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In an attempt to cbtain experimental svidence which might
meke possible a better understanding of the complex reastions
involved in the formation of polyeyelic arematic hydrocarbons at

/ high temperatures, a series of relstively simple aromatic hydrocarbons
' labelled with "¢ have been pyrolysed at 700°.

The pyrolysis of {1-1%]_nayhtha1m at 700° has givern a tar
from which 1,1%-binaphthyl and the isomeric 1,2'-, and 2,2'-binaphthyl,
and the condensed hydrocarbons 10,11-, and 11,12~bengoflucrenthene
were isolated and redicassgyed. All were found to have activity
corresponding, within experimental error, to two labslled ecarbon atoms.
It is comeluded that C-Hl f'ission gives naphthyl radiesls, which react
with raphthalene to yield binaphthyls and that cyclodehydrogenation of
the binaphthyls leads to the Densofluoranthenss. Some 3,k~bensopyrens
was also detected; it is suggested that some hydrogenation of the
paphthalena occurs, and that the 3,h-bensopyrene is formed following
cleavage of a saturated C-C bond in this hydrocerbon.

[1-"%c]styrene was synthesised and pyrolysis at 710° gave & tar
from which nine compounds were isolated in sufficient quantity and purity
for radiochemicsal analysis. Fowr of these have been degraded to determine
the distribution of the activity, and the results are discussed with
reference to the mumber of labelled carbon etoms found.

[3—1%]Inasne was synthesised and pyrolysed at 700°. six
compounds were isolated and subjected to radiochemical assay. All
ware found to have astivity corresponding approximately to two labelled
carbon atoms. It is concluded that the 1,2-bond as well as 1,8«bond



undergoss rupture to give three "primary” radicals which then undergo
"dimerisation® and other transformations to give the major produets.
Nine compounds were isclsted from the tar cbtained following the
pyrolysis of _g-’[m-“'c]prnylbmm and subjected to radicchemical
angay. Some of these compounds were partially degraded to lecate the
position of their activities. The mechanisms for their formation are
discussed with reference to the mmbsr of labelled carbon atoms found,
B=[o~'"C]Nethylstyreno has also been aynthesised and pyrolysed
at 700°. Ten compounds were isclated and submitted to radioassay.
Five of these were partially degraded to lecsate the position of activity
and the results are discussed with reference to the musbar of labelled
carbon atoms found. It is concluded that p-methylstyrene serves as a
precurzor of indene and propylbenzene, and that the major products are
formed by rsaction of the primary decomposition products derived from
indens and propylbensens.
In general, ths dats presentsd in this thesis lead to the conclusion
thet C=C double bonds and aromatic rings are relatively stable at
high temperatures; but many C~C single bonds and C~H bonds are readily
ruptured at high temperatures to give radicsls and that these radicals
then abstyact hydrogen, or add to double bonds or take part in radical
substitution reactions, or interact with ancther radical, to give a
wide variety of products ineluding many polycyclic aramatic hydrocarbons.
It has been shown that
(i) bensene is farmed hy cleavage of the side chain followed by
hydrogen abstraction, end to a small extent hy aynthesis
from side chains derived from two or muore molecules;




(12)

{iv)

benayl radicals, and to scme extent phenyl and metiyl
radicals, serve as procursors of toluene; and thad
thanethyl radicals sexrve as presursor of atyrens;

s chain-resyathesis mechaniam oporates during the formation
of naphthalene;

a mechauim Snvolving styryl radicels (or phenethyl radisals)
is the major routs to phenanthrene; and the forwation of
chrysene involves the combinsticn of °6"cz m\cs-ck units,
or of two Cg-C, umits, depending on the relative abusiances
of these units in the reaction sons.
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INTRODUCTION

Polycyclic aromatic hydrocarbons are knmown to be formed at high
temperatures from aliphatic hydroocarbons or from simple aromatice
hydrocarbons. In recent years there has been considersble interest
in the mode of formation of these hydrccarbons at high temperatures,
and recently a tracer method has proved of valus in investigating
the mechanimms postulated for the formation of these hydrocarbons.

The purpose of this investigation was to obtain experimental
evidence which might make possible a better understanding of the
mechanisms involved in the formation of these hydrocarbons at high
temperatures by the pyrolysis of relatively simple mﬁé hydrocarbons
labelled with '“C (Table 1).

TABLE 1,
COMPOUNDS PYROLYSED
Type ~ Compeund 'I‘mgmtm
: c
Cg = C, [1-"%] Raphthalene 700°
¢g = C, {(1-%2] styrene 710°
Cg = Cs (3='%] Indene 710°
Cg = Cy g-[a-”'n] Propylbensens 700°
Cg - Cs B=[c- %] Methylstyrene 700°

A suitable temperature (700°%) was chosen for the pyrolytio

experiments in the present inveastigatiom; this was based on the
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fellowing: .

(1) The coumbusticn temperaturs of oigarettes and of pipe todaceo
hw&aw‘,,ww.

(i) Meny cerbonecarbon single bonds and carbon-hydrogen bonds are
rendily ruptured at 650 -550° to give rediecals.

(i41) A recent guantitative study on the sffect of tempernture on
hydrocarbons are cbtained in the vieimity of 700°.2
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GHAPTER 1.

CARCINCGENIC RO

Chemicel cancer resesrch oan be said to have been begun whan
Pereival Fott’ in 1775 publiatsd his paper on the relaticm of a farm
of “"occupational canoer® to a carcinogen, nsmely soot. Ilors then
hundred years later a group of industrial and ocoupational carcimogenio
agents came to be recoguised namely: tar”, piteh”, shale oil’, certsin
dysatuffs, and so on. The discovery that certain polymuclear
hydrocarbons can evoks melignant tumours in snimsl tissues opaned a
naw field for the inmveatigation of the inoidence of cancer. The
diseovery was the ocutccme of the realisstion at the early part of
the present century that individuals in spescific occcupations involving
prolonged sxposures to coal tar products tended to show an abnormally
high imcidence of skis cencer, which sometimes dewoloped several years
after the period of exposure. The actual production of cancer in
experimental animals Wy prolonged application of a specific coal-tax
fraction was first achieved by two Japenese scientizts, Yamagiwa and
Ichilmwa® in 1915, and later by Tsutsui! in 1918. Since then the view
that the 'pathological’ conditiomns caused by coal-tar cannot be dus to
mechanical injury, but sust be "associated with c¢chemical injury', has
been aceepled.

The first essential clue was provided in the year 1921 hy Bloch

and Dred.fuaB in Zurich, who found that the cancer-producing material
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was present in the higher dolling fraction of a tar as & neutral
organic compound free from sulphur, nitrogen, arsenic, or other
metals, farming a stable complex with pieric acid and probebly
velonging to the class of polycyclic hydrooarbons. Passey’
1922, proved the carcinogenicity of soot experimentally. Later,
British investigators'C were able to demonstrate experimentally
that cancer osn be induced in experimental animals by definite
orgenic compounds and the huwnt then began to isclate the camser-prodncing
compaund or CGmpounds.

The second vital ch‘", that the flucrescence spsctra of the
carciregenic mixture reseabled that of 1,2-bensanthracene, stimulated
work on the aynthesis of related compounds which fimally led Kermawey
and Hieger ' in 1930, at the Royal Cancer Hospitel, Lendon, to the
discovery of the first pure chemical entity to manifest proneunced
carcinogenic properties namely, 1,2:5,6~dibansanthrecens (I).

(D)
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With the flucreseence spsctrun as 'the aingle thread that
led a1l through tids lahyrinth', Cock and coworkers > in 1933,
isolated from two toms of coal tar from Becton ges-works a compound
which is meinly responsible for its earcinogenic properties. They
ahowed hy syntheais that this compound wes then unknown
3,4~benzopyrene (II), Later work has ahown that the high-boiling

gas-works tars may contain as much ss 1.5 per cent 3,h~bensopyrsne.

(X

(11)

With the knowledge that two hydrocarbons hed such dramatic
properties in producing cencer when painted on to the skia of mics,
the search began for other pure chemical compounds with similar
properties. In recent years 3,4~bensopyrene (II) and very many
pelycyelic aramatic hydrocarbons have been shown to be widely
distributed in humen ezviromment, having been identified in carbom

blacks ™, in processed rubber ', in atmospheric dust ©, in humen

hair wax'?, in oysters and barmscles taken from polluted water °,
in icelandic smoked food 7, in the soot from a sucked-sausage

factory®’, in mnuffZ' in tobeceo®2, in the air from garagesss
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in the smoke end tar from ouring kilns®?, in petrol and diessl
chmusts® B, coal gas?), starch scots ., and 800t from a moking
chamber’'. The following are scme of the most important factors which
make & very distinct contribduticm to the causation of ' spontenecud cancer.

€04k TAR

There is sbundant evidance that cencer of the akin can be induced
in man by industrial exposures to coal tar and piteh. The first
mmwmmwnmmm‘amrmmtaus
conoentrated in the frastion bep. 370 -440° The fraction was found
to give melignant tumours. Tusouzrs were also produced with the
fractions b.p. X0 400°, and with cosl ter pitch. These cbservatioms
on the cancer—producing activity of coal tar heve been ropsatedly
oonfirsed and extensively imvestigated 2. Pour siditiensl carcinogens
and more recently maphtho=2',1'-3~pyrense (VII) have since been
isolated frow soel tar (Teble 2). The activity of the last mentioned
compound (VII) is not yet known. 3,4-Benscflucrasthene (Iv), the
cmmmpwdnwmmmawmm,m
found to be more sbundant than 3,h-bensopyrene in cocl tar.

SICKE

Thopzvbluofthopﬂuibhnlaﬁmnhipmmm
and the incidence of lung cancer is one of the most toplcal issues

in cancer reseerch today. The mortality from cancer of the lung has
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CARC ENS IN CCAL T
Compound Structure
1 ,&Bemopuylms 5 ‘ (111)
BaA-Benzatlumthmj"' Oo (Iv)
<
1 9¢
5,4:9,10~Dibensogyrens>’ “O 82
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Campound Structurs
5,@:8,9—131»9&%56
et I
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been steedily increasing since 1900 and the present weight of
statistical evidence implicates sxcessive amoking as the primeipel
factor in the incressed imcidmwe of lung canter. The receat report’
of the Advisory Committee to the Surgecn General of the U.S. Public
Health Service states categorically: “Cigerette smoking is assosiated
with an increased chance of developing lung cancer in men; the
magnitude of the effect of cigarette amoking far outwsights all other
fastore".

A wide range of campounds of mary types have been shown to be
present in tobaeco and it is now caneidered as a very ccuplex mixture
of chemical sompoments: the major groups are, hydérocarbons (aliphatic
and alicyclis), terpenes and iscpremcid hydrocarboms, slocohols, phencls,
esters, sterols, aldehydes, ketones, acids, slkaloids and inorganie
pinerals, During smcking (the temparature of the burnimg some reaches
me’”)mammmommm
extensive resctions imvelving oxidaticn, dehydrogematien, crecking,
resrrungement, condsnsation etc. It is tims not surprising that some
500 different compounds havs been idmtifisd in cigarettie smoke.

Seven polyeydie compounds (Table 3) isclated from cigarette
smoke have boen shown to be careimogenic in laboratery animals. The
other carcincgens known to be present in tobaoco amcke are, with the
exception of 3,h:9,10-dibex ne (V), much less potent than
3 -bensopyrens (1I) and they are present in smaller smounts. It

has been nhm""" that some polycyclis hydroe: 8 glthough not




CARCINCGENS IN CIGAREITE SHOES

Compoxd Strusture
iy CXy
| LY
1,215,6- (1)
3.hi9 ,10-Dibaucmmo“ “O (V)
3,4~Benzophenanthrene’ ‘O (v11)




ZABLE 3, contd.

1.

Compeund

Struetwre

1,2:7,8-Dibeuscacridine >

1,2:5,6-Dibensoscridine *>

3,425, 6-Dibamsosrbascle =

e
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themselves carcinogenic, can enherce the cancexr-produoing properties
of the carcimogens even when present in mimite comcentrations.

For exmmple, 1,2-bensenthracene (XII), identified in cigarette amoks,
15 knows to be a strong imitlator though a very wesk carcizogen’.

‘ I

(x11)

‘The earcinogenic activity of cigarette 4tar has been investigated
experimentally and it has bean shown® that it is a wesk ceroizogen.
Howevor, chemical investigation of cigarette tar has shown the
presence of several carcinogenic pelyoyelic hydrocarbons including
those listed in Tshle 4. Although some of these hydrocarbins ars
regarded as potent carcinogens, the low comcentration of 3 4~bensopyrene
is insufficient to account for the earcinogenic activity of the tar.
While some of the sotivity may be derived from carcinogens, the presence
of relatively large amounts of bemsofluoranthenes in the tar msy be

of great importance.

ATMOSPHERIC POLLUTION!
There is considerable evidence supporting the view that
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SABLE b

CARCINOGENS IN CIGARETTE TAR

Compotmnd Structure
1,21 5,6-a>1bmﬁmem“‘ (1)
3pk-Bensopyrens | (m)
1 ,2-Bmsanﬂ:raom"3
39ks:9 ,10-Dihansopyram!'9
B,Jpﬁemsaﬂmmthmgo

3,428 ,9—D:I.bomow5 1

Chrysme >

1921 3,&.—Dibenmwram5 E

1 ,12-Be.nzopuylena5l"

(xrix)

(x1v)

(xv)
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TARLR &, contd.

Compound Strosture

(zv1)

9 ,2-Benzop,yxm055

e
o
9

10,1 t-Bensofluorenthene®® O@ (xviI)
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ammpﬂmmammhmmumwm
cancer”>*57, The carcimgentc activity of various sawples of
etmospharic dust in cities hes besn demcnstrated on mezy ccoasiems® ’c0%"!
and 3,4~benzopyrene (II) and several other polycyclic hydrocarbons
have boen identified as comstituents. In Tahle 5 are listed hydrocarbons
mmmmm&. The extent of the differsnce detwesn urban
and rural arees in this respect is shown’> by the chservation thet
there was six times as mich mmoke and ten times as much 3,A~bsusopyrens
in the atmosphere of the forasr than of the latter. Thess hydrocarbons
jresent in the atmosphers are produced by the incomplete combuaticn
of various argapic materials; the most common sources are smoke
from chims“’, waste products from industrisl procesaes, petrolsua
vepours in streets conjested with traffic, diesel buses, cement dust
in the vicinity of building operations etc. The exheust gases of
mmmmwmamwrm. They contain not
cnly 3,4-bensogyrens (II), but also & wids range of erometic hyidroccarbons
some of which are carcinogenic. Similarly sevaral hydreosrbons have
peen identified in air from gareges >, and in sucke from curing kilns™®,

Following the discovery that carcinogenic ters can be produced
artificislly by the pyrolysis of many organic materials, amd by passing
scetylene anl isuprens with hydrogen through e heated tube O, a large
pumber of compounds of many types (Table &) have been pyrelysed at high
tesperatures and the tars have been examined. The pyrolysis of scme

of thess compounds has been rspeated and extensively investigated by
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TABLE 5.

QRGANIC CONSTTTUENTS OF TOWN AIR®

Indtvidual Compounds

Acepaphthylene
Acetylene

Anthracens
1,2~Bensanthracene
1,2-Bansopyrense
3,h~Bansopyrens

p-Butune
dag-Botane

1,2:9,10-Dibensonaphthacene
&, 9-Dinethylpyree

Ethylene
Flucrense

Kethana
2=liethylnaphthalene
Flisthylgyrene
Haghthaleme
p-Pentans
2,2=Dimethylpropane

Perylene




17.

IiBLE S, contd.
Groups of Compounds
Acids Ketonns
Aleohels Paroxides
Epoaxides Pyridine compounds
Gasoline Sulpngr cempetnds
Glycols Tar acids
Hyédrocarbens (gasecus) Zylenes
Hydrocerbons (vnssturated)
62

¢ From .




TABLE 6.
CONPQ S OLYSED
Compound pyrolysed ’beq;mm Rafexrorce
s

Acenaphthens - 65
icetylene 700° 10,66
Anthracene 700°, 9s0° 67

700° - 750° 68
Benzens 700° 69
Bensene and anthracens 700° - 750“ 67
Benzene and naphthalens 7%° « 750° 0
Bensee snd phenanthrmne 73%6° - m0° 7
Benzens and pyreune 7%0° [
Bute-1,3~diene 700° 72
Bute~1,5-diene and pyrens 700° 72
Butylbensene 300% - 900° 3y

at 50° interval
B-Decans 700° n
Diarylmethanes 970°, 1000° ™
w,w*=Diphanylalkanes 550° = 700° 76
at 50° interval




19.

ZABLE 6, contd.

Compound pyreolysed Temperaturse Reference
5

Dotriacontane 700° I
Zthylbensene 200° 73,
Ethylene Diffusion flame K
Fluorene 700° - 750° 79
Indeme 700° 80
Methane Diffusion flame 7
1-liethyluaphthalens 725° - 750° 81
2-Heothylnaphthalene 725° - 750° 81,82
Naphthalene 700°, 850° 83,84
Petrol 700° 85
Phenanthrens 700°, 850° 86,87
1-Phenylbuta~1,3-2lene 550°, 700° 88
1,4-FPhenylbuty lnaphthsleme 30°, 600°, 700° | 89
Propylbenzene 700” Ba
"Sehroeter Tar® (formed fram tetralin

and gluminium chloride)
Stigmasterol 700, 750° T4
Styrene 710° 91
Tetrelin 700° 92

*Ise~octane” (2,2,4-trimethylpentans)




TABLRE €, contd.

Compoupd pyrelysed Tenprature Reference
°
14
Toluene 0* B,
3=Vinylcyclohexene 'M‘ b Y
g-¥ylene 925° ]
2-¥ylene 106528 ™
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modern tecmiques in order to undsrstand the meds of formstiom of
arcoetic hydrocarbons during tar formatiom. 3,4-Bensopyreme (II)
and cther polycyclic aromstic hydrocarbons were found in almost
all pyrolysates.




22,

CHAPTER 2

MECHANISNK OF THE FPORMATION OF

CARCIHOGENS AND HYZROUCARBONS
2.1 GENERAL

It appears from the foregoing that many organic msterials
can give rise to carcincgenic cempounds by high temparature processes,
sometimes irnvolving incomplete cosbustion. For example, the *primary®
tar obtained by heating coal at X0 - 450° congists mainly of
paraffins, cycloparaffins, olefins and phenols, and has slight
carcinogenic activity; but the "secondary” tar cbtained at elevated
temperatures (600 -800°) centeins a greater proportion of polycyelie

Q0 — O

(XvIII)

I &
b -

(xxx)
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CHs CHa»
(Xx)

hydrocarbons and is much more carcinogenic U. Kentel and Hansel”
pyrolysed some "primary” tar products, nemely, diphenylmetbane,
diphenyl and dhylene and 1,6-dimethylnaphthalene under laboratory
conditions to give flucrene (XVIII), phenanthrens (XIX) and
acenaphthene (XX) all of which have been isolated from "secondary”
tars.

Similarly shale oil becomes csrcimogenic after being heated™,
¥ost of the oarcincgenic compounds identified in cigarettes smoke
tar are not present in the native tobacco leaf, but are formed by
pyrolysis st the high temperature (880°) of burning clgarettes’ s
The pyrolysis of stigmastercl (XXI), a tobacto constituent, at 750°
has besn shown to produce 3,k-bensopyrens and pyTeme’ . In a recent
investigation the pyrolysis of stigmasterol at 700° was found to give
a tar in which 50 products wers identified in addition to
3, h~bensopyrens (0.5%%) and pyrene (6.0}3)77. Rensens, naphthalene,
phenanthrene and clrysene were smong the other major comstitusnts
of the stigmastercl tsr. Similar pyrolysis of dotriacontans (XXII),
ancther tobacco constituent, at 700° slso gave a tar from which 43

compounds, including 3,A-bensopyrene (0.126%), were iamtifmn.
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MWMMMMMMMMMM(H)

CH,.CH,
CH,

CHs

A

(xx11)

and dibense[g,h]acridine (X), both of whish are carcimogenic’ .
The pyrolysis of "ecigarettes” male from vegiteble fibres and spinach
also resulted in the fametion of 3,h-bensopyrens >, Cigarette paper
consists essentially of cellulose, and this has also been shown to
profuce 3,4-bensopyrens .

The ocourrsnce of carcinogens end other hydroesrbons in soot,
in the exhaust gases of sutcacbiles, in certain petroleums, im carbon

blacks, and in 'Schroetor tar® can likewisze be attributed te high
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temperature resctions involving incamplste combusticn. Experimentally
the high temperature pyrolysis of simple hydrocarbens such as wctarlmsé,
butadiene'2, butylbensens S®=P  tetralin’> and condensed hydrocarbons
such as phmtm'eneas’m, and anthracene +68 have been shown to
give rise to tars conteining a wide range of polycyclic aromstic

hyéroearbons, including those having csrcinogenic ectivity.

MODE OF F OR

The pyrolysis of hydrocarbons st slevated teaperatures is
known to procesd through nvaﬂltyd‘cmhmm-a1m, and seversl
hypotheses have been sdvanced to explain the formation of polyeyclic
bons at high temperatures.

(o) BERTHELOT'S HYPOTHESIS
Berthelot O2 proposed that the pyrolysis of hydrocarbons
involves & primery degradation to acetylene, the ultimate product,
which then polymerises in part into bensens and other arcmatic.
hydrocerbons. liis hypothesis has been supparted by many workers > OO,
The pyrolysis of scetylene has recently been studied at 530°
and 7'00".66 Ethylbenzens, xylene, indene, naphthalene and pyrene
wers found in the 530° tar. At the higher temperature highly
condensed products such as fluorene, flucanthene, 5,4~ and
11,12~benzof Iuoranthene, 2,3-o~phenylenepyrene, and 3,h-bensopyrene

were identified. The amounts of indens and naphthalemes were smaller
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in tha 700° tar than in that farmed at 530° snd it has bean suggested
that these compounds underge further trsnsformations at the higher
temperatures. Indeed this has been confirmed by the independent
yrolysis of indene’® and naphthalens  *o%,

It is impartant to note, however, that the presence of scetylms
has besn reparted in very few exsmples of pyrolytic decamposition’ ™,
On the contrary, on many occasiems, hydrogem, methane and ethylene
mmnmmmum?. As the sddition to an
olefinic linksge prooseds more rapidly than addition to an
scetylenic bond OC, ethylems, which is formed in large sseunts in

&ll m&:ﬂw secms 10 De a more reascnabdle interuedicte.

(v) BUTADIENE HYPOTHESIS

A suggestion that butadiene is the ultimate degredation product
in the pyrolysis of hydrocarbons and that this compound serves as the
precursor of arcmstic hydrocarbons found in the tar was based on
Standinger's cbservation O that the pyrolysis of butadiene at 800°

geve a tar of which 307 was bantene and 257 naphthalense. Jemaﬁe,

and more recently Woim‘ﬂ followed thia lsad, siressing the ldes
that conjugate unsaturation rather than acetylane was the pecessery
precursor in the formation of arumatic hydrecarboms. Acsording to
Welzmann, polycyelic hydrocarbons were assuasd to be synthesised by
succesaive Diels-Alder additions involving both oclefins and butediens.

Thus phenanthrens and anthracens would be formed by an addition of
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buta=1,3-diene (XXIIT) to naphthalene, pyrene by dimerisation of
styrene or tetranerisstion of buta-1 ,Mm1ﬁ and triphenyleme,

.

2=CH-GK=632

(XXIII)

chrysene, 3,k=bensophenanthrens and 1,2-bensantiracens by
‘condensation of butediens with phapanthrece.

The pyrelysis of butadiens has recently beem investigated ot
550° 112 gpa 700° 72, At the lower tempersture, cyclohexese,
cyclohexadiens and ca aromatic campounds were formed, but at the
higher temperature complete comversion of acyclic and alicyelic
compoments to sromatic compounds occurred. Thus, bensene (4L1%),
tolusne (15%) and other condensed products were obtuinsd. Methane
and eothylene were obssrved among gaseous producte.

It has boen suggested that cyclokexsns { obtained by reaction
of buta=1,3}=diene and ethylens) and 3~vinyleyclchexens (cbtained by
dimerisation of bute~1,3~diens) and the radicals derived from thgss
compounds by hydrogen sbstrection from the resctive allyliec positicns
could be important intermedistes in ths formation of chaerved
products. The dimerisation of butadiene is known te give
s=vinyleyelchexens >, and it is important to mote that the products
obtained by the myrolysis of 3-vinyloyelohexene " and of butadiene show
a striking ressublance. On these results it seems likely that the
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Diels~ilder reaction msy play an irportant role in scme pyrolyses
at high tempsratures.

In ordexr to teat the adequacy of the sbove hypothesis propoasd
by Veismann et al. |, in which the polycyslis hydrocarbens were
assumed to hp synthesised by suecessive Diels-ilder addliticns of
bata=1,3-diene, Badger gﬁ_ﬁ.n recently pyrolysed a mixture of
bute~1,5-diene and pyrene. A very small increase in the yield of
bensopyrenes over those obtained fiom butadiene alome indicates that
this reaction cunnot be an isportant symihetic route. The pyrolysis
of & mixiure of naphthalene and butadiens * furnished additicmel
svidence for the relative unimportance of the diene resgtion,
since the yield of phenanthrene M.onlym insignificant increase
over that obtained following the pyrolysis of the pure chemical.

Finally, it is Smportant to note that butadiene is formed
from most hydrocarbons upder gyrolytic conditions’ 2; Wut the
relative astivation energies for the diene addition (ca. 28 k cal./mols)
and for radical addition (gg. 2.5 k ee.?h/mh)ﬂs would suggest
that resynthesis proceeds by radical resctions rather than by
molecular condensation.

(e) GH,, AND CH EADICALS
The suggestion that CHz and Cll fragments serve as precursers

17

of polycyeclic hydrocarbons was put forward by Bone and C p but

there is no other evidence to support it.




