportionation
reaction, probsbly involving the original molecule itself,

The formation of acetaldehyde in the pyrolysis
of (111) and the labelled compound (VII) is important., By
analogy with the formotion of acetaldehyde from ethylene

dibenzoate (5, 6), it is possibly obtained by the following
redction seyuence:-

0.C0.R + R',C0 Mot 0" O*® | Me®HO + R.CO40.00.R"
mﬂ! Vel ° 2“—9 \O.GO.R.é oWl o—



Acetaldehyde is accompanied by &an anhydride. In the case of
the chlorine-labelled compound (VII), the anhydride can be of
a mixed type and the anhydride identified is therefore
culled siuply 'anhydride’ without further qualification,

The gases formed avre all secondsry

decomposition products, Methane and cuarbon monoxide are
atbributavle to the decomposlition of acetaldehyde; carbon
monoxide is also formed in the R / C'! decomposition of a
vinyl carboxylate. Acetylene i1s formed in the minor
alkenyl-oxygen scission (Aa J of vinyl esters, The
source of ethylene is probably a vinyl ester (5), but
its precise mode of formatlion is not known,
2+9s The Pyrolysis of e-ilydroxyethyl Benzoate (V).

The observation of Cretcher and Pittenger
(17) that 2<hydroxyethyl benzoate disproportionates on
distillation has been confirmed, The behaviour has been
found to hold good for vapourphase pyrolysis as well,

On distilliation at atmospheric pressure,
(V) gives water, acetaldehyde (not reported by Cretcher
and Pittenger), ethylene glycol, and ethylene
dibenzoate (I1I).

BzO, O o Gl e OH—3 mzla;a.aig.om + ¥ HOCH,CHOH so0veaael
(V) (+ IO&HO THO)

Pyrolysis of (V) at 375° gave the above



compounds us well a8 benzolc srhydride. At 500°, however,
benzoic acid is obtained in addition, but not vinyl
benzoate (V1), This can only be interpreted ty assuming
thet at the higher tLemperature, alkyl-oxXygen scission (5‘)
takes place, glving benzoic acid and vinyl alcohol, which
isomerises at once to acetaldehyde, 'This shows that
2-hydroxyethyl benzoate (V) decomposes slong two different
primury routes at higher temperatures, but at lower
temperatures underyoes only & disproportionation.

r—9‘ B20+CH e CHye0B2 + 3 malaoaiaoﬁ seennasl
mo%cwﬂ (xx)

‘v) — B2OH + MelHO 000000-0-..-0....000;04‘

The extremely eeosy formation of water requires
an explanation. On hesbing 2-hydroxyethyl benzoate in a
flask, the tempersture rises gradually to 100° when & small
amount of water dilbin- over, At high tempersatures, it
is possible to attribute Lthe water to s Sevondary breakdown
of ethylene glycol, which is known to be stable up to 400°
and to start decomposing sbove 500° (40), Ethylene glycol
has now been oracked at 370-80%, and found to lose water in
traces, A Karl Fisher estimation of the water content of
ethylene glycol (See Appendix II1) before and after pyrolysis
ghowed o significant difierence in titre value, which



amounted, however, Lo only & very small increase in water
content, Since formation of waler was detected only Ly

the application of extremely sensitive tLesis, Lhe experiment
showed Lhat the comparatively large amount of water formed
during the decamposition of 2-hydroxyethyl benzoate (V)

by mere distillaticn or at 375° cannot have been obtained
entirely from ethylene glycol.

The possibility of intermolecular
dehydration (see scheme below) must be ruled out, since
2:2'-dibenzoyloxydiethyl ether i3 aot obtained, For a
similar reason, dehydration iavelving eyeclisation cannot
be considered, An intramolecular dehydration is formally
possible, since such a reaction is observed with alocochols;
tut the absence of vinyl benzoate eliminates this
possibility, In any case, if vinyl benzoate were obtained
in the pyrolysis of 2-hydroxyethyl benzoate, it would be
more reasonable Lo aseribe it to an alkyl-oxygen scission
(A') of the ethylene dibenzoate (I1I) which is obtained in
large amounts,

—> Hg0 + Ba0,Cly.Cly 04 Clige Clp 0 OB
BB, Gily o Ol OH <> Hg0 + BuO.CHIGH,

(V)
—CO

There exists, finally, the possibility that




water may be oblained from 2~-hydroxyethyl benzoate in a
bimolecular disproportionation reaction, giving at the
same bLime acetaldehyde and benzoic anhydride (which were
identified),

m.%o%ow——) “20 + HO%Q%.O.%.%.G‘

(v) —> M0 + MeCHO

Such a resction cannot be veriflied without a kncwledge of
the kinetics of decomposition of (V). It 18 interesting,
however, that on pyrolysis at 370-80°, 2-hydroxyethyl
ether ylelds water and acelaldehyde in easily detectable
quantities (contrast pyrolysis of ethylene glycol, p.34 ).

uo%.%.o.%. Glgo(!l e Hﬂ +2 Me CHC

The surprising thing about the behaviour of
2~-hydroxyethyl benzoate is that despite the presence of
P <hydrogen atoms, it undergoes alkyl-oxygen scission at
high bLemperatures, but not at lower ones. It 1s possible
that this may be due to cvhe electronic effect of the
hydroxyl group, in ihe quasi six-membered ring that
operates in alkyl-oxygen scission (20).

CH
|
H C H
/
CH, /O
\o—— C



The presence of the hydroxyl group causes the P ~hydrogen
atom Lo be more firmly bound Lo the carbon, This explains
the occurrence of alkyl-oxygen scission al high teuperstures
only (higher eneryy of activation); but it does not provide
& wethanisu for the disproporiionation resction,

240, SelecLion of models related to 2~hydroxyethyl benzoate,

The model compounds discussed so fer have
all been reisted Lo poly (ethylene terephthalate;. The
remoining compounds thal sre now discussed are nol directly
connected with poly (ebhylene terephihalate) but were
studied in order Lo discover wore about Lhe themal
disproportionation of 1:2- disubstitubed ethanes of the
type Xo0i,eCHpoY (s0e also Section 2,10), and for ressons
st will become wpparent in the following sections,

The results oblalned with Z-hydroxyethyl benzosate
showed that further investigation of the disproporiionation
resction wus necessary. For this reasen, the pyrolysis of
coupounds relabed Lo 2-hydroxyethyl benzosbte hus bsen studied,
The eaupounds selected for this purpose are rveluted to (V),
bat with various modifications of its terminal groupings.
Thus, 2-chloroethyl benzoate (XXI11), 2ephenoxyetharol
(XX111), and 2-phenoxyethyl acetate (VIIl) were chosen.

BSO. Q‘lz.%.m ; B‘O. m?. %o 01
(v) (Xx11)

m.mlom H M.%.%.OM
(XX111) (viin)



It was desirable to ascertain whether the ester carboxyl
group is necessary for the disproportionation reaction to
bake places
2+]+ The Pyrolysis of 2-Chlorosthyl Benzoate (XXII):

The decompesition of 2-chloroethyl benzoate
(XXI1) results in the formation of hydrogen chloride, vinyl
benzoate, benzoic acid, vinyl chloride, and under some
conditions of ethylene dibenzoate, Ethylene dichloride
was not found in the cases where ethylene dibenzoate was

obtained; it could have undergone secondary decomposition

to vinyl chloride and hydrogen chloride, which were identified,
fhen ethylene dichloride nuit was oracked under the
conditions that gave ethylene dibenzoate from (XXI1I), it

was largely unchanged (7; decomposition, 400°), It is known
to decompose to vinyl chloride and hydrogen chloride at
362-485° (41), The apparent absence of ethylene dichloride

is surprising. It is possible that in disproportionation
resctions, some unknown factors come into operation.

—> B20.CHiCHg + HC1
mo%c%ocl > BzOH + %‘mou ooooooocooooooé‘
(xx13) S B204CHgeCHge0Bs + [ClCHgeCHgeClesD

—> HC1 + CHp:CH.Cl
The main reanction in the decomposition of
(XX11) is the formation of benzoic¢ acid and vinyl chloride,



Hydrogen chloride and vinyl benzoate are formed in smaller
amount, the latter being delected by infre-red spectroscony.
In one run at 400°, the main reaction was, however, the
formation of ethylene dibenzeate; in this case, no benzoic
acid was detected, This apparent anomaly may be due to
surface effects at the carbonised walls of the reactor,
The tendency of 2-chloroethyl benzoate to undergo
disproportionation is shown by the fact that it ylelds
ethylene dibenzoate after & few hours of refluxing. In ‘
comparison with 2-hydroxyethyl benzoate (V), (XXI1, shows
a lesser tendency Lo disproportionate,

Benzoic¢ enhydride has also been detected in
the pyrolysate from 2-chloroethyl benzoate (XX1Il), but in
small amount, Its presence suggests the ocourrence of a
fourth mode of scission of (XX1I) (see also p. 3¢ ).

2 01%0&%0?)"—9 Bla‘) + [clcuaomaoo.%o%cil eese 00002

The accompenying product would be 2:2'-dichlorodiethyl ether
which might be expected Lo yleld hydrogen chloride and
2~chloroethyl vinyl ether, the lalter then breaking down

to acetaldehyde and vinyl chloride,

01%.%000%0%01 —> HC1 + %3 G’H.O.%Glzcl

1
““.‘509\—) MeCHO + Gi’z CHCl

There is no definite evidence as yet for this sort of



bimolecular disproportionation reaction,as acetaldehyde
has not been positively identified among the decomposition
products of (XXII), A minute smount of & volatile carbonyl
compound was found Lo be present, giving only a minute
yield of DNP., The latter could not unfortunately be
characterised,
2,8, The Pyrolysis of 2-Phenoxyethanol {(XXIII):

Replacement of the ester carbexyl group in
a molecule of the Lype X.UH,.QH,.0,C00.R by an ether grouping
hus & very noticeable effect, Thus, 2-phenoxyethanol (XXII1I)
shows no tendency Lo disproportionate on pyrolysis (contrast
behaviour of 2-hydroxyethyl benzoate). At 500%, it yields
phenol and acetaldehyde, and also & small amount of water,
The formation of phenol is Lo be expected of & phenyl
alkyl ether, The elimination of water recalls the behaviour
of alcohols on pyrolysis.

