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SUNARY

Polycyclic aromatic hydrccarbons ars known to be
formed at high temperatures from aliphatlic hydrcearbons
or from simple aromatic hydrocarbonse In an attempt to
elucidate the mechanisms of formation of these compounds,
and in particular the carcinogenic hydrocerbons, the
pyrolysis producte of relatively simple hydrocarbons have
been examined, and mechanisms for their formation suggested.

The pyrolysis of n-decane at 700°C has given a tar
in which fifty-two compounds have been identified. The
mechanismes of their formation are discussed.

Some of these mechanisms have been confirmed by
radiochemical analysis of the products obtained in the
pyrolyeis of [1-74C]tetralin end [¢-!“C]butylbenzene.

[1='4C]Tetralin has been synthesised and pyrolysed
at T700°Ce Twenty-one compounds have been isolated in
gufficient purity and quantity for radiochemical anslysise.
The mechanisms for their formation are discussed with
reference to the number of labelled carbon atomae.

[§-14C)Butylbenzenes has been synthesised and
pyrolysed at 700°C. Eighteen compounds have been 1soclated
and subjected to radiochemical assaye Some of tnese
compounds have been partially degraded to locate the

position(s) of their activities. It has been shown that,



at least to some extent, the formation of benzene in this
pyrolysis involves the resynthesis of the side chain,
that some toluene is formed by methylation of benzene or
by recombination of phenyl and methyl radicals, and that
at least three mechanisms ere involved in the formation
of styrene, The results obtained following isolation
and degradation of phenanthrene and chrysene have shown
that the mechanism involving phenethyl radical is the
major route to phenanthrene, and that the formation of
chrysene involves a combination of a Cg~Cyq and a Cg=Cyp
unite. It has been found that the formation of the
carcinogenic hydrocarbon 3,4-benszopyrene (benzo[a]pyrene)

(I) proceeds in accord with the hypotiaesis proposed

(1)

earlier,

The optimum thermal conditions have been determined
for the formation of fifteen pclycyclic hydrocarbons on
exanining the tars obtained following pyrolyseis of

n-butylbenzene over a range of temperatures varying fronm

300°-900°C at 50° intervals. These results have shown
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that maximum yields of polycyclic hydrocarbons are obtained
in the vicinity of 700°C, a temperature originally chosen

f'or the present 1nve§tigntion.
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ZNTRODUGTION

Since the dimcovery of the carcinogenic activity of
certain polycyclic arcmatic hydrocarbons, many new
hydrocarbons have been tested for this effect.?

The most freguently reported carcinogen has been
3,4-bengopyrene (I), but other polyeyelic hydrocarbons are
known to be of comparable activitye. In eddition to

Yy

(1)
3,4=benzopyrene, the chief hydrocarbons of this nature

encountered in the present investigation were

1,215,6-d1benzanthracens (IXI), 3,438,9~dibenzopyrene (111),

(I1) (II1)



3,419,10-dibenzopyrens (IV), 3,4~bengofluoranthene (V),
and 10,11=benzofluorenthene (VI).

(Iv) (V)

(VI)

The work carried out was concerned with tars
formed by pyrolyeis of [1-74C]tetralin, n-decane, and
[é-14CJbutylbenzens at 700°C, and with those cbtained
on pyrolysis of n=butylbenzene over a range of temperatures

from 300=-900°C at 50 degree intervals. The temperature
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chosen in the first three pyrolyses was 700°C, which

lies between the combustion temperatures of cigarette
and pipe tobacco,®? and is approximately the temperature
at which coal decomposes, with the evolution of large
amounts of hydrogen.® Both oll obtained by
distillation of shale,” and tars produced from acetylene*
and isoprens4’$ at this temperature, hed carcinogenic
propertiesn.