(4) EURD'S BYPOTHESIS

The pessible formetion of arcmatic hydrocarbons from C 5—fmsmml
has also ettracted attention in recent times. In the pyrolysis of
propylene, Sswaro' '° demcmstrated that allere was a product, and
postulated the farwmation of an allyl redical in the first step.
Hurd and coworkers' ', however, extended this ides to explain the
large production of aromatic hydrocerboma obtsined on heating propylens.
They proposed that thermal sbatraction of hydrogen from alleme would
give a resonance-stabilised propedieryl radical, followed by facile
isomerisatien inte a radical-carbene, trimethine (2lsc stabilised by
resonance), by 1,2-shift of hydrcgen. Dimerisation of two such
fregments would then be sxpected to give bemsene.

GI'12==CH-GH3-—>CH2=CE’CH2. e

01{280 scaz —».cﬂnc.—.m2+n.

)

oCH = CH = Cll, =5 LH = 0 -~ CHS

2 0333 — CGHG

.&ﬂmwm&wmmawﬁmmﬂg

to explain the formation of bensene and its small amount of activity
from f‘lr-ﬂ‘B]tolum‘. However, this particular hypothesis for the

formation of bensene and other aromatic hydrocarbons by way of C,-umit

3
has not been gererally accepted, and there is no other evidence to

suppert it,




.
(e) BADGER'S HYPOTHESIS
Admittedly based or rather meager sxperimental observaticns Ly
earlier workers, Badger st &’120’ proposed an axplapaticn for the
formation of 3,\-benzopyreme and other polyoyclic aromatic hydrocarbons.

-
C : Co o
C C. c T
(xzv) (xxv) XIVY) (xxvII)
(xxvimn) |

I

(xIx) (x1)

Zigers .l
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Essentially, the proposal involves a stepwise process as shown in
figure 1, This hypothesis originated from the sarly observation that

10,121 at ?000 hes

the tar produced by the pyrolysis of acetylene
cansiderable cancer-producing power, and gave a fluoressence spectrmm
similar to that given by 3,A-bensopyrene. A more recent re—investigation
of the pyrolysis of nutylm“ showed the presence of 3.koW

to the extent of 25, and many other hydrocerbens. This hypothesis
presupposed that 3, L~bensopyrens could be formed Ly the pyrolysis of

any of the possible intermediate compounds, vis., acetylens or ethylens
for the cz-qmit, tutadisne or vinylacetylens for the Gh unit, styreme,
ethylbensene or vinylcyelohexene far the C.~C, unit, tetralin,
butylbentene or phenylbutadiene for the cs-ck wait, and phenylbutyl-
napbthalene for the ’CG-EK’ 06-0"_ unit.

To test the validity of the above hypothesis several pessible
intermedinte compounds (Table 7) bave been pyrolysed, 3,h-bensoryrens
has been ldmntified in every cass. The Frolysis of other compounds,
Yig., toluene, propylbensens, and indexe (which are not direct
intermediate cempounds in the propossd hypothoais) have also been found
to give some 35,A-bensopyrene.

Evidence for the Peasibility of the third step in the mechanism
propoaed has been provided by the pyralysis of simple alkylbensenes.
Butylbensens, having & C¢~C, structure, gave the highest yield of
3,4-bensopyrene. The pyrolysis of [1= ]tetralin'<? ana

T
[6= 40 Jbutylbensene 2> glse provided further evidence on the mode of
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farmation of 3,k=bemsopyrene. The product isolated from the
[1=M]totralin tar and [5= "C]butylbensene ter was found to heve
1.96 and 1,92 labelled carbon atoms respectively. It seems therefore
that the postulated mechanism provides an important route to
3sA-bensopyrens.

ZABLE 7
COMPO ysip A7 700°
Type Compound
c .-'mrt;ylme%
c Buta-1 ,}-dimen
66 Bensu:eeg
Cety Toluene! -2
Cg=C, Et}glbemme?j‘
Stymeg1
?i:glcyclahum%
06-65 Pmpylbenma-na
"mdmem
73a
CG-C A Butylbenzene
Tetralin’2
thylbum&iamaa
. 8
CgCy» Cg=C, Phenylbutylnaphthalene 2

Evidsnce for the participation of (XXIX) in the final step
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(ZXIZ - II) of tie ebove mechanism has been provided by two eritical
experimental cbservations. First, the pyrolysis of "Schroeter tar®,
a complex mixture obtained by the ection of alwwinium chloride on
tetralin gave a product which was shown to contain 3,4-bensopyrens.
In this process it has beon suggested that 3,4-benzopyrens might have
been formed by the repid conversion of 5,4'-phenylbutyltetzalin, which
®s3 not actually isclated, but which was premmed to be present.
Secondly, the gpyrolysis of 1,h'-phenyliartylnaphthalene, the dehydrogenated
anelogue of (XXIX) end belonging to the same group of intermediates,
has also baen shown to give 3,A~bensopyrend.

Two altermative mechanisms for the formation of J,A~benzopyrens
have 2130 been suggested. The first would inmvolve the dimerisatiom
of C~C, units, followsd by another G_a_ unit, For exsapls, the
dimerisation of two vinyleyclohexens radicals (XXX) would give
hydropyrene (XXXI). Dehydrogenation of this at high temperatures
would give a pyreme (XXXII), or addition of amother molecule of
atadiens followed by dehydrogmmatiom would give j,A~benzopyrens.
This mechanism for the formation of 3,h~banscryrens from t‘,é--(:2 it
bhas not been confirmed since the pyrolysis of styrene, the one having
similar C =C_ structure, gave cnly & small smount of pyrene and

€
3,h=benzopyrens.



.j. > ‘
8.5

(o) (xxx1) (xxxxI)
L 653 — “OOO
(xxx11I) (1)

The second possibility of the formation of 3,h-bevsopyrens would
involve the recotion of a C, wnit (such as ethylens) with chrysene
(88 in XXXIV) or 1,2-bensanthracene (a3 in XXXV). However, this
mechanism hes bess precluded as an important route in the formation
of 3,A~benzopyrene on the basis of the fact that the pyvolysis of indene
gave only a small smount of 3,A-beusopyrens although the yields of

chrysene were high, end ethylene was pressnt in the exit gases,

C¢ C e,
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CHAPTER 3
PYROLYTIC REACTTONS OF HYIROCARBONS

Since the dlscovery of bensens by Faradsy =% in 1825 from the
condensate of & gas msde by the pyrolysis of fish oils, and the
therpsl formation of aromatic hydrocarbens from simple unsaturated
aliphatic mpmmwwm, many other hyércoarbons and
related compounds have been produced by pyrolytic processes. This
work has led to the development of ideas on the resstion mechanisms
involved in these precesses.

The first syatematic work on the pyrolysis of hydrocarbons ®as
carrisd out by Berthelot °2 st s time when analytical techniques
other than distillation apd erystallisetion were unimown. His work
has beer repeated and extended by mamy other warkers using improved
techniques, and it mey be pointed cut that the results obtained befare
the introduetion of new tecimigues such as chromatography, gas-liquid
ehromatography, ultravieclet snd iafrared spectroscopy need to be
accepted with care. The purity of the starting msterisls is often
suspect, as is the identity of some of the products; and the temperature
of the pyrolysis was often described simply as "red heat", "dull red
heat®, or "bright red hest®.

Farly speculations om the mechanisms of the reactions involved
were thoroughly reviewed in the menographs by Egloff 2> and by Hurd 2°,

A1l date on the free radicsl reactions involved in the decemposition
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1
of simple hydrocerbons have been summarised by Stescie 21

kinetics of these reactions by Trom-mckmm"s. Uther review

s and the

srticles worthy of partiouler mention are those comtained in references
(128) and (129), and the anpual reviews published by Hasmsel and
Sterba' .

The relevant mechanisms for the thermal decomposition of certain
hydrocerbons are discussed below,

1 FYROLYSIS OF P

Parafiins have besn shown to undergo pyrolytic rupture or
eracking in the renge of 500 =700° to yield a mixture of mmller
molecules, scms unsaturated (alkenss) snd same saturated (alkanes)
hydrocarbons of shorter chain length, and the producis cbiained from
s given paraffin depend on: (i) the strueture of the paraffin,

(ii) the pressure under which the pyrolysis is carried out; and

(iii) the presence or absence of catalyst. The eracking preferentially
ruptures carbon-carbor rather then carbon-hydrogen dbonds becsuse the
energy requirdd to break the C~C bond is sbout 59 K cel./mols, whersas
the C-H bond energy is sabout 87 K cal./mole.

Hethane, the simplexé member of this class, is excepticnally
stable thermelly (it decomposes into carbon and hydrogen at temperatures
above 1000°), but the higher slkanes undergo both dshydrogemation end
rupture of the side chain, usually with the formation of methane.
Generally, C-C bend fission predominates over delyydrogenation ss the
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chain length increases. In the pyrolysis of p-butane, for exsmpls,
dehydrogenation to butens coours to a minor extent and the
Mrmﬁenistbfmﬁmchmﬂthm
formation of methane avd ethane.

-
cﬁjcnzcxz = G, +1, (12 parts)

CHBGHECHZCHS — Clijcﬂ = CH, + CH, (50 parts)

ci, = CH, + 01136213 (38 parts)

In spite of the considsrable amount of wark that has been deve
on the kineties of ths thermal deecmposition of peraffins, the
mechaniss of the resction is still chscurs. Until recently mary
workers heve held the opimlon that the pyrelysis of paraffins takes
place by two concwrrent processes, one molecular in charactu',\tho
other an unbranched free-redical chain mechanimas. The addition of
a sufficient guantity of an imhibitor such as nitric oxids or
propylene has been sssumed to halt the radicel chein process without
affooting the rate of the supposed mclecilsr resctien 22, It is mow
inown that the mclecular mechanism for the fully inhibited reaction
is, however, incompatible with resulis of recent mass spectrometric
experiments o>, isctope exchange experiments >, and detailed
analyticel studies 2. These results indicate that the fully
inhibited reaction also invelves free radicels and is variant of
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the uninhibited reaction mechanisms. It is now agreed that the
free radical process accounts for the whols of the wminhibited
resction., There is still some disagreamant in connection with the
initiation and termination steps, but there is general agresment
on the chain propagating processss in the uninhibited thermal
decomposition of ethane °, propans ', and butane 00 >,

The primary protess in the thermal éecompositian of paraffins
seems to involve the rupture of a carbon-carben bond to give two
radicals. These radicals then undergo various reactions as follows.

(s) Dispropartionation

—_— mzﬁﬁ = (312 + @13.

— BCH = GH2 + Gﬁsﬁz.

—— Rﬂiz‘}'ﬂzo + Cﬂz = CKZ

- m:%*ﬁ'mm

m T i ¥ 1]
kmﬁi.i-RCHzCH P

2 2 2°

(v) Hyérogen sbstraction
RCH_CH. + RYCHCH

2 2 23 273 3
8 |
RGHZCHE. +R Cﬂzmzo —_— RCBacHzCHZCHZR'
Rﬁﬂzcﬂzo + He —_— macﬁs

The terainating step of reconmbination of radicals is very
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fast, but under pyrolytic conditions the radicals are so diluted
with hydrocarbons that collision with hydrocerbons is much more
froquent than collision with smother radicsl.

In the pyrolysis of cthamus the initiating reaction is the
aplitting of the molecule imto two methyl redicals, while the chain
terminating step is the combination of two ethyl radicals at high
pressure and abstraction of hydrogen by ethyl radicals at lower
essure.

Injtiation resction:
Gﬁfﬂs — GH,. + GH}..
Chein termination resction:
Gﬂﬁcﬁz. +Cﬂ3ﬂﬁz. — ijzcﬁzcﬁ5 or
—-cnscn}+ca2 aﬁﬂzutm;hpr.

CH’CHZ- + He —_— Cﬁjms at low e

Similerly, the primaxy process in the thermal deccnpositiom of
gmpmgﬂisthediamistionofmmimaamﬂxﬂrmeﬂ
and an ethyl radical and these radicals can then react:

B 0, Gl . —> CH,. + CH,GH,
GBCH e + CHSH,CH; — CH,CH, + CH,CH,CH,.
G G CH, + He — H, + CH,OH.CH,.
CHGHCHy # CHgo  — CH, + GH,CH.CH,.
CFL CH, i o —> GHy. + CH, = CH,

—> H. "'cﬁjmnmz
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The most importent chain terminating step in the pyrclysis of
propans seems to be the combination of a methyl redical and a propyl

The initiating resction in the thermal dscomposition of butane 22
has been postulated by Sagert ané Laidler to be the bresekdcown into
ethyl redicals. Another possible reaction is by scisslomn into
methyl and propyl radicgls. However, Tratmn—viekmm1m bas
estimated that the dissociaticn energy for this process is some 4 K eal./
mole”| higher than far the soission into two etiyl redicals. Hence
it seemsz likely that the split into two ethyl radicals will
prredowinate.

In the hydrogsn sbatraction resetion the “availability" of a
hydrogsn has been shown %o depend om its &nwviromment. Rioe and
Vanderslice 2, for example, shawed that the sctivetion enersy far
the reaction of methyl radicals w:th [hygvgm stons in paraffin
hydrocarbons is greater than that with seeondary hydrogen atoms, and
the reaction with secondary hydrogen atoms has » greater sctivation

energy then with tertlary hydrogem atonms.

292 FYROLYSIS OF OLEFINS

The thermal decomposition of the hydrocarbons of this series
differs sharply from that of the hydrocarbons of paraffin series
in that the allylic C-H bond fission is also an important initiating
step. Olefins generazlly are more stable than the corresponding
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paraffins, and the thermal resistance increases as the double dand
js moved nearer the centre of the molecule, but decreasss as the
chain is lengthened or branched. The olefins studied during the
past few years may be conveniently divided into thres categories
containing the following:

() without allylic C-H and C-=C bends,

(B) with sllylic C-# bond, but ne allylic C~C bond,
and (C) with allylie C-H and C~C bonds.

The thermal dscomposition of ethylene, the simplest member of
the class (A), bas been studied by guite a mmber of worioers +7- 14
perticularly in comnection with the primery dosampoaition reactiom.
Por some time there was some uncerteinty whether the decomposition
is proceeded (1) by en elimination of molegular hydrogem, or (14)
by = scission to vinyl radicals and hydrogen atoms. It was shown
Ly Cvetanovie'® thst the initisl deccwposition step iu the thermal
decamposition of ethyleme is the formation of aoetylens and hydrogem
(oquetion (1)), and that this is followed by the polymerisation and
hydrogenation of the acetyleme. Leter, this mechaniss was supported
by Kebarle™™, who, however, found that resstion (2) also occurs,
but only to the axtent of about 4% of ths total deccmposition.

mz = mz —rGﬁECﬁ ’.“Ez 0006.0(1)
Gﬂz = CKZ —>Cﬁ2 =CH, +H ......(2)

Compounds comtaining only allylie CeH bonds, for exrample,

propylene and 2-butene, have heen studied by Kebarle and
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Au'ahmiﬂ's’“s. These workers have showmn that propyl 45
decamposed by three primary reaction ((3): (’t-?')t and (5)) and that
no molecular elimination of hydrogem tock place.

GH.}CH = CKZ —_— QC‘HEGH = CH2 8% .ooooc(})
cﬂfﬁ = Cﬂz — -633 + oH = Cﬂz 1?{9 oonto.(lﬁ)
CH,CH = G, —> CH, 0e2% veeses(5)
¢ — @
By 2

It is interesting that although the bond dissocistion energy
difference DGy = Ciy) - DO - H) 1s 16 & cal./mole ™, resction
(%) still occcurred to a significant extent. The isomerisation to
cyclopropge ccourred to a much lesser extent.

Similarly, the primery reactions in the pyrolysis of 2-buteme *0
have been shown to be:

CH,CH = CHOH, —» oCH,CH = CHCH, + He cseses(6)

3 3 2 3
ﬁiSCB = mj —_— .CHB + JCil = CHG“H} -00000(7)
Cﬁjcﬁ = GHCHB — GHZ G‘IOOQ(B)
7\
Gyt —— G

Appraximately 705 of 2-butens WIW route (6),
30 by peth (7) and the last reastiom (8) oceurred to a very
insignificant extent. |
Feraemﬁmuﬁmitmmmmtﬂum
decompose anly by cleavags of allylie C-H bonds. However,
cozparatively recently, Lossing st g.”‘s showed that molecules
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1like 1-butene decompose by breaking mot only allylic C-H bond (as

in equationa (9)-(13)) but also of a allylic C~C bond (as in
equations (9a)=(13s))s In both cases ome of the weak bomds im

the f-position to the double bond breaks, resultirg in the formetien
of the resomence stabilised allyl cr methallyl redicalsz. The allylic
C~C bonds in olefins have bond dissocistion erergics st lesst 15

K cal./mole smaller than that of eny other C-C boad in the molscule,
and hence the rupture of this bond seems to be favoured.

amcamcacn::cn—»a(cx)&m:ca +He  {9)

2 2
—= RCH,CH.CH . + hzca cH, (9a)
—_ R(cuz)zcmm = CIimi) + He (10)

— R(caz)sm = CHCHge + He (1)

— RCECH,s + «CH.CH = cm:as {10w)

2caca = cmmzcas +He (12)

—> RGHCHCH = cﬂémm +He (13)

—> ROH,. + CHCH = GKCH;_,BHB (t1a)

—— RCH CH.CH = CHCH,e + CHe (12a)
2 2 3°

The primary radicals formed in these resctions could dscompose

RCH,CH CH = CHCH _CH, — RCH

further either by the loss of sllylic hydrogen, or by the rupture of
ths allylic C=C bond. For exmmple, the allyl radicals formed in
(11a) and (12a) could decompose by the rupture of a C-C bond im

ths allylic position to give butadiene and an alkyl radical as shom
ta (14) ant (15). | |

it Ol = CHOH,CHy —= CHCH = GHCH, + CHy eoenes(1h)
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RCH _CH,.CH = CHCH —»Rca,z s ﬁHZCH = CHCH . sessee(15)

272 2 2
similarly, the radicals formed in (10a), (11a) and (12a) couwld
also decampose Ly the loss of C-ii bend in the allylic position to give
butediene as in (16) and substituted butadiens as shown in (47) and
(18).
c’ma.cn = cucni——»éﬁzcﬁ = cnéna 4+ He ecesesl16)

engcﬂ = CROH,GH 5 — CH 0H = crﬁacﬂj + He eeo(17)

RCH,CH CH = Gﬁeﬁz —_— mzéﬂcﬁ = méﬂ2 +He o(18)

The allylic radicals cbtained im ((9)~(13)) display the same
weskness towerds thermal rupturs at allylie positioms with the
forsation of butsdiens or of substituted butadiemes.

The presence of butadieme or its alkyl derivatives in almost
a1l pyrolytic resstions > may well be due to this ype of resstions.

PYROLYSIS C OHATIC

Aromatic hydrocarbons as pyrolytic source materials for
other srenes fall into two categories: those with and those without
aide chains.

(&) Unsubstitutod sromgtic hydrocarbons

Bensene is more stable thermally than tolusne, end ita mode
of deocmposition is dremsticelly differeut. Berthelot ' and meny
other workers 0197 studied the pyrolysis of beusens in the early

yoars, but more significant stuiies have been by Badger and Novotay®?,
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They pyrolysed bansene by passing its vapour with nitrogen through
e nilica tube maintained at 700°. This will be discussed in detail
as a comparative study in Chapter 4.

The pyrolysia of fused ring aromatic hydroearbons, faor example,
nsphthalene (XXXVI), phepanthrene (XXXVII), anthracems (JUXVIII)
gave highly condsnsed systems. The pyrolysis of npphﬁalene will
4lso be discussed in Chapter 4. The pyrolysis of phemanthrene has
been reported sarlier by Langs'. Nore recently Badger and eoworkers
pyrolysed phenanthrene’® in nitrogen at 700° and 850° and astiraceme’’
in nitrogen at 700° and 950°.

(XoovI) (XxxvII) (XXVIII)

The formation of most of the hydrocarbons faund in these
tars have been explained in a sinilsr wey as in the pyrclysis of
bensens®? end mepithalens’’. However, it is interesting to mote
mmmwahwmﬁwmutmﬁ mich of the phensnthrene
was recovered umchanged and no anthrscens was detected; but at
850°, & mch sssller recovery of phenanthrene was observed, s greater
proportion of condensed hydrocarbons was cbtained, and a considersble

yield of anthracene was obtained. Similarly, in the pyrolysis of
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snthracene at 700°, most of the starting material was recovered,
and no phensnthrene was obtained. Om the other hand very little
anthracene survived the pyrolysis at 950°, e mmuch wider range of
aromatic hydroearbons was formed, and anm excellent yleld o
phenanthrene was obtained. It seema certain that some hydrogenation
must have cecurred at the higher temperature, and fission of the
resulting tetrahydrophenanthrene (XXXIX) or tetrahydrosnthracens
(1X) intermodiates would account for the resrrangement of phenanthrene
to anthracene or yice versa, as shown in figure 2, and of sther
condensed hydrocarbons which were present in very small asounts.
The farmation of naphthalene in these pyrolysis furmishes additional
support for this view.

oS — o -

(XXXVII) (XxXIX)
(zx) (XxXVIII)

Hpze 2
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Tt 4s noteworthy that Orlow >* first cbserved the
phenanthrene - anthracens rearrsngement following the pessage of
phenanthrene through a red-hot tube (sbout 750°), in presence of
hyérogen.

In the pyrolysis of wmethyl substituted hydroecsrbons such as
1= and Methylmphthalmeam’sz and wmphﬁwnasﬁ, the moleocules
were coupladd preferentislly through the methyl or methyleme groups.
However, Lijinsky end msz have reperted that in the formation of
most of the products in the pyrolysis of 2-methylnsphthalene, the
methyl group was, apparenily, lost.

Another sxmmple iz the expansion of the ring, yielding
1,2:7,8-3ibenzochrysene (LXI) as the main product in the pyrolysis
of flucrene (mn)”. _ _

® ®

CH?. ——

C g C

(xvirT) i i

(Lx1)




Although unsubstituted arcmatic hydrocarbons are remarkably
resistant to pyrelysis, alkylbenzenes are &ramatically different.
For exampls, %tolusme, a typical member of this class, is much less
_stable thermally than benzene and it dscomposes in an entirely
different fashion. The pyrolysis of tolusne was first studied by
Berthelot ‘02 in the early yeers, and his work has been repeated and
axtonded by mny other workers’>* 155156 ying juprevid techniques.
¥ary of the fundamental processes have besn elucidated, but there is
stil3 considerable disagreement as to detalls except perhaps that
the toluens initially bresks down to hydrogen and bensyl radicals.
The methyl C-H bond in toluene has s bond dissceiation energy (77.5
K eal./mols) 27 at least 20 K cal./mole smaller than that of any
“eromatic* C-f bond, and hence the rupture of this bond seems to be
favcured., The bond dissociation energy for the C~C bond linking
methyl group to the bensene ring is unecertain, but may be near 87
£ cd./wle1§8. Hence the rupture of this C 5=CH; bond may also
be expected. Thus the primary decomposition products of toluens
in the reaction sone should be H., CH.CH,. , Cgfize , and CH.. .

In a recemt investigation the pyrolysis of tolanh at 700°
was found to give a tar in which 23 products were identified in
addition to large amount of unchenged toluene end the formation
of the major products of the pyrolysis has been explained by reactions

of these primary decomposition produets. It has been suggested that
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the most likely route to (i) bensene is simply by cleavage of the
Cglly~Cil, bond, and to some extent by the interaction of two methyl
redicals to give ethylene and hence bensene, (ii) bibensyl by the
union of two bensyl radicals, (4ii) flucreme by the unicn of phemyl
and bansyl redicals followed by oyclodehydrogenstiam, {(4iv) phesanthrent
by the cyclisstion of bibensyl or of stilbene or, more likely, by the
combination af phenyl and styryl radicels followed by
eyclodehydrogemation of the sdduet (figure 3), and (v) anthrscens
by the union of phenyl and styryl radicals to give an intermediate
radical (IXII) as in (iv) followed by reerrangement as shown in
figure 3.

Nore recently Hurd and coworkers '~ have pyrolysed [1- 'Cltoluene
at 525° (hot conmtact time, 24 sec.) and proposed an explanation for
the formation of lebelled bensene, naphthalems, anthracens, and
phenanthrene found in the tar,

Essentially, their proposal involves fregmentation of the beusyl

rudical in the manner of a revarse dlene synthesis into C - and C_~

L 3
rescnance stebilised radicals followed by isomerization of the
C, fraguent to & redicsl-oarbene, trimethine (also stabilised by
rescnance), by 1,2-ghif't of hydrogen and dimerisation of two such
fragments into benzens having two labelled carbon atoms ss shown in
figure L.

This mechardiem was thought to explain the small amount of
lzbelled benzene (0.033 labelled atom) isclated following the
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pyrolysis of {1-1‘%:] toluene. This mall smount of active bemsens
could, however, be formed equally well as iniicated sbove, i.e. Wy
the interaction of two methyl radicals to give ethylena, snd hence
bensene. |

Similarly e diens mechanisn was suggested > to explain the
formation of paphthalene (0.176 labslled atom) which erises from
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f‘l_--f“l %}tohme, This would involve reverajble sddition of & C;“b
fraguent (a) to toluene followed by irveversible loss cf methsne
to give unlebelled naphthalene (equation (19)).

¥ T ¥ i
CH, Chs

/ —
g L =
(2 L B

(1xvI)

—— + E.Hz‘,

vensee(19)
(OxXVI)

WMMMMWMW‘MWEﬁ
mmﬁmdha:ylrmuﬂxcsmt(b) would give
paphthalene having two labelled carbon stoms (equation (20)).

EH; 2
@ # oLl = CB = ?ﬁ_\g —_— m
(v) *
-
———
¥ cesees(20)
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The anthracens isolated by Hurd and cm-iceraﬂg

following the
pyrolysis of [4='C]toluene was found to have 1,91 labelled atoma.

This result is in good agreement with the mechanisms involving two
labelled bengyl radicals, for example, by rearrangement from bibenzyl

as shown in figure 3. Thess workers, bowever, interpreted their results
in & different manner. This imvolves a modifisd Errede’s mechanism

in which the benzyl radical attacks ortho to the methyl substituent

or another bengyl radical, followed by cyclisstion as shown im figure 5.

%
©EH; @ cngfj
+ — ’
N
H E,' cH'C,
(1xvIix)

one oM
H Hﬁ H3C¥

(Lxx) | (1xxx)
y

»

O —_— (XxxvILI)

(1Xx1)
fgure 5
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$4milarly the phenanthrens activity of 1.71 lebelled carbon
atous supports the generally accepted mechanizm involving bibenzyl
as an intermediate as shown in figure 3.