PhO+CHge GHgOH — > PhOH + MeCHO ( + H,0)
(Xx111;

2:2'-Diphenoxydiethyl ether and coumaran (see scheme below)
were absent in the pyrolysate from (XXI1l), and phenyl vinyl
ether (XV1) could mot be positively identified, but Knights
has found that (XVI) is formed in the pyrolysis of
2-phenoxyethanol (42). Phenyl vinyl ether decomposes O
phenol and acetylene (see Section 2.2); but no acetylene
was found in the pyrolysate from (XXIII).
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Smith and Niederl (43) reported that dehydration
of Z-phenoxyethanol with cold concentrated sulphuric acid
gave not the expected phenyl vinyl ether, but the isomeric
o-vinyl phenol (see above)., On the other hand, Rindfusz
et al, (44) found that dehydrotion of (XXI1I) with zinc
chloride or phosphorus pentoxide yielded coumaran (XX1V),
However, in the present work, neither o~vinyl phenol (XXv)
nor coumaran was found in the pyrolysate from (XXIII),

An extension of Lhe above work led %o a
study of the dehydration of 2-phenoxyethanol (XXIII) by
chemical as distinet from thermal means, A repetition
of Smithaand Niederl's work (43) using cold concentrated
sulphuric acid showed that dehydrution is not easily
effected; no o-vinyl phenol was oblained, Knights and
Cooper (21) were also unable to duplicate Lhe results of



Smith and Niederl, Heating (XXI11I) with concentrated
sulphuric seid for a few hours at 100° has now produced

a vhite, ether-insoluble solid which was extremely soluble
in water; 4t was not examined further, but was gertainly
not o~vinyl phenol XXV, Similarly the results of Rindfusz
et al, could not be reproduced, These wrb‘(a claimed
good yields of coumaran(XXIV)on tieating &pcﬁmoﬂmnol
mith phosphotus pentoxide; but the prduct obteined in
the present work was simply 2-phenoxyethyl moom‘;ato.
Similarly, attempted dehydration of (XXIII) with \é;aoial
acetic acid /zinc chloride, and acetic nmydx\-ido /

pyridine simply yielded 2-phenoxyethyl acetate (VIII).

Sumning up, it is clear that the foregoing
experiments on compounds analogous Lo 2-hydroxyethyl benzoate
suggest no simple mode by which water can arise on pyrolysis
of the latter ester,
2+9. The Pyrolysis of 2-Fh € Acetate (VIII):

Knights and Cooper (21), in an attempt to
prepare phenyl vinyl ether (XVI) from 2-phenoxyethanol (XXI11I),
oracked the acetate of the latier, and obtained acetic aecid,
phenol, and benzeldehyde, but no phenyl vinyl ether. Pyrolysis
of the acetate (VIII) has now been studied in some detail,
partly to verify these results, since the formation of
benzaldehyde is very surprising, and also Lo complete the
work on disproportionation, and en the dehydration of

2-phenoxyethanol,
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2~Phenoxyethyl acetate (VII1) bresks down
at oca, 400-§oo° to give & number of products, whioch are
best explained by the following schemei-

—> AGOH + m.a'“ma ssesesessessnnees At
(x¥1) ;

—> MeCHO +[PhO.CHa+CHO] —PhOMe + CO,.s. B / 01

MO%O%OOAe‘_

(vi11) > PhOH + [CH, 1 CH.0AC] — Me.C0 socennes B/ ¢!

— Ph{HO

As might be expected, elimination of acetic acid is the
predaminant reaction (5‘). Aoy l-oxygen soission ( 22) is a
minor reaction, and results in the formation of
phenoxyacetaldehyde, which loses carbon monoxide ( g‘) vo

give anisole., In a search for phenoxyacetaldehyde itself,
the pyrolysate fraction which might have contained it was
treated with 2id-dinitrophenylhydrazine hydrochloride
solution. A derivative wae obtained ( DNP ) which was
analysed by paper chromatography (45); it did not correspond
to either phenylacetaldehyde or phenoxyacetaldehyde, but

to benzaldehyde, This identification was confirmed by

mixed melting point of the DWNP., Phenylacetaldehyde was
sought because it is a concelvable isomerisation product

of phenyl vinyl ether; its absence from the present pyrolysate
15 in asccordance with the fuct that phenyl vinyl ether itself



does not yleld ay phenylacelaldehyde on pyrolysis (see
Section 2.2)., The presence of anisole (b.p.154%) was
proved by the preparation of its dinitro derivative;

this was obtained in poor yield, because the pyrolysate
fraction also contained phenyl vinyl ether ( b.p. 156°%),
and the asotion of & nitrating mixture led to considerable
resinification. Phenol is obtained in small amounts; it
may arise in part from phenyl vinyl ether (Section 2.2,)
but Whie presence of acetone indicates that (VILI)
undergoes sclssion directly to phenol and vinyl acetate,
the lal.er being known %o yield much acetone on pyrolysis
(4,5, The only product for which no simple explanation is
apparent is bengaldehyde, The fommation of acetic acid
and phenyl vinyl ether sug ests by analogy that pyrolytic
dehydration of 2-phenoxyethanol (XXII1) leads Lo water
accompanied by phenyl vinyl ether,

2.10 t structure on disproportionation.

The foregoing results confirm that (as
might be expected, Lhe occurrence of the following
disproportionation is markedly affected by the nalure of
the groups X and Y:

x.%omaor-—% Fi I.%.cﬁz.x + * !o%o%o!ooooooooo.&

Thus, where X = B20 and Y = OH,Cl, or O.CH:CHy, pyrolysis
yields ethylene dibenzoate; but when X = Ae¢0 and Y = OPh,



neither ethylene diacetate nor ethylene diphenyl ether is
obtained., It is not very likely that they will be entirely
consumed in secondapy reactions.

2,11, The Liguid-phase Pyrolysis of Poly(ethylene Terephthalate)
(1), Terylene.

Poly(ethylene tersphthalate) (1) is stable
up Lo ca. 200°. but above 210° it begins to decompose. 10g.

and 20g. samples of Terylene chips were heated in an open
conical flask imuersed in a bath of Wood's metal, The

following preliminary observations were made:-
Bun, Bath Temperature. Duratlon Decomposition,

L. 100° Zhr, Nil.

2, 145° Zhr, Nil,

X x9o° 2hr, Nile

4, T Zhr vhite sublimate
in nulu S ﬁo" ] 5

A sublimate was zlso formed when the experiment was performed
under nitrogen (230-40°). Thus, decomposition appears to
set in just below the melting point of poly(ethylene
terephthalate) (02.260°).

The liquid-phase pyrolysis of poly(ethylene
terephthalate) was then carried out at 340° for five hours,
The products included the following compounds: - (1)
terephthalic scid, (11) benzoic acid, (iii) 4-acetylbenzoie
acid, (iv) acetaldehyde, (v) acetophenone, and (vi) a



compound Ap (sec experimental section) that has been
tentatively assigned the following formula:-

n.cocog.cu,.cu-‘,.ozcco,u. Ao

There was & residue (dark solid) (A3, which is believed
to be poly (ethylene terephthalate) of lower molecular
weight than the initial value. There was no indication
of the presence of (1) water, (ii) ethylene dibenzoate,
(1ii1) a compound $ having tLhe properties desoribed by
Marshall and Todd (2) in their pyrolysis of Terylene at

ca. 3000 (mpe 1500 decomp, )

") COgeCitge cn,.ozc wl/s “N co,.%.mg-o.% %02‘3@-

(1) (41)
(I

A consideration of the formula of(technical)
Terylene (above) suggests that the most important primery
reaction in the degradation will probably be alkyl-cxygen
scission at the predominating ethylene glycol units (i) and/or
the subordinate diethylene glycol units {ii). On this basis,
terephthalic acid should be an importent primary
decomposition product, and hes been found by the previous
workers; in addition, benzoic ascid is formed bty the well-known
semi-decerboxylation of terephthalic acid. This A'lctulw
gives rise concurrently to vinyl carboxylic esters, thus:



©m2 i 2.%.ozc.~_> cogu G G 1O c@w“

The secondary decomposition of the vinyl ester
end-groups leads to the formation of methyl keltones Ly the known
;lV_C' route, It is not possible Lo determine precisely the stages
leading to acetophenone; btut the following chart shows the
various possibilitiesie

—— A / \> COg.QIQoQ‘aooéc ' coz.a":%

1
R/C \
| \r\/'\,© mzoma oa‘la 0023 @ COMe
T, 2 =N
A C0O2.CH: G, + HOZC €O . CH: CHy
____> | i, ]

o
GQSGH.OII C \"/, COMe

X& y

11d=dincetylbenzenc is a likely decomposition product of poly-
(ethylene terephthalate), but it wes not found., This may have been
due Lo the fact it is not formed at all, or more likely, is formed

| in such small amounts as Lo escape detection,
) The formation of acetaldehyde in the decomposition
. of poly(ethylene terephthalate) has been reported before by Pohl (1)



and Marshall and Todd (2)s The two principal sources of
acetaldehyde are, on the basis of results obtained with the model
compounds, (1) a disproportionation reasction ococurring at various
points of the polyester chain, (i1i) the ether linkages in the
polyester chain, which yleld first of all vinyl ethers by A‘
scission and then acetaldehyde by glgoisuen, It has already been
shown ty Allan (6) that consecutive A‘ and D reactions are
responsible for the formation of benzoic anhydride and acetaldehyde
in the pyrolysis of ethylene dibenzoate, thus:

B20,Cl, o CH, 0Bz — > B2OH + B20.CH:CHp ... Al
——— Ba0,CHNe ,0B2
> Bz O+ MeCHO I

Precisely the same _A’_’Q mechanism can explain the formation of
acetaldehyde and acid arhydrides from poly(sthylene terephthalate),
As random chain scission of the polyester chain proceeds,collision
and intersction between carboxyl and vinyl ester end-groups will
occur more frequently as the individual molecules bLecome smaller,
124 Detect of & low mol ar weight int 2L

The identification of the compound Az is
based on various analytical figures, A, was obtained from
the pyrolysis residue Ly extrzction with boiling acetone,
It was, however, a sparingly soluble solid, the best solvent
being glacial scetic acids It was a carbexylic acid,
dissolving in sodium hydrogen carbonabe selubtion on warming
and more readily in caustic alkali, and was reprecipitated
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by mineral scid. Ius high meliing point (> 360°) and
ibts comparative ingolubility mmade the deteradnation of
its wmolecular weight impracticable, The mioro-analysis
of /pagrees with the formula shown. This constitution
has beon substantiated by studying the guantitabive
hydrolysis of Ag. Tuble 1. gives the acdd wnd ester
eivalents of a number of compownis having the general
formula: -