The pyrolysis of the radioactive hydrocarbons in
the present investigation was deaigned to test the
hypothesis put forward for the formation of polycyclic
hydrocarbons and in particular, 3,4-benzopyrens.?®
The pyrolysis of n-decane was carried out to determine
the nature and extent of carcinogenic¢ hydrocarbon formetion
from an aliphatic straight chain compound, and the pyrolyses
of n-butylbenzene to investigate the optimum thermal
corditions for the formation of polycyclic hydrocarbons
at the high temperatures involved.

It has been known for many years that tar can
produce cancer, but no systematic attempts to identify the
particular compounis responsible for this effect was possible
until the experimental production of cancer in lower animals

beceme a practical method.?



GARCGINOGENIC HYDROOGARBONS
.1  OCCURRENCE

The first experimental inducing of tumours by
the products of coal distillate was accomplished in 1915
by Yeamagiwae and Ichikawa,® and the first investigation
into the chemical basies of tar cancer production was
carried out by Bloch and Dreifuss,® who conciuded from
their observations that the substance responsible must be
a2 high boiling, neutral, non-nitrogenous compound, whieh
forms a stable complex with picric acid, The production
of strongly carcinogenic tars by pyrolysis of isoprene,4s»®
or acetylene? in a current of hydrogen, showed that the
agent present in these tars must he a hydrocarbon.
Moreovar, the powerful fluoreascence of these tars and of
other carcinogenic mixtures such as ges-works tar,!® ghale
011,771,512 pefined mineral oils,?%»?!3 neatsd petroleum,+4
pyrolysis products of cholesterol,'? yeast,? ekin,4
musele'® and hair,'® and products obtained by the action
of aluminium chloride on tetralin,!® suggesied that this
cancer-producing hydrocarbon wae a polycyclic aromatic
compound. The fact that the fluorescence spectra

of the carcinogenic mixtures resembled



that of 1,2-benzenthracene (VII),?? stimulated work on the
eynthesis of related compounds which finally led to the
discovery of the first pure chemical entity to menifest

pronounced carcinogenic properties, namely

(VII)

152:5,6=dibenzanthracene (II).!'%

With the fluoreascence spectrum as "the single thread
that led through this labyrinth", the Roysl Cancer Hospital
research team in London began in the spring of 1930 the
fractionation of two tons of pltch from the Becton gasworks,
and by the eautumn of 1931 by elimination of unwanted materials
hed reduced thle to 7 grame of yellow crystalline powder
which on further fractionation resulted in the isolation of
the crystalline hydrocarbon, 3,L4=benzopyrene (I).?® This
hitherto unknown hydrocarbon was found to be a powerful
carcinogen and was recognised to be responaible for the
strong characteristic fluorescence of the coal tar piteh.

Coal tar has been the most extensively investigated

material of known carcinogenic potency,!? and from it, other



carcinogenic hydrocarbons were later isolated. These included
4,12-bengoperylene (VII1),?2° 3,4~benzofluoranthens (V),?!
3,419,10-dibenzopyrene (IV),*? 3,,:18,9-dibensopyrene (III),#3
and most recently naphtho~2',1'=3,4-pyrene (IX)?4 the

activity of which 18 as yet unknowne

3,4-Benzofluoranthene, the carcinogenic power of which has

been established only recently,?®® was found to be more

abundant than 3,4=benzopyrene in coal tar.??

(VIII) (1X)

A reinvestigation of shale oil and of mineral oil
fractions 4id not result in the isolation of any other
carcinogen of high potency?® although fractions other than
that conteining 3,4-benzopyrene, were found to be carcinogenic.

Chemical investigations of clgarette tar have
shown the preeence of several carcinogenic polycyclie
hydrocarbons including 3,4=benzopyrene,®?
1,215,6~dibenzanthracens, 2® 3,4:9,10-dibenzopyrene,??

3,4:8,9~-dibenzopyrene, ¥° 1,2:3,4=-dibenzopyrense, 3!
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3,4=bengofluoranthene, 32 10,11-benzofluoranthene, *3
41,12-benzoperylene, 34 1,2-benzopyrene (X),3% chrysene (X1),3¢

and 1,2-benzanthracene.3?