The Hurd mechanism' 2 for the formation of bensene and
naphthalens Yy way of C3. andck-tragmmw has not been generally
eccepted. Considersble evidence iz accxmulating on the relative
stability of the arcmatic rings at temperaturss around 650 -850°
and it is known that hydrogem atoms produced by C-H fission can
reduce arometic rings so that Pission of the resulting saturated
C=C bonds could well ocour. In other words some lsbelled benxene
and napithaleme would be expectsd if any reduced toluens or bensane
is formed and then ruptured. The formation of phepanthrene and
anthrscene in the gyrolyses of enthracans’! and phenantirenes®
respectively and also the formation of msphthalens in these pyrolyses
supports this latter view.

Ths pyrolysis of sromatic hydrocsrbons with higher alkyl side
chaing such as ethyl, propyl, and butyl will be reviewed in commection
with the present investigation.
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CHAPTER &
THE PYROLYSIS OF [de | NAPHTHALENE

Lo ENTRODUCTION

Naphthalens is an important constituent of the tars cbiained
by the pyrolysis (at 700°) of acetyleme, butadiems, paraffin
hydrocarbons, alkylbensenes, and of tetralin and related compounds
(Table 8)s 1,1'-Binaphthyl (IXil), and the iscmeric 1,2'- (LXXIII)
and 2,2'= {WXIV) binaphthyls, have also been dstected in many of

these tars, and it has been suggested that these hydrocarbons are
formed Yy reaction of napithyl radicals with whthalmm"%’gz.
The condsnsed hydrocard

ons perylane (LXXV), 10,11-bensoflucranthece
(XVII) and 1i,12-benzefluoranthene (IXXVI) have similarly been datected
in weny of these ters, and it is reasonable o suggest that they are
formed from the corvesponding binaphthyls by syclodehydrogenstion.
The binaphthyls, and the three condensed hydrocarbons, wsre all
detected by Lang and Buffleb” in the tar obtained followirg the
[rolysis of naphéhalene at 800°. loreover, all thews hydrocarbons
have been found in the tar produwced by the pyrolysis of tetralinz.
Nore recently, the pyrolysis of [i= 7G]tetralin'22 hes also bsen
reported, end labellsd 1,1'-hinaphthyl (LXXII), 2,2'-binaphthyl
(LaXIV), peryleme (1XXV), i0,11-bensofluorenthene (IVII) and
11,12-bensoflucranthens (1XZVI) were isclated fromx the resulting

tar. All showed radioactivity corresponding, within experimental
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TABLE 8

FO

: LYSIS

OF SIMPLE HY!ROCARBONS

Hyérocarbon pyrolysed m&s naphithal o
Acetylene™ 12.00
"Igo-octane" > 18,20
Buta-1,3~diene > 14,00
Styrens’ | 6.10
5Vinyloyclohexene " 13.16
Imiaxem L.60
Tetralinc TheliO
p-Decane " 13.20
Toluens % 0.042
Etkvlbmm Le54
Prowlbensm73‘ 33
Butylbensene > 21,00

error, to two labelled carbon atoms. It mgy also be noted that

in e related investigation 7 maphthyl redicals were generated at

much lower temperatures (by decomposition of naphthylsulphonyl
chlorides or photochemicelly from 1-iodomaphthslene) and gllowed

to react with naphthalens.

Binsphthyla, peryleme and hensofiucranthenes
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were cbtained. As a further contribution to the study of the mode
of foymation of the binaphthyls (LXXII-LXXIV) and the condensed
kydroearbons (LXXV, XVII, LIXVI), the pyrolysis of [1- 'C)saphthalene
hes been undertaken.

Before studying isotopically-lsbelled nephthalene, the pyrolysis
of ordinnry naphthalene was first investigated to esteblish the
conditions for pyrolysis, the nature of the products, and to determine
their percentage in the tar.

The pyrolysis wes carried out at 700° using the apperatus
descrided in Chapter 9.1. Nephthslene, a3 a liquid, was introduced
dropwise into the pre-hsated ailica tube, and nitrogen was used as
carrier gas. The exit gases were exsmined by infrared speotroscopy.
The resulting tar was collected and snalysed hy distillatien,
chromatography on alumina and chromstography on acetylated cellulose.
The products were isolated and identified Yy speciroscopy and whenever
possible by m.p. and mixed m.pe

The percentage compoaition of the resulting tar is given in
Table 9. lost of the maphthalene was recovered unchanged, but
1,1%=, 1,2'= and 2,2'-binaphthyls were formed in significsnt amounts;
the condensed hydrocarbons perylene, 10,1i-bensofiucranthene and
1,12=-bensoflucranthene ware formed in mmualler smounts. Yo methans

or ethiylene could be detsoted in the exit gasea. Surprisingly, some
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3,h=bansopyrene was also detected in the tar.

TAiBLE

CUNSTITUINT OF THE 1R

Compound Percentage in Labhelled
tar C. atoms
‘Haphthalens 86.21 1.00
1,1'=Binaphthyl 0.76 2,00
1,2'=Binaphthyl 1.90 2,01
2,2'=Binsphthyl 2.18 2.00
Perylene _ 0,011
10, 11=Bensoflucranthene 0.041 1.93
11,12-Benzofluoranthene 0.037 1.9%
3 ,h-Senaopyrene Trecs

The pyrolysis was then repeated using [1- Cluaphtbalens, snd
most of the products wers isolated in sufficient quantity and purity
for radiochemical apalysis. Perylene (LXXV) and 3,h-bensopyrens,
however, could not be isolsted in sufficient quantity for this

purpoae. Ths sxtivities were caloculated as relative molar activities,
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which sre linearly proportiomal to the mmber of ladelled carbon

atoms pwwlmlowo, snd the resglts are sumurised in Table 9.

&g DISCUSSION

The pyrolysis of bensens was carried out by Badger ot alo” by
passing its vapour with nitrogen through a silica tudbe maintained
at 700°, kost of the initiel material was recovered unchanged end
the major product was bMphenyl (IXXVII). The only other substances
formed in relatively large amounts weve m-terphenyl (LXIVIII), p~terpheny
(IXXIX), triphenylemne (LXXX); and a few polycyclic compounds were
also identified. 1t seemed certain that the major proceas involves

drogen fission to give phenyl redicals which then resct
with benzene to yield biphemyl (IXXVII), or with biphenyl to yield
g-terphenyl (LUOI) and g-terphenyl (LXXVIII), and p-terphemyl
(IXXIX), end cyelodehydrogenation of (IXXXI) would give triphemylene

. O
S

(1XXVII) (1x0x1) (rxocx)
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3
4 <
9 4

(LxxIx) (LXVIII)

It has also been suggested that some hydrogemation may ocour
&aring the pyrolysis of bemsene, and that fiasion of the yesulting
cyclohoxene or cyclohexane would account for the methsne and ethylene
formed and several hydrocsrboms {fluorene, phenenthrene, snthracene,
fiucrenthene, chrysens, and 3,k-benscflvoranthene) detected in the tar.
It has slrosdy been indicated in Chapter 3.3 that the presence of
hydrogenated hydrocarbons in tars produced by the pyrolysis of
phenanthrens™® and snthracene’! has been confirwel. It is therefore
possible that the carbom~carbon Dond fission rroducts arise from
reduced bensene molecules rather than from the sramatie ring itself.
As mentioned earlier, saturated carbon-cerbon bonds sre certainly
much wealer than arometic carbon-carbon bamds,

The pyrolysis of npaphthalane at 700° has now Eiven similer results.
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The mejor process clearly involves cerben=-hydrogen bond fissiom
to give naphthyl radicals, which then mlct with asphthalene

to yield 1,1'~binephthyl (LXXII), .2'#!1:“’!31 (LXXIII), and
2,2'-binaphthyl (IXXIV). The condensed hydrocarbons

10,14-bensof luoranthene (XVII), 11,12-benseflucrenthene (LXIVI),
and perylene (LIXV) are svidetly forwed from the binsphthyls by
further carbon-hydrogen fissiom; that is hy eyclodahydrogenstion.
The mmber of lsbelled carbon atoms in the binaphthyls and in the
benzoflnoranthenes isclated following the pyrelysis of

[1-"% Inaphthalene are all consistent with this view. The mode
of formation of these hydrocarbons must now be considerod as
established beyond #apute,.

No methane or ethylene could he detected in the exit gases
following the pyrolysis of naphthalene. However, the mresence of
1little 3, 4~benzopyreme in the tar shows thet cleavage of the ring
gysten does cccur to some extent.

The results of the present investigation bave shown that the
mejor procesz in the pyrolyais of naphthalepe involves the cleavage
of earbon-hydrogen bonds, and considerable qusntities of free
hyédrogen must therefors be present ir the reaction zcpe. Under these
conditions it would be comcedvadle for same hydrogenstion to occur,
and that some tetralin mgy be formed during the pyrolysis, of
saphthalens, Most of this tetralin would, no doubt, be dehydrogensted

to paphthalens; but the saturated carbon~carbon bonds in tetralin
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would also be expected to mdergo resiy cleavags (the apmoxiaste
values of the disseciation energies (in K cal./mole) for the C-C
end C-# bonds in tetralin are shows in the diagrem (IXXXIY)). It

o2

5
st

(120X 1T)

in figure 6 end mot by any fission of arematic carban-carbon bonds.
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SHAFTER 5

5 FYROL OF 1-“'!1

5,1 INTRODUCTICN

Styrens, a typical alkenylbenzene, is one of the most important
constituents of the tars obtained by the pyrolysis (st 700°) of
alkylbensenss, J>-vinyleyclohexsene, iso-cctans, tetralin, and
related compounds (Table 10). The therwal decomposition of styrene
was first studied by Berthelot O by passing its vapour through a
porcelain tube at "bright red heat", and the products were found
tc be benzene and acetylens. A 9% recovery of styrene has besm

veported following heating %o 550° 162 and a 95.35 recovery after

heating at 625° 1630164

N¥ore recently, Badger and coworkers made

s detailed analysis of the tar cbtained by pyrolysing styrene at 710°
and identified fifteen compounds. Flausible mechanimes were designed

to explain the forwmation of these compounds on the considerstions

of the "primary" radicals expected following scissiom of the weskest

C~il and C-C bonds and on the relative ylelds of ¢the various
hydrocarbons in these tars. To provide a means of checking

mechanistic considerations regarding the pyrolysis of styrene, & tracer
msthod using carbon~-1l in the side chain of styrene has been investigated

Accordingly the pyrolysis of [1- “C]styrene has now been studied.
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202 RESULDS
[1-"0] Styrene was ayntbesised by the following route. A
Friedel-Ceafts reaction betweon banzens and [1- *C]scdium scetate
in the presence of aluminium chloride gave [carbonyl- 'C]acetophencne
(LXOXIIT) 3n 81.67% yiea.-a%s.» Reduction of (LXXXIIX) with Raney

nickel in aqueous alcoholis sodium hydroxide afforded

TABLE 10

STYRENE OBTATNED FOLLOWING PYROLYSIS

OF HYIROCAR

Hydrocarben pyrolysed Styrene in esulting tar
Tolene o% 0.1
Ethylbensens - 9.9
Progylbensene’ - W7
Butylbenzene’>® 2.7
3=Vinyleyolohexene” * 3.4
Im:o--cat:i:a:s.e93 B.47
Tetwalin’ 0.86
E—Docanen’ 0.86
Dotriacontene | 7.03

{=phenyl {1-1“c]ethm1 (IXXXIV) 4im 92.7% yien"“; treataent
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with concentrated hydrochloric acid gave the correaponding ohloro
compound 1-ahloro-1-phenyl [1-'°C]ethane (LAXXV) in 85.6% yield;
and finelly mtmm quinoline gave the required
(-] styrene (LXXXVI) in 75.6% yisld.

#COCH

3
@ + m5{1"c]oom e
(LXXZIIT)
“CRORCH., *CHO1CH *ci = CH,

(%) indicates %

This labelled styrene was diluted with pwrified inactive
styrene (sppraxinstely 1:50) from & commercial scurce to provide
the stock supply of [1= 'C]styrens used in all subsequent axperimenta.
No impurities were M&etﬁbygwliq&ﬁdehrmtﬁm of this
styrene, which had an infrered spectrum and refractive imdex identical
with that of pure unlabelled styrene. |
The isotopie purity of the styrens wes confirmed by oxidation
to bengoic ecid and subsequent dscarbaxylation to benzepe. The
bensoic acid (relative molar activity, 6+25 x 10°2) and carben
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dhoxide (relative molar activity, 6.24 x 1072) obtained on
dscarboxylation had slmost the same activity as the original styrene
(relative molar sctivity, 6.81 x 10°2), and the lsbel ia theredy
shown to be exclusively in the i-positicn of the side chain.
[1-Y5]styrens was pyrolysed, as previcusly described for the
inactive eoapm&m, by passing its vapour with oxygen~free nitrogen,
through & pro-beated (710°) silica tube £illed with parcelain chipa.
The gasecus products ware identified as methane and sthyleme. The
resulting liquid tar was analysed by & combination of distillation,
gas~liquid chromatography, chromatography on alumina and on acetylated
celinlose. Nine compounds were isclated in sufficient quantity and
purity for radicchemical analysis. Four of these have been dsgraded
to determine the distribution of the activity. The results for these
compounds are summarised ia Tadle 11, which gives the mwber of labelled
carbon stoms for each ccmpound and for some degrsdstion products.

Activities were calculated as relative molex acﬁvitiu1m

which
axe linearly proportiomal to the number of active ecarbom atoms per

nclecule.

JSSTON
According to the previous discuszion based on the consideration
of bond dissociation emergies of varicus types of C-C and C-H bonds
(Table 12), the energy recuired to bresk the C-C single bend is

aprroximately the same order as that required to bresk the C-i bonds,
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ZABLE 11
Compound. Degradation Produsts ' Labelled
€ Atoms

Benzene 0.086
Toluene 0. 70

Benzoic acid 0.66

Carbon dioxide (from

decarboxylation of bensoic acid) | 0.65

Benzene 0,01
Ethylbenszene .97

Bempoie acid Q.86

Carbon dioxide (from

decarboxylation of bemsoic meid) 0.85

Bensene 0.02
Sgyrene 1,00
Indene 1.38
Haphthalene 2,04
2=Fhenylnaphthalene 1.94
Phemarthrene C.99

2,2'-Biphenic ssid 1,00

(contd.)



TABLE 11, contd.
Campound Degradation Products Labslled
C Atoms
Carbon dicxide (from
dscarboxylation of 2,2'-biphenic
acid) 0.53
Biphenyl 0.11
Chrysene 2,92
Chrysa=1,2=quinone 2.90
o=( 2=-Naphthyl)bensoic acid 2.58
Carbon dioxide (from
decarbogylation of
- o~( 2=naphthyl)benzoic acid 0«53

2=-Phenylnaphthal ene

2,07
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TABLE 12

BOND DISSOCIATION ENERCILS

Bond Bond dissocliation erergy
: ‘K cal./mole
Cwmii 100
G=C double bond 140
C=C single bomd linking 110

ethylenic group to the
benzene ring

and that a mush grester ensrgy would be required %o bresk the C-C
double bond or the aromatis ring. This leads to the concluaica
that the "primery® radicals formed in the pyrolysis of styreme arise
by random C-H scission in the side obain aad ring and Wy C-C bond
(1linking ethylenic group to the bensene ring) seission, according to
equations (21) snd (22).

¥ * ,
CGHBGH = CH2 —_— Céisc + JOH = Cﬂz '00000(21)

csn;éﬁ = cH, _&.csas&'a = CH. +H.
-
_k,c6ﬁse = cH2 + He ......(22)

e ‘ *
_,OC&CH = CH2 +H._|

The bonds cleaved are of compurable strengih, and random formation
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of the radicals would be expected. In sddition, methyl radicals
mist be present in the resction zone (in view of the pressnce of
methane in the exit gases) and asre probably formed mainly fram the
styrene side chaln.

The formatioa of the major products following the pyrolysis of
[1-“'1‘:]siwrm can be explained by reasonsble resctious (chain
propagating and chain terminating) ef these primary decomposition
products, namely, phenyl, vinyl, and styryl radicals, and the
results of the radiochemical amalysis presented here provide a method
of investigating possible alternative modes of formation.

Benzens is sn importent and majar product of the pyrolysis of
[1-“'1}] styrene and could plausibly be formed simply by cleavage of
the CHiy = Gif = CH, bond according to equation {21) followed by
hydrogen sbstracticom by the phenyl redical. Bensene farmed in this
way should be devold af redicectivity; the presence of an activity
corresponding to 0.086 labelled atoms in the benzeme isolated
suggests that a small percentage may be formed by resynthesis from
smaller active fragments. Formstion from tlree labiled vinyl radicsls
.EH = Gﬁz,
and if spproximately X7 of the bentene were formed im this way, the

for axample, would give bensene with three labellsd atoma,

cbaserved activity would be cbtained. It is concluded, therefore,
that the mejor route to bensene in this pyrolysis is by cleavage
of the olefinic side chain.

Teluepe is also a major constituent of the pyrolysate and its
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mode of formation is of importance because bensyl radicals, the
most important precursors of toluene ic the pyrolyais of

167, g-[u,-1hC] propylbensens and

fa-u‘!}]eﬁImee
[5-'"#c]butylbensens 23, are not farmed in the primary decosposition
process in this pyrolysis,.

It has been meamm
styryl radical csﬁﬁéﬁ = CH. and en unlabelled phenyl redical followed
hy hydrogenation to give bibdensyl, and subsequent cleavage (the
central bond of bibenxyl has a very meall bond dissccistion energy,

that reaction between a labelled

47 X cal./mole) to two bensyl radicals (equation (23)) may be an
important route to tolueme. Equally plausible is hydrogenstion of
styrens to ethylbensene, followed by ¢leavage to a labelled bensyl
radical and an unlabelled methyl radical, and subsequent hydrogen
abstraction sccording to equation (24); or umion of s methyl
radical and a phenyl radical eccording to equation (25).

&®

s

Ceﬂﬂﬂam.éc « —» G H CH = CHO H_ —
5° ¢ 6% s

361“15032. + Geﬂsm2: - 06115@12 - CH266H5 -

v
|3
06115053 + céascn3 cacess(23)
CGH5GH = CH, —>CGHBGH20H§ —_
k-3
Céiﬁcﬁzo + cﬁ}. — csaséﬂa 000'000(216)

C6H5. + CH30 — CGHSCES ......(25)
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Formation aceording to equation (23) would give toluene with
O.54 labelled atams; aecording tc equation {24), 0.86 lebelled atoms;
and finally aceording to equation (25), less than 0.5 labelled
atows depending on the activity of the methyl radicals. These figures
follow from the results with bensens and ethylbenzens.

The toluens isolated following the pyrolysis of [1- *C]styrene
showed activity corresponding to 0,70 labelled carbon atoms. Oxidatien
of the toluene gave benzoio acid (0.66 labelled stoms). This om
decarbaxylation gave benzene (0,01 labelled atoms) and carbon dioxide
(0.65 labelled gtoms). The aide ohain in the toluene therefore had
almost all the activity, providing strong evidence that formation
sccording to equatiocn (24) must be a major route in this pyrolysis with
formation according to eguations (23) and (25) providing significant
alterpative pathways.

Ethylbenxzene must certainly be formed almost exclusively by
hydrogenstion of siyrems, aas in equation (24). Oxidatiom of
ethylbemsene (0.97 labelled atoms) to bensoic acid (0.86 labelled
atoms) and decarboxylation to bengene of low sctivity (0.02 labelled
atoms) gave o distribution of activity very similar to that of the
parent styrens, and it is unlikely that any other route to this
compound is of importance in the present pyrolysis.

Kaphthalene (XXXVI) was an impertant conatituent of the
pyrolysate and must have arisen by s process of chain resynthesis,

most probably by a reacticn betwsen the primary deccmposition products
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nemely, o labelled styryl radical 9635&1 = CH. and s labelled
*
ethylene or vinyl radical .CH = Cliz_, followed by ring closure
and dshydrogenation. This would be expected to lead to
naphthalene, according to equation (26), with 2.0 lsbelled atoms,
in excellent sgrecment with the experimental figure of 2.04.

&

Ph;:ﬂ = GH. + .EH = CH2 —_— \
P
®
-
&

(xxxvI)

Phenanthrene (XXXVII) is the major compoment of the pyrolysate’ ',
and must have been formed mainly by resctions involving the primary
docomposition produwots,

Three reasopable mechanisms have previously been suggested as
important routes to phecanthrene in other pepers in this series.
Equation (27) would involve the union of & Cet, umit (such as

naphthalene) and a c, valt (from two vinyl rm:ala). Equation
(28) would invelve the intersction of a phenyl radical snd styrens
(or styryl radical) follewed by cyclisation. Equation (29) would
imvolve the interectian of two benzyl radicels to give bibenxyl,

followed by oyclodehydrogen;
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'_1

L0 =0
Qs ‘—f';"“’

- { XXXVII)

PEH.d-Phﬂﬂ (29) O

In the pyrolysis of {1-"“6] etyrene, any phenanthrene prodused
by the Pirst pathway weuld be expscted to have 4.04 ledelled atoms,
with 2,04 lsbelled atoms in the cs-c‘ wnit (i.e. naphthelens) and 2.0

1sbelled atoms from a ch unit (1.e. from two ethylens residues).
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Similarly formation of phenenthrene according to equation {28) would
lead to phenanthrene with 1,08 labelled atoms (from styreme, 1.0,
and bensene, 0.08). FPinally, formation secording to equaticn (29)
would lead to phenanthrene with 1.4 labelled carbon atums of twice
the activity of toluene isclated in this pyrolysis.

The experimental figure of 0.99 labelled atome is clear
evidence in favowr of formation from a phenyl radiocal and styrene
according to equation (28). Purther, oxidation to 2,2'-biphenic
acid (1,00 labelled atoms) and subseguent decarboxylation to biphenyl
(0.11 labelled atoms) and oarbon dicxide (0.53 labellod atoas)
indicated & distribution of activity in good agreement with the

‘ 0053
0-053 ‘0 043

048

(LZxxviI)

exrected velues (LXXXVII),

2-Phenylnaphthalene is formed in significant yield om pyrolysis
of dyrene, and its mode of farmation is of interest since it is
rarely formed following the pyrolysis of hydrocarbons. Unfortunataly,
the two most likely mechsnisms of formation, from a styryl radical

and styrene (as in LXXIVIII) and from naphthzlene snd a phenyl radical
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(as in IXXXIX) would give 2-phenylnaphthalene with 2,0 and 2.12
labelled atoms respectively and no decision betwesn these two
mechanians is possidle from the present results. However, if the
mechanims imvolving phenylation of paphthalene is important,

the formation of 1=phenylnaphthalene and hence fluoranthene (by
cycledshydrogenation) (ths pyrolysis of bemsene and naphthalene

is inoen to give 1~ and 2-phenylnaphthalene and flucranthene) would
also be expected, unless, of ocourse, iscmerisstion of 1~ to
2-phenyloaphthalens occurred to & significant extent; but no
flucranthene is formed following the pyrviyses of styrene. The
2-phexylasphthelens isolated showed activity eorresponding to 1.9,
lsbelled atoms, in agreement with the two posaible mechanisms.

H
/I

(LXKXVITT) (LXXXIX)

#*

The formetion of indeme (LLX) in this gyrolysis is equally
important in connection with possible routes to chrysene since the
latter compound is knom to be formed in high yield on pyrolysis of
indens at 700° 80.

‘i'hanostlibol,ymhtothiacmpam&mldnppmtobcby
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resction betwesn styrens (or a styryl radieal) and a methyl radical
followed by cycledehydrogenation acecrding to equation (30).

c mam.+m

O e O

(1)

The expected gotivity of indeme would depend on the crigin
of the methyl radicals, and two reactions could be of major importance
(equation (31) and (32)).
L)
Céﬂscﬂ = CH

Y
2.——-0_635.+.£H=GH

2
) » L3 ‘ » ‘ ( 1)
0636 + CH2 = Gﬂz —_— CHB = GHB —_— .cﬂj + .Gﬁs esasaelF

€
céisc*i = CH2 — 063503 CE‘} i CGI‘5 » + cﬂs 0‘..0.0(32)

Formation according to thess equations would give methyl radicals
with activity corresponding to U.5 labelled atoms and no labelled
atoms respectively. Thus, indene formed as sbove should have an
activity botween 1,0 and 1.5 labelled atcms. Tho observed valus
of 1.38 lubelled atoms suggests that methyl redicals (hence methane)
are formed mainly from ethyleme as in equation (31).

Alternatively, reaction between bensyl radicals and ethylene

waviwlrﬁieamdwbomimpmrmteto%ow
in view of the relatively high yield of toluene’ .




80.

Chrysens is ome of the most common products of the pyrolysis
of hydrocarbons and seversl mechanimms of formation are of importamce
in other pyrolysis in this series?72%3,
It has been suggested that ohxysene could be formed
(i) from two c:',,-c3 wnits (es in LIXI),
(41) from two C4=Cg=C, uwnits {as in LLXII) or

(4i1) from a cs-c# and a G ~C, wnit (as in LIXIII).

- -
T ‘.\“q..l'

(nixI) (LIXII)

(LLXIIT)

Mechanisms involving dimerisation of two 5.6'6 3 units or two 61-{:6-02
units derived from indeme or its precursors, are unlikely to be of
great importance in the present pyrolysiz as indene is amly & minor
constituent of the pyrolysate. However, mechaniswms involving a C 6'61,
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wnit and & Cg~C, ualt are highly probable in view of the high yield
of naphthalene and the presence of large amounts of styrene and
styryl radicals in the reection szone.

, Unit involved 15 also the
procursor of naphthalene the expected distribution of sctivity is

given by (LLXIV), and if naphthalene itself, by (LIXV).