.%omdo%*%c 7\ covmg.au%o,c@w

(X = Ac,H, o¥

The Table also gives ithe respective analytical values, and
the glycol content, the latiLer being the percentage ethylene
glycol liverated on complete hydrolysis., The values obtained

WETE} =
i, id valent i- 149
(i) f%“‘:-mi a - 26149
(3i) ©Ester velent:-  121,6,

- (total ) , '
(ii1) Mlcro-analysis:- C,6349; Hyde7 1
erce 1
A et

From the table it will be seen that these values taken
together sgree for one compound only, namelyie

MeCO @ma.az.mz.o,c @oo,u



The formala of A, must be regurded as iLenbative, uniil
it has been aynthesised and compared with the original
materials The formuilon of a compound such as Ap is,
however, compatible wiih previous results,

The residue ,_\_3 from the pyrolysate was in
all probabdlily poly(ethylene terephthalate) of lower
molecular weight than the initial value, It dissolved
more readily in phenol than the starting material,
Marshall and Todd (2) have showsn that the molecular weight
of the polyester decreases gradually on heating, and the
liguid-phase pyrolysis at 340° (five hours) muy therefore
ke expected Lo yield a polyesier having & smaller molecular
welght vhan the origined material, Aq on hydrolysis gave
ethylene glycol and terephihalic aclid, A compound having
the formula, «@lg.%.oac.cbu‘.cog]: gives on hydrolysis
80443 of terephthalic mseid (by weight), whereas O‘lﬂior
this acid was liberated on hydrolysis of &’ The slight
excess is probably due to the presence of random anhydride
lirnkages,

2413, Pyrolysis of poly(eihylene vevephthalate) in a flow-reactors
the "vapour-phase” pyrolysis of poly(ethylene
terephthalate) ( I) was carried out by allowing molten

Terylene (commercial material, chips) to drip into & glass
reactor, modified for this purpose (Fig. 2) by fusing the



dropping funnel on to the reactor so azs to dispense with
a Joint, Ingtead of a tap, a wide glass tube wus used and
the rate of flow was controlled by regulating the heating
of the Terylens, and therely its viscosity,

The results chluined in the vapour-phase at
450-75° are in good agresment with those obtained with the
model compounds and with the results of the liquid-phase
pyrolysis, The substituted sthylene dibenzoate (A,) and
the high-molecular-weight resldue obteined in the liquid-phase
pyrolysls wers, however, absent. The products identified
were (1) terephthalic acid, (411) benzoic seid, (111) 4~
acetylbenzolc acid, (4dv) vinyl benzoate, (v) acelophenone,
(vi) acotaldehyde, (vii, an anhydride, (viii) carbon
monoxide, (ix) carbon dioxide (x) methane, {xi) acetylene,
and (xi1) ethylene, The absence of the higher molecular-
weight compounds obtained in the liquid-phase pyrolysis is
prebably due Lo the higher bLemperature involved in the
present case, Ihe resulls oblalned in the flow-reactor show
that the decomposition of poly(ethylene terephthalate) follows
the same pattern essentially as before,

2414 Coneclus

An importent aspect of the study of the themmal
decomposition of poly(ethylene terephthalate) has been the
detalled examination of the pyrolysis of several simple
model compounds. The information derived from them, teken



together with previous knowledge, has made it possible to
interpret more accurately the results obtained with the
polyester. The important features of the decomposition
of poly(ethylene terephthalate) may be summarised as follows:e
(1) The formation of terephthalic acid (by alkyl-oxygen
scission), accompanied by the appearance of vinyl ester
end-groups, (2) The formation of methyl ketones by
#/G! conversion of a vinyl ester, the natural end-product
being acetophenone, (3) The formation of acetaldehyde and
anhydrides Ly a two-stage disproportionation reaction; the
aldehyde can also be formed at ether linkages (diethylene
glycol units) via vinyl ether intermediates, (4) Onset of
decomposition of the polyester near its melting-point,

The elimination of acid in the pyrolysis
of an ealer probebly tLakes place vie a guasl six-membered
ring intemmediate. The conversion of a vinyl ester to a
methyl ketone has been shown by Allan (5,6) to invelve the
formation of a f5 ~ketoaldehyde, There appears, therefore,
to be some Justification for on & molecular basis, explaining
the results obtained. Considering, however, the formation
of ethylene from vinyl ethers and esteérs, and of benzaldehyde
from the model compound 2-phenoxyethyl acetate, it is clear
that no single mechanism accounts for all the facts. A very
desirable corollary to the foregoing workwould be & kinetic
study of the various competitive routes observed, with a



view to deciding whether each one is molecular or maul‘
in nature, and & study on these lines has now been commenced
in these laboratories.



Chapter III - (morimulg

3«1 Apparatus. (a) Flow-reactor:
The cracking unit consisted of & vertically

supported Pyrex-glass tube represented diasgrammsatically in
Fige 1. It was filled with short lengths (oa. 1") of Pyrex~
glass tubing, and had a contact volume of ga, 2')0 ml, It

was heated elecuricully in a furnace whose silica tube was
18" long, and had a diameter of 2., The temperature of the
furnace was controlled by & 'Sunvic' unergy vegulator. The
temperature of the reactor was measured abt approximsately
its middle, by means of a chromel-alunei thermocouple,
encased in a glass sheath to prevent any catalysis by the
metal, It probebly represents the maximum teuperature in
the reactor, there being some variation due tc radiation
and convection effectis,

(b} Statie resctor:

This consisted of an ordinary round-bottomed
‘Quickfit' flask with three necks, heated in an
'Electrothermal’ heating mantle, The temperature was
measured by an ovdinary thermometer, using & ‘Quickfit'

thermometer pocketl,
2 Method of Pyrolysis.
Most of the compounds mentioned in this

dissertation were pyrolysed in the flow-resactor, Terylene



was cracked in the flow-reaclor as well as in the static
resctor, The pyrolysis was carried out by dropping the material
from a funnel fitted with a side samm (see Fig. 1) to egualise
pressure above and below, Solid compounds were melted,

using a heatling tape wrapped on the outside of the dropping
funueli, For the pyrolysis of vinyl ether (1X), a triple-
walled condenser was converted into a dropping funnel, and the
ether was cooled during the run Lo prevent undue evaporation.
The reactor was slightly modified for the vapour-phase
pyrolysis of Terylene, and is shown in Fig. 2.

The pyrolysate, s 1t came out of the reactor,
was divided into various fractions Ly fractional condensation,
An outlet from the first receiver (high-boiling fractions
and solids) led Lo a second receiver cooled in acetone-
‘Drikold', and thence to & 20-litre aspirator where the gas
was collected at avmospheric pressure(constant level device)
over water with an overlying parvaffin layer. In many cases,
appropriate chemioal traps were placed between the first
receiver and the aspirator. An aniline trap was used for
keten (acetanilide). A solution of 2:4-dinitrophenylhydrazine
in dilute hydrochloric acid / ethanol was used Lo collect
veolatile aldehydes ~ Lo give DNPs.

The pyrolyses were conducted in an atmosphere
of nitrogen, The whole system was evacuated first, and then
nitrogen passed through for several minutes before stariing
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a run, The evacuation was not carried out for every pyrolysis;
in such cases the system was flushed with nitrogen for a
longer period before commencing. Caution is necessary in
evacuating the aystem, since the application of a vacuum to

a well-heated glass tube may cause the latier to buckle,

The passage of nitrogen was in general discontinued once the
pyrolysis had begun., At the end of the run, the system was
flushed with nitrogen to expel all pyrolysis gases.

33« Tamperature and Contact Time:

As mentioned in the intreductiion to this
thesis, the object of the work was a full qualitative study of
the themmal decomposition of poly (ethylene terephthalate)
or Terylene, There being no set conditions of lLemperature
and contact Lime which had to be followed, the pyrolyses of
the model and related compounds were carried out in the
region of 350-550°, using a rate of flow of Ga. 0.3=1.0g/min,
The pyrolysis of Terylene was effected in the static reactor
at 340°, Previous workers had employed slightly lower
temperatures, It has been found that in the range employed,
an increase in temperature or contact time leads only Lo

increused decomposition, and perhaps to greater carbonisation,
The latter appears Lo be & constant feature of the themmal
decompositions studied, the amount of carbonisation being
variable. The procedure with regerd to carbonisation was

as follows, When the reactor was used succesively for the



pyrolysis of the same compound, it was freed from soluble
matter, before & run, using ordinary solvents. When the
amount of carbonisation was such that it might have caused
blocking during a run, the reactor was ¢leaned thoroughly
before stariing. The carbon deposii was removed very
simply Ly heating Lo a sufficiently high temperature in
the furnace,

2eée Methods of Analysis,

Pyrolysate fractions were divided where
possible into different groups Ly chemical methods of
separation., This applied in particular to the removal of
carboxylic acids, The neutral fractions were usually liquid
and fractionally digtilled. Cautlon is necessary in employing
fractionating columns, because the longer periods of heating

that are then necessary sometimes cause further chemical
changes Lo take place, and in any case lead to slight loss
of material., The examination of the various fractions
obtained from & pyrolysis was done by established procedures.
The knowledge derived from boiling points wes useful, in
that some possible constituents could be eliminated
straightaway, Solid materials were confirmed by mixed
melting points, Gases were analysed by vhe standard Hempel
method,

2s2. Use of infra-red spectrometry:

The normal chemical methods of examination
of pyvolysate fractions were in many cases supp lemented
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by (a) infra~red spectroscopy, and (b) chromatography, and
(¢) colour tests.
7 The infru-red analyses were done in a double
beam spectrometer, described by Brownlie (5%), Solid samples
were done as a Nujol mull, Liguids were determined either
in capillary films or in standard cells, Gases were
examined in & 10 om. c¢ell, The windows were all of sodium
chloride, The identification of pyrolysate fractions
involved comparison of their infra-red spectra with standard
compouncs, This method of proving the identity of a
compound, viz,, the obtaining of iwo idenbtical specira, one
of the unknown and one of a known, is very accurate, and in
many cases rupid,
3s64 Chromatography:

The technique of paper chromatography consists

of applying & very small amount of substance on one side of

a sheet of filter-paper, and then feeding the paper with a
developing solvent in a tank saturated with vapour of the
solvent, The spot of material travels along the paper (upwards
or downwards) and is located visually, by means of a spray,

or by means of ultra-violet light or some such means, For

& given set of conditions of paper, Lemperature, and solvent,
the ratio of the distance travelled by a spot to the distance
travelled by the solvent is constant, and is called the gF

value.