”:" S

(X) (X1)

Although scme of these hydrocarbons are regarded as
major initiating carcinogems they are present in sueh small
amounts that they cannot alone account for the known
biologicel activity of tobacco smoke cordensate. 98 Other
carcinogens, as yet unidentified, or cancer promoting
substances, or both, must be present. Smoke phenols3®
and bases*® have been esteablished as co-factors in carcinogenesis
caused by smoke polycyclic hydrocarbons. The discovery of
appreciable emounts of free radicals in cigarette smoke*!
led to the proposal that they w;re possibly involved in the
carcinogenie process.*4?

The polynuclear hydrocarbons identified in tobacco
spoke are present in relatively small quantities, but it has

been shown®® that some polynucleer hydrocarbons, although
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rather weak complete carcinogens, are relatively potent
initiators even in minute concentrations.
1,2-Benzanthracene, for example, ie known to be a sirong
initiator though a weak carcinogen, 4’ end a similar
observation wes made with 2.3—(grpheny1ehe)pyrene (XI1) .84
On this basis, Wynder and Hoffmann3® guggested that some
weak or even non-carcinogenic polynuclear hydrocarbons

in tobacco tar might contribute to its carcinogenic activity

by acting as initiators.

(X11)

The other main source of carcinogenlc polycyclic
hydrocarbons in human environment are the atmospheric
pollutents, and a considerable amocunt of inveatigation
has been carried out on them. Soot, an experimentally45»4¢
and clinically recognised carcinogen, 1s a major component
of smoke entering the atmosphere.*’ A product of
incomplete combustion of most organic materiale,soot has
carcinogenic properties and these are presumably due to
the presence of certain polycyclic aromatic hydrocarbongs.4¢s48

The exhaust products of the internal combustion engine have
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been examined by eeveral groups of workers,4® 52 and a broad
range of aromatic polycyclic hydrocarbons was found in the
products from both petrol4®» 51282 gng diesel4?s 50,52
engines. Further examination of the air from garages,®$
smoke and tar from curing kilns,®4 and rural and urben air®®
hes added several hydrocarbons to those already identifled.

Investigation of carbon blacks,®® oysters and
barnacles. teken from polluted water,%” human hair wax,%°
coal gas,3? coffee soots,®® Icelandic smoked food, *!
processed rubber,®? soot from a smoked sausage factory,®3
snuff, *4 tobecco, ®® starch soots, ®® and soot from a smoking
chamber®? revealed the presence of 3,4~benzopyrene and other
polyeyclic aromatic hydrocarbons in these materials.

It hes recently been reported®® that benzopyrenes
are common and relatively sbundant constituents of soils.
The carcinogenic 3,4-benzopyrene armd its almost inactive
1,2-igomer have been identified spectroscopically in rural
80il samples, where the possibility of industrial
contamination is almost non-existent, Even in the soil
of tundras north of the arctic circle, 1 microgram of
benzopyrene per 100 grams of soll could be detected.

Taras produced by the pyrolysis of hydrocarbons
have not been extensively investigated by modern techniques
although it has been shown that the pyrolysés of dicetyl,*?

tobacco hydrocarbons,”® so0lid?! and 1liquia?? aliphatic



hydrocarbons produce tars contalning *,L4-benzopyrene and
other less carcinogenic hydrocarbonse. The pyrolysis of
nethane, ethylene, and acetylene in diffusion flames was
shown to yleld a range of polycyclic hydrocarbons, including
3,4=benzopyrene,” 3

An examination of tars produced by the pyrolysis of
naphthalene,”4 a mixture of pyrene and benzene,”® g- and
B-methylnaphthalene,”® phenanthrene,’”” fluorene,”®
anthracene,”? a mixture of anthracene and benzene,”®
acenaphthiene,®® und mixtures of naphthulene and benzene,®!
and phenanthrene and benzene, ®! ylelded a large number of
hydrocarbons not previously repo-ited as pyrolytic producte.
These investigations will be more fuliy discussed in the
next chapter,