I it is gssumed that the 66-6

0.01

(LxIv) (11xv)

The present experimentsl resulis cannot decids between these
possibilities, Lut ths general features of the distribution of
activity in the two inner rings have been confirmed by degradative
studies. Oxidation of chrysenme (XIIX; 2,92 labelled atoms) with
sodium dichromete in acetlc acid gave chryss~1,2-quinane (LLXVI;

2.90 labelled atoms) snd alkali fusion of (LLXVI) gave 2~{go-paphthyl)
bensolc acid (LLXVII; 2.58 labelled atoms). Decarbuxylation of
(LIXVII) gave 2-phenylnaphthalene (LLXVIII; 2.07 lubelled atoms)

and carben ddaxide (0.53 labelled atoms).
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(x111) (LixvI)

o‘ o‘

(1LXVII) (LLIVIII)

The ddstribution of aetivity is mot in perticulariy good
egroenent with sither (LIXIV) or (LIXV) and cther mechanisms of
formation mist also be of importance.
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CHAPTER 6
- ‘“’C
THE PYROLYSIS OF [3= *C]INHDENE

It has long been bwwnms that chrysens is formed in good

yield from indeme by psasing its vapour through & red hot tube.
Recently it hos been shown’° that the pyrolyais of indeme st 700°

also gives mignificant amounts of bensoflucrenes and 1,2-bensanthracene
in addition to chrysens. It has been suggested that all these
hydrosarbons sve formed by the “"dimerisation” of the radicals expected
following scission of the weakest carbon-carbon bond in indens,

The data reported in this chapter records an extension of the ehave
wark to indene conteining carbon-14 at the 3=position, to provide
further evidence for the mechamiags of these tranaformations.

6.2 BESULTS

{3~ "] Indene was conveniently prepared in satisfactory
yield by the following route.

The Grignard resgent of g-phenylethylbromide (LIXIX) was
treated with radicactive carbon dioxide under usual vacwum line
technique to give [cerboxy- 'C]hydrocinnamic acid (LIXX).
Subasguent treatment of this ecid (LLXX) with thionyl chloride
followed ky anhydrous sluainium echloride in carbon disulphide

Cho(.odwﬁc)\m L\O\/(JO%ZV\&_HMA.

medium brought about cyeledehyérogenatien, and yielded




B,
Lmj%]m (LLXXI). This was hydrogenated under
atmospheric pressure with Raney nickel in agueous alscholis sodium
hydroxide to give [1-’%]1:@& (mzx.n). Dehydration of (LIIXII)
in boiling hydrochlaric asid gave the reguired [3- C]indene (LLXXIII).

X 3
cxzcnz_pw cﬂzmzcom
¥g, CC
—_— 2 —
31 mlsfcsz
{11xx)

(urxax)

I R-H:I./Nanﬂ
O
(L1xxI) (m..mx)

x
(LxIIx)

This radicactive indene was appropriately diluted with pure
insctive indene. The infraved spectrum of this mixtiure was identical
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with that of pure unlabelled indeme. No impurities could be detected

by gas=liquid chromatography.

The diluted active indeme was then pyrolysed under conditions
similar to those previously uaeﬂao except that the pyrolysis tube was
not packed with poreelain chips. An empty tube was used to avoid
the blocking of the tube (with carbon and chrysene) obtained under
packed=-tube conditions. Under these empty-tube conditions some
indene survived the pyrolyais; the major product was ¢hrysene, and
only a few other compounds could be isclated for rediocchemical analysis.

The results are summarised in Table 13, which lists the compounds
(izolated from the tar), degradstion products of chrysens, and their
radiochemisal velues. The activities wers calculated as relative
molar activities, which are linearly proportiomal to the mumber of
labelled carbon stoms per melecule.

$23 DISCUSSTON

Using the caleulated bond orders o7

for indeme it is poassible

to obtain approximete bond dissccistion energies for the carbon~carbon
bonds, and hence to predict which bonds are most likely to rupturs

at high temperature to yield radicals. In a previous ptpcrso it was
suggested that the ocarbon-carbon double bond in the five membered
ring has & bond dissocliation energy of 138 K cal./mole, end the
earbon-carbon single bomd, linking this conjugated double bomd to

the bamzene ring, has a bond dissocietion energy of 108 K cal./mole.
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TABLE 13

CCNSTITUERTS OF THE TAR OBTAINED BY

THE PYROLYSIS OF [3~ 'u]DOENE

Compound Degradation Products Labelled ¢
Atcms
2y 3=Benzoflucrene 1.92
1,2-Benzaflucrene 1.87
1,2=Benzanthracens 1.86
Chry sene 1.86
Carysa=1,2~quinone 1.86
|o={ 2-Naphthyl) bengoic acid 1.55
Carbon dioxide (from
- o=(2-paphthyl)benzoic sciad) 0.15
2~-Phenylnsphthalene 1.27
10,11-Benscflucranthens 1.89
11,12-Benzof lucranthene 1,85

The remaining two carbon-carbon single bonds in the five menbered
ring (ise. 1,2~ and 1,8~bonds) have & bond disscciation ensrgy

of approximately 90 K cal./mols,

These two bomds should thorefore

undergoe ready scisasion at 700° to give three important “primary®

radicals.



138 (1,898)

9 92
7 (1.156) (1.166)

{LIxxIV)
AT O O
® ” @ ® )
{L1xxv) (Lxxzvi) (IIXXVII)

It scems unlikely that these diradicals will be stable for axy
length of time. Itiam&amtuthemoﬂmm),e&
diradical may resct vexry Mummma:um&m
relatively stable bemsyl radical (LIXXVIII). Similarly, in the case
of diradicals (LLXXVI) and (LLXIVII), one or other part my wndergo a
Wianmtimui&haﬂrqur&d&mlah;&uﬁnmm
mono-radicals (LLxxIX) and (LLXTX).

O O O

(LIXXVIII) (LLxxIX) (11xxx)



88,

As previously pcamhtaam, the major products of the pyrolysis

san be explained by suitsble resctions imvolving these "primary
radicals", snd the rediochemical anslyses previde data for the
examination of this hypothesis.

The wnicon of & radical of type (LLXIVIII) or (LIXXTX) with one
of type (LIXXX), for example, would be expected to yleld
2,3~benzoflucrene (LLXXXIa-¢) having two labelled carbon atoms.
Similerly, a redical of fype (LIXXVIII) or (LLXXIX) could combins
with one of type (LLXXX) in e different Pashion to yield
1,2-benzaf luorene (LLXXXIIa-g) with two labelled carbon atoms.
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Of these (LLXXXIa), (LLXXXIb), (LIXEIXIIa) and (LLXxXX1Iec)
involve the most reactive bensyl redical-double bond attsck.

The others either do not imvolve bensyl-type radicals or double
bonds or both, andhmewuldzw’tbem‘bedtoplqyasw
a part in the formation of these compounds.

Experimentally 2,3-bensoflucrene and 1,2-bensoflucrene were
found to have 1.92 and 1.87 labelled carbon atoms. It may be
pointed out that the thermal rearvangement of [3-'C]indsne to
[1="%]4ndene w11l undoubtedly coour during the pyralysis yia the
intermediate allylic radical leading to some activity appearing in
the i-position. Cansequently, radicals of type (LIXXX) should
have an activity less than 1.0 labelled atoms, and mechanisms involving
these radicals probably scceunt for the sigmificant deviations from
2.0 1zbeliled atoms in the compounds isolated.

Similarly, 1,2-bemsanthracens sotivity of 1.86 labelled
carboan atoms, virtuslly twice that of the starting indene, supports
the idea that 1,2-bensanthracens arises following the *dimerisuticn"
by sultable "primary" radicals, as illustrated by (LLIXXIIIa=c).
(LLXXXIITb) involves the most reactive benzyl rediczl-double bond
attack,

Formation from c‘s-c# and 05-02 (LIXXX) units ssy account for
the activity being significantly less than thet correaponding to
two labelled atams. Such mechanimms are known to be of importance
in other pyrolyses in this series.

Chryssne formed following the pyrolysis of ethylbensens’>%,



styrane’! | butylbensene’~® and tetralin’? ecms to bs formed
predominantly by combination of a Cg=C, wmit { such as maphthslene)
with a Cc=C, unit (such as styreme). Mechanisms involving the
"dimerisation” of these two units canvot be of great importance
in the presant pyrolysis since styrene was only a minor constituent
of the pyrolyaatcao. In the pyrolysis of iné.amﬁo, however, chrysene
was formed in very high yield, end there is little doubt that it is
formed by "dimerisation® of the primery redicals menticned above.
The "dimerisation® of two rsdicals of type (LIXXVITI) (as in
(LLXXXIVa=b) or of type (LLXXIX) (as in (LLXXXIVe-2) would give

chrysens having two labelled atoms. Of these (LLXXXIVa) and
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(LIXXIVb) involve the most reactive benzyl radical-double bond
attaslk,.

¥
(LIXXXIVa) (1LLOXIVR)
x
-~
Sooo”
9@
F 3
{LIXXXIVe) (LixxxIva)

The chrysens actually isolated showed activity corresponding

%o 1,86 labelled carbon stoms; and the chryss~1,2-quincme {LLIVI)
obtained iy sodium dichromete cxidation hal almost similer activity.

This was degraded to o~(2-nephthyl)bensoic scid (LIXVII; feund

1.55 labelled atoms), which on decarboxylation, gave 2-phenylnaphthalens

(LLXVIIX; found 1.27 labslled atoms) emd carbon dioxide (0.15
labelled atoms).




From these results it seems that same activity resides at the
{= and 7-positions as well as in the 2- and 8-positions, and that
aotivity (presumably)resides st the 15- and 16~positions. The
activity st the 2=, 8-, 15= and 16-positions (LLIIXV) is explained
by participation of the methanisms illustruted by (LLXXXIVa=h).

Activity at the 1= and 7-positions camnot be explained in this
way; but chrysene with labelled carbon atoms in these positions
would be formed by the wnicn of 4 CgC, vnit (such as naphthalene)
and & Cp~C, unit (such as atyrene). Formaetion in this way msy also
accant for the activity of the clrysene isolated being significantly
g to two labelled atoms. Similar

mechanisas of formation are known to be of major importance in other
122,123,167

less {than that correapond

Fyrolysis in ‘series

Naphthalene is imown to be formed in this pyro]yiiﬂao, but it
was not isolated in the present experiment. However, the yresence of
10,11= and 11,12%:!:0!'1&0_:“&&' in the tar shows that naphthalene
was formed; es previously shmm83 these hydrocarbons must have
forned from two naphthalene units.



THE PYROLYSIS OF n-la-1 :E | PROPYLBENZENE

Zs1 IWPRODICTIOR

As & part of a conprehensive scheme to determine the mods of
formation of pelyecyclic arematic hydrocarbons in tars, many differsnt
orgenic compounds have heen pyrolysed and resscnable meohanisms for
the formation of the various polyecyclic aromatic hydrocardans have
besn suggested. OSome theoretically possible mechanisms have been
excluded as majer routes to some compounds by consideration of the
relative yields; bdut in other cases two or more mechanisms have
seemed equally probable. In the pyrolysis of slkylbsnsenes, nemely,
toluene>®, ethylbensene’>®, propylbensens'>®, and butylbensene ' ®,
it has been suggested that all these hydrocarbons undef C=C or C-H
bond fission to give various "primsry" radicals, whioh then undergo
secondary veactions, snd the ylelds of higher polyeyclic hydrecarbons
veried with the nature of the aliphatic xide chain. Mors recently
pyrolysis of MG labelled hydrocerbons has proved of velue in
investigating similar mechanims in the pyrolysis of [1-'¥C]toluene’ 2,
[1-"4]otnyibensene 7, [1-"4C]tetratin' 22, [s~'"c]butylbensene 23,
(+-"] naphthatens®), [-'%C]styrane, and [3-'%C)indene, and as o
further contribution to these studies g—{a-u‘c]propylhmm hes
now besn synthesised and pyrolysed at 700°.



e

The required g—[a-"'t;]prqpilbmm (LLIXXVII) was conveniently
prepared in satiafactory yield (69%) by the Friedel-Crafts reaction
of bensens and [1-“’!:]00&1:3 propianate, followed by Clesmensen's
reduction of the resulting [mm-uc] propicphencoe (LLIXXVI,
T7.35)

Celle +cH3cna["'1:]oom — csxsaocazmj

(LLXXXVI)
Zn/HC1 .
> CghiCH,CH CH 5
( LLIXXVII)

The p=[a='*C]propylbensens thus cbtained was appropristely
" #luted with ordinary purified propylbensene. The infrared spectrwm
and refractive index of this mixture were idmmtical with that of
puare p-propylbensene. A sample exmmined by gas-liquid chromatoegraphy
showed nc impurity.

Redioassay of the g-[c;-"‘c]pmpﬁbmmo was mads in the sume
wey as previcusly desoribed, using Van Slyke-Foleh oxidation reagent
to produce carbon dloxide which was precipitated as barium carbonate
and counted. Two determinations of radiosotivity of
g-{o.-”"c]prcpylbmm gave velues of relative molar sctivity,

8427 x 1072 gnd 7.98 x 10'2, or sn average of 8.12 x 102,
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In order to demonstrate that none of the ''C was in the other
positions of the side chain and six-memberesd ring of the synthetic
product, s small ssmple of n-[o='%C]propylbenzene was cxidised to
bengoic acid and then decarboxylated. This bepsoic scid (relative
molar activity, 8.34 x 10°2) and carbon dioxide (relstive molar
aotivity, 8.24 x 10°2) had slmost the sams ectivity as
p-[o="2C]propylbensens; the label is therehy shown to be exclusively
in the c-position. The resulting benzens was oxidised to carban
dioxide by the Van Slyke-Folch oxidation method; this CG, had no
activity, hence the six carbons of the ring had no ectivity.

The p-[u='C]propylbenzene was then pyrelysed st 700° under
conditions simliar to those used for the inactive ccnpmwlm, and
the resulting tar separated inte its constitusnts ty different
techniques for radicchsmical assay. Nipe compounds ware isclated
from the tar in swWficient quantity end purity for redicchemical
analysis. Some of thess have been degraded to determine the distribution
of the activity. The setivities were caloulated as previocusly
dsscribed *C. The results ave sumarised in Table 14, which lists
the musber of labelled carbon atoms found for gll the compounds
isolated and some degradation products. Other compounds kmown to
be farmed in this pyrolysis'~® could not be isclated in sufficlent
emount or in suitsble purity for rediochemical analysis.

The initial decomposition of aromatic compounds comtaining an



97.

ZABLE 3
CONSTTTUENTS (P TAR OBTAINED PYROLYSIS OF
n—lno.-u"c |Eﬁw
Compound Degradstion Producta Labelled Carbon
Atoms
Beosens 0.0486
Toluene 0.722
Bensodc acid C.732
Carbon dioxide 0.67
Bensene 0.041
Ethylbenzene 0.76
Styrene 0.89
Bensoic acid 0547
Cerbon dloxide 0.512
Bonseno 0.012
Indene 1.01
Naphthslene 1.73
Phenanthrene 0.90
2,2'=Bighenic scid 0.88
Biphenyl 0.052
Carbon dioxide 0.82
2, 3Bengofivorens 2.22
Chrysene 2.
Chrysa~1,2-quincne 2.30

(contad.)
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TABLE 1, contd.
Compound Degradation Producta Labelled Carbon
Atoms
o=(2-Naphthyl) benzoic acid 1.60
Carbon dioxide 0.31
2-Fhenylnaphthalene To2hk

alkyl side chein is belisved to proceed by a C-C scission rather
thar C-H scission, with the exception of toluene. In propylbensene
the energy required to bresk the C-C bond is approximetely 60-80

K cal./mole, wheress the C-H bond emergy is 90-100 K cal./mole and
the initial decomposition of propylbensene at higher temperature
would therefore be expected to occur predominately bty fission of a
side chain C~C bond to give the following "primary" radicals
(equations (33%a~c)). The fission ocould cccur in more than onme
pPlace to give rise to other radlcals, but scission according to
equation (33¢c) is oonsidered to be less important.

th?azcuzcns — Ph. .Eazm2m3 vecess(33m)
D

— FnCH,. + .032033 sevese(33b)
*

— PhCH,GH . + .333 conssel33c)

Similerly, the abstraction of a hydrogen stom (particularly
from the c-carbon atom of propylbemzeme) by any radical, and the
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and-the decomposition products of the resulting propylbenzene radical
( secondary radical) are also important.

0 ® '
Pmazcﬂzc&z} + Ry —» Pmacﬁs + RH eocsss(3ha)
E ) » =
Phgacﬂzcﬁ3 —= PhCH = cncm} +H eseoesl 34b)
—— P@ = mz +» CHB 07..-00(3‘.3)'

It has been suggested that the saturated afS~bond in propylbensene
is ruptured preferentially to give a bengyl radical and a two-carbon
fragunent (equation (33b)) i.e. othyl redical. However, the direct
formation of a phenyl radical and & propyl radical (equation(33a))
may well compete with the farmation of a bensyl radical since it
soens likely that with inereasing length of the side chain,
concentretion of the thermal excitation emsrgy in the bond linking
the side chain to the bulky ercmatic mucleus would lesd to preferential
ruptwre according to eguation (33s). This suggestion was based on
Szwarc's work, and on the experimental observation that the pyrolysis
of otbylbmzmﬁa aend butyl 738 gsve hamuﬁe in greater yisld
than toluene, while the pyrolyais of propylbensens'-® gave s greater
yield of toluene than bensene. Similarly, the yield of bibansyl
from propylbenzene was greater than that ;?m;iths' ~ethylbengene or
butylbanzene, while the yleld of biphenyl from ethyl and butylbenzene
was greater than that from propylbenzens. It seems clear, therefore,
5 omd .E‘nzcazmj are the important
"primary® radicels in the pyrolysis of propylbensens.

%
tmt Ph. 3 Mzi’ tCHch
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% *
thzmzﬁﬂs — szo + .mch3 Ba jor

[ 4
—» Ph, + .CHzﬁI‘IQCHB minor

Bengeneo is one of the major products of the pyrolysis of
prproglbentene and could be formed by soission of the ?6“5'&32"32"“3
bond, according to eguation (33e), followed Ly hydrogen abstraction.
Benzene formed in this way should be devoid of radim"!:ivity.\ The
rupture of the Céiséﬁz-mzcl!S bond, according to equatiom (33b),
followed by a losas of a hydrogen atom would also give an unlabelled
sthylene and hente an unlabelled bensene. Ixpsrimentally, the
benzece isclated following the myrolysis of pe[u='C]propylbensene
was found to have 0.04L8 labelled carbon atoms. This swall amount
of labelled benzens could be formed in several ways. For exampls,
the labelled methyl radicals produced by the fissian of the <:6r1£.,-f.'m3
band ¢could interact to give ethylene and hence benzone.

Toluene is also a major constituent of the pyrolysate. It
has been suggested in earlier paepers in this series that buenzyl
radicals, 66115052. » Sexve a3 the precursors of toluene found in
the tar. However, the direct resction between & methyl redical
and a phenyl radical {or bensens) and hemce toluene muy well
compete with the formation of toluene from bensyl radicals since
the ethyl radicals arising sceording to the equation (3%b) may
either react as such or lose & hydrogen atom to form ethylene, or
gbstract a hydrogen atar to farm ethane, apnd the lather would be

eaxpected to undergo ready scission to give an wnlabelled methyl
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radicals (35a-c).
% 3 . ( ’ )
Pwlizmzcﬂs—— mzo + QCHZcH} IErYYY 33b
" =
thz. —_— Pth3
.CHZCHB —_— Cﬂz = GHZ + He essse .(53)
cvm— m} - CﬁB ..dl..(m)
— 033. + 633. ooo.oo(sse)

Same labelled methyl radicels mgy alsc be produced by random
scisasion of the propyl radical accarding to equation (36a-c).

* * :
«CH CH Gl — CH,, = CH, + GH, eevsss( 362)
' '
—— Cﬂj - 553 vt-.c.(}sb)
 J
—> CH 3. + CHS. .o-.so(%ﬂ)

However, the low proportion of ethylbenzsene im the pyrolysis of
Dpropyibensene suggests that the ethyl radicals wnderge fwriher
scission to methyl radicals according to equatien (35¢) (cr dhylene
accarding to equation {35b)) and finally either form o stable
conpound methane or reast with s phenyl radical (or bensane) to
foru toluene,

As the phenyl radicals are unlabelled, axy toluene formed in
this pyrolyslis would be expected to be unlabelled, or partially
1abelled, depending on the activity of the methyl redicala (or
methane). On ths other hand, if the toluene were formed from
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bengyl radicals, then it should have ocne lsbelled carbon atom.

As the tolusne found was 727 (0.72 labslled carbon atoms)

28 active as p-[o- C]propylbenzene, it follows that approximately
705 of it was formed ascording to equation (33b) and about X7

by the methylation proceas. Similar results have alsc hesn
obtained ir the pyrolysis of [s= *Clbutylbenzene. Oxidation of
toluene gave bensocic acid (0.73 labelled atoms), which was
decarboxylated to bensene (0.0431abelled atoms) and carbon dioxide
(0.67 labelled atoms). The distribution is quite similar to that
expected from the latter route involving benzyl radicals and it
ngy be contluded, therefors, this process is an important one

in the formation of toluens.

Ethylbensene could be isolated from the tar in sufficient
quantity for rediochemical amlysis. Three reasonable mechanisms can
be postulated for the formation of this campound from n-propylbensene.
The first would involve the dirsct interaction of an unlabelled phenyl
radical with en unlsbelled ethyl radical (primary decomposition
produsts) and hence give unlabelled ethylbensene (aquatian (37)).

The sacond possible mechanlism would involve the intersotion of a
bensyl radical (or toluene) with a methyl radical (equation (38)).
The activity of tolusne is known (see abovse), so ary sthylbanzens
formed in this way would be expected to have 0.72 lsbelled atoms,
or more depending on the sctivity of methyl radicals {or methane).
The third mechanism would involve the abstractiom of & hyédrogen
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atom by 8 phenethyl radicel (equatiom (39)) or styryl redieal °
(equation (40)) %o give ethylbenzene having one labelled carben
atom, or 0.89 labelled stoms (i.e. the setivity of styrens).

CGHB. + .Cﬂzws —_— Gsﬂsmzﬁij v.ccor(j?)

C H_CH cH ¢ H Ca cH (

635 2° + ol 3_" éiscaz 3 sssaee 38)

6H§ 2 20 + JH —> Céﬁsaﬁzﬁis co-ooo(ﬁ)
* 4

CgHCll = CH, + 2 —= CH.CH OH, vessss(h0)

The sthylbensene isclated showed activity corresponding to
0.76 labelled atams, providing strong evidence that foarmation
according to equation (38) is a major route in this pyrolysis with
formation accarding to equation (40) providing significant
altermative pathwey.

The pyrolysis of alkylbsnzenes has beoen shown to yield styreme
in good yield and it is significant that among these hydrocarbons
and other gimpler aromatic hydrocarbons atudied so far the highest
yield of siyrene was obtalned from g-propylbenzens. One could
assume, therefore, that styrene must have been formed mainly by
reactions involving the primary decomposition produsts.

It has been shown in earlier papers from these laborataries
that the successive loss of hydrogen from ethylbensene would give
styrene (eguation (41)). Thus, the formation of styrene dspends
on ethylbensene and yice verss. Any styrene formed in this way
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would bes expected to have an sctivity corresponding to the sctivity

of ethylbanzene.

Ceﬁsﬁizﬂﬁj — Cbﬂslzﬁ(}ﬁ}

—= CgH,CH = i, cecoee(Bl)

Formatien according to equation (34a-e) would also yield
styrene with 1.0 labelled atom. ’

The isolated styreme was found to have activity corresponding
to 0,89 lobelled atoms. Chromic seid oxidation gave bensoic acid
(0.53 labelled atoms) which was decarboxylated to carbon dloxide
(0.51 labelled atoms) and benzene (0.012 labelled stoms). Thus,
about one third the activity of the styreme was located in the
f~carbon atom and the rest in the ac~carbon atom of the side chain.
It is clear, therafore, that siyrene must heve formed predominately
by & mechanisa involwing bensyl radicals {or toluene), end methyl
radicals, followed by dshydrogenation.

The setivity of toluene is kmomn and if 21l the side chaln
carbon atoms in propylbsnsene are equally available far the methylating
process, they have an average of 0.33 lsbelled atams; 20 any styrene
formed in this way would be expsoted to have 1.0 labelled atoms.

It is therefore consluded that this route must be an important cpe
in the formation of styrene from g-propylbenzene.

Indene cobtained in this pyrolysis seems to be formed Yy a
cyclodehydrogenation process (equation (42)) with 1.0 labelled atom.
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Another likely route to this compound {as memnticned in the pyrolysis
o [1-C]styrens) would appear to be from & styryl rediesl (or
styrene) and a methyl radical followed by cyclodehydrogenation
(equation (43)). The expected activity of the product according

to this pathway should be 1,22 labelled atoms {assuming 0.33
labelled atoms is the sverage activity of the methyl redicals).

5 (42) x
PhCE,_CH CH, ———

2 2 3 .s

PRCH = CHe — 3 PHCE = CH - CHy

The observed figure of 1,01 labolled atcms for the indene
isoleted from this pyrolysis suggests that the former route operates
predominately.

Naphthalene is & very common product of the pyrolysis of
hyérocerbons, and a chain reaynthesis mechanism has been suggested
to account for the formation of this compound.

Several posaible mechanisms can be postulated for the formation
of naphthalens. Reaction of a labelled phensthyl redical with an
ethylene molecule would be expected to give a phenbutyl raedical and
hente a lsbelled naphthalene (equation (44)). The activity of
ethylbenzene is known; so any nephthalene farmed in this way
would be expected to have 0,76 labelled atoms plus the activity of
the ethylens. Similarly, reaction of a labelled styreme moleculs
with & laballed etlyyl radical (derived from ethylbensene) would givs
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a phenbutyl radical and hence naphthalens (squation (45)). The
activity of styreme and ethylbenzene is known; 80 any nephthalene
formed 4in this way would be expected to have 1.65 labslled gtoms,
An alternste route to naphthaleme invelving a lsbelled bemayl radical
and & labelled propyl radical to give a doubly-labelled phembutyl
radical and hence doudbly-labelled paphthalene (equaticn{46)).
Another possible mechanimm for the farmation of naphthsleme would
involve the reaction of a labelled phenpropyl redical with a methyl
radicsl followed by cyclodehydrogenation (emation (47)). Any
naphthalene formed in this way would be expected to have 1.33
1gbelled atoms (azsuming O.33 labelled atoms is the average
activity of the methyl radicals.