Uistanece travelled by substance

= R.
Distance travelled by solvent i

The identification of an unknown is very
simply sccomplished by spotting several suspected standards
along with 1t and then developing with one or more scts of
solvenis, Two samples which are the same give spots at
similar positions for any solvent system,

The paper chromatographic method of analysis
has been applied in the present instance chiefly to
aldehydes and ketones, and also Lo an acid, Aldehydes
and ketones have been identified by thelr 2:4-dinitrophenyl~
hydrazones, or UNPs, The mixed meliing point metlhod is
satisfactory in many cases, but the applieation of the
chromatographic wethod enables very smell amounts of
material to be detected, The lattier is one of Lhe very
speclial merits of paper chromstographic method of analysis,

The method of Burton (49) has been euployed
for the analysis of LiPs oblained from pyrolysate fractions.
hatman No, 1 paper was treated with eliher 70% aye. ethyl
lactave, or ethyl tartrate in aqueous mebthanol (ethyl tartrate:
water: methanol = 1:3:12) and dried until surface weitness had
Just disappeared, The degree of drying has a profound effect
on &: values, and so standard compounds were used in all cases
for identification. It was found after trial, that by using

slightly over-dried paper, the time required could be
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considerably reduced without affecting the identification

of the spots, The latter were in many cases visible as pale
yellow spots, but always showed up in ultre-violet light as
dark spots. There was not much difference between ethyl lactate
and ethyl tartrate as stationary phases, and their use was
somewhst arbitrary. When using the DNP of 4-ucetylbenzoic
acid, however, the letter was employed. The solvent used for
irrigation was 1,70 or 2i solution of carbon tetrachloride

in light petroleum (60-80°). For identifying 4-acetylbenzoic
acid DNP, a 203 solution of acetone in light petroleum
(60-80°) was found to be effective, The cerbon btetrachloride
light petroleum mixture was inadequate to distingulsh

between benzaldehyde and acetaldehyde, and this was overcome
by using untrested paper and a 5% solution of ether in light
petroleun (60-809) (46).

The cocurrence of stre king was found to be
unavoidable in some cases, without using a more powerful
solvent system which prejudiced the separation. For the
identification of some constituents, however, this did not
matter. To distinguish between the DNPs of acetophenone
and 4-chloroacetophenone proved very difficult. Both
have nearly the same 3{__ values, and with the presenge of
some stresking, the separation between the two in a mixture
was not very obvious. To make the identification more rigorous,
the DNP mixture was {irst chromatographed on a column of



bentonite /kieselguhr (39) using chloroform as eluting
solvent, and finally working upto 1003 acetone. The

eluate was collected in 10 ml, fractions und the various
constituents identified by plotting optical density

against fraction number. The fractions containing one
constituent were collected and concentrated to small

volume. The latter were then analysed on paper in the usual
waye Using single compounds thus, the identification of the
LiPs of acelophenone and 4-chloroacetophenone was
accomplished,

The paper chromatography of substituted
benzoic acids has not been done Lo any great extent in
the past. The pyrolysis of 2-(4-chloreobenzoyloxy)ethyl
terephthalate (VI1) involved the identification of
benzoic acid in the presence of 4-chlorobenzoie acid. This
has been done by the method of paper chromatography.

For this purpose, Whatman No, 1 paper was used with 40%
agueous acetone as developer, and bromophenol blue as
spray indicator., The spots were revealed as yellow
spots against a blue background,

2a]e Colour tests:

The colour reaction test was used (1) for
the examination of methyl and ethyl benzoates in one of
the pyrolyses of 2:2'~dibenzoyloxyethyl disthyl ether (1V),
For this purpose, the total pyrolysate was hydrolysed and




distilled, The low boiling material so obtained was

used to Lest for the presence of an aloochol by the
xanthate colour test (34). No alochol was found, A

blank with a trace of methanol was carried out at the

same time. (11) Several of the compounds examined gave
rise on pyrolysis to small amounts of anhydride the
identification of which in Lraces is a matter of some
difficulty. Hurd and Bennet identified benzoic anhydride
formed in the pyrolysis of benzyl benzoate, by the
absorption of & smalli amount of bromine without the
evolution of hydrogen bromide (14). A more elegant test for
linear anhydrides was desoribed by Davidson and Newman (47)
using < «4-nitrobenzamidophenylacetic acid, The test is
done in pyridine solution, and & blue colour is obtained
almost ilmmediately, the colour soon fading away, Ry
applying this delicate Lest, the presence of anhydride has
been revealed, which may otherwise have escaped detection.
348, Synthesis,

The synthesis of the model compounds, and
the other compounds relevant to this work, is desoribed,
The gift of the following chemicals by lmperial Chemical
Industries, ltd, is acknowledged gratefully. (i) 2-hydroxyethyl
terephthalate, and (ii) poly(ethylene terephthalate), or

Terylene , chips,



(1) 2:12'~Dibenzoyloxydiethyl Ether (IV) (48).
(a) Dry sodium benzoate (50g.), 2:2'=dichlorodiethyl
ether (100g,) and a few drops of diethylamine, heated at
200° (6 hr,), yielded 2-chloro-2'-benzoyloxydiethyl ether,
bepe166°/8mm, (14t. bep. 191°/25mm,) (Found: C,58.1 ;
H,6404 Cale, for CyghygOsCli C,57.8 ; H,5.7# ) and the
ether_diester (IV) (10g.; 185 of theory), m.p. 33.59,
bape 250%/3mm, (1it: DeP.279=819/24 mm.; no m.p. recorded
previously).
(v) 2:2'~Dihydroxydiethyl ether (diethylene glycol),
on benzoylation (Schotten-Baumann), yielded the ether-diester
(Iv) smoothly (47% of theory) (Found: C,68,6;H,6,0. Gala,
for Cyg Hyg 053 C,08.8; H,57%).
(11) Ethylene bromoacetal (49)
This is a starting material for making

2=-hydroxyethyl vinyl ether, thus:

P

Br Chg o CH Na . CH,:CH.O4CH, . Ci,0H,
S >
o-@ia

125g, of paraldehyde were brominated at -10°,
with 315g. bromine as described by Hill and Pidgeon (49);
after 10 hours, 135g. ethylene glycol were added slowly,
to prevent heating. After six hours at room Lemperature,
the mixture was teken up in ether, and washed succesively




with concentrated sodium bisulphite solution, 10; alkali,
water, and dried over potassium carbonate, Distillation
afforded 185g. of material, b.p. 62%/4.5 mm. Lit: bep.
68=719/1 5mm,

(111) 2-Hydroxyethyl vinyl ether:

15g+« bromoethylidene ethylene glycol were

gently warmed with 20g. sodium in 150 ml, anhydrous ether
for 7 hours. The brown deposit obtained was decomposed
with water (15Cml.), taken up in ether, and dried

(potassium carbonate)s Distillation gave ca. 10g, of
2-hydroxyethyl vinyl ether, b.p. 44-5°/10-.. used without
further purification in the next step,

(iv) 2-Benzgyloxyethyl vinyl ether (X).
(a) 2-Hydroxyethyl vinyl ether (10g.), treated
with 10ml, benzoyl chloride in pyridine (20ml,) in the
usual way, gave Se7g. (X), bepe, 130-40%9mm, Lit: ["_P'
133%/9am,
(b) Attempts to prepare (X) by dehydrochlorination
of 2-chloro-2'~benzoyloxydiethyl ether with pyridine,
guinoline, or collidine were unsatisfactory on account of
low yields, Heating in an sutoclave led to total resinification,
(o) The best results were obtained ss follows,
Dry sodium benzoate (60g.), 2~chloroethyl vinyl ether (200g.)
and triethylamine (3g.) (found to be a better catalyst than
diethylamine), refluxed gently for 24 hours and filtered,




gave 70g. (873 theory; of the ether-ester (X), b.p.138-40°/
15mm, Lit: bepe 133° /Omm,

(v) Zeiiydroxyethy) bensoave (V) (17):

(vi)

(vi1)

Sodium benzoate (200g.), ethylene chlorhydrin
(400ml,) and a few drops of diethylamine, heated for four
hours at 140% and filtered, gave 415g, (V), b.p. 146°/3mm,
and mepe 377 Lit: bepe 173%/21mm. It hss been described as
a 501id (50) meps 45°. (Found : C,65.73H,641; Cale, for
09 Hyg 03 ¢ C,65¢1 ; H,040% )e
2-Hydroxyethyl _ werephthalate:

Sodium terephihalate (8ge.) was heated with
ethylene chlorhydrin (20ml.) end a few drops of diethylamine
for 24hr, at 140%, After the sodium salts had been filtered
off, the filtrate slowly yielded a white solid, Yield :
1.3g. It crystallised from acetone as shining plates,
mep. 112°, and did not depress the melting point of a
sample of 2-~hydroxyeihyl terephthalate, supplied w
Imperial Chemical Industries, Ltd,
2=-Chlo i benzoate:

Bthylene chlorhydrin (20g.) was heated with
4-chlorobenzoyl chloride (45g.) for two hours on a boiling
water bath, and left overnight, when & white solid was
obtained, It was dissolved in ether, washed twice with
dilute alkali, then with water and dried over CaClp.
Distillation afforded 42g., of pure 2-chloroethyl




(viii)