The tar produced by the action of eluminium chloride
on tetralin®? has been reinvestigated and the products
obtained by pyrolysis of 1,4'-phenyibutylnaphthalene,®?
styrene,®® 1-phenylbuta~-1,3~diene,®%18¢ tetralin,®” indense,*®
acetylene,®® toluene,?? ethylbenzene,®® propylbenzene,®®
and butylbenzene,®® buta~1i,3-diene,®® a mixture of
bute=-1,3-diene with pyrene,®! benzene,?? L-vinylcyclohexene,®3
[g-14C Jethylbenzene,®4 2,2,4~trimethylpentane,®® petrol,?*®
anthracens,?? phenanthrene,®” and naphthalene®® have been

analysed and the yields of iudividuel components determinade

With few exceptiuvnsg, 3,4~benzopyrene and other
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carcinogenic hydrocarbons were found in almost all

pyrolysates,

122  MODE QF ACTION

The first direct interaction of 3,L4-bengopyrene
with dermal constituents was noticed by Miller,*® and
her initial results were greatly axtended by Heldelberger
and his associates by using both carcinogenic?9? and
blologically inactive!®! 14C-labelled polycyclic
hydrocarbonse. Following & single topical application
of various hydrocarbons to the skin of mice, a certain
degree of correlation was found between the amount of
protein-bound '4C, and the respective carcinogenicities
toward this tissue. It was found in the case of
[9,10-"4C}1,2:5,6-dibenganthracene that irreversible binding
took place between the carcinogen, or its metabolite, and
the nucleoproteins, particulate or soluble proteins, but not
nucleic acidse Furthermore, it was shown!%®»192 that as no
rediocactivity was extractable, essentially all the
radiocactive material wes combined chemically with both the
original denaturated protein and the polypeptides derived
therefrom. In an extension of these studies,?°? the
presence of 2-phenylphenanthrene-3,2'-dicarboxylic acid

(XII1) was demonstrated?!®4 in mouse akin
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treated with 1,2:5,6-dibenzanthracens, indicating that
the K=region, 1.9, the 3,4-bond, was involved in covalent

O COOH

bonding.! ¥ That the binding occurred through peptide

(XT11)

bonds involving one or both carboxyl groups was shown by
hydrazinolysis of the proteins, which resulted in the
removal of the dlcarboxylie acid metsholite as an equal
mixture of dihydrazide and cyclie monohydrazide.!%%» 106
By means of fluorsscence spectroscopy at low
temperatures similar results were later obtained!®?
using the extracts of the skin of mice which had been
painted with 3,4-bensopyrene. The fluorescence spectra
of the solutions produced on hydrazinolysis of the
extracted proteins, showed a similarity to the spectra of
substituted chrysene and 1,2-benzanthracene derivatives.
This was in agreement with the theory!®°® that the carcinogenie
hydrocarbons attach themselves to proteins by certain pairs

of adjacent carbon atoms known as " K regions ". PFigure 1.4



- 13 -

shows the K regiones of 3,4-benzopyrene and the compounds
which might have been detected in the latter studye.

Systematic explorstion with various '4C- and
¥H-1sbelled hydrocarbons?®!»198 ghowaed, however, the

existence of producte which would indicate exceptions
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to the binding-carcinogeniclity correlation eand this led
Heidelberger?!© and Miller!!? to the conclusion thet
covalent bonding might be a necessarys but not surficient,
prereguisite for tumour induction.