2 *
66}156526112. +Ci, = CH, —> céﬁsmizcazmzcaz

' x
‘O onooot(“)

® o % ]
CgiioCl = GH, + «CH,CH, —» CH GHOH CH,CH

— (D
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As the isclated naphthalene was found to have 1,73 labelled
atoms, it is pesasible that xll theae mechanisma mey play s part,
with predominance according to the equatien (45).

Phenanthrene is the major constituent of the pyrolysate °® and
this mgy be formed (i) from e Cg=C, and & C, unit (as in LIXOVIID),
(11) from two benzyl radicsls (as in LLXIXIX), or {441) by the unioen
of a phenyl radical and a styryl radical (or styreme) (as iam LLLX).
However, mechanimms secording to (LIXXXIX) end (LLLX) sre highly
probable in view of the presence of large proporiion of bemsyl
radicals and the high yield of styrens.
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(LLLY)

Formation acoording to (LLIXXIX) would lead to phenanthrens
with 1.44 labelled atoms or twice the activity of tolueme, and
acocrding to (LLLX) with 0.9 labelled atows (bemsene, 0.045,
styrene, 0.89).

The phenanthrene activity of 0.90 labelled atoma supports
the idea that phemantirene arises following attack of = styryl
radical on bensene (as in LLIX). Oxidative dsgradaticn of the
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rhenanthrene isolated, followed by decarboxylation of the resulting
biphenie acid (0.88 labelled atoms) and carbom dioxide heving 0,82
lehellad atoms. The distribution is im good agreement with the

5

(LLIXI)

expected values,

2,3~Benzofluorene is formed in significant yield en pyrolysis
of propylbensens and two most likely routes mey be suggested to
explain its activity., The combination of a CG-G} unit (such as
indens) with & Co=C, unit (such as styress) (as in LIXXXTa-c)
would give 2,3-bensoflucrene having 1.90 labelled atoms (styreme,
0.89, indene, 1.01). Similarly, the formation of 2,3benscflucrens
from benzyl radical (or tolueme) and naphthalens followed by
cyclodehydroganstion (as in LLIXIT), would give s product having
2.45 labelled atoms.
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The 2,5-bensocflucrens isolsted showed activity carvesponding
to 2.22 lgbelled atoms, in agreament with the ﬁ&é route., It
sogmp likely, however, that the former route may alse operats to s
sxall extent, thereby decreasing the ectivity of the 2,3bensoflucrene
isolated.

Chrysene is & common product of the pyrolysis of many hydro-
carbons and three possible routes are suggested to explain the
mochanisms of formation of this compound in other pyrolys®s in
this Mni““z:zn:23,‘-'!67'

Mechanisns invelving dimerisation of two 66-03 units
(XX IVe=d) or two 84=Cc~C, units (LLX¥XIVe=-b) (derived from indene
or its precursors), would yield chrysene with two labelled stoms (or
twice the sclivity of indeme), whersas mechanisms involving a CG-Q#
unit (such es nsphthalene) and CgC, wmit (such as styrene) (LLXIII)
would yield chrysene with 2,62 lsbelled atoms.

The iaclated chrysene had sn activity corresponding to 2.30
lebelled atoms. Oxidation of this ohrysene gave chryas=1 s2=quinone
(2,30 labelled etcms) which was fused with alkali to zive
o~ 2-naphthyl)bensoic acid (LLXVII; 1.60 labelled atoms).
Decarboxylation of (LIXVII) gave 2-phenylnaphthalene (LLXVIII;

Te2k labelled atoms) and carbon dicxide (0.31 labelled atoms).

1% seems therefore that some activity resides at the 1~ and

7-positions ss well as 2- and 8-positions (LIXXXV). The setivity

<

expectod in the 2-phenylnaphthalene derived from (LLXITI) is
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uncertain es the distribution of activity in naphthalene isolated
intheprumtpyro]ysip is wncertain. However, the general
features of the dlstridution of setivity in clwysene suggests
that it muat bave formed accarding to (LLXIII),
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THE PYROLYSIS OF = (o= C]|METHYLSTYRENE

8,1 INTRODUCTION

in analysis of the tars obitained following the pyrolysis of
indene™ and propylbansene’>® has previcusly been reported, and
possible mechenisme by which some of the compounds could be formed
have been discussed. The probable role of 66-65, 91-(:6-62, and
66-62 fregments in giving rise to chrysens, 1,2-~bensanthracens and
benzoflucrenes from indene has been explained. Similerly, it has
besn pointed out that the saturated cf~bond in propylbensene is
preferentially ruptured to give s bensyl redical and a two-carbon
fragment. It has also been suggested that the @irect formation
of a phenyl radical and a propyl radical mgy compste with the
iormation of a bengyl radical. Experiments on which thase conclusions
are based have been discussed in Chapters 6 and 7. To confirm these
findings a possible intermediste compound, namely, g-methylatyrense,
labelled with 'YC in the c-position, hes now bean aymthesised, and
pyrolysed at 700°.

8,2 HESULTS
;ﬂ-{ar"’C]Haﬂquskyrane was synthosised essentially as described
for the synthesis of {1-1l"c]atyrena. The atarting material
i‘mm—"‘ﬂ proplophenone (LLXXIVI) wes converted in a series
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nding aleohol (LLIXIII, 87.6%) and
ckloride (LLIXIV, 92.17%). Finel ashydrohalogenation im beiling
quinoline gave the desired p-[o-'VC]methylstyrene (LLLXV) in
excellent yield (88.97).

. AICL P
»ﬁ,ﬂﬁzﬁme + B S . Phcocnzm

3
( LIXXXVI)
R=Ni/NaUH & como. HC1 o
——— Phcﬂﬂﬂcﬁzcﬂj —— pwncmzcuj
87.65 92,17
(LLIXIV)
. Pﬁzmz
’-
88.9%

(LLIXV)

The f-[a="'C]methyletyrene tins obtained was diluted with 120 ml.
of ordinary purified S-methylstyrens. The infrared spectrum and
refractive index of thia mixture was identicael with thet of pure
f-methylstyrene. No impurities wers detected by gas-liquid
chromatography.

The radicactivity of this hydrocarbon was determined on a
sample by converting it to a solid dibromide befors counting. The
8-[o- "% methylatyrene was found to have relstive mclar sctivity
of 8.9 x 1072,

In order to locate the position of ths carbom stom, & small
sample of the p-[u 'C]methylstyrens was axidised to bemsods scid
vhileh was then decarboxylated., The relative molsr sctivities of
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the bemsoic aoid (8.01 x 107°) and carbon dioxide (7,92 x 10°2)
confivmed that sctivity was confinsd to the c=pozition of the sgide
chain,

Amﬂ;dwﬂlﬁmﬁymmfmtmm
(making use of previcusly dssoribed procedurss) to establish the
conditions for pyrolyeis, the nature of the products, and to determine
their percentage in the tar.

£ summery of the anslyticsl results is given in Table 15.

%embﬁ:m%nrwﬁmmmﬁmﬁqm.
Mogt of the compounds were isolated in sufficient Quantity and
purity and submitted to radiochemicsl assgy, the activities being
axpressed as relative molar utiviﬁe:jé@ (which are linesrly
proportional to the mumber of lsbelled curbon atoms per mcleculs).
Scwe of these compounds were then degraded to deterwmine the
gistribution of activity. The results are swmarised in Teble 16
vhich gives the mmber of labelled carbon atoms for eseh compound,
and for scme of the degradstion products.

8.2 DISCUSSION
The farmation of the major products following the pyrclysis
of [3~'*]indene at 700° has bom erpleined by mechanisms involving
“dimerisation” of the primary radicals expected following the
scission of the 1,2« and 1,8~ bonds in the indene molesule (Chapter
6). similarly, s detailed amslysis of the tar obtained following the
Ryrolysis of g-{u-"4C]propylbensene has been dLscussed in Chapber 7,
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TABLE 15
COMPOSITION OF TAR FPOLIOWIRG I’YB.GLYSI-S CF
B=ICSIHYLSTYRENE AT 200°
Compound Percentage in Tar | Method of identification
¥Ksthans - IR,
Ethylene - I.R.
Benzene 9.75 RoTey IeRe, To¥e,
dinitro darivative
Toluene 18,32 ReTey IeRa, UsVe,
dinitro derivative
Ethylbensene LS ReTo, Lefe
Styrene 12.6 ReTe, IeRa,
dibromo dexivative
Indene 1.7 HoTe, ToRe
Naphthalene 7.98 RuTap UdVe, mixed mep.,
picrate derivative
Phanenthrene T.15 UV, , mired ms.p.
Anthracens 0,034 UV,
23 3~Bensof'loorens 3403 U.V,., mixed m.p.
1 ,2«Bengaflucrsne 0.08L. U.V.
1,2-3ensanthracene 351 U.Ve, mixed m.p.
Chrysene 17.23 U.Ve, mixad mep.
10,11-Bengofluoranthene 0,006 UVe
3,i-Bengopyrens Trace UV,
High bDepe tar 10.56

R.Te = Retention time retio; U.V. = Ultraviolet apectroscopy;
I.Re = Infrared spectroscopy



Atoms
Bensene 0,001
Toluane 0.613
Bensoic acid 0.562
Carbon dicxide Qo554
Bansene 0013
Ethylbenzene 0.822
Benzolic ecid C458
Carbon dexide 0476
Benzenc 0.01
Styrene 0e973
Benzois acid 0.582
Carbon diaxide 0570
Bongene 0,011
Indene 1,01
Naphthalene 1,18
Phenanthrene 0.932
2,2'-Biphenic geid 0.91
Carbon dioxide 0.878
Biphenyl 0,014

(contd.)
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TABLE 16 (contd.)
2, 3~Bensaofluorene 1.792
1,2-Bensanthracene 1.875
Chrysene 1.823
Chrysa=1,2-guinone 1.825
o~Chrysenic acid 1422
Carbon dioxide 0.098
2-Phenylnaphthelene 1,17
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snd possible mechsnisms for the formation of the various sromatic
hydrocarbons have beer suggested. These mechaniszms were based on
the primary radicals expected following (1) ths preferentisl rupture
of the saturated c3-bond (as in equation 33b) and (431) the direct
formation of a phenyl radicel snd a propyl rsdical (as in equationm
33e).

& Ld
Célscﬂzmzﬁﬂj——— Cé:‘sz‘ + 'C}!st s o¢oo(35b)
x
— csﬂs. + .CHZCEZGHB c..c.a(}h)

The S-methylstyrene may be loocked upon as a precursor of
indeme and propylbensene and the formation of the major products
following the pyrolysis of S Jja-"‘c]mwlatymna can be explained
bty ressonsble resctions of the primary decomposition produets
derived from indene and mropylbenzens.

HC

3

pela=4g] Notiylstyrene
I 1
* @ CH,CH,CH,
(3] Indene g—{a»-u"C]Prowlhmsene

Ho prior work has been roported on the pwrolysia of

fi-methylstyrene, but it should be capable of pyrolytic change into
the C i Cil=CHCH o radical (LIXXIX) 4f it follows the pattern set
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by indeme. Coneceivedly, redicel (LLXXIX) might dimerise or

cyelise to indene fram which chrysene, bensanthracene and
bengofluorens would be the mredicted products. Offsetting this,
howsver, is the faet thet chrysene Pormation was impartant in the
pyrolysis of indene and that only the five-membersd ring were
cleaved. This tendency for the famation of these produsts should
b2 even more pronocunced with f-methylatyrene in view of the faciles
rupture of the C=H bond in the allylic position to give {mec)
Tollowed by gyclodehydrogenation to give indene. But the saturated
C-C bonds irn the five-membered ring in indene would a2lso be
expected to undergo ready cleavage (the epproximate bond dissociation
snergies for C-C bonds are shown in disgram (LLXXIV)) to give tihree
important radicals (LLXXIX), (LLXXVITI), and (LLXXX) and dimerisetion
of auy two of these would lead to chrysens, benzenthracene, and
bensofluorens. This, indeed, is what was found to occur in the
thermal dscomposition of p-methylstyreme at 700°. Chrysene,
1,2-bensanthracene, 2,3~ and 1,2-benzcflucrene were sll formed,

but were present in smsller quantity than from indene.

The mumber of labelled carbon atoms in the 2,3~benzaflucrens
(1.792), 1,2-bensanthracene (1.875) and chrysene (1.823) isolated
following the pyrolysis of f=[a= 'C]methylstyrens are all consistemt
with this view.
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(Lxxx)

It may be pointed cut that the thermal rearrangement of the
allylic redical will undoubtedly occur during pyrolysis, leading to
somy eotivity appearing in the 3position. Consequently, radicals
of type (LLXXX) should have an asctivity less than 1.0, and mechanisus
involving these rudicals prcdably account for the aignificent
dewiations from 2.0 labelled atoms in the compounds isolated. The
pyrolysis of [3- 'Clindene at 700° has also given similar results.

Chrysene obtained following the pyrolysis of ethylbensene’ 167
styrene’ |, butylbensene’ > 22123 113 tetralin®? ssems to be Pormed
predominantly by combination of Cs-c‘# and cs-cz units. Mechaniama
involving these units are also egually important in the present
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pyroiysis in view of the good yield of naphthalane and the
presence of styrene or styryl radicals in the resction zome. In
the pyrolysia of 3-methylstyrene, however, chrysene is formed ia
very high yield, and there is little doubt that it is formed by
*dimerisation” of the primary radicels mentioned adove.

To deternine the distribution of astivity in chrysene, a
small semple was oxidised to chrysaquinome (LLXVI, 1.825 labelled
atoms), which was then degraded to o-(2-naphthyl)bensoic acid
(LIXVII, 1.522 labelled atoms)., This on decerboxylation gave
2-phenyluaphthalene (LIXVIII, 1.17 labelled ataus) and carbon
diaxide (0.098 1labelled atoms), It is noteworthy thet the dis~
tribution of activity in chrysense obtained in this pyrolysis is
very similer to that obtained in the pyrolysis of [ 'C]indene.

The igzolation of chryseme, 1,2-benzenthracene, and
benzafluorene as pyrolytie products following the pyrolysis of
p-methylstyrene therefors supports the statement made in the
Chagpter € that a significant thermal weakness exists in indene at
a 1,2-bond as well as 1,8-bond. It seems esteblishod, thersfore,
that all these products obtained from S~methylstyrene or indens
come by way of ddmerisation of any two of the rudicals mentioned
above.

The results of the present investigntion have shown thet the
major proeess in the thermal decomposition of P-methylstyrene involves
the cleavage of C~H bond in the aliylic position, and comsidersble
quantities of free hydrogen must therefors be present in the resction
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sone. Undar these oconditions it would be conveivable for the
hydrogenation of the double bond in the side chsin to ovcuwr, and
that propylhensens may be formed daring the pyrolysis ef Semethyl=~
styrene, The saturated C-C bonds in tho siéde chain of the
propylbensene would slso be expected to underzo ready cleavags as
shown in equations (33e) and (33b). It is reasonsble to assume,
therafore, that the benszeme, toluene, ethylbensene, btyrens,
naphthslens, phenanthrene and snthrecene dstected in the tar
obtained by the pyrolyais of p-mothylstyrene are formed by the
radicals derived from propylbensene. I% is aignificant that the
prolyeis of S~methylstyrene gave (1) toluene in greater yield than
benzene and (1i) styrene in high yleld. B5imilar results were also
obtained following the pyrolysis of prapylbmmm.

The bensene cbtained following the pyrolysis of pe[o='C]-
methylstyrens was found to be practically inactive. It is
concluded, thersfwre, thet the major route to bensene in this
ryrolysis is by rupture of the C i — Enﬂm5 bond followed by
*
hydrcgen abatraction. The desvage of the csﬁscllz— CHZCIiB band
followed by a loss of a hydrogen atom would also give an unlabelled
ethylene, and hense unlsbellsd benzens.

The toluane was found to have 0.613 lasbelled atoms, and
oxidstion gave bensois seid (0.562 labelled atoms), which oo
decarbaxylation gave carbon dicaxide (0.55k labelled atoms) and
benzene (0.013 labelled atoms). These figures suggests that the
toluene must be formed by the abstraction of hydrogen by bemmyl
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radicals {derived from propylbensene) and by the union of methyl
radicals (scwe of which would be labelled and some unlabelled)
derived from the alkyl chsin and phenyl redicals {ur bensens). The
nethyl radicals forwed by chain breakdown would have an average
activity of 0.33 labelled atoms, so it seems that a significant
proportion (40/5) of the toluwne must be formed in this way.
Styrene is one o the major constituents of the tar. It was
found to have an ectivity of 0,97 labelled atoms, Chremic acid
wddation gave benszoic acid (0.582 labelled atoms) and this was
decarboxylated to carbon dioxide (0.57 labelled atoms) and bensene
(0.011 labelled atoms). Thus, about 6055 of the activity of the
styrene was located in the u-carbon etom, and the remsinder in the
f=carbon atom of the side chain. It seems that the styrene must be
formed by wmechanisms involving reecticn of s benzyl radiecal {or
toluens) and a methyl redical followed by debydrogenation. The
distribution of labelled atoms in toluene iz known (see ebove), and
the activity of methyl radicals must average 0.33 labelled atoms, so
any styrene formed in this wgy would be expected 40 have (.94 labslled
atms in good sgreement with the experimental vailne. Some styrene
could be formed by the rupture of the t.‘é%GHaCH—GH} bond followed
by hydrogenation. Styrene farmed in this wiky would be expected to
have 1.0 labellad atom (with no sctivity in the p-cerbon atom).
Simtlarly, the ethylvensens had 0.822 lsbelled atams, virtually he
same that of siyrene isclated from the tar, and this provides strong
ovidence that ethylbenszene iz formed by intermction of benzyl and
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methyl radicals. Oxidation of the ethylbensene gave banzoic aeid
which had 0,458 labelled atoms, and dscarboxylation gave carbon
dioxide {0.476 labelled atoms) and bensene (0.01 labelled atoma).
Mthough this distribution of activity in ethylbensene is aimiler
to that expected by the above route, it sesms likely that other
_possidle meshaniams (for example, intersction of unlabelled phenyl
and ethyl radicals derived from propylbemsene) may operste to amell
extent, thareby decreaging the activity of the ethylbenzene isolated.
Naphthalene was also an important constituent o the tax
cbtained by the pyrolysis of pemethylstyrens. Four possible
mechanisms have been suggested in Chapter 7 te explain the formation
of naphthalene from propylbensene., In this pyrolysis, mechanisms
involving (1) phensthyl radicsl {0.822 labelled atoms) and ethyleme
would give naphthalene (equation (44)) with 0.822 lsbelled atoms
or more depending on the activiiy of ethylene, and (41) styveme
(0.973 lebelled stoms) and an sthyl radical (0.822 labelled atoma)
would give naphthalens with 1.795 labelled atoms (equation (45)).
Mechanisms involving (1) a bensyl radical (0.61 labellsd atoms) and
e propyl or allyl radicel (1.0 labelled atom) would give naphthalene
with 1.6 labelled atoms (equation (46)), and (44) & G gH;CH=GHCH ¢
or C H CH CH,CH e+ radical (10 labslled atam) and a methyl radicel
(assuming 0.33 labelled ntoms $o be the averuge activity) would give
naphthalene with 4.33 labelled atoms (squation (47)), Since the
pephthalene wes found to have .17 labelled atoms, it is reascmsble
to assume thet it must be formed according to (47).
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In earlier papers in this series, evidence was presented
that the phenanthrene must be largely formed by e mechaniam
involving the reaction of phenyl and styryl redicsls (as im LLIX)
followed by eyclodehydrogemation. In the pyrolysis of p- {m-%}-
nethylstyrene, any phenanthrene produced by thia route would be
expacted to have the same activity as styreme (L.e. 0.973 labelled
gtoms). An alternstive route involving intersetion of two benzyl
radicals (as in LLOXXIX) followed by oyclodehydrogenatios would
give a samewhst more active product (3i.e. 1.22 labelled atoms).

The phenanthrene isclated from the present tar showed activity
corresponding to 0,932 labelled atoms, in agreement with the two
possible mechanisms. Although no decision between thess two
mechanisms is possible, the present results fevour the furmer route.
Oxidation of the phenanthrene gave 2,2'-biphenic acid (0.91 labelled
atass) and this wes decarboxylated o give biphenyl (0.014 labelled
atoms) and carbon dioxide (0.878 labelled atoms).

Anthracene was also detented in the present pyrolysis but it
could not be isolated in suffisient quantity end purity. It could
Yo formed from ghenanthrene by resrracgement 2251908 oo giown tn
figure 2.

Only a very emsll smount of 10,11-benscfluoranthene and a
trace of 3,4-bensopyrene could be detected in B-methylstyreme tar.
A8 suggested eerlier in this series, 10,11-benscfluoranthene (XVII)
could ardise by “dimerisation® of two naphthyl radicals followed by
cyclodehylrogenation. Similarly, 3,4-bensopyrene could be formed by




126.

interaction of two Cc~C, units to give (Xx1X) followed by
cyclodshydrogenation. Alternative mechanisms for the formatiom
of 3,4~bensopyrene have been discussed in Chapter 2.
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The experimental part of this chapter is presented in two
sections, GSeotion A describes in broed cutline some of the general
methods; techniques and apparatus used in this investigation.
Section B presents in detall the synthesis, the pyrolysis and
isclation of various compounds formed in the tar,

ION

9.2 THE PYROLYSIS APPARATUS

The Furngoe:

The furnace consisted of two silica tubes, the outer and inner.
The outer silica tube (3ft. x 1in, internal dismeter) wes wound
with 25 3.w.g. nichrome wire (total resistance 90 ohms) and mounted
along the centrs of & pressed asbestos-board box (3 x 1 x 1 £t) filled
with "vermiculite”: The material to be pyrolysed was passed through
an inner silica tube (3ft. 5in. x 3/hin. internsl diameter) packed
with porcelain chips, which just fitted into an outer tube. The
temperature of the furnsce was controlied by a Variac transformer
and was initially adjusted to 700° » using a calibrated chromel=-
alumel thermocouple inside the inper silica tube. The temperature
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during the pyrolysis was controlled to give & constant reading
on & second chromel-slumel thermocouple inserted through a smell
hole bored near the centrs of the cuter ailica tube, corresponding
%o & temperature of 700° inside the inwer tube. The whole furnace
mimnmatemmwmtélyﬁ -20° to the herisontal
to facilitate the collection of products (Figure 7).

A smeller furnece, having the similar features as the above,
was used far the pyrolysis of [1= "C]psphthalens.

The Dropping Fumnel:

with so0lid compounds, ssmples were melted initially at the
desired temperature in a specisel &ropping funnel and then introduced
droprise directly into the silica tube in an atmosphere of oxygen-free
nitrogen. The dropping funnel consisted of & glass reserveoir with
an adjustable needls valve, an inlet tubs for nitrogem and fitted
to a silica tube., The whole reservoir was enclosed in an air-bath
fitted with a smell window (Figure 8).

¥With 1iquid compounds, samples were vsporised initielly (im
ordsr to avoid the risk of pre~polymerisaticn) at the deaired
tezperature and the vapour was carried through the silica tube in e
stream of wxygen-free nitrogen. The samples were waporised im a
pre-heated (Woods-metal bath) flash evaporator by the dropwise
addition of the liquid from a pressure equalliaing dropping fumnel
(Figure 7).



Figure 8 ) Figure 9

it % sl

1, Van-Slyke Folch oxidation reagent

1. Dropping funnel
2, Needle valve / 2, Barium hydroxide (u%)

3. Air-bath 3. Capillary
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A1l pyrolysis experiments were carried out under an atmoaphore
of oxygen~free nitrogen, dried by successive passage through
concentrated sulphuric acid and potassium hydroxide towers. The
pyrolysis products were collected in a round bottom flask (immersed
in' ice=salt bath) fitted with water condenser, followed hy an
ethancl=dry ice trap and two liquid sir traps.

Se3 HNIGH VACUUM SV STEM

For the synthesis of carbm—“'c labelled compounds from
Ba{“”i}]ﬁs, the reactions were carried out in & high vecuum system.

The apparatus consisted of a length of a wide~bore tubing (the
menifold), slong which were side tubes with taps for the cannection
of resction vessels, etc. The end of the menifold led through a
liquid air trap to an efficient pumping system. The essentials of
a high-vaeuum pumping system were a mechanical 'baéking' pump
connected vig a liquid air trep to a mercwyy diffusion pump which
in twm was connected to the apparatus. 7The pressure gauge (FPirani,
for pressure <10™>) was attached as shown in the figure 10. The
whole vacuum manifold with resction veasels were supported on a
netal-rod framework.

R otive Mat 4

Before synthesiszing isotopically-labelled compounds for pyrolysis
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Zigurs 10 Vaouum menifold with sccesgory apparatus.

“ide bore tayp.

Pressure squallising &ropping funnel.
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HBarium carbonate,
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Low temperature condenser.
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Goolinz batih {Iry ice/ethancl).

3tirrer eapsule {magnet sealed in teflon).
Hognetic stirrer.
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To high wvecuwunm yumping system,
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unlsbelled compounds were first studied. The optimm cunditions

for each stage in the synthesis wers worked cut in practise rms
using non-radicsctive materials. The active compounds were then
gynthesised, appropriately diluted with pure inective compounds

and pyrolysed under conditioms similer to thoze used for the inactive
compoundse

Radiocsctive Assay:

Specimens were assgyed for raedicactivity, with an end-window
counter,ag infinitely thick, s0iid semples of 1 caz. croas-
sectional araaﬂo; and counting rates wers correctad for baskground
and dead time of the imatyument. The counting equipment consisted
of an IZXKCC automatic scalar typs N530D, in conjunction with en EXKCO
probe unit type H558 and an I¥3H Geiger tubs. The cownts per minute
ware deternmined by recording five readings each of five minutes
duration for each sample. All aassgys were ususlly repeated t=ice
either with a new sample or with the original semple repacked.