(ix)
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4-~ghlorobenzoate, bep. 145°%/5mm. and mep. 40°,
2-4~Chiorobenzoyloxy jethyl terephthalate(VIil):
(a) 2-Chloroethyl 4-chlorobenzoate (21g. ),
sodium terephthalate (10g. ), and a few drops of diethylamine
were heated in tetralin (25ml,) for 6 hr, at 200°, The
mixture was poured into 200ml, water, and extracted
repeatedly with chloroform (CaCly) Evaporation of solvent
gaéve & dark-brown liguid with a solid suspension, The
latter was Tiltered off and recrystallised from methanol
several times (Norit), (VIl) was obtlained as a finely
divided solid, m.p. 140° (Found : C,59.1; H,4,1%;
Cg6 Hgo Og Cly requires C, 58.8 ; H,J.8% ).
(b) 2-Hydroxyethyl terephihalate (10g,) was
treated in pyridine solution (2Cml,) with 4-chlorobenzoyl
chloride (14g.), warmed for a short while and poured into
100ml cold water., The yellow solid obtained was filtered,
and washed succesively with dilute hydrochloric acid, sodium
hydrogen carbonate solution, and water, It was then
reorystallised thrice from ethanol: mep. 138-40°, (Found :
C359403H,443; C1,13.7; 036 Hoy Og Cly Tequires C,58.8;
H,3¢8;C1,13:4 #£). A mixed melting point with a sample
prepared as in (a) was 139°, vield: quantitative,
Ethylena d lorobenzoate:

This was made Ly treating ethylene glycol
with an eguivalent amount of 4-chlorobenzoyl chloride in




pyridine solution., It was recrystallised from ethanol,
mepe 142-3° Heim and Poe (5C) give the m.p., as 140°,

(x) 2-Benzoyloxyethyl 4-chlorgbenzoate (XXI)

(x1)

2-Hydroxyethyl benzoate (10g.) was tLreated
with 4-ghlorobenzoyl chloride (10.5g) and pyridine (10ml,),
and after a short period of reaction, the mixture was
poured into water. The solid precipitate erystallised
from ethanol as needles m.p. 188°,
e et e (51

Ethylbenzene (100g,) was dissolved in
carbon tetrachloride (600ml.) and Lreated with acetie
anhydride (112g.) and an/ydrous aluminium chloride (146g. )
After 4 hr, the mixture was poured into a large excess of
water, the decomposition of the complex being completed by
the addition of hydrochloric acid, The carvon tetrachloride
layer was separaived, dried over potassium carbonate, and
distilled, The fraction boiling at 210-45° (30g.) was taken
as the required substance and used without further
purification for the next stage. Lit: b.p. 235°, 236°.

(x41) 134-Diacetyibensene (XIX):

4-Ethylacetophenone (28g,) was partially
oxidised by hesting at 150° for 24 hr, while dry eir was
blown through, using & mixture of chromium sesquioxide (0.3g.)
and cadmium carbonate (O.1g.) as catalyst, On cooling, the
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mass solidified. It was dissolved in ether (250ml, ), and
washed with sodium carbonate solution. After drying over
03012. ether was removed, and the residue distilled at
reduced pressure. The solid distillate was the reguired
1:4-discctylbenzene, It was obtained in rather poor
yield, mainly because of loss of 4=ethylecetophenone

when air was passed through. A crude sample melted at
103%, Lit: meps 111-12°%,

The DiP of 1:4-diacelylbenzene was made by
reacting the ketone with & large excess of reageni. Inspite
of this however, the derivative, after crystallisation
from glaclal acetic scid, showed two spots when snalysed
chromatographically on filter paper, The Lwo spols are
probably due Lo uhe mono- and di- DiPs of 1.4 dlastylbenzene.
The mixture was used without resolution, when used as
reference material for the vesting of urknown LNPs for the
presence of 1:d4~diacetylbenzene.

(x41i) 2-Chloreeuhyl benzoave (XAll; (92):

Ethylene chlovhydrin (100g.) was hested with
benzoyl shloride (192g.) on & water bath, brought gradually
t0 boiling. After 2 hr., the mixture was sel aside overnight.
The mixture was poured inlo a separating funnel ocontaining
200ml, water and solid sodium hydrogen carbonate added till
all acid was neutralised. The olly layer was taken up in
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ether (100ml,), washed with waler, and dried over CaCl,.
Distillation afforded (XX11) as & colourless liguid,
bepe 152°/15mm, (Lit: 118-20°/2mm.), Yield: 194g,
(84,5% of theory).
(xiv) 2-Phenoxyethyl acetate (Vill) :

2-Phenoxyethanol (27.6g.) was refluxed
gently for 4 hr, with scetic aphydride (50ml.) and a few
drops of pyridine, The product was worked up as usual,
and smounted Lo 29g. of a colourless liquid, b.p, 25267,
(Found : C,67.1; H,6.9; Cales for Cyq Hyg03, €,66.7;
Hy0e7%)0 (n}‘?: 1.504), Yield : 80.6% of theory.

(xv) Phenoxyacetaldehyde (53):

2-Phenoxyethanol (30g.) was oxidised
using potassium dichromate (20g.), conc. sulphuric acid
(25ml,) and water (200ml,). After half en hour at room
temperature, the product was dissolved in ether, and
washed with sodium c¢arbonate, solution, and dried over
sodjum suphate., Distillation afforded phenoxysacetaldehyde
as an oily liquid, t)O‘/Ah. The distillate was freed
from 2-phenoxyethanol by shaking with alkali, from ether
solution, Phenoxyacetaldehyde gave a brownish DNP,
orystallising from ethanol as fine needles, mep. 128°,
It gave a single, clear spot, when analysed chromatographically
on filter paper.
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(xvii)
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2-Bromoethyl phenyl ether :

Phenol (188g.) was heated with ethylene
dibromide (376g.) and 800ml, 10% sodium hydroxide solution,
for 5 hrs The product was cooled, extrsocted with ether,
washed well with water, and dried (CaCly). Removal of
ether gave 350g. of crude z-bromoethyl phenyl ether,
which was & mess of shing white plates, m.p.30° (Lit:35%).

It was not distilled further, as it decomposes easily,.
Phenyl vinylether (XV1) (54) :

2=-Bromoethyl phenyl ether (400ge.) was
gently refluxed over solid sodium hydroxide (400g.) for
5 hr, wherely a fraction (D.p.Sés 100°) was obtained,
separating into Lwo layers, When the residue showed no
sign of distilling any further, suction was carefully
applied, 120g. of a colourless liquid was thus
obtained (beps 292-5%/6mm,), solidifying immediately, It
recrystallised from ethanol as white leaflets, and was
identical with ethylene diphenyl ether, m.p. and mixed
mepe 98°, The low boliling emulsion was extracted with
ether, dried, and distilled twice, Pure phenyl vinyl ether
free from halogen compounds was thus obtained, Yield: 22g,
Boiling point : 155-8%9, The low yield was due to the
unexpected formation of ethylene diphenyl ether, Allowing
for the presence of small amounts of it in the 2-bromoethyl

phenyl ether, it is apparent that most of it arose out of
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(x1x)

a disproportionation of the latter. Itls formation has
not been reported before; it may be a general reaction
since it was formed Ly heating (refluxing) a pure sample
of 2~chloroethyl phenyl ether,

Ethylene glyecol diphenyl ether :

A solution of phenol (9.4g.) in 83 scdium
hydroxide (50ml,) was refluxed with ethylene dibromide
(9+4g.) for a few hours, cocled and filtered., The solid
that sepuarated orystallised from ethanol as plates,
maPe 90°.

X -~Aminophenylagetic acid ‘221:

Sodium cyanide (25g.) was dissolved in
water (100ml, ), and then 26.5g. ammonium chloride added,
When all had dissoived, a solution of benzaldehyde (53g.)
in ethanol (100ml,) was added, The mixture was shaken
thoroughly and allowed to stand for 13 hr, water (250ml.)
was then added, causing an oil to separate, This was
collected in benzene (250ml,) and washed with water. The
amino nitrile so obLained was exiracted from benzene
solution by shaking it twice with 150ml, hydrochloric acid
solution (131)s The agqueous solution was refluxed for
Lwo hours, cooled, and filtered from small amounts of
tarry material, The free amino acid was precipitated with
emmonium hydroxide, filtered, washed with water, and some
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ethanol, and dried, Yield :115.,1g. m.p. 1 264°,
(xx ({4 =Nit robensemidgphenylacetic soid (55) :

A solution of pure o ~aminophenylacetic
acid (15.1g.) was dissolved in 120 ml. 105 sodium
hydrexide solution and made up to 250 ml, with water,
16g. of sodium hydrogen carbonate were then added,
causing a part of the amino acid Lo precipitate, Fina.li:y,
20g. fTinely divided 4-nitrobenzoyl chloride was added,
and the mixture vigorously stirred for 50 min.,
maintaining the temperature below 20“. At the end of
the time, the acid and acid chloride had gone into
solution (deep purple). The solution was filtered, and
acldified with an excess of 10% hydrochloric acid, The
pink sticky solid ottalned soon turned into a flocculent
white solid, It was filtered, and recrystallised from
ethanols Yield: 19.8g. meps : 184%, Lit: m.p. 184°,

Its solution in pyridine gave a deep blue colour with
acetic and benzolc arhydrides, which gradually faded away.

Details of Fyrolysis of Various Compounds:
3s9¢ 2:2'~Dibensoyloxydiethyl ether (IV).

Pyrolysis 1, -~ Distillation of (1IV) at atmospheric pressure
led to some decomposition, From the distillate, benzolc

acld was removed by sodium hydrogen carbonate. The neutral
fraction afforded a DNP, which was identical with acetophenone

DNP (meps and mixed m.pe 238-9°).




Pyrolysis 2. The delails of this pyrolysis are given in
Teble 2.Distillation of (a; yielded acetuldehyde, followed
by (1) 6g.80-90° (mainly benzene, characterised as
m~dinitrobenzene, m.p. and mixed mep. 90°), (41) 2.6g.,

Depe 90=120%, and (111) 1.6g., bepe 120=-160° (containing
styrene; infra-red), Benzolc acid was removed from the
residue, by sodium hydrogen carbonste ; further distillation
then yielded (4v) 1.4g., bep. 160-210° (containing
acebophenone, DNP, w.p, and mixed mepe 240°), (v) 4g.,

DepPe 210-80%, and (vi) 8,5g., high boiling residue. The
gaseous pyrolysate (b) contained carbon menoxide and
dioxide, methane, ethylene, and acetylene, but no propene
(intra-rod); As in previous pyrolyses (5), the infra-red
spectrum of (b) shosed a strong unallocated band at

1140 ca!, This band wae not found in the present case when
the pyrolysis tempersture was below 550°, Keten was absent.
Pyrolysis 3« Vinyl ether (IX) was identified in the
'Drikold' trap (infru~red), The total pyrolysate (a) was
refluxed (1 hz,; with 103 aqueous sodium hydroxide (100ml.) ;
& distillation of the hydrolysate (wster-bath) yielded no
alcohols (xanthate colour test) (34). A control test with
methanol gave a positive result,

Pyrolysis 4, The liquid pyrolysate (8) contained benzoic
aphydride (colour reaction) (47) Distillation of (a) then



vielded 7e1gs, Leps 190-240°/15 mm,, which was found to
contain ethylene dibenzoate, mep. and mixed mep. 73%

2:10, 2~Benzoyloxyethyl vinyl ether (X)

Pyrolysis 5, The 'Drikeld’ trap contained vinyl ether (1IX)
(infra-red) and acetaldehyde., Distillation of the main
liquid pyrolysate yielded a fraction containing benzoic
acid, but no ethylene dibenzoate (contrast Pyrolysis 6).
The gaseous pyrolysate (b ) conbained carbon monoxide and
dioxide, methane, ethylene, and acelylene, but no propene
(infre-red), Keten was absent (sniline trup).