While Wiest eand Heidelberger!°® had previously
claimed that timedependent binding of hydrocarbens in
mouse skin occurred solely with proteins, the possibility
of hydrocarbon=-nucleic acid binding was not eliminated.
The recent report of firmly bound !4C-lasbelled
152:1546=dibenzanthracens (II) and 1,2:3,4-dibensanthracens (XIV)
to desoxyribonucleic scid (DNA) and ribonucleic acid (RNA)
was the first example!!? but other cases of such bonding
have since appeared in the literaturaf!3. The mode of

¢ ¢
0000 OOO‘

(11) (XIV)

asaociation of the hydrocarbons with the nuclelc acids
has not yet been established; but it seems likely that
purely physicochemicel bonding would be detected by the

methods used in the above studies.!!3



- 15 =

In an attempt to relate the characteristics of the
active centres of the aromatic hydrocarhons to carcinogenic
ectivity, saveral theories have dbgen put forward. In the
majority of these, the carcinogenic erfect is associated
with the reastivity of the phenanthrasne type double bond
(the K region) and the gesganthracene positions (the L
region) of these compoundse

In a series of claesical papers, Schmidt!!4 first
suggested a relationship hetween the reactivity, wm-electiron
density and carcinogenic activity of the polycyclic aromatic
hydrocarbonse.

A more refined modification of hisg theory was
provided by Svartholm!!® who coarrelated carcinogsnie
activity with the ability of the K region to undergo
addition reactions, determined on the basis of the total
#electron distribution in the molecule. The cellular
reaction leading to carcinogenesis may then be pictured
a8 & chemicel reaction as shown in (XV).!!#

That the K region is & chemically reactlive double
bond was Indicated by the reaction of polycycliec
hydrocarbons with osmium tetroxide, forming well deflined
crystauliine complexes which, on hydrolysis, yield the
corresponding cig-diols. It has been shown that in
pelyeyclic hydrocerbons this reaction involves the

9,10-phenanthrene~like double bond exclusively.
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Quantitative studies by Badger¥!? indicated that with
the exception of subatituted 1,2-benzanthracenes,
increasing reactivity of eny series of carcinogenie
hydrocarbons toward osmium tetroxide followed the

order of their incressing carcinogenie activity.

| | A
h

]
o 1 --...-'
K region i l cellular
T ol
I constituent
(4

(Xv)

Considerable extension of these ideas was due to

the work of Pullmen and Daudel!®® who by using more precise

wave mechanical methods, found a correlation between the
carcinogenieity snd various indicesf?® that have been
developed to characterige the electronic properties of
the K region in these hydrocarbons. Several weaknesses
which later became apparent in the theory!!?® led to the
development of new indicee characterising not only the

K,but also the L regions and of the metabolically reactive

centre of the molecule-the so called M region (XVI).
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These new indices have been also used to estimate the rate

///’”‘ﬁh M region

L region

\\\H—‘#' K region

(XV1)

constants?2? of the formation of protein complexes with
the XK region or L region of the hydrocarbon.®!?! In both
these theories, considerable reactivity of the K region aml
glight reactivity of the L region, insofar as this region
exists, are simultaneocusly considered as & necessary and
sufficient condition for carcinogeniec activity.

Starting from the experimentally proved?!?Z?
Szent-Gygrgyi concept of the semiconductivity of proteins,!??
Mason'!24 guggested a theory of initiation of carcinogenic
processes, based upon the theory that an electron 1s
trensferred from the protein to the hydrocarbon-a concept
which has recently been criticised by Pullman.!?¥

Other theories have been suggested!2?® to account
for the carcinogenic effect of polycyclic hydrocarbons,
but all can be divided into two groups. The first
group cantains all the theories considering the

reactivity of a certain part of the hydrocarbon as a
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eriterion of carcinogenicity, and the second contains
theories conesldering magnitudee decisive for an easy

trensfer of the electron to the hydrocarbon from the

blological substrezte.