In this way errors dus to differences in packing, and losses during
dilution, were almost eliminated. The atatistical counting error
was calculated as standard deviations far each series of counts and
was in no case greater than 1.5 (except far the practically inasctive
products) s

The samples were prepared by the "pellet™ tecbniqmm17°. 7ith
liquid compounds, samples were oxidised to carbon dioxide by the
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Van Slyke-Folch oxidation Nasant171 in an apparatus shown in
figure 9. The gas was abaorbed in & 4 solution of barium
hydraride. The resulting barium carbenate was collected and
aubjected to radicactive asssy.

o5 ANALYTICAL TECHNICUES

Gas=-Liquid Pexrtition Chromatogrsphy:
A Griffin and George vapour-phase chromatographic apparstus
(dark II) was used in the identification of compoumds boiling
below 260°. Apieson L supported on Celite (AD-60 mesh, 1:4 w/w)
was used es stetionary phese and nitrogen -sa carrier gas. Fractions
ware identified by comparison of retention times or of the ratio
of their retention times to those of known substances under the
same conditions. Individuel componcnts were then collscted using
a Beckmen Hegachrome. Apieson J supported on firebrick (c-22,

3:7 w/n) wes used as staticnary phase and dry nitrogen as carrier gas.

Chromatogrgphy on Alumina:

The high boiling residue obtained om distillation of the tar
was initially chromatographed on & column of Spence aluming using
100 ge of plumina per gram of residue. HNormally the residue was
dissolved in chloroform and adsorbed on alumina. The resulting
alumina wag then placed on the top of a column of alumina which

had been packed in hexane. The coluzm was then eluted with hexane,
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then with hexane containing increasing concentration of benzene.
Both these solventa were purifiied by washing with contentrated
sulphuoric acid, water, then dried and distilled.

Chromstoszraphy on Partially icetylated Cellulose:

Vhatman's chromatography cellulose powder was acetylated
in a mixture of thiophen~free bensene, acetic anhydride and sulpburic
acid accoxrding to the method of Spots!oed172.

The separationa cbtained by the thin lgyer chremstography on
particlly acetylated cellulose have besn reproduced on & larger scale
on columns of partially acetylated cellulose powder using the same
solvent syetems as those used in the thin lgyer chromatography.

The most common sclvent system used for the development of columns
and also for the introduction of the compounds onto the column were
ethancl-benzene-water (17:4:1 v/¥) and/or ethanol-toluene-water
(17:4:1 v/¥). Approximately 100 g. of acetylated cellulose per

100 mge. of the mixture of hydrocarbons having a reasonable difference

in Rf values was required for good asparation.,

Thin Layer Chrometography:
Thin layer chromatography on alvmina, or on partially scetylated
celluleaa173, etc., was used prior to the use of the appropriate
column chromatography. The plates (20 x & om.) were prepared using
& "Desage” spreading device adjusted to give a layer of 275 u thickness.
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Ulireviolet Spectroscopy:
TUltraviolet spectra were determined in 950 ethanol using an
Gptica Cli‘k recording spectrophotameter.

The infrared spectra were determined using a Perkin-Elmer
¥odel 137 Infracord spectrophotometer. The measuresmants were made
as golutions in carbon tetrachloride or ss liguid films,.

Identification of FProducts:

Semples of the exit gases were identified by infrared analysis.
The products isolated by gas-liguid chromatography o by ohromatog-
raphy on alumines or partially acetylated cellulose were identified
mainly by compariscn of their ultrsviolet ar infrared spectra with
curves obtained from suthemtic specimens, or with published curves
where suitable standards were not possible. Some of the low beiling
products were alsc identified by their retention times., In some
cases, the ldentity of a compound was established by determining
its melting point and mixed melting point. Where possible, the
identity of a caompound was confirmed by preparing s dsrivative.

A general scheme for the analysis of a complex tar iz shown
schemetically in figure 11.

tive et tion Products:

The relative amounts of the compounds present in the pyrolysis
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products were determined by direct weighing; however, for relatively
mmall gmounts or for mixtures which could be separated enly with
difficulty, the measurement of the imtansities of suitable peaks

in the ultravioclet sbscrption spectra was preferred. The caleulation
was carried out by using & table of extinction coefficients showing
the contribution to the opticsl density at the maxime of a solution
conteining 1 pge/c.co of a compovnd. The relative concemtrations of
the unsepsreted mixtures were determined from the sbsorptiom curve
of the mixture hy solving the simuliznecus equations obtained for
the optical demsity st two or mare points of the spectrum.



153

Substance
I
FPyrolysis
700°
|
t ¢ }
Low bep. TAR Gases
liguids |
| Distillation
GoleCe |
I ! EERE
IeRe Residue Fractions
| Low boiling liguids
Cesl, |
I GeleCe
I
ECR L&,
| YN
- Fractions |
.Y High mol. weight
= fraction
|
TeleOs TolioGo ToliaGo Telilo T.];uﬂ. Pierute
1
l |
| 4 lr } b Deccmposition
Coh  Golfs  Culoe Codoe Culge l
: . Cohte
Uo’in, BePe ‘m’ |
Uch

U,Ve = Ultraviolet spectra;  I.R. = Infrared speetras
GeliCo = Gas-liquid chromategraphy; T.L.C. = Thin layer chromatography;
CeAls = Chromatography on slumina; C.in, = Chromatography on acetyhated
cellulose.
Eigure 11
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SECTION B

2.6 THE PYROLYSIS OF l‘l-n"C IHAHITHALEI&

L1="4cINgpinthalone:

The [1= C]msphthalens used was cbtsined by the pyrolysis
of [1-""C]tetralin'22, The orude material (m.pe 78 -79°) was
repeatedly recrystalliszed from ethanol; it then hsd m.p. 80.5°%,

In order to check the purity of this sample, s small amount
(100 mg.), in hexsne, was run onto a colusn of elumine, and hexane
used as eluant. Thirty fractions were collscted and esch was
exsmined hy ultrevioclet spectroscopy; but no fraection showed any
impurity. As a further check a small sample was examined by
gas=liquid chromatography using lpieszon L supported ca Celite
(60 mesh, 1:4 w/¥) as stationary vhase and nitrogen as cerrier gas
(Griffin and George Mark I VFC apparatus). No impurity could

(a) Pyrolysis of [1='"ClNaphthalene

~ The pyrolysis was carried cut in a silica tube mcunted im
the furnace deseribed esrlier. The purs {1-1"0]mﬂxthalme
(25.0 g.) was contained in a reservoir fitted with = needle valve
and enclosed in an air-bath maintsined et about 120°. Before the
pyrolysis run the tube was brought to the desired temperature (700°),

and a stream of oxygen-free nitrogen allowed to pass through the
tube at 1 ml./sec. {1—"'3]Nonphthalme was then vaporised at 1 drop/12
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sac. by dropping the liquid directly into an empty silica tube

(33 x 5/8 in. internal dicmeter). When all the naphthalene had been
introduced, ths temperaturz was maintained and the carrier gas
ailowed to pass through the tube, for a further 30 mimutes. The
resulting tar wes collected in a serias of traps coeled in ice-sslt,
s01id C0,~ethanol, and liquid air.

Durdng the pyrolysis mples. of the exit gases were collaected
at intervals and examined by infrared spectroscopy. No methane
or ethylene could he detected.

The whole pyrolysis was then repeated three more times under
identical conditions and the ters combined.

(b) Anelrsis of Tar 2 "i-u"(.: Hord lene

The total yield of tar from 100 g. of ii-"*c]naphthaem was
95+12 ge This was carefully distilied under vacuum te give naph-
thalens (83.7 go) and a black residue (7.5 z.).

The residue (7.5 g+) was dissolved in a little chloroform,
slumina (80 g.) added, ard the sdlvent then removed under reduced
pressure. The resulting mixbure was then placed on the top of
@ colunn of alumina (1.5 kg; 125 x 6 cm) which had been packed
iu hexsfie. The colurn was then eluted with hexane containing
increasing concentration of benzene and 270 fractions, each of 500
ml., were collected., These fractions were examined by ultreviolet
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TABLE 4

OF TAR FROE [1- o

CHROMATCG
Fraction | Criginal Solvent Conpounds identified
fractions
{a) 1-20 Hexane Naphthalene
(v) 21=-72 Hexane 1,1'=Binaphthyl
(e) 73-76 Hexane 1,1%=Binaphthyl
1,2"'=Binaphthyl
(&) 77-104 Hexane: bensane 4 ,2'=Binaphthyl
(9:1 v/¥)
(e) 102-116 Hexane:bensene =
(9:1 vA~)
(£) 117=155 Hexane:bensene 2,2*-Binaphthyl
(8:2 v/v)
(&) 156=180 Hexane:bensene -
(8:2 v/¥)
(n) 181=202 Hexane: benzene Perylene
(7:3 v/v) 10,11=Benscfluaranthene
34h-Bensopyrene
(1) 203=206 Hexane: bengene Perylene
(7:3 v/v) 10,11= and 11,12-BensofLuor
the
(3 07-235 Hexane: bensene Perylene |
(6:4 v/v) . 11,12-Bensoflucranthene
(k) 236=270 Hexane: benxene -
(5:5 v/v)
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spectroscopy, and then reccubined to give 11 main fractions (a=k),
as summarised in Table i7. Some of these fractions were
pechromatographed on columms of partially acetylated celluloss.

The individusl ccmpounds were them isolated, purified and subdbmitted
40 radiochemical anelysis as desoribed below.

(¢) Lselotion and Rediochemical Analysis

Hgphihalgne.
Evaporation of the solvent from fraction (a), end recrystallisatics

of the colourless residue from ethanol gave maphthaleme, Repe
80.5°. A sample of the distillate was elsc recrystallised from
ethanol to give naphthslene, ®mepe 80.5°, which was submitted to
radiochemical analysis.
Relative molar sctivity x 102,
Found: 22.3 < 0407
E
Caloe: 22.2 (for 1.0 C)

1,1\ =Binaphthyl.

Solvent was evaporated from fraction (b), recrystallisation
of the residue from ethancl guve 1,2'-binsphthyl mep. 156°, not
depressvd by admixture with an suthentic specimen (1it. m.p. 156°).
Tts ultraviolet sebsorption spectrum showed mexima at 285 and 295 my
in good egreement with the htmh:rern".
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Relotive molar sotivity x 1072,

Pound: Lke5 ¥ 0.25
Calce: b4hek (for 2.0 6)

Evaporation of the solvent from fraction (&) under reduced
Pressure gave & sami-s0lid mess which solidified on cooling.
Recrystallisatlon from light petroleum gave 1,2'-binaphthyl, me.p.
75 ~76°, not dspressed by admixture with en authentic specimen,
BeDs 76°» Its ultreviolet sbsorption spectrum showed & maximm gt
282 my, in good sgreement with the literature '*.

Relative molar sctivity x 1072,
Found: &he8 * 0.19

Calee: Lhok (for 2.0 C)

2,2'-Binaphthyl.

A portion of the residue obtained by evaporatiom of the solvent
from fraction (e) was recrystallised from ethsnol. The resulting
2,2'~binaphthyl was cbtained as shining plates, m.p. 187°, not
depressed by admixture with an authentic apecimen (1it. m.p. 187 -188°%).
its uitraviolet absorption spectrum showed mexima at 254 and 306 m:
in excellent sgreement with the litersture valuss 1o,

Relative molar ectivity x 1072,

Found: L6 = O.f
Calce: bhok (for 2.0 E)
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10 . 11= 1 thene,
| Bvaporation of the solvent from fraction (h) gsve a crude

yellow residue, which was dissolved in a little toluene and
chromatographed cn & column of pertially acetylated eellulcse

(5 x 75 em.) using ethanol:toluens:water (17:4:1 v/¥). The fractioms
containing 10,11=bensoflucranthene {(u.v. spectroscopy) were combined,
the solvent removed, and the residue rechromatographed on alumina.
10,11=-Benzofluoranthene was obieired as bright ysllow noedles,

meps 1657, not depressed by sdmizbure with an authentic specimen
(1its mepe 1657). Its ultraviclet absorption spestrum showed maxima
at 2,1, 282, 294, 307, 318, 333, 348, 365, 375 and 383 mp in good
with ths lit&am176.

Relative molar sctivity x 1072,

Found: 43.08 ¥ 0,061
Cales: Mol (for 2,0 C)

1 2-Benzofluoranthane.

Evaporation of the solvent from fraction (j) gave a erude
residue which was dissolved in & little benzene, and chromatographed
on a colusn of partially acetylated cellulose (5 x 75 om.) naing
ethanol, benzene and water (17:5:1 v/v). 145 Practions (each of
20 nl,) were collectsd, The fractions containing
11,12-benzof luoranthene (u.v. speetroscopny) were cambined, solvent
evaparated, and rechromatographed on alumins. Recrystallisation of
the product gave 11,12-bensofluoranthene as pale yellow needles,
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Bepe 2’16°’, not depressed by admixture with an authentic specimen
(1ite meps 217°). Its ultraviolet sbsorption spectrum showed msxims
at 269, 284, 297, 309, 362, 380, and 402 mp in good agreement with
the litersture 10,
Relative molar activity x 1072,
Found: L3e4 & 0,093

-
Calee: bhod (for 2.0 C)

Eerglane.

Ferylene was 1solsted from fractiems (h), (i), and (§) following
chramatography on a columm of pertially ecetylated cellulose
(5 x 75 cms) using ethenol:toluens:water (47:4:1 v/¥v). Its
gbsorption spectrum showed mexima at 253, 386, LO9 and 436 wy in
good agreement with the iitorature. However, it could not be

. obtained pure in sufficient gquantity for rsdiochemical analysis.

J.k-Bensopyrene.

This was isolated following chromatography of fraction (b)
on adetylated cellulose (ses above). The appropriate fractions
were combined, evaparated, snd the residue rechromatographed on
alumina. The solvent was again evaporated and the reaidus taken
up in 95¢ ethanol. Its ultraviclet abscrption spectrum showed
maxime at 255, 265, 27h, 284, 297, 332, 348, 365, 379, 38k avd AOh my

in good egrecment with those recorded for 3,i~bensopyrens? 76,



(e) Synthesis of [1-'"C]styrene

[earbonyl- ] Acetothenocne.
Soddum {carbm-"‘c]wmte (240 me3 4e6 mg.) was seraped

from the phial with a spetula into o 3-necked flask. The phial

was rinsed with ten small pertions of inactive aenhydrous sodium
acetate, and the washings were poured into the reaction vessel. More
sodium scetate (Analar) was added to give total acetate (5 g.).
Anhydrous aluminivm chloride (33 g., 0.12 mole) and sodium-dried
bensens (20 ml,) were added and the mixture was gently refluxed

for 8 hours with stirring. It was then cooled, dscomposed carefully
with jce and excess concentrated hydrochloric acid and refluxed for

4 hour. The resction mixture was then cooled, extractedwith ether
(1 x 100 ml., 2 x 50 ml.)}, the combined extracts washed with water,
aqueous soiium hydroxide (107) and agein with weter, dried (Gaﬂlz),
the solvent evaporated snd the residue distilled under reduced
pressure to yield {M—1!‘C]mtnphme, bepe 92°/16 mn (5.97 e,
B1.6%).

1-Phenyl[1= *C] ethanel,
A solution of @Mj“c}_m;:hm (597 ges 0405 mole)
in 957 ethanol (8 ml.) was added to a solution of sodium hydroxide

(5 ge, 04125 mole) in water (50 ml.) cooled to 15°. Reney mickel
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alloy (5 g.) was added portionwise with stirring at 15 -20°
(external cooling) aver a pariod of 30 minutes, and the mixture
then stirred at room tempersture for 1 bowr. The niskel catalyst
was removed by filtration, washed with ethanol, and the cambined
filtrate saturated with scdium chloride and sxtracted with ether
(3 x 50 ml.)s The combined eiihercul extract was washed with
water and dried (ligso,). The solvent was removed by distillation
and the residue distilled under reduced pressure to give

f~phenyl - [1= %C]ethanol, baps 100°/16 mre (5463 go, 92475) 0

1=C 4-phenvl[1="Je ce

A mixture of 1~phm1[1'-"’c]emmol (5463 gy 0.04 mole) and
concentrated hydrochlorie aeid (36 g., Spe £+, 1.18) was shaken
vigorously lfor 15 minutes, diluted with water {100 ml.), and extracted
with ether (3 x 50 ml,). The combined ethereal extracts were washed
with water, aguecus sodium hydroxide (107), water, dried (Caclz),
the solvent removed, and the residue diatilled under redused pressure
to give 1-c.h1m-n-1-phwl{1-nc]ethane, bepe 91 ~92°/16 mme (5455 ge,
85¢65)

[1=% ] stvrane.

A mixture of i=chloro-i~phenyl[1-*C]ethane (5.55 g.) and
freshly dlstilled quinoline (3.5 ml.) was refluxed gently for 30
minutes, cooled, decomposed with ice~cold dilute hydrochloric scid




145,

and extracted with ether (3 x 50 ml.)s The combined ethereal
axtracts vere washed with weter, aqueous sodium hydroxide (105,
egain with water, dried (c».c:.z), the solvent removed and the
residue distilled under reduced pressure +o yield [1-*C]styrene,
bepe 54°/16 mna (35 gep 76460)s

The purified inactive styrane (10 ge) was added to the
distiliation flask and the mixture was distilled. More styrene
was sdded from time to time, until 195 g. of distillate had been
ccllected. The infrared spectrum of this diluted active styrene
was identical with that of pure inactive styrenme. No impuritiss
could be detected by gas-liguid chromatography.

(v) Radiosstivity of [1="*c]styrepe

The redicactivity of the styrene was determined by econversion
to the dibromide as follows: a solutian of {1- *Clstyrans (0.1 ml.)
in chloroform (0.1 ml.) was treated dropwise with a solution of
bromine in ckloreform (1:2 v/¥) until the red colowr persisted.
The dibromide separated on evaporation of the solvent. Recrystallisatic
twice Trom dilute alechol (charcosl) gave pure [1-'“Clatyrene dibromide,
mspe 72 -73°, which was sssayed raiiochemicslly (Found: reletive

wolsr activity x 10—2, 6.81 L 0,028),

() Degradation of [1~'*Gstyrene

[i-u’ﬁ]styrm {2:25 g.) was added to a solution of chromium
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trioxide (7.5 g.) in water (28 ml.) at 0°. Concentrated sulphuric
acid (1€ rl.) was added portiomwise with stirring over a period of
1.5 hour, maintaining the temperature below 20°, the mixture was
then refiuxed gently f'or 2 hours. Crystals of bensole acid which
separated on cooling were filtered, washed with cold water, dissolved
in 105 sodium hydroxide, boiled with Norite, filtered, the filtrate
cooled and acldified with hydrochloric acid. Reecrystallisation from
weter gave pure bensolc seid, m.p. 120 -121°,

Relative molar activity x 1072,

Found: 6.25 £ 0.016
Cales: 6.81 (for 1.0 C)

A sample of &m—"‘l’:]bmoic acid (210 mg.) was
decarboxylated by refluxing with copper bronse (140 mg.) in freshly
distilled quinoline (10 ml.) in a slow stream of CC,-fres nitrogen
for 4 hours. The exit gases were bubbled through a 4% solution of
barium hydroxide in a two-pecked flask protected with a potassium
hydroxide tube. The precipiteted barium carbonate waz coliected,
washed with hot weter, acetone, dried and radloasssyed.

Relative molar activity x 1072, |

Found: 6.24 < 0,023
Calc.: 6.81 (for 1.0 C)

(@) Eyrolysis of [1-'tc]styrens

The pyrolysis was carried cut in a silica tube ({0 x 1%)
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packed with parcelein chips (3/8" x 1/4") as desoribed earlier.
Freshly redistilied [1-"‘6‘]31’31-@9 (50 g.) wes vaporised by dropwise
addition (10 drops/min.; 40 g./hr.) to a flash evaporator immersed
in a Voods-metal bath kept at 30°, and the vapour carried by a
stream of oxygen=free nitrogen into a silica tube maintained at
710%  ifter all the styrene had been introduced the carrier gas
mallmdtopassthmughthamberorafmjomm The
resulting liguid ter wes collected in a serics of traps cooled in
ice-selt, dry ice/ethancl, and liquid air. Samples of the exit
gases wers collected during the pyrolysis and methane and ethylene
were identified by infrared spectroscopy.

The pyrolysis was ‘hen repeated twice more under identisal
conditions. In this way & total of 150 g. of [1-”‘0]«&11-&@ was
pyrolysed st 710°.

(e) Anslysis of Tar from [1-“"0]8@

A dark liquid tar (110.8 g.) was collscted and a Purther
quantity (1.7 g.) was obtained iy washing the tube with hot chloreform
and evaparating the solvent. An sdditiomal quantity (2 g.) of low
boiling material wes collected in a trap coolsd in a dry ice/sthancl
trep (Fraction 4).

The combined tars (114.5 g., 76.3%) were distilled carefully
under reduced pressure to give six main fractions. Fractioma (4),
(B), and (C) were exmmined by gas-liquid chromatography (Griffin
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and George VPC epparstus) snd the major cemponents separated
using s Bockmen Negachrome prepsrative gas chramatograph.
Fractions (D), (E), and (¥) were examived by ohrematography on
aluming ond soetylated cellulose. The major compounds were
isclated as described below.

The results are summarised in Table 18,

TABLE 18
Fraction B.P, Wedght (g.)| Compounds isclated
A - 2 Bensene
Toluane
B 36 -48°/15 mm. 56014  |Zensens
Toluene
Ethylbensene
Styreme
g L0 ~72%/5.5 mm. 6.2 Styrens
Naphthalene
D 72 <80%/3 mm. 42 Naphthalene
B 80 =160°/1.5 mme \ 28.6 Fhenanthrene
Anthracene (detected)
34 residus 17.1 Chrysene
2=-Fhenylnaphthalene
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(£ Iscletion and Radiochemiesl inalysis
Sgpzene,

Isolated from fractions (4) and (B) by preparative gas-liquid
chromatographys. Redistillation gave pure benszene; the infrared
spectrun was ideptical with that of an authentic smmple. Ven Slyke-Feli
oxidation gave barium carbomate, uhich was assayed radiochemically.

Reletive molar estivity x 1072,

Foundz 2427 < 0.04
Calce: 26436 (for 1.0 C)

Zeluene.

Isclated from fractions (A) and (B) by preparative ges=liquid
chramatography. The infrared spectrum of the redistilled product
was identical with that of en authentic specimen. Vam Slyke-Foloh
oxidation gave barium carbonate which was asasayed.

Relstive molar sotivity x 1072,

Found: 18.5
Calce.: 26,36 (for 1.0 E)
Degradation of toluane.

4 semple of sctive toluens (500 mg.) wes refluxed with a
solution of potassium permangaenate (2.0 g.) and scdfum cerbonate
(0e25 go) in water (40 ml.) for 4 hours and the reaction mixture
was worked up in the ususl menner. Recrystallisation of the m-odmt
from water gave benzoic acid as colourless needles, m.p. 120°.
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Relative molsr sctivity x 102,
Found: 17.6 < 0.03

Calso.: 26.36 (for 1.0 3)

The benseic acid (100 mg.) was decarboxylsted by refluring
with copper bronze (70 mg.) in freshly distilled quinoline (8 ml.)
inustrcamofCGz-freanitrogenfthm. The earbon dioxide
evolved was absorbed in L% barium hydraride solution, the barium
carbonate collected, dried, and assaysd.
Relative molar activity x 1072,
Pomd: 17.1 2 0.04
Cales: 26.36 {for 1.0 C)

The resulting bensene (collected im the cold trap at =70°)
wes exidised by Van Slyke-Folch oridation reegent, converted imto
barium earbonate and radicassayed.

Relative moler activity x 1072,

Found: 0.27 2 0.03

Calce: 26.36 (for 1.0 E)

Isolated from fraction (B) by gas-ligquid chromatography.
Its infrared spectrum wes idemtical with that of an euthentic
specimen. Ven Slyke-Foloh oxidation gave barium carbonste which
wes asssyed radiochemically,

Relative molar activity x 1072,
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Pound: 25.64 2 0,016
Calo.: 26.36 (for 1.0 C)
Tl Ethyl ane.
The active ethylbenzene (167 mg.) diluted with purified
insctive ethylbensene (376 mg.), was oxidised to bemsoie mcid
by refluxing with potesaium permanganate (2 g.), sodius carbonate
(0425 g.) and water (40 ml.) for 12 hours. Hecrystallisation of
the product from water gave benzolo acid as colourless needles,
BeDe 122°, | ”
Relative molar sotivity x 10:.2,
Found: 22.73 £ 0,06
Caloe: 26436 (for 1.0 C)
The sctive bensoic acid (130 mg.) was decatboxylated by
refluxing with copper bronze (85 mg.) in freshly diatilled
quinoline (8 ®l:) in a stresm of c"oz-'rree nitrogen. The carbom
dioxide evolved was bubbled through a 4% solution of bariuws hydroxide
and the precipitated barium carbomate radiocassayed. '
Relstive molar activity x 1072,
Povnd: 22.41 & 0.07
Cale.: 26,36 (for 1.0 C)

Slyrens.
Isclated from fractions (B) snd (C) by preperative gas-liquid

chrosatography. The activity was determined by conversion to the
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dibromide a3 deseribed an page 145.
Relative molar activity x 10-2.
Found: 26429 = 0,061

*
Calce: 26436 {for 1,0 C)

Indens.

Isolated from fraction (C) by preparative gas-liquid
chromatograply; its infrared spectrum was identical with that
of an authentic specimen. Van Slyke=Folch oxidation gave barium
carbonate which Q‘n collected for rudicactive aszay.

Relative molar activity z 1072 .
Found: 36.36 = 0.26
Galca: 26436 (for 1.0 C)

Hprhbhelens.

This was isclated from fraction (C) by preparative gas-liquid
chromatography and from fractian (D) by chromategraphy on elumina,
Two recrystallisationa from ethanol gave naphthalene as colourless
plates, mep. and mixed m.p. 80°. Its vltraviolet spectrum was
identical with that of an authentic specimen.

Relative molar setivity x 1072,

Found: 13.9 = 0.23

b
Cale.: 13.6 (for 2.0 C)
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Z=tbenyinephihalene.

Isolated fram firaction (F) following chromatography on alumina.
stillation of the fractions containing 2-phemylnapghthalene under
reduced pressure (b.p. 140°/15 mm.), followed by clromatography of
the distillate on ahmd.ng, and recrystalllsation of the product
fram ethanol (charcoal), gave 2-phenylnaphthalene es colourless
needles, m.p. 101-102°, Its ultraviclet spectrum wes identical
with that of an authentic specimen.