Pyrolysis 6, The 'Drikeld’ trap contained scetaldehyde and
an unsaturated liquid (not positively identified, but
probably vinyl ether), Distillation of (&) yielded
benzolc acid, and the following ligquid fractions: (1)

Depe 20-60%, (1i) bepe 60=130%, (111) bep. 130-160°,

(4v) bepe 100-110%15am,, (v) 110-40"/15 mm,, and (vi)
beps above zoo°/15 mm, Fraction (iv) contained
acetophenone (paper chromatography of DNP) ; fraction (vi)
consisted of ethylene dibenzoate, m,p. and mixed m.p. 7)°o
Pyrolysis 7. The 'Drikold’ trap contained acetaldehyde.
Distillation of (&) ylelded 3.78+, beps 94°/15 mm. (vinyl
benzoate ; infra-red), a trace of benzoic acid, and
unehanged Z-benzoyloxyethyl vinyl ether.

23‘ 1 ~ Viggl ‘ﬂﬂ 21 B

The material was obtalned commercially



(enaesthetic quality ; ex- May and Baker Ltd.). Before
use, it was freed from inhibitor by distillation,
Depe 28-34°.
Pyrolysis 8., The liquid pyrolysate (&) consisted of
unchanged vinyl ether (infra.red) and scetaldehyde, ILiquid
(a) yielded an imrediate precipitate of acetaldehyde DNP,
whereas pure vinyl ether yields this substance only very
slowly, as & result of gradual hydrolysis of the ether,
The gaseous pyrolysate contained ocarbon monoxide, methane,
ethylene, and acetylene, but no propene (infra-red).
312 n-Butyl vinyl ether (XIV).

The ether (ex. Light & Co,) was carefully
redistilled before use, b.p. 92-949,
Pyrolysisc 9., Acetaldehyde was identified as in Pyrolysis 8.
The 'Drikold' trap contained an olefinie liquid; treated
with bromine, this yielded 1:2-dibromobutane, bep. 162-67°
(1iv, 166°). The main liquid pyrolysate (&) had b,p. 93-97‘.
and was unchanged,(XIV). There was no evidence of keten
(eniline trap), p-butyraldehyde, or any other breskdown
product, The gaseous fraction (b) contained carbon monoxide,
methane, and ethylene (infra-red).
2213, iso-Butyl vinyl ether (XV).

The ether was obtained commercially ex.
Light & Co.), and was carefully redistilled before use,
bepe 82°,




Fyrolysis 10. Acetaldehyde was identified as in

Pyrolysis 8. The 'Drikold' trap contained an olefinie
ligquid; treated with bromine, this yielded 1:2 -dibronoi_lqhutm
(98¢ )» Depe 149°%, 0’0 11,513 (11t, beps 149=51° n201.5i2). The
main 1iquid pyrolysate (a) had b.p. 83%, and was unchanged
(XV). There was no evidence of keten (aniline trap),
dsobulyraldehyde, or any other Lreskdown product.

3+14, Phenyl vinyl ether (XV1).

Pyrolysis Il1, The liquid pyrolysute (&) was divided into a
phenolic (bg.) and a non-phenolic fraction (4g. ) by means of
alksli, The foruer consisted of phenol (b.p. 60-75° / 6mm.;
benzoate m.p. 64°, mixed m,p. with pure phenyl benzoate

(mepe 68°) was 64-8° , The redistilled material was

examined by gés-liquid chromatograephy and shown Lo eontain
phenol, and no o-cresol, or o-vinyl phenol. The neutral
fraction on redistiiiation from & mioro-distillation flask
showed & bepe 120-35°; yield : ga, 2g. From its boiling
point, the presence of diphenyl acetal (b.p. 256°) can be
tuled out, The infre-red spectrum showed the absence of
benzene. Since, the substance did not give a DNP, the
possibility of phenylacetaldehyde and benzaldehyde can be
eliﬁinabed. IL decolorised bromine/carbon tetrachloride,

and neulral permanganale.

Je1Ds 2-Hydroxyethyl benzoate (V).
Pyrolysis 12, Acetaldehyde was identified from a DNP trap




(mep. and mixed mep. of derivative : 161%), Distillation
of (&, yielded water (Oe.bge) (copper sulphate Lest). The
material was cocled, dissolved in evher (100ml.), and
extracted with 100ml. waler, and then with a saturated
solution of sodium hydrogen carbonate (250ml.). The neutral,
ether soluble material remsining, was ethylene dibenzoate
(major portion of pyrolysate collected; mep. and mixed m.p.
730}. The agqueous extract on benzoylation gave ethylene
dibenzoate, The sodlum hydrogen carbonate extract on
seidificoation turned & liitblie cloudy, showing that the amount
of aclid present was negligible. |

Pyrolysis 13. Distillabion of (a) gave (1) acetaldehyde,
(41) a liquiad (emulsion ) bep. 80° (0sd4gs), probadly
benzene, and (111) wsater (2.3g.)s I[reatment with alkall
removed benzoic acid (20.8g.)s The final fraction was
ethylene dibenzoabe (24.1g.), containing small amounts of
benzoic anhydride (colour test), The gaseous pyrolysate
contained no hydrogen, There was no evidenoe for vinyl
benzoale, or acetophenociie.

3s16, Ethylone glycel.

Pyvolysis i4. No acetaldehyde wus detectable by means of a
NP  trap. The ligid (a) was unchanged ethylene glycol,
containing no 2-hydroxyethyl ether (infre-ved). It
conteined , however, a trace of water, This was proved by &



Karl Fisher estimation of the amount of water present

in the dhylene glycol before and after pyrolysis (see

Appendix III). This is done by estimating the amount

of water per ml, of substance. 1 ml., of material was

dissolved in 10ml, absolute methanol, and titrated

against the reagent in the standard apparatus, The titre

vaelues are given below: -

Standard solution (0.5% methanolic solution of water) — 3.5,3.3ml

Ethylene glycol (before pyrolyais) — 1675149, 148ml,
Pyrolysate (ethylene glycol after pyrolysis). — 14,1,14,5ml,

2e1]s 2-tiydroxyethyl ether,
Pyrolysis 13. Acetaldehyde wus detecled in the usual

way (DNP, chromatography). Distillation of (a) afforded
water (copper rulphate test, Karl Fisher reagent)
(ces b 2ga)s
3418, 2-Chloroethyl benzoate (XXil).
Pyrolysis 10. Hydrogen chloride was detected Ly means of
a water trap (reaction with sodium hydrogen carbonate, and
silver nitrate). A DNP trap was found Lo contain a precipitate,
which was, however, too small to identify. It showed
neverthless the presence of & traee of a volatile carbenyl
compound, probably acetaldehyde. A 'Drikold' trap contained
vinyl chloride (infra-ved) (1-2 ml,, ‘'Drikold' trapj.

The liguid (a) on distillation gave (1)
beps 160-80°%/20 mm. (12.9g.), unchanged (XX11;, and (ii)
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ethylene dibenzoate (17.5g+), mep. and mixed m,p. 73%,
The latter contained a trace of benzoic anhydride (colour
test ). Neither ethylene dichloride nor benzoic acid were
found,

Pyrolysis 1]. Hydrogen chloride and vinyl chloride were
identified as in Pyrolysis 16, From (a) was obtained this
time, 3g. benzoic acid, (1i) unchanged (XXII) (24g.;,

and (1ii) a minute amount of a white crystalline solid,

It could not be crystallised satisfactorily but since its
mep., was raised on admixture with ethylene dibenzoate
(mepe 73°) from 60° to 69°, it was in all probability
ethylene dibenzoate,

Pyrolysis 18. Hydrogen chloride snd vinyl chloride were
identified as before. A DNP trap showed the presence of
a volatile aldehyde or ketone, from a small amount of
precipitate. From (&) was obtained 15g. benzoic aecid,
41g. pure unchanged (XXIl), and ca. | g. of material

bepPe 215%/15am, which soiidified partially., The latter
could not be identified positively as ethylene dibenzoate,
It contained traces of benzoic anhydride (colour test),
Pyrolysis 19. Hydrogen chioride snd vinyl chloride (ca., 25 ml,,
'Drikold’ trap) were identified as before, The DNP trap
again showed a minute amount of precipitate. From (a)
was obtained 23.0 g. benzoic acid, and 12,3 g. unchanged




2=chloroethiyl benzoate., Benzoic anhydride was found as
before. ca. Oulge of liquid boiling ubove 280° was
obbtained and appeared Lo solidify pariially. It could
not be identified positively as ethylene dibenzoate,
2el9e Elhglene dichloride.

Pyrolysis 20, The hydrogen chloride formed in the
reaction was collected in 100 ml, distilled water, and
the solution titrated against standard alkali. From the

amount of hydrogen chloride formed, the extent of ethylene
dichloride decomposed was found to Le 7.2%,

Je20, Z-Phenoxyethancl (XX111).

Byrolysis 21, Acetaldehyle was identified from a DNP
trap. Distillation of (&) yielded water (2.7g.). The
rvesidue wus dissclved in ether (100ml.) and exiracted with
water ( 2 x 5C ml.; (A) and then with 108 sodium hydroxide
(2 x 50 md,) (B;, and finally wsshed with water, The
ellier residues were dried over CaCl, (C). A on benzoylation
did not give ethylenc dibenzoate, showing the absence of
euiylene glycol, B was woldifled Lo lilmus and extracted
with ether, Distillation of the residue (5g.) yielded (4)
bepes 180-90°, (i1, bepe 190-210°, (111) b.p. 210-32°,
Fraction (1) wus phenol (benzoate, m.p., 65% mixed mo.p. 68°%),
Fractions (1i) and (1ii) were found Wy infra-red analysis

Lo be unchanged Z-phenoxyethanol., There was no positive



evidence for phenyl vinyl ether (bep. 156%), diphenyl

ether (mep. 98°), (4ii) diphenyl acetal (b.p, 2569), or
(iv) coumsran (b.p. 188°).