The first systematic svudies of the products
obtained from the pyrolysis of hydrocarbons were carried
out on acetylene by Berthelot!#? more than a hundred years
ago, when analytical techniques other than distillation
and crystellisation were unknowne The early work on the
pyrolysis of alliphatie hydrocarbons resulting in the
formation of aromatic compounds, and the speculations on
the mechanism of the reactiions involved have been
thoroughly reviewed by Egloff!#¢ and by Hurd.!?? Most of
the work discussed in these monographs was carried out
before 1900, and there seems to be some uncertainty about
(a) the purity of starting materials which were likely
to contain sulphur compounde = known to act as chain-
transfer agents, and (b) the actual temperature of the
pyrolyses as this was reported in many instances as “red
heat," "bright red heat," or dull red heate."

All data on the free rulical reactions involved
in the decomposition of simple hydrocarbons until June 1953

have been summarised by Steacie,!3° and the kinetics of these
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reactions by Trotman-Dickenson,!3! Other review articles
worthy of particular mention are those contained in
references !3%% gnd '33, and the annual reviews published
by Haensel and Sterba,!®4 Appell and Berger,!3% and
Berger and deRosset,!>®

The results of the work of the early investigators
led to the following conclusionss
(a) Parai'finic hydrocarbons are generally more stable to
pyrolytic reactions than the corresponding olefins.
Except under severe conditions, methane and ethane are
recovered unchanged in these reactionse.
(b) Olefins undergo polymerisation at relatively low
tempsratures; at higher temperatures both polymerisation
and decomposition are important.
(c) Acetylene is leas stable to heat than ethylene.
It has been reported that acetylene begins to decompose
at 4L50° in a gless tube, while ethylene remains unchanged
up to 615°C.7128)120
(d) Benzene can react with ethylene and acetylene under
pyrolytic conditions to give styrene and polycyclic hydrocarbons.
(e) The majority of reactions of aromatic compounds
containing an alkyl side chain involves the decomposition of
the side chain and the formation of longer chains capable
of cyclieing to aromatic structurese

Futher investigations have confirmed and extended
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most of the early work, although modern interpretation of
the results is very different from that of the early
investigators.

Recent developments in the study of the mechanism
of the pyrolytic decomposition of hydrocarbons include the
use of gas-liquid chromatography, isotope exchange and
radiotracer techniques. Contact times of the reactions
have been shortened in order to identify the primary
produets. The relevant mechanisms of thermal decompositions

are consldered belowe.

22 PYROLYSIS OF PARAFFING

In spite of the considerable amount of work that
has been done on the kinetics of the thermal decomposition of
paraffins, the mechanism of these reactions still remains
a matter of controversy. Until recently the opinion helad
by many workers was that the pyrolysis of paraffins takes
placs by two concurrent processes, one molecular in character,
the other an unbranched frse radiecal chain mochanism.'s’
The addition of sufficient quanfity of an inhibitor such ae
nitric oxide or propylene has bedﬂ\assumed to halt the
radical chein process without arfeating the rate of the

supposed molecular reaction.

The molecular mechanism for the fully inhibited



reaction was, however, incompatible, with the results of
recent mass spectrometric experiments,?3® igotope
exchange experiments,??? and detailed analytical studiles.!4®
These results indicated that the fully inhibited reaction
involved free radicals, and was presumably a modification
of that radical chain system which must now be assumed to
account for the whole of the inhibited pyrolysis. Despite
the fact that the nature of the initiation and termination
stepa 1s uncertain there seems to be general agreement on
the chain propagating process in the uninhibited reaction
of ethane,!4! propane,’4? and n-butane,?4¥ »144

The unimolecular initiation process is considered
to involve a sBecission of & carbon-carbon bond with the
production of two radicals, The rupture of & carbone-
hydrogen bond is regarded s less likely initiation step of
the reaction chaine since the pre-exponential rate parameter
associated with this process must be at least 10% times
larger than the pre—-exponentiel parameters assoclated with
the rupture of the much weaker carben-carbon bondse.!43

The radicals produced can then react byt

(a) daisproportionation;

RCHgCHaCHsCHy ——» RCH,CHgCH=CH;, + H (1)
ROHoCHoCHoCHy — = RCH,CH=CH; + CHg (2)
RCHaOHCHaCHy — RCHsCHy; + CHgCHjz (3)