Eelative molar activity x 102,

Found: 13.2 = 0.04
Calee: 13.6 (for 2.0 C)

Isclated from fraction (E) following chramatography on alumina
and on partislly sceiylated cellulose using ethancl:benzens:water
(17:4:1 v/¥} as eluting aclvents Small amcunts of anthrecene
contamineting phenantiwene were removed by refluxing with concentrated
nitric aeid (1 ml.) in ethanol (50 ml.) for %; hours. The orange=
yellow residue cbiained aftar removal of the sclvent was dissolved
in the minimun smount of benzene and chromatographed on a amell
column of alumine, vaing bexane and bensene as eluanta. Fractions
containing phenanthrene (u.v. spectroscopy) were combined, the solvent
removed, and the residus recrystallised twice from ethancl to give

phenantirene as colourless needles, m.p. 95°.
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Relative moler activity x 1072,

Found: 6474 = 0,022
Caloe: 6.81 (for 1,05)
Degradation of Phenanthrene.

4 solution of active phenanthrene (0.6 ge) in glacial acetic
acid (15 ml.) was heated to 85° in a water bath and hydrogen
peroxide (7.0 ml,, 50%) added portiomwise over 10 mimutes. The
mixture was then heated at 85° for an hour with atirring and the
warm solution poured into water (20 ml.). The agueous solution
was made alkaline (i 10.5) with 257 aguecus sodium hydroxide,
warned with stirring, and then acidified to pii 2.5 with concentrated
hyd&rochloric acid. After cooling the precipitate was dissolved in
ethsr, the ethereal solution washed with weter, the solvent removed,
and residue crystallised twice from dilute athanol {obarcoal) to -
give colourless needles of 2,2'=biphenic acid, m.p. and mixed m.p.
230°,

Relative molar activity x 1072,

Pound: 6.80 2 0,038
Cales: 6481 (for 1.0 C)

Decarboxylation of active 2,2'-biphenic acid (130 mg.) with
copper bronze (90 mg.) in freshly distilled quinolime (8 ml.) gave
carbon dioxide, comverted into barium carbonate which was
radioassayed.

Relative molar sctivity x 1072,
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Found: 3.64 = 0,015
Cales: 6481 (for 1.0 C)
The residue from the Gecarboxylation was acidified (HC1) and
extracted with ether. Aifter removal of the solvent, the residue
was recrystallised from ethanvl. BRBiphenyl was cbtalned as colourless
plates Mep. and mixed mep. 65 -66°,
Relative molar activity x 1072,
Found:  2.89 £ 0,014

. "
Calce: 26436 (for 1.0 C)

Lhrysene.
Isolated from fraction (F) by chramatography on alumine,
followed Ly clromatography on partially acetylsted cellulose using
ethanol:benzene:water (17:4:1 v/v) as eluting solvent. Fractions
containing chrysene were combined, the solvent removed and the
residue twice recrystallised from an slcohcl-bemsene mixture (charccal)
to give chryseme as colourless plates, m.p. 2530.
Relative molar activity x 102,
Found: 19,9 2 0,03
Calee: 204 (for 3.0 8)
Degradation of Chrysene.
A mixture of active chrysene (100 mg.), pure imactive chrysene
(100 mg.), scdium dichromate (1 g.) and glacial scetic acid (8 ml.)

was heated under reflux for 2 hours and then poured into water (10 ml.).
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The red precipitate was collected and recrystallised twice from
glacial scetic acid to give red prisms cd' chrysa~1,2-quinone,
ni,p. 241°,

Relative molar activity x 1072,

Found: 19.75 = 0.08
Calce: 20.4 (for 3.0 C)

This active chrysa=1,2-quinone (155 mg.) was diluted with a
purified inactive semple (560 mg.), intimately mixed with lead
dioxide (1 g.) and added partionwise with stirring to potassium
hydroxide (2.8 g.) and water (1 ml.) meintained at 225 -235° in an
oil bath mrer a period of 15 mimtes. After the addition the melt
was heated at 225 -235° for 45 minutes, slightly cooled, repsated
extracted with hot water and filtered. The combined filtrates were
boiled with charcosl, filtered, scidified with comcentrated hydrochlori
acid, end exhanstively extracted with ether. The sthereal axtract
was washed (water), the sclvent removed and the residus twice
crystallised from dilute acetic acid (chercoal) to give
2-( g-naphthyl)benzoie scid (c-chrysenic acid) as colourless needles,
BePe 188°, .

Relative molar a.ctivity x 10.2,

Found: 68.16% 0,11
Calce: 26436 (for 1.0 E)

The labelled 2-(g-naphthyl)bemszoic acid (100 mg.) was
decarboxylated with copper bronse (50 mg.) in freshly distilled
guinoline (7 ml.) for 3 hours under o gentle stresm of CO_~froe
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nitrogen. The carbon dioxide formed was bubbled through a %
solution of barium hydroxide. The barium carbonate was collected
and assayed.

Relative molar sctivity x 1072,

Found: 14.16 & 0.14
Calc.: 26036 (for 1.0 5)

Acidification of the quinaline residue, ertraction with ether,
renoval of the solvent, and reerystallizstion from aqueous ethanol
(charcoal) gave 2-phenylusphthalene as colourless plates, m.p. 103°.

Relative molar activity x 102,
Found: 54.56 fo.1

Calce: 26.36 (for 1.0 C)

1

9.8 THE PYROLYSIS OF [3='tc]INDENE
Ll
(a) Symthesis of [3- TlIndene
- Uy
Jearboxy- Tlliydrocinnanic soid.

Bardum [u’C]enrbmato (1.0 me; 225 mg.) was transferred from a
phial to a flask attached to & vacuum line through a pressure-
squalising dropping fumnel for concentrated sulpburic acid. The phial
was rinsed with several portions of inactive barium carbonate, and
the washings poured into the resction vessel. Mere imsctive darium
carbongte was added to give total carbamate (7.775 g., 0.0k mole).

The system was evacuated and the f‘l&-'c] carbon dioxide evolved by the
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aropwise addition of concentrated sulphuric acid (98%) was condensed

in a liquid-air trap, dried by distillation from a &ry ise-ethanol

bath at ~€0° and agein condensed in a liquid~sir trap. The Grignard
reagent, prepared separately from S-phenylethylbromide (8.0 g.,

04043 mole), magnesivm (1.035 g., 0.043 mole) ard ashydrous ether

(40 nl.), was diluted with ankydrous denzene (15 ml.) and the flask
attached to the vacuum line, then cooled with liquid air and the

gystam evacuated. The flask was then warmed to -20° usging a 4ry
ice~ethancl bath, and allowed to equilibrets for 10 mimates. The
selution was stirred (megnetic stirrer) vigorously, and the [n‘c]
earbon dicxide introtuced slowly. Vhem mest of the carbom dioxide had
"peacted, the bath texperature was reduced over 15 minutes to =70°

with continued stirring. ZExcess carbon dioxide was then recondsnsed
uai.ng?liqnid air trep end sir was then introduced into the resction
flask, The flask was warmed to -20° and the Grignard complex decompose
with ice~cold 207 sulpburic acid, with stirring. The agueocus layer

was extracted with ether (4 x 25 ml.) and the combined ethereal solutio
washed with water, and extracted with 107 sodiwe hydroxide (L x 20 ml.)
The alkaline solutiorn was boiled with charcoual, filtered, cooled and
ecidified to give [parboxy- 'Clhydrocimnemic acid (3.71 g.). This

was used without further purification for the next step.

c 1"‘15‘6 =one,

4 mixture of [carbaxy= *C]hydrocinnmmic acid (3.71 g.) diluted
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with insctive pure hydrocinnamic acid (1.29 g.) and thionyl chloride
{840 ml.) waa gently refluxed on s water bath for 2 hours. Excess
thionyl chloride was evaporated under reduced prsssure and the reaidus
tresated with enhydrous carbon disulphide (25 ml.), and the solution
cooled to 0% Anhydrous aluminium chloride (5 g.) was edded imtiomm
at intervals of 5 mimutes with shaking, and the mixture allowed to
stand at 0% for 15 mimutea, ther at room temperature for 30 mimutes,
and finally refluxed gently at 50 -55° for 3 hours. The mixture

was then cooled and carefully deccmposed with ice and hydrochlorie
acid, then refluxsd for 45 mimutes, cooled and extracted with ether
{3 x 50 ml.)e The combined ctimaal extracts were washed with

water, aquecus scdium carbanate (5%), dried (CaCl,), the solvent
evaporated, and the residue distilied under reduced pressurs.

The &mﬁ]_;-1kc]inaan-1-on¢ was obtalned as a colourless oil, b.p.
126 -130%/15 mn., which solidified on cooling (yield, 3.29 g.).

[car 'bmm 1-—"&:]@&131.

A mixture of {gm-u't]mdm-‘i-m (3.29 go), sodium
hydroxide (0.12 g.), ethanol (20 ml.), W=k Raney nickel (0.75 ge)
and chloroplatinic acid (26 mg.) was hydrogenated under atmospheric
pressure for 1.5 houwrs. The catalyst was removed, washed with alcohol,
the filtrates treated with three volumes of saturated a.quom sodium
chloride, and extracted with ethar. The etheresl solution was washed
with water, dried (zﬁ:gsok), the soivent eveporated, and the residue

distilled under reduced pressure. The [garbimol -1‘0] indan-1-ol
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(2.3 g+) was obtained as a colourless oll, b.ps 128%/16 mm.

L “‘n Indepe.

A mixture of [carbinele C]indan-1-0l (2.3 g.) and hydrochloric
scid (2N., 20 ml.) was refiuxsd for 30 mimmtes, them cooled and
extracted with ether (4 x 25 21,). The combined ethereal solutions
were washed with water, squecus sodium hydrozide ( 10%), agein with
water, drded (Caﬁlz)', the solvent evapcrated and the residue distilled
under reduced presmwe. [5-"‘c]xaeme (0.86 ge.) was obtained as a
colourless oil, beps 83 -84°/16 mm.

Purified inactive indene was added to the resction flask and
distilled. lore indene wes added from time to time, wntil 60 g. of
distillate had been collected. The infrared spectrum of this product
was identical with that of pure indens. A sample examined by gas-liquid
chromatography showed no impurity. A sample was oxidised by the
Vao Slyke-Folch method and the ["’c]em-bon dioxide evolved was absorbed
by 4 barium hydroxide. The resulting [ “*Gjbariun carbonate was
collected for radiosctive assay (Found: relative molar sctivity x 10.2,
58.65 £ 0.29).

(b) Pyrelysis of [3= 'ClIndene
The pyrolysis was carried out in an erpty silica tube (40* x 1%),

Freshly redistilled diluted [3- 'C]indene (50 g.) was vaporised at
7 g./br. in a flash evaporator immersed in a Voods-metsl bath kept



161,

at 340°, and the vapour carried by a stream of axygen~free mitrogen
into an. empty silica tube maintained st 700°. The resulting tar was
coliected in a series of traps cooled in ice/salt, solid coz/_munol,
and liquid air.

The infrared spectrum of a sample of the exit gases showed
the presencs of methane and ethylene.

() ipslyeis of [3='"C]Indene Ter

The resulting tar (40.9 g.) together with the chioroform
washings from the pyrolysis tube was distilled to give indeme (8.5 g.)
and & residue (29.8% g.). This residus was dissolved in chlereform,
aluming (800 ge) added and the solvent evaporated umder vacuum. The
resulting aluming was then placed on the top of & column of alumins
(7 Kga, 63 x 3 in.) packed in hexane. Elution with hexane cantaining
incressing amounts of benzene (finally with bensene) gave 200
fractions {eech of 1 litre). For warking up, these fracticms were
recombined on the basis of their ultraviclet spectra to give aix
main fractions (A-F) as summarised ip Teble 19, The individual
compounds were then isoclated either by further chrometograsphy on
alumina, or by chromatography on columns of partially acetylated
cellulose, and submitted to radioactive assxy.

(d) Isclation and Radicassay

This was isolated from fractions A, B and C., ZEvaporatiom of
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TABLE 19

1

CHROBATOGRAPHY OF TAR FROM |3- “n | INDERE

Fraction Criginsl frections Compound identified

A 1-69 2,3Bensofluorene
1,2-Bensoflucorene

B T0=77 2 3~Lensoflucrens
Chrysene

c T8=125 2, 3Bensaf luorene
1,2=Benzanthracens
Chryesene

D 129-16), 10, 11-Bensoflucrarthene
11,12-Benzoflucranthene
3,4-E cnsoflucranthens
3,h=Benzopyrene
Alkylchrysene
Unknown X1

5 165=-188 Unkaown xa

F 189=200 -

the solvent from fraction A gave = crystalline residie which was
dissolved in & small amount of benzeme ard chrometographed on
acetylated cellulose using ethanol:benzens:water (17:4:1 v/¥) as
elusnt; 76 fractions (each 30 ml.) were ccllected. The fractions
(21-53) countaining 2,3-bm1um {as determined by ultraviolet
spectroscopy) were combined, the solvent evaporated and the residue
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rechromstographed on acetylated cellulose; 100 fractions (esch 20 ml.)
were collected. The product obtained by evaporation of the firat 74
fractions was twice crystallised from ethanol (charcosl). 2,3-
Bensofluorene was obtained as c.alourlaaa plates, m.p. and mixed m.p.
206°,
Relntive molar getivity x 10'25
Found: 112.6 = 0.0k

E ]
Calee: 1173 (for 2.0 C)

This wes isolsted following rechromatography of fraction
{4 21-53) on acetylated cellulose. Ivaporation of the solvent from
fractions 82-95 (each of 20 ml.) gave 2 roduct which was again
rechromstographed on alumina, and finally recrystallised from ethanol
(charcosl). *;Z-Bensoflucrene wa:s obtained as colourless plates
(17 mg.), Bep. and mized m.p. 182 -183°, It was &lluted with pwre
inactive material (36 mg.) and submitted to reslicective assay.

Relative molar activity x 102,

Found: 109.7 2 0,07

Caloe: 117.3 (.for 2,0 E)

Shrysens.
This was isolated from fraction B and C but the main bulk

was obiained from fracticn C. ZXZvaporstion of the sclvent from
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fraction C gave a residue, a portion of which was repeatedly
recrystallised frez dexzene, then chramatographed on aluaing using
hexane and benzene. Final recrystallisation from benzene-ethanol
gave chrysene as colourleas plates, m.p. 25§°.
Relative molar sckivity x 10 2,
Found: 10945 = 0.05
Calece: 117.3 (for 2.0 é)
The degradation of clhrysene was carried cut as dsscribed earlier
(ses pyrolysis of [1- ]styrene). A mixture of labelled chrysens
(240 go), sodium dichromate (L4 g.) and acetic acid (80 ml.)
waa refluxed for 2 hours and then worked up &3 usual to give
chrysa=~1,2~quinone as red prises, m.p. 239-240°.
Relative molar sctivity x 10
Pound: 109.1 B 002
Cale.: 117.3 (for 2.0 C)
4 mixture of this chryss=1,2-quinone (1 g.) and lead axide
(1.5 go) was fused by adding partionmise to a solutien of potassium
hydraxide (4.2 g.) in water (1.5 ml.) st 225-235°. Aifier the addition
(15 minutes) the melt was maintained et 225-235° for 3 mimutes, then
cooled and worked up as usual. - o~( 2-Naphthyl)bensoie acid was obtained
as colourless needles, m.p. 188-189°,
Relative molar sotivity x 10°2,
Found: 90.55 = 0,2

E
Calece: 11703 (er 2.0 C)
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The labelled o~(2-naphthyl)bensoic acid (pege 164) (120 mg.)
was decarboxylated in the usual way by refluxing for 3 hours with freshly
distilled quinoline (8 ml.) in the presence of copper bronze (90 =ng.)
in a gentle stream of GOz-frn nitrogen to give carbon dloxide, isclated
and assayed as barium carbonate.
Relative molar activity x 1072,
Found: 9409 = 0.02
Calce: 58,65 (for 1.0 5)
Viorking up the residus from the quinoline in the usual wey
gave 2-phenylnaphthalene as colourless plates, m.p. 103°.
Relative molar activity x 10-?,
Found: The33 = 0.04

Calec.: 58.65 (for 1.0 E}

Ja2-Benzantiwacens,

The mother liquors obtained following the first orystallisation
of the crude chrysene from benzene were evaporated to suall volume
and the chrysene which seperated was removed. This process was repeated
three times, and the resulting mother liguors then chromatographed on
acetylated cellulose (35 x 2 in.) using sthancl:bdenzene:water (17:4:1
v/v) as eluant; 130 fractions (each of 20 ml.) were collected.
Fraetions =40 gave 2,3benzcflucrens. Ivaparation of the sclvent
from fractions 41-102 and recrystallisation of the rezidue from
ethanol-scetic acid (charcoal) gave 1,2-bensanthracens s colourless
needles, m.p. end mixed mep. 157-159°,
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Relative molar setivity x 1072,
Foumd: 109.2 £ 0.08
&
Calce: 1173 (for 2.0 C)

10,11 anthene.

Evaporation of fraction I gave & yellow reaidus which was
dissolved in a smell amount of benszene and chromatographed onm
acetylated cellulose (32 x 2 in.) using sthanol:bensens:water
(47:4:1 v/v) as sluant. Fractions 31=40 (each of 100 ml.) ecntainming
10,14=benzoflucranthene as dstermined by ultrazviclet spectroscopy were
recosbined, the sclvent removed, and the residue rechromatographed om
acetylated cellulose (26 x 4 in.). Appropriate fractions were combined,
the sclvent evaparated, snd the residue crystallised from ethancl.
10,11-Bensoflucranthene (12 mge) was cbtained as fine yellow needles,
Bepe 162-164°. It was diluted with inactive meterial (36 mg.) for
radicchenical sasay.

Relative moler astivity x 1072,

Found: 110.8 = 0.1

&
Cale.: 117.3 (for 2.0 C)

11,12 oflu ene »
Isolated following chromatography of fractiom (D, 41-50)
followed by rechromatography on acetylated cellulose. Recrystalliisation

of the product from ethancl gave 11,12-bansoflucranthens (8 mg.),
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mep. 213°, which was diluted with inactive meterial (32 mg.) and
assayed.
Relative molar activity x 1072,
Poupd: 108.6 % 0.08
Cales: 117.3 (for 2.0 C)

The ordinary p-propylbenzene used was repeatsdly washed with
107 sulphurde ecid {by volume) followed by water, 10/ sodium
carbonats, water, dried over potassium hydroxide and twice distilled
over sodium through e fractionating column. The resulting p-propyl-
bensene (bep. 157-160°) had an infrared spestrum and refractive index
identical with thst of an authentic specimen,

(a) Symthesis of p-[u-'"Progylbensene

Leerbonyl~""c|proptophanone.

4 mixture of sodium propicpaste-1= G (10.2 me/mli) diluted with
ordinary freshly prepared sodivm propionste (total propionate,
5485 ge, 0.061 mole), bensene (20 ml.) eand avhydrous alumdnium
chleride (33 ge, Qe247 mole) was gently refluxed with stirring for
8 hours. The reaction mixture was then thoroughly cooled and carefully
dscomposed with ice. Concentrated hycroehloric scid (75 ml.) was then
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added, and the mixture again refluxed for an homr. The reaction
mixture was cooled, extracted with ether (1 x 100 ml., 3 x 50 ml.),
the combined ether exiracts washed with water, agqueous sodium
hydroxide and again with water, dried (03612),‘ the solvent eveporated
and the residue distilled under reduced pressure to give [garbogyl-
1Ac]i9ropi01>hmona, bepe 110%/46 mme (6436 g, T795)

A mixture of azalgamated sinc (prepared from 25 g. of mossy
sinc and 5: mercuric chloride), M—%]mpmphmm (6.36 g.)
and equal portions of water and concentrated hydrochloric acid (50 ml.
each) was refluxed vigoroualy for 8 hourse 30 ml. portions of
concentrated hyarochlorie scid were added every 2 hours during the
heating period. The reaciion mixture was then cooled, the aquecus
lgyer decanted znd after dilution with an aqual volume of water, was
extracied with ether (3 x 100 ml.). The combined ethereal extracts
were washed with water, 105 sodium hydroxids, water, dried (c;clz),
the solvent evaporated and the residue distilied at atmospheric
pressure. E[a-“‘ﬂ]Prowlbmo was obtained as colourless oil,
bepe 158=60° (4e76 8o, 69.05).

¥ithout further purificstion this p-[c- *C]propylbensens was
diluted with inactive pwrified propylbenzene (105 ml.). The infrared
spsctrum and refractive index of this mixture were identical with

those of pure propylbensene. No impurities were detected by gas-liquid
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chromatography.

(v) Redicectivity of pe [a= ' *c | Propylbensens

A ssmple of the diluted radiocactive p-propylbensene was oxidised
as previously described, using Van Slyke-Folch axidation reagent to
produce carbon dicxide which wma absorbed by L% barium hydroxi de.

The precipitated barium carbonate was collected and assayed.

Two such determinations of radicastivity of p-[u- 'Clpropylbensens

gave valuss of relative molar activity, 8.27 x 102 and 7.98 x 1072,

or an average of 8,12 x 10‘2.

(c) Legredation of g-[o='"C]eropyibensen
(1) oxigation.

4 mixture of diluted g-{u-”‘t}promlbenme (1 =l,), potassiva
parmanganate (6 ge.), potassium hydroaxide (1 g.) and water (60 ml.)
was refluxed with stirring for 3 hours. It was then scidified with
8N sulpluric scid and refluxing and stirring were contimed another
2 hours. The mixture was coclsd, basified with solid sodium hyéroxide,
filtered hot, and the reaidue washed with little hot water, the
combined filtrates concentrated, boiled with charcoal, filtersd,
acidified with 18N sulphuric acid and e¢ooled in ice. The bensoic
acid that separated was purified by crystallisation froz water and
then sublimation. Pure benzoic asid (mep. 120-121%) tims obtained
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was subjected %o radioasseay.
Relative molar sctivity x 10'2.
Found: 8.34 = 0.024

-3
Cale.: B.12 (for 1.0 C)

axviption.

A mixture of the sbove bensoic scid (100 mg.), copper bronsze
(70 mg.) znd freshly éistillsd quinoline (7 ml.) was refluxed in
& current of CO,~free nitrogen for b howrs. The [ 'CJ0, evolved
was absorbed in s 4: solution of barivm hydrexide to give the barium
carbenate which was filtered, washed with water and little acetone,
dried and subjected to redicasssy.

Relative molar activity x 1072,

Found: 824 2 0.024
Cale.: 9.2 (for 140 C)

The resulting bensens, collected in a cozleﬂzmal tra:, was
axidised by the Van Slyke-Folch oxidation reagent to give barium
carborate which was eollected and assayed. This was found to be
mractically inactive, i.e. to hevs aoctivity corresponding to the
backgroaumd activity.

(&) Byrolysis of n=[u='*c]Propylbenzene
A 100 ml. (87 g.) sample of the diluted g-[u-"’t]gmpylhma

was vapourized (330-350°) at 7 go/hr. and the vapour passed with
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oxygen-free nitrogen through a silica tube maintained at 700° es
rrevicusly described. The resulting dark trown liguid tar was
collected in a series of traps cooled in ice-aalt, dry ice-ethancl
and liquid air.

The samples of the exit gases, collested during pyrolysis,
showed the pressnce of methans and ethylene (infrared spectroscopy).

(e) Analysis of Tar from g-_Lcru‘ﬂW

The total yleld of the tar from 87 g. of p-[o- 'C]propylbensens
was 65.6 go (65.07). This was carefully distilled under reduced
pressure to give five main fractions.

Fractions A (collected in dry ice/ethancl irap &uring pyrolysis),
B (ecollected in ice-salt bath during distillation) and C (collected
in ary ice/sthmnol trap during distillation) were exemined initially
by gas~-liquid chromatography using a Griffin and George VPC apperatus,
end the major componsnts separated using a Beclman Hegachrime preparativi
gaa chromatograph.

Fractions D and £ were ;rocessed by chromatography on alumina,
and on acetylated cellulose.

The results are summsrised in Table 20,

(£) Zsclation end Radiochemicsl inalysis
Bepzene,
This was isolated from fractiaons 4, B, and C using a Hegachrome
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preparative gas-liquid chromatograph. The infrered speotrum of
the redistilled product was identicel with that givem by an anthentic
specimen. Van Slyke-Felch oxidation gave 31&03 which was collected
for radioactive asagy.
Relstive molar activity x 102,
Pound: 0039 = 0.0479

-l
Cale.: B,12 (for 1.0 C)

Toluene.

Isolated from fmtim A, B, and C by preparative gas-liquid
chromatography. Redistillation gave pure tolusne; the infrared
spectrum was identical with that of an authentic specimen. Van
Slyke-Polch cxidation gave sctive barium carbenste which was assayed.

Relative molar sctivity x 102,

Found: 5.86 ¥ 0.06
Celc.: B.12 (for 1.0 C)

Oxidation of the toluene (1 g.) in water (60 ml.) was effected
by refluxing with potassium permangenate (t_p g+) and sodium carbonats
(0s5 geo) for 8 hours). The resulting benzoic goid was erystalliped
from water and then sublimed; m.p. 122-123°.

Relative molar activity x 1072,

Found: 5.95 2 0.03
Cele.: 8.12 (for 1.0 C)
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The sotive bansoic aeid {120 mg.) was decarboxylated by
refluxing with copper bronze (100 mg.) in freshly distilled
quincline (8 ml.), in s strean of €0 ~free nitrogen for L hours.
The gas was bubbled through a 4% solution of barium hydroxide.
The resulting barium carbonate was colleoted and radicasaayed.

Relative molar activity x 1072,

Found: 5.47 = 0.028
Calse: 6412 (foxr 1 C)

The resulting bsnsene (collscted im dry ice/ethancl trap)
was cxidised, couverted into barium carbonate and assayed.

Relative 3olar sctivity x 1072,

Found: 0.333 = 0,01
Calee: 8.12 (for 1 €)

Zthylbensence.

This was isolated from frastion C by gas~liquid ehrem:tography
uaing a Beckman Megacizome wnit, and its infrured spestrum was
identical with that of an avthentic spscimen. Van Slyke~Folch
oaxidation geve barium carbonate which was collected far radicactive
assay .

Relative molar activity x 1072,

Fomnd: 6.17 ¥ 0.063
Caloc.: 8.12 {(for 1 3_)
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Styrene.