2e21, 2~-Phenoxyethyl acetate (VIII),

Pyrolysis 22, Acetaldehyde was identified from a DNP
trap. An aniline trap showed the absence of keten,
Distillstion of (a) yielded (1) bep. 100=30°, (11) bep.
150-70°, (441) ca. 180°%, (iv) bep. 200°, and (v) a
distillation residue., From (1i) was obtained a nitro
derivative, mixed me.p. with 2: 4=~dinitroanisole: 85°
(original sample mepe 90‘). The presence of anisole is
therefore inferred, Hydrolysis of (i1) yielded acetaldehyde
(DNP, chromatography) showing also that a vinyl ether/ester
is present., Fraction (1ii) gave a negative ferric reaction
but ylelded & DNP readily, This was found to be that of
benzaldehyde by paper chromatography using two solvent
systems (45, 46), Fraction (iv) was unchanged ester (VIII).
P sis 23, Acetone wus detected in the 'Drikold' trap
by its DNP (m.p. and mixed m.p. 126%; paper chromatography ).
The 1liquid (a) was washed with water to remove acetic aeid,
After drying, distillation afforded (1) bep. 145°, (11)

beps 150602, (141 bep. 170-80%, (iv) b.p. 180-200°,

(V) bepe 200-20%, (Vi) bepe 220-70°, (vii) residue. 9g.
fraction (1i) treated with bromine /oarbon tetrachloride
gave Ga. 16g. l:2-dibromoethyl phenyl ether, b.p. 120° /6man,




and n%.,zx.ﬁa:'» (14t. bep. 141°/18 mm, n2%; 1,5845). Fraction
(41) consisted largely of phenyl vinyl ether, Fraction (iv)
gave a DNP corresponding to that of benzaldehyde (m.p.
and mixed m.p. 2390). It also contained phenol (ferric
reaction). The other fractions were unchanged 2-phenoxyethyl
acetate, The gaseous pyrolysate (b) contained carbon
monoxide and dioxide, methane, acetylens and ethylene
(infre-red).
3+22, 2-(4-chlorobenzoyloxy)ethyl terephihalate (VII).
Pyrolysis 24, This was intended as & trial run, The
pyrolysate was found Lo conbaln 4-chlorobenzoic acid, a
neutral solid, anhydride and a suggestion of acetaldehyde.
The total pyrolysate gave & DNP whiech was chromatographed
(eircular paper) on Whatman No. Jmm. paper, using agueous
ethenol as developer., Four bands developed, showing the
presence of four carbonyl compounds other than acetaldehyde,
Pyrolysis 23. Acetaldehyde was identiflied by chromatographic
analysis of its DNP. The total pyrolysate (a) was triturated
with ag. alkali and extracted with ether, Three layers
were obtained, The ether layer was removed and filtered
(A)s The same was done with the alkaline layer. An
insoluble solid was obtained from the interface (B). The
alkaline solution on acidification furnished a pale yellow
precipitate ().

From the total acid fraction (C) a DNP was




obtained which was analysed by paper chromatography. It
corresponded Lo the DNP of 4-acetylbenzoic acid. Dg. of

the acid fraction when treated with 100 ml., boiling

chloreform and 100 ml, cold chloroform left a residue of

1ge The infre-red spectrum of this was identical with

that of a synthetic mixture of 4-chlorobenzoic and terephthalic
acids. The chloroform solution obtained above was filtered
and the sclvent removed. The residue was analysed on

filter paper, and found Lo be & mixture of benzoic and
4-chlorobenzoic acids,

The ether solution A yielded 22,7g of a
neutral liquid which solidified overnight. 5g of it were
mucersted with 20 mle petroleum ether (b.p. ao#-too"; and
then warmed with another 20 ml., petroleum ether. A separation
took place into two layers. The upper petroleum ether layer
was decanted off from an insoluble oil. On ecooling, the
petroleum ether solution afforded a white solid (0.6g.)
which was recrystallised from 10 ml. methanol, Prismatic
rods were obtained meltiing at 133‘.

Mixed m.p. With starting material (VII) (m.p. 140%)  $116=31"
Mixed m,p., with 2-benzoyloxyethyl 4-chlorobenzoate

(XXI) (mepe188-9°)  1126-32°
Mixed m.p. with ethylene di~4-chlorobenzosate

(mep. 143°) s 136-40°



It was recrystallised from ethanol : mep. 133-9% A
mixed melting point with ethylene di-4-chlorobenzoate was
140°, The infre-red spectrum was identical with of
ethylene di-4-chlorobenzoate,

A also furnished a bright red DNP. This
was chromatographed on a column of bentonite / kieselguhr
(4:1 ) (39), using chloroform as developer at first and
then working upto 100% acetone. The eluate was collected
in 10ml. samples, and the separation followed by plotting
optical density against fraction number, The former was
measured in a 'Spckkor' colorimeter using a blue filter.

The last three fractions were collected in 2 ml., amounts
because they were washed down in quick succession, The
optiocal density plotted is one-fifth of the values actually
obtained, and is more convenient for the purpose.

The presence of five carbonyl compounds was deduced, sinoce
five maxima were obtained (Fig, 3). Two of these (Nos, 1
and 2 ) were found by paper chromatography to be the DNPs
of acetophenone and 4-chloroacetophenone, (l?ig.d).' The
other threec remain for the present unidentified, They had
smaller R_ velues than the scetophenones end might possibly
be higher molecular weight compounds.

2332! m&g.»ylmo terephihalate (1 Le

Pyrolysis 26, The object of this was to determine
approximately when poly(ethylene terephthalate) or Terylene



begins to decompose. 10g. and 20g. samples of Terylene
chips were heated in an open conical flask imuersed in a
bath of Wood's metal, The following observations were made:-

Temperature. Time, Decomposition.
8 100° 2 hr. Nil,
2, 145° 2 hr, Nil,
190° 2 hr, Nil.
4, 0=40° (temp, in
wa - 210-20°) 2 hr, White sublimate,

The sublimate was also obtained when the experiment was
performed under nitrogen. The sublimate was acidic to
litmus and was in all probability terephthalic aecid,
Pyrolysis 2], This was a lijuid-phase pyrolysis and was
carried out at 340° for 5 hr., The 'Drikold' receiver
conbuined cas 5 ge of ecetaldehyde, It formed a DNP, m.p.
153-6%, mixed m.p, 158-9%, It was examined in the gas
phase by infra-ved, when ne indication of vinyl ether (IX)
was found., The pyrolysate consisted of s sublimate (14.2g.)
and a very dark, rather intractable solid (70g.) which remained
abt the bottom of the flask.

The sublimate was boiled with 100 ml, water and
filtered -A, The residue was warmed with 100 ml, ethanel,
and filtered - Bs The residue C was shown by infre-red Lo
consist of terephthalic acid, 064g, of the tarry residue ab
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the bottom of the flask was separated by 400 ml., boiling
acetone into two fractions - Ay and aqe The latter (the
soluble fraction) was now separated by cold alkeli into
two fractions Ay and Age A, proved Lo be terephthalic
acid,

A on cooling gave a solid m.p. 108°, It
was identical with benszoic acid (mixed m.p, 116°),

B formed a INP., On paper, it gave two spots
corresponding Lo acetophenone and an unknown, Evaporation
of the aleohol ocaused the separation of a white solid,
which was filtered off, From the filtrate was obtained a
DNP corresponding now Lo acetlophenone only., The total
pyrolysate yielded & DNP from which the presence of
acetlophenone and 4-agetylbenzoic acid was inferred.

The solid obtained from B above, melted above 360° (Found :
Cy 6349 ; Hy, 4,75 )» 1t ylelded a DNP; owing to lack of
material, it wua‘not. possible Lo characterise the solid,

A paper-chromatogruphic examination of the DNP also did
not yield any positive evidence,as to its formula, It was
found to be contaminated with traces of 4-acetylbenzoic
acid (chromatography). The micro-analytical values must
therefore be regar¥ix dth reserve,

Although A2 was obtained from acetone solution,
it was actually a very insoluble solid, The only satisfactory



solvent was glacial acetic acid, Vhen heated alone, a

c¢loud of white material was observed; carbon monoxide was
evolved, Ap 1s insoluble in cold alkali, but dissolves in
warm alkali and hot sodium hydrogen ¢arbonate solution,
ghowing that it is a carboxylic acid.s A small portion of

it on orystallisation from ethanol had m.p, > 3)0°; it

was probably identicsl with the solid from B, In the
absence of a reliable molecular weight (the camphor method
was tried, but hopelessly inconsistent values were obbLained),
the further examination of Ay involved guantitative hydrolysis.
The ethylene glycol liberated on hydroiysis was estimated

by heating & known weight of A, with excess alkali (heat

for 1 hr.) followed by neutralisation and addition of a
known amount of standard periodic aclid, After standing

for half an hour, the excvess periodic acid was determined

by reduction to lodine and tvitrating the latbter against
standard sodium thiosulphate solution. The glycol is
represented as the percentage by weight of material
liberated, The following constants were obtalned for Ap: =

Acid equivalent i 361.9
Total COp-equivalent t 121,6; 123.8.
# Glyecl liberated : ‘70'0

The solid _5_3 on hydrolysis gave a water
soluble material, which on benzoylation yielded ethylere



dibenzoate, mep. and mixed m.p. 73% Aj is thus a polyester
of ethylene glycol.,. The aecid oblained on hydrolysis is a
very dark solid and this is probably what gives Lo 5 its
very deep colour, The aeid contained terephthalic acid.
Quantitative hydrolysis of A3 showed Lhat the percentage
acid obtained on hydrolysis was 87.9%, A polyester of the

Wp.{mgot}ﬂz.o"vc @ co,}; gives on hydrolysis 80.4%

acid, The siightly higher value obtained from 43 may be
due Lo the presence of random anhydride groups.
Pyrolysis 28, The resctor was slightly modified for the
veapour-phase pyrolysis of Terylene, and is shown in Fig. 2
(pPe 96 )o The thermocouple wires were placed between the
resctor and furnace, The main portion of the pyrolysate
(a) on refluxing with ¢a. 100ml, ether yielded2g. insoluble
solid, The latter was found Lo be terephthalic aeld (infra-
red)s The ether solution was washed with water Lo remove
any acetaldehyde and then with alkali Lo remove acids,
and finally dried (anhydrous sodium sulphate), The aqueous
extract on acidification gave 10g. of & yellowish solid
(A)s The ether on evaporation left ga. 1 g. of & yellow
liquid containing a truce of solid in suspension (B).