This wes collected from fractions B and ¢ (Beckman Kegachrome
apparatus) and redistilled under reduced pressure, be.p. 51°/16 m.
Its infrared spectrum was identical with that of an authentic specimen.
Oxidation with Van Slyke~Folch axridiaing resgent gave barium carbonate
which was radiosssayed.

Relstive molar activity x 1072,

Found: 7.22 2 0.12
Cale.: B.12 (for 1 C)
Degradation of Styrene.

Oxidation of styreme (1.12 g.) in water (14 ml.) and
chromium tricxide (3.7 g.) was effected by cooling to 0° end
adding concentrated sulphuric acid (9 ml.) over a period of 1.5
hour, maintaining the tempersture below 20°. The mixtwre was then
refluxed gently for 2 hours and worked ur as described esrlier
{Chapter 9.7). Recorystallisation from water gave bensoic ncid,
mep. 121=122°,

Relative molar activity x 1072,

Found: hebh = 0.015
Cales: B8.12 (for 1 C)

The {carbm:y-u‘t]bmeic acid (100 mg.) was decarboxylated by

refluxing with copper bronse (80 mg.) in freshly distilled quimiine

(8 ml.) for & hours in & stream of CO ~fres nitrogen. The exit gases

2
were absorbed in a L5 solution of barium hydraxide and the precipitated
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barivm carbonate collected and assayed.
Relative molar activity x 1072,
Found: 4.16 £ 0.024
Calc.: 8,32 (for 1 £)
The resuliing bensene was cawarted into barium carbonate by
the Van Slyke-Folch oxidation method and subjected to redicassay.
Relative molar activity x 1072,
Found: 0.0985 = 0.03%

B *
Calte: 8.42 (for ¢ ¢€)

Indgne.
This wes ssparated from fraction D and purified by redistilletion.
Its infrared spsctrua and refractive index were idantical with those
of an suthentic specimen. Van Slyke-Folch oxidation gave barimm
earbonate which was assayed radlochemicuailys
Relative molar activity x 1072,
Pomd: 8.20 I 0,01

o
Calce: 8o12 (far 1 )

Haphthalene.
The crude naphthalens obtained from fraction D was chromstographed

on alumina using hexane as eluant. The naphthalene passed through

first was purified Yy two corystallisations from sthanol and then
sublimation,
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Relative moler activity x 10.2'5
Found: 1403 = 0.037

Calce: 16424 (for 2 E}

Isolated from fraction Z following chromgtography end
reciromatography on alumina using hexsne as eluvant. The appropriate
fractions containing phenanthrene (contaminated with small amounts
of anthracene) were combined and the solvent evaporated. A portion of
the residue was then refluxed with ethancl (50 mi.) and concentrated
nitric aeid (1 ml.) for 1.5 hours. Hemoval of the sclvent gave &
residuve which was dissolved in benvene and chromstographsd on alumina
uging hexane as eluant. Fractions comteining phenanthrens ware
combined (u.v. speotroscopy), the solvant removed, and the residue
recrystallised from ethanol to give phenanthrene, m.p. and mixed
m.pe %8°.

Relative molar activity x 1072,

Pound: 7.31 % 0,025
Cale.: 8.12 {for 1 E)
Degrodation of Fhepanthrene.

Oxidation of phenanthrene (0.5 g.) in glacial acetic acid
(12 =ml.) with hydrogen peroxide (6 ml., 507) was carried out under
conditions similar to those described im Chapter 9.7. 2,2'-Biphenic
acid was twice crystallised from dilute ethanol (charcoal) and had
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mepe 227-225°.
Relative moler activity x 10.2,
Famd: 7.1k = 011

sy
Calc.: 8,12 (for1 C)

Decarbexylation of active 2,2'-biphenic acid (420 mg.) with
copper bronse {100 mg.) in freshly &istilled quincline (8 ml.)
gave carbon dicaxide, isclabed and assayed as barium carbomate.
Relative molar activity x 1072,
Found: 6.65 = 0.09

Bi
Caloe: B.12{for1 ¢C)

The residuve was acidified with kydrochloric acid, extracted
with ether, ramovel of the solvent, and reorystallisation from
dilute ethanol gave biphenyl, m.pe 66-68°,

Relative molar activity x 1072,
*
Calee: 8.12 (for 1 ¢)

Shryseng.

This was isolated from fraction ¥. Evaporation o« the solvent
from sppropriate fractions gave a pals yellow residue which was
repsatedly recrystallised from alcchol-bensens, washed with
petroleur sther, then chrometographed on slumina using hexane
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and bonsenes, Fimal recrystaliisstion from ethanol gave pure
chrysene, m.p. 253°.
Relative molar activity x 1072,
Found: 18,7 2 0,052
Sales: 16.2% (for 2 C)

similay to those described in Chapter 9.7.

Labelled cﬁzyme (21, mge) dluted with inactive pure
chrysens (428 ng.) in glarial soetic acld (27 =l.) was oxidised
by reflucing with sodims Aichromate (2.7 g.) for 2 hours.
Eacrystallisation frem ethanolebenzene (1:1 v/¥) gove chrysa-1,2-
quinone as bright red needles, m.p. 239-240°.

Relative molar sstivity x 10 2,
Found: 18.67 & 0.021
; L
Cale.: 16,24 (for 2 ©C)

An intizate mixture of ective ohrysaquinone (500 mg.) and
lead dioxide (700 mge) was fused with potessiua hydreaxide (2.0 g.)
and water (0.7 ml.) at 225-235°. The melt was heated at this
tomperature for 45 mimtes, cooled and worked up as usual.
Reerystallisation from dilute acetic soid (charconl) gave pure
2~{ o~neghthyl)bengoic soid, mep. 187-189°.
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Relative melar activity x 10'2,

Found: 13.03 = 0,093

*
Calee: 8e12 (for 1 ¢C)

The labelled 2~(go-naphthyl)bensolc acid (90 mg.) was
decarboxylated by refluxing with copper bronse (70 mge) ard freahly
distilled quinoline (€ =l.) for 3 hours in @ slow stream of CO~free
pitrogen. The carbon diaxide formed was bubbled tlreugh s A
solution of barium hydroxide and the precipitated barium carbonate

Relative molar activity x 10 2,

Found: 2,512 = 0,027
Calee: 8412 (for 4+ C)

The residue from the quincline was ocoled, scidified with
concentrated hydrochloric asid, sxtrscted with ether, the asclvent
remcved and the residue rearystallised from d4ilute alschol
(chareceal) gave 2-phenylinaphthelens in colourless shining flskes,
m.pe 103°,

Relative melar sctivity x 1072,

Found: 10.10 2 0,078

’ Y
Calse: B.12 (for 1 C)

This was isolated from the mother liquors obtained after
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removal of ohryseos (see page 178). Evaporation of the sclvent from
the mother liguors gave a residus widch was dissolved in mall
amounts of bensene snd chromatographed ca acetylated celluloese
using sthanol:bensepe:swater (17:4:1 v/v) as eluant. The fractimms
conteining 2,3benzufluoreue were combined, the solvemt removed and
the residue recrystullised from ethanol (charcosl) gave 2,3-benzo-
fizorene as ¢oclourlese plates, Map. 205-206".

Relative molar activity x 10 2,

Found: 148.03 £ 0,027

Calee: 16.2% (for 2 G)

100 THE FYEOLYSIS OF Be[cm G |METHYLSTYRENE

This was prepared from propicphenone in & three-step synthesis
as described below. It wss purified by fractionel distillation.
The fraction bep. 70-72°/15 e , n;" 1.55, nga 1.546 (11%177»

a;G 1.5903) contained ne impirities which eould be detected &y
gas=liquid chromatography.

(a) Syothesis of t!m—" *c | leihylstyrene

Learbony-"v)Propiophenone.

For the preparation of this compound the procedure described
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in Chapter 9.9 was repeated using thres ampoules of {1—"‘1:]:061\&
propicnste (0.3 0ep 609 w.)c

i=Phenyl [1= ] propancl.

The above ketons (6.7 g., 0.05 mole) in sbsolute alochol and
aguecus sedium hydrcxids (5 g. in 50 ml. water) was reduced with
Rangy nickel alley (5 go) and the product worked-up as usual.
1‘*‘3@311’1%}@%& (5096 geo, BT.67) was obtained as a colourless
oil, b.p. 109-110°/15 mm.

1= o 1[1= .

The shove aloohol (5.96 g.) and concentrated hydrochloric acid
(3 wml.) was shaken vigorously faor 20 minztes and on working-up
the reaction mixture in the usual way, 1-chlcro-1-phmy1[1-“€]grapme
(6e2l go, 92.17) was cbiained as & colourless liguid, bep.
100-102°/16 ma.

Freshly distilled quinoline (6 ml.) was added tc the sbowe
chlioro-compound {(6.2h g.), and gently refiuxed for 0=-i0 mimutes and
the mixture worked-up as described for the synthesis of {'1-1 “c} styrene.
B fam 00| Mathylatyrens (ke2 g., 88.97) was obisined as a colourless
© 1iquid, bep. 70-72°/15 mm. (111:.177, beps 176-177°).

This sctive p-methylstyrene (L.2 g.) was then diluted with
120 ml. of purified insctive j-msthylstyrene. No impurities were
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To dstermine the activity of this mixture a soall sample was
converted to the dibramide. The dibromide of f=[u- 'C]methylstyrens
was prepared in a similer way as deseribed for the preparation of
the #bromide of {‘l-u'b]atyrehc. Two erystallisations from dilute
aleohol {charoesl) gave pure colourless @-[w-“'c]maﬂxylstyrena
Hbromide, mep. 64=65° (1it.'77, mep. 66°), which was submitted to
radiosctive sssay (Found: relative molar sctivity x 102,
849k = 0.05).

(v) Depradation of Be[c- iC]Methylstyrane

Sxidation.

pe[am M0 | Hethylotyrene (2.5 g.) was added to a solution of
chromium tricxide (7.5 g.) in water (28 ml.) at 0°. Concentrated
sulphuric ecid (18 ml.) was added with stirring over & pariod of
1.5 hours, maintaining the temperaturs below 20°. The mixturs was
then refluxed gently for two hours, ané worked-up as doscribed for
the axidation of [1—1%]”‘:,’1‘@9. RBecrystallisation from water gave
benzoic acid, mep. 123-124°, which was submitted to radioactive

sassy (Found: relative melar sctivity z 1072

, 8.01 2 5.018),
Decgrborylation.

Benzode acid (200 mg.) was dscarboxylsted by heating in
freshly distilled quincline (6 ml.) with copper bronse (150 mg.).
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The resulting carbon dioxide was precipitated as barium carbonate,
which was radicassayed (Found: relative molar sctivity x 1072,
7.92 = 0,016).

(¢) Exrolysis of 8-lo=""C]Nethyistyrens

Both unlebslled f-methylstyrene and f=[c ¢ ]metiylstyrene
samples were prrolrsed meking une of the previously described
procedure. f-[u- M ]Methylstyrene (3 g.) was veporised at 9 g./hr.
in @ fiash evaporator immersed in s Woods-metal bath kept at
320-34,0°, and the vapour passed with exygen—free ritrogen through
a silica tube (40" x 1) pesked with poreelain chips (3/8" x 1/34v)
and maintained st 700°. The resulting ter was collected in a series
of cold traps.

Samples of the exit gases were cclleocted in a gas cell dwing
pralysis for infrared pyrolysis.

() Anslysis of Tar from g-[a-mc[nw

The total yield of sewi-solid dark trown tar from 63 g. of
B=[om *C]methylatyrens wes 42.6 g. (67.6%). Thia was carefully
distilled under vacuum to give four mein fractions. Fractionms (4),
(8), and (¢) were initially examined by gas-liquid chromatography
using a Griffin and George vapswr~rphase chramatogrephic spparatus,
and the major components then separated using an jutoprep medel
4=~700 preparative gas chromatograph. Fraction (D) wes examined by
chramatography on alumine and acetylated celluloss. The major
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components were isolated as described below.

The resuits are summrised in Tshle 21.

IABLE 21

Fraction BePe ?eigl):t Compounds isolated
E'

& Collected in B.2 Benzene, Toluens,
Ewn/coz trap. Ethylbensens, Styrene.

B 32+55°/46 nm. 6.8 Bensene, Toluene,
Ethylbenzene, Styrene.

¢ 100~110°/16 m. 5.0 Benseme, Toluene,

Ethylbenzene, St:yrm
Iﬁmn

D High boiling black 215 lNaphthalene

residue. Phenanthrens
Anthracene®
2, 3=-Benzofluorene
1,2-Benzoflucrens™
1,2=-Benzanthracene
Chrysene
10,1 1=Benzofluoranthene®
Js=Benzopyrene®

(*) identified

(e} Identification, Isolation, and Radiochemicel Anslysis

lethane and ethylesms.

buring the pyrolysis, the gaseous preducts were collected in
& gas cell from infrared enalysis. Hethans was identified by its
spectrus in the 7.5-8.5u region (maxisa st 7.60, 7.78, 7.81, 7.85,

7.%, 800&-, 3010, 8.17 and Bomp). and ethylens by ite spectrum
in the 10-11u region (maxime at 10.0, 10.23, 10,29, 10.40, 10.51,



186,

10.73, 10.81, and 11.0u).

Benszgna.

Isolated from fractions (4), (B}, and (C) by an Autoprep
model A~700 preparative gas~liquid chromstograph. This was
identified by its retentiom time, and by its ultraviolet spectrum,
and confirmed by its infrared spectrum (1liquid £ilm) which showed
maxima st 3.20, 3e45, 3.61, 5.21, 5.50, 8.54, 6.75, 7.20, 3.60,
and 14.81 in good agresment with an suthentic specimen. It was
further characterised by preparing a sclid dinitro-derivative.
Concentrated sulphuric seid (2 ml.) waa sdded to bemsene (0.2 ml.)
followed by en equal volume of concentrated nitric scid and the
mixture was heated for 15 mimutes on a steam bath, and then poured
onto iee (15-20 g.J. The pels yellow flocculent m-dinitrobensene
thut separated was recrystallised from dilute methamol, It then
hed m.p. and mixed m.p. 86-87°, and was mbjected to radicessay.

Relative molar activity x 1072,

Found: 0.014 & 0.00%
Calee: 894 (for 1.0 8).

Zolugne.

This was isolated frem fractions (4), (B), and (C) using an
Autoprep model 4=700, It was identified by its retentios time,
by its vltraviclet spsotrum end by its infrared spectrum (liquid
film) which showed maxime at 330, 3+k3, 3.65, 5.1k, 5.40, 5.55,
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6425, 6., 0486, Te22, 9625, 5473, and 13.7hite This was fwrther
characterised by preparing the dinitro derivative. Recrystallisation
from dilute ethancl gave pale yellow 2,4-dinitrotoluene, m.p. and
nixed Mepe 70-71°, which was subnitted to radiocassay.
Relative molar activity x 10 2,
Found: S48 2 0.02
Calee: 8.3 (for 1.0 C).

Degradation of toluene.

A sample (600 mge.) was oxidised hy refluxing with potassium
permanganate (2.2 go) in water (40 ml.) for 8 hours. Reorystallis-
ation from water (charcoal) gave bensoic asid, maps 12.09, which
wes sudbmitted to radioactive assay.

Eelative moler activity x 1072,

Pound: 5.03 = 0.02
Cale.: B8.9% {for 1.0 3).

The benzole soid {150 mg.) wes decarbexylated in boiling
quinoline (7 ml.) with copper bronse (100 mg.) in a stress of
coz-mg aitrogen. The resulting carbon dioxide was precipitated
a8 barium carbonate and coumted.

Relative molar setivity x 1072,

Pound: 4e95 = 0,02
Cales: 8.9% (for 1.0 C).

The bensens collectsd in an ethanol/dry ice trap was oxidised

by the Van Slyke-Folch oxidation methiod and converted into burium
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BRelative molar sctivity x 10.2,
Found: 0.116 ¥ 0,01

»
Cale.: 8494 (for 1.0 C).

Isolated from fractions (B) and (C) using an iutoprep model
A=T00. It was identified by its retention time and infrared
apectrun (1iquid £11n), which was identicel with that of an
suthentic specimen (maxima st 3.40, 3.76, 430, 5.16, 5.51, 6.21,
6e86, 725, 7.50, 8450, 8498, 9.20, 9.40, 9.72, 10.39, 11.0, 12.5,
and 13.44:). Van Slyke-Folch cxidation gave barium carbonate which
was asasyed radiochemicglly,.

Relative moler sotivity x 1072,

Found: 7.35 = 0.07

-
Caloet 8.9 (for 1.0 C).

Zegradation of ethylbenzene.

4 saople (124 ng.) of radiosctive ethylbenseme, diluted 5
permanganate (2.3 g.), sodium carbonete (0.3 g.) and water (50 ml.)
far 2l hours. Reorystsllisation from water gave bemnsoio aoid,
BeDe 124°,

Relative molar activity x 1072,

Pound: 410 2 0.05
Caloes: 8.9 (for 1.0 C).



189.

The active bemsoic acid (120 mg.) was decarbexylated in the
ususl way. The resulting cerbon éiaxide wes precipiteted as
barium carbonete and assgyed.

Relative moler sctivity x 1072,

Found: he26 = 0.0k

b
Cale,: 8.920- (fﬁr 1.0 C)a

Styzene.

Isolated from fractions (B) and (C), this was identified by
its retention time, and the infrared spectrum (liquid £ilm) was
identical with thet of an authentic specimen (mexiza at 3.20, 5.25,
5¢35, 555, 575, 6400, 6.20, 6.31, 6.48, 6,71, 6.90, 7.15, 7.50,
Te68, Te75, 8.35, 8.50, 8.68, 9.08, 9.25, 9.75, 11.0, and 11.9u).
The idemtity was confirmed by preparing its dibromo-derivative.
Reerystallisation from dilute ethanol gave pure styrens dibromide,
Bupe 730, which was submitted to radiocactive assay.

Relative molar setivity x 1072,

Found: 870 2 0,04
Calc.: 8.9 (far 1.0 C).

Degradetbion of styrene.

Oxidation of the styrene (0.5 g.) with chromic acid (1.8 g.)
in water (8 nl.) was effected Ly cooling to 0¥ and adding
concentrated sulptmric acid (5 ml.) over a pericd of 1.5 hours.
After the sddition, the mixture was gently refluxed for 2 hours and
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warked-up as usual. Reorystallisation from water gave pure
bensoic ssid, m.p. 122-123°,
Relative molar activity x 10,
Found: 5.21 2 0.0%,
Cale.: B.9% (far 1.0 3}.
Bensoic gcid (100 mg.) was decarboxylated to give carbon
dlaxide, which was precipitated as barium carbonate and aessayed.
Relative molar activity x 10°-,
Found: 5.10 £ 0,018

Cale.: B9 {fcr 1.0 E)a

Zadene.

Isolated from fractiom (C), this was identified by its
retention time. The infrared spestrum (liquid £ilm) showed mecima
&b 3026, 3445, 3.60, 6425, GoliB, 6.90, 7.25, 740, 7.60, 7.81,
8.18, 8.35, 8.60, 9.42, 9.85, 10.55, 10,9, 11.6, 12,1, 13.0, and
1371« Van Slyke-Folch axidstion gave earbon dioride which was
asasayed as barium o:xbonatv.

Relative nolar ectivity x 10.2,
Pound: 9.03 2 0,01
Cals.: B8.9% (far 1.0 G

This was isolated by chromstography of fractions (D, 1=12) on
glumina. Two crystallisations from ethanol geve colourless plates,
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B.pe and mixed m.p. 80°. Its witraviclst spectrun in 957 ethanol
showed maxims at 248, 256, 267, 275, 28k, asd 312 mp in good
szresment with an authentic specimen. It was further cheracterised
by preparing the piorate (m.p. 149°). Radicsssay of the naphthalene
and the naphthalene piorate gave values of 10.72 = 0.023, snd

10.3 ¥ 0.04 relative molar estivity x 10 2, respectively, an
aversge of 10.51 £ 0.03.

Chromatography of fraction (D, 40-90) on alumina, followed
ty rechromatography, gave phenanthrene contaminsted with a xmall
gmount of enthracene. This wes removed by refluxing with concentrated
pitric acid (1 ml.) in ethenol (50 ml.) for 90 mimtes. Solvent
removed and the orange-yellow residus (dissolved in s small amount
of bensene) was chromatographed on a column of slumina using hexane
and benzene as sluants. The sarlisr fractions containing
phenanthrene were oombinsd, the aolvent removed, and recrystallisation
of the residue from othanol gave phepanth

B¢, BePe &nd miwed mepe
98-100°, Its ultravioclet spectrus showed mexims at 245, 252, 276,
283, 295, 309, 318, 324, 332, 30, and 346 mp in sgreement with an
authentic specimen,
Relative molar sctivity x 1072,
Pound: 8.34 % 0.01

Calce: 80% (for 1.0 é)u
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Zogredation of phenanthrene.

4 sample (500 mg.) of active phenanthrene in scetic acid
{12 ml.) st 85° was arxidised by adding hydrogen perarids (6 ml.,
50;) over a period of 10 minutes. The mixture was heated at 85°
for 1 hour, with stirring, and the wwrm sclution poured into
water (20 ml.). On working-up the reaction mixture in the usual
way, 2,2'~biphenic oeid (meps 229°) was obtained as colourless
needlss. |

Zelative molar sctivity x 1072,

Found: 8.1 2 0.02
Caloe: 8.9 (for 140 C).

Decarbazylation of active 2,2'~biphenic acid (110 mg.) in
quinolise (6 ml.) and copper bronge (70 mg.) gave carbon dicride
which was asssyed as barium carbonats.

Relstive molar activity x 1072,

Found: 7.85 = 0,01
Cale.: B8.9% (for 1.0 C).

From the quinciine residus, biphenyl (m.p. 67°) was isclated
aend sasayed.

Relative molar sctivity x 40 2,

Found: 0.13 < 0,005
Cale.: 8.5 (for 1.0 C).

Shrysene.
This was isolated from frastions (D, 91=15L). Evaporatiom of
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the sclvent gave a lmrge amount of residue, which was repeatediy
triturated with aleohel, warmed, and filtered. Two crystallisgtions
of the smell sample of tha colouriess residue frou benzene gave
aimost pure chrysens as shining plates, m.p. and nixed m.p.
2542557, Its ultraviolet spectrua showed maxima at 240, 258, 269,
283, 297, 308, 520, 342, and 361 mp.

Relative molar activity x 1072,
Found: 16,30 < 0.02
Celee: 17.88 (for 2.0 C).

De of Qo
Oxidation of thix active chrysene (720 mg.) in sostic acid
(30 ml.) with sodium dichromate (3.2h g.) gave chrysa-1,2-quinone,
which was recrystallised from ecetic esid (m.p. 236-240°) and
asssyed.
Relative molar activity x 10 2,
Found: 16432  0.04
Cale.: 17.88 (for 2.0 C).
An intimate mixture of this labelled ohryss~1,2-quincnse
(525 mg.) with lead dloxide (735 mg.) was fused with aguscus
potassivm hydraxide (2.1 g. in 0.75 ml. water) at 225-235°.
Reerystallisation of the product from dilute asetic acid gave
9~ 2-nephthyl)benscic acid as colourless needles, m.p. 190-191°,
Relative molar activity x 10 2,
Found: 12.72 2 0.04
Caloe: 8.9 (for 1.0 C).
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Decarbexylation of the above labelled g-(2-naphthyl) bensoic
acid (100 mg.) in guincline (6 ml.) end copper brunse (60 mg.) gave
carbon diaxide, which was assayed ss bariumm carbommte.

Relative molsr estivity x 1072,

Found: 0.83 2 0,015
Calee: 8.9% (for 1.0 C).

From the quinoline residue, 2-phenylnaphthalens was Lsolated
and recrystallised from 2ilute ethanol (charcoal), m.p. 102-104°.

Relative molar sctivity x 102,

10,47 2 0,05
Cale.: 8.9 (for 1.0 ).

Found

The combined mother liquors obtained following repeated
trituration of the srude chrysene from ethancl were svaporated to
small volume, chromatographed on slumine, and then rechromatographed
on acetylated cellulose using ethancl:bensens:water (17:4:1 v/v);
175 fractions (each of 30 ml.) were collected. Crude 2,3=bensc-
fluorens was isclated from the early fractions, snd after two crystallis
ations from ethancl (charcoal) this separated es oolourless plates,
Bep. and mixed m.p. 206-208°, Its ultraviolet spectrun showed
mexiza at 255, 263, 285, 291, 303, 318, 325, 33, and 340 mp in
good agreement with an authentic specimen.

Relative molar sctivity x 10.2, )

Found: 16.02 £ 0.02
Cale.: 17.88 (fer 2.0 C).
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Some of the 2,3-bansoflucrens fractions from the above
chrasatography on acolylated celluiose also showed mexims at
245, 259, 264, 294, 301, 315, 329, and 33 @, suggesting the
precence of 1,2-benzofliorens. However, it could mot be isolated
in sufficient quantity and purity for redicchemical anslysis.

JL.2-Benganthrecene,

Bvaporation of the solvent from the later fractions of the
above chromatography on acefylated cellulose, and recrystallisstion
of the residue from ethancl-acetic acid (charcoel) gave
1,2-bensanthracene as colourless needlss, m.p. and mixed m.pe
158-159°. Its ultraviolet sbsarption speotrum had mexims 238,

255, 268, 268, 279, 289, 302, 315, 324, WO, 30, 374, and 385 mp
in good agreement with an authentic spesimen.

Relative moler activity x 1072,

Found: 16.77 & 0.02

Calo.: 17.88 (for 2.0 3).

The last frections (155 omwards) of the main chromatography
on gluming were combined, the solvent evaporated, and rechromatographed
on acetylated cellulose (using ethancl:bansene:water ($7:4:1 v/v) aa

eluant) and showsd the presence of 10,11-bensoflucranthens and
Ssh-benzopyrene. The ultraviclet spectrum of 10,1i-bensoflucranthene
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bad maxima at 240, 282, 295, X6, 317, 333, 37, 365, 37k, and B3
= In good agremment with the litersture. '° Simtlarly, frecticns
contsining 3,4-bensopyrens showed maxima at 254, 264, 2T, 285, 296,
332, 371, 355, 380, 38, and 505 myu in substantial agreemant with
the Litersture.'76

Heither of these iwc compounds could be obtained in sufficient
quastity for radicchemical analysis.
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