The 'Drikeld' product geve a DNP corresponding
to acetaldehyde (me.pe and mixed m.p. $64°). The Lotal



pyrolysate gave a positive test for amhydride,

A was separaled inlo & hot-water-soluble

(4,), ethancl-scluble (Ap), and insoluble fractions (43).
Ay geve a trace of LNP, It was mostly benzoiec acid
(infra-red). From Ay was obbained a DNP which was
proved to Le thal of 4-acetylbenzoic acid, 5_3 was
terephthalic acid (infra-red),

P ylelded a DNP shown by paper chromatography
to be identical with that of acetophenone. B consisted
mostly of vinyl benzoate (infra-red). The gaseous fraction
of the pyrolysate (b) contained carbon monoxide and dioxide,

methane, acelylene and elhylene,



G 8 listed in Tables 2

Table 2.
2:2'-Dibenzoyloxydiethyl Ether
2-PBenzoyloxyeuhyl Vinyl Ether
Vinyl Ether
n-Butyl Vinyl Bther
iso-Butyl Vinyl Ether

Table 3.
2-ilydroxyethyl Benzoate
Ethylene Glycol
2 -liydroxyethyl Ether
Z-Phenoxyethanol
2-Phenoxyethyl Acetute
Phenyl Vinyl Ether

Table 4,
Z-Chloroethyl Benzoate
2~(4-Chlorobenzoyloxy )sthyl

Terephthalate

Poly (ethylene Terephthalate )

-

and 4

(1v )
( x)
( X )
(X1v )
(xv)

(XX111)
(vinl)
(XvI)

(Xx11)

(vi1)
%2 )



Table 2.
Pyrolysis of Compounds ( IV), ( X ), { IX;, (XIV)
and ( XV .
‘Pyrolysand (Iv, (v, (v ) (x) (x) (x) (1x) (x1v) (Xv

Pyrolysis Yo, 2 3 4 5 6 7 8 s B
Temperaturs(°C) 550 500 450 500 470 400 50¢ 500 500

Feed rate
(‘./Itﬂo) 0630 0454 0.70 0.53 053 Q.44 0. 34 0:.30 0,34

welght pyrolysed
g-) 04,0 3500 7301 7000 20,0 28.0 3205 4700 )0.0

;;romat.e(g 2349% 23.6% 52,6% 57.8% 13.3% 22.,2° Jr * <|L-

b) Gaseous
].ynate(l., 16,0 705 907 8.0 301 30' 900 ’07 4,0

sition (») of (b) :-

de 41.0 44.5 945 59 530 43.5 4842 3349 391
bon dioxide 25.5 22,3 16.5 195 225 30,9 Ml N1 M)
ane 23,9 22,8 .4 N1 NIl N1 2.4 463 49.0

arbons 9.6 10.4 12,6 225 250 29.6 24,4 198 11,9

% gxeluding minor amounts of volatile material in 'Drikold’ trap,
Jr Large volatile fraction in'Drikold'trap not weighed,

| Acetaldehyde (DNP trap) and olefin (*Drikeld' trap) not weighed.
§ Pigurcs only epproximele.
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Table 3.

Pyrolysis of Compounds (V,, (XXI111,, (V111), Ethylene glycol

and z2-Hydroxyethyl ether.

Pyrolysand (V)
Pyrolysis No, 12
Temperature (°C) 315

eed rate

(V)
13

-

Ethylene 2-Hydroxy-

glycol ethyl ether (XXII; (VIiI; (vmiI) (XvI

14

140 0.55
2540 5040
23,2 46,0
Nil 2
Neg ligiblo -

13
J70-85 J70-80

21
500

0.39

40.0

297

1.0

3249

J4e3

29.4

2 23
400 500

0027 0037
65+4 9640
633 89,0

£ 1440

- 34,9

11
200

0.73

2240
10,0

1.0

LS L
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Table 4,

Pyrolysis of Compounds (XXil), (VIi), end ( 1 .

Pyrolysand (XXII)
Pyrolysis No. 16
Temperature (C) 400
ed rate
g./nin.) 0043
Weight
rg?yaed 4903
g+ )
Liquid pyrolysate
(ge) () 434

- Gaseous
pyrolysate (1)(Db) 1.9

Composition of (b) (%) :-
Carbon

monoxide 32.0
Carbon
dioxide 230 3
Methane -
Unsat,
hydrocarbons 44,7

(XX1I1) (XXII) (XXI1)

17 18 19
400 450 500

0.48 0.51 0.57
90,0  83.3  57.4
293 67.8 41,0
t 2.0 ;E

. 29,2 -

- 55.4 -

- 15.4 -

+ Negligible.

(VII)
25
500

1.03

65.0

47.0

4.0

(vir) (1)

24

225~30 450~75

1,03 ©8.0.67

51.4

24,9

6.9

4.0
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FIG. 2

MODIFIED FLOW-REACTOR

WITH SPECIAL FEEDER

FOR PYROLYSIS OF
POLY(ETHYLENE TEREPHTHALATE)

(NOT TO SCALE)




Graphical representation of the separation of DNPs of
pyrolysate from 2-(4-chlorobenzoyloxy)ethyl terephthalats,
by passing through a bentonite~kieselguhr (4:1) column,

Colorimeter~  ‘Spekker' colorimeter (blue
filter ),
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Paper chromatography of fractions (Nos. 1-5) obtained Ly
passing DNPs of pyrolysate from 2-(4-chlorobenzoyloxy)ethyl
terephthalate bhrmm a bentonite~kieselguhr (4:1) column,

Papers vhatman No. I impregnated with ethyl
lactate.

Developer- 24 Carbon tetrachloride in light
petroleum (60-80),
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A) ACETOPHENONE
B) 4-CHLOROACE TOPHENONE
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Paper chromatography showing the presence of benzoic and
d4-chlorobenzoic acids in the pyrolysis of 2«(4-~chloro-

benzoyloxy)ethyl terephthalate,

Paper- vhatman Nos 1
Developer~ 403 Aqe acelone.

Indicator- Bromophenol blue,
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Figs 6

Paper chromatography ( LNPs ) showing the presence of
acetophenone and 4-acetylbenzoic acid in the pyrolysis of

2-(4-chlorobenzoyloxy jethyl terephthalate,

Paper- whatman No, 1 impregnated with
ethyl tartrate.

Developer- 2054 Acetone in light petroleum
(60-80°),
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Paper chromatography showing the presence of acetophenone
and 4e-acetylbenzoic acid in the liquid-phase pyrolysis

of Poly(ethylene terephthalate),

Puper- Whatman No, I impregnated with ethyl lactate,
Developer- 20% Acetone in light petroleum (60-05’).
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Appendix 1

The dehydrochlorination of ethylene di-i~chloreethyl
ether with pyridine yields ethylene acetal (Hurd and
Botterton, 36). There is no liberation of acetylene (see
Pe 18 )

Ethylene di-i-chloroethyl ether :

A mixture of 120 ml, paraldehyde and 63 ml. ethylene
glycol was saturated with dry hydrogen chloride at 0° in
the course of 5 hr. The upper layer was dried over
caloium chloride overnight and distilled twice. Yield :
46,5+ Bape, 84~6° / 6 mm,

Reaction of ethylene di-i-chloroethyl ether with pyridine.

A mixbure of 12.5g. ethylene di~i=gchloroethyl ether
and 12 ml, pyridine was carefully distilled with the
exit tube of the system connected to an infre-red gas cell.
No acetylene was found in the latter,

Appendix 11,

The dehydration of 2-phenoxyethanol with a number
of chemical reagents falled Lo produce either phenyl vinyl
ether or coumaran,
2-Phenoxyethyl phosphate (36):

(a) 2-phenoxyethanol (734g.) wus heated with phosphorus
oxychloride (Jg.) on & water bath for 2 hr. The flask was
cooled and ether added. A white solid was obtained,




meps 138% (1it, m.p. 1429),

(b) 2-Phenoxyethanol (20.0ge) wus added slowly to a

suspension of phosphorus pentoxide (9.5g.) in benzene

(100 ml, )s The mixture was refluxed gently for 2 hr, and

solvent removed, A white solid was obtained on cooling,

and was crystallised twice from acetone. M.p. and mixed

mePe With s0lid obtained in (a) : 142%, 1409,

bistillation of z~Phenoxyethanol over Phosphorus pentoxide:
This led to profound decomposition.

2=Phenoxyethyl acebate:

(a) Reaction of 2-phenoxyethanol with sceiic anhydride /

pyridine afforded only Z-phenoxyethyl acetate (see p. 70 )o

(b 2-Phenoxyethanol (20ge.) was refluxed vigorously for

4 hr, with fused zinc chloride (18g.) and glacial acetic

acid (50ml.)s The product when worked up in the usual

manner was identical with the acetate obtained in (a),

Saponification regenerated 2-phenoxyethanol,

Treatment of 2-Phenoxyethanol with sulphuric aecid:

(a) Treastment with cold concentrated sulphuric acid for

one week according to the method of Smith and Niederl (4))

did not cause any dehydration. Unchanged material was

obtained on distillation,

(b 2=-Phenoxyethanol (10g.) was heated on a steam bath

for 4 hr. with conc. sulphuric acid (5g.) and left overnight,

A ‘-hit.c solid was obtained, insoluble in ether, but extremely




soluble in water,
(e¢) Treastment with fuming sulphuric acid a8 in (a)
again yielded only unchanged material, There was no evidence
for o-vinyl phenol, which was obtained by Smith and Niederl
(43).

111,

The Karl Fisher estimation of water (57, was
performed in a standard appsratus (direct titration)
(ex. Messrs, Townson and Mercer Lid,, Craydon, Surrey),
using Karl Fisher reagent (ex. British Drug Houses, Ltd.)
which wus standardised aguinst a stapdard solution of
water in methanol.
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