RCH 2CH,CH.CH, — RCHCHp + CH=CH,
RCHaCH; + R'CHaCH; —— RCH=CHp, + R'CHCHjs

(b) hydrogen abstraction;

L ] L]
RCH;CH, + R'OH;CH; — RCH,CHy + R'GHCH;
*
— RCHZCH; + R'CH4CH,

(e) recombination;

RCHCHz; + R'CHpCHp — = RCH CHCHZCH,R'
®
RCHgCHz + H — RCH,CH;

James and Steacie'4® demonstrated that an ethyl
radical could abetract hydrogen from Cy» hydrocarbons at
a rate increasing in the order: heptane, hept=1-ene,
hept=1=yne. Rice and Vanderslice?!“4® ghowed that methyl
radicals could abstract tertiary hydrogen faster than
secondary hydrogen, and secondary faster than primary.

Methane was pyrolysed at 1000°=4400°C by Germain,'4?
both pure and in the presence of 50% nitrogen or hydrogene.
Nitrogen behaved as an inert gas, but hydrogen casused a
decrease in decomposition. The activation energy was
found to be 87 kcal./mole in all three reactions,
suggesting that the rate controlling step was the same,
and that only the concentration of the chain initiating
radicals was effected by dilution.

(L)
(5)

(6)
(7)

(8)
(9)
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Heath!4® reasoned that chain propegation steps were
not involved in the thermal decomposition of methane at these
temperatures since he found that hydrogen did net inhibit the
reaction. His activation energy of 93 kcal.,/mole sufgested
that the controlling step was a free radical split to
methylene. Skinner!4? found a higher activation energy,
101 keal./mole, in his shock tube experiments and postulated
a rupture of the carbon=hydrogen bond with the formation of a
methyl radical and a hydrogen atom as the primary step in the
decomposition of methane. Another interesting decomposition
reaction of methane was lts degradation at 2000~5000°C by
intense millisecond light pulses.!S5°

An extension of Skinner's ghoeck tube experiments!?#!
showed that ethane decomposed into methyl radicals with an
activation energy of 79.3 kcal./mole,

n-Hexane! ¢ was thermally cracked at temperatures
varying from 290 to 412°C in a tubular reactor internally
illuminated with ultraviolet light. Mercury vapour in the
reactor, activated by the rediastion, provided an inltiating
source for the radical chains. The hexyl radicals elther
dimerised or decomposed to lower molecular weight olefins
and alkyl rsdicals. Hexene, which is thermally stable under
the experimental donditions was not detected, indicating that

the decomposition of hexyl radicals hy carbon-hydrogen cleavage



d4id not occure.

A new technique applied for the first time to
thermal decomposition of hydrocarbons was the use of a
ballistic piston.’?*? n-Hexane wae decomposed at pressures
of up to 145.000 lb./in.? and the most significant
observation was the low activation energy, 8.4 kcal./mole.

Hexadecane was heated in the presence of ®°Co ¥
radiation and high energy mixed radiation from a nuclear
reactor.! 54 n~Pentane and 2-methylbutane were cracked at
480°C in the presence of ¥ radiation.?!®$ In neither case
was the product distribution substantially affected by
radiation, and it was concluded!®4 that the chein resctions
are not new reactions but ordinary thermal free radicel

reactions unaltered by radiation.

ROLY OF O NS

The olefins studied during the past few years nay
be conveniently divided into three groups containing the
followingt

(a) no allylie carbon-hydrogen and no allylic
carbon-carbon bonds, 1lsess ethylene;

(b) allylic carbon-hydrogen bonds but no allylie
carbon-carbon bonds;

(¢) both allylic carbon~hydrogen and allyliec

carbon-carbon bonds.



From the information available on the pyrolytic
decomposition of ethylene, it appears that polymerisation
is the important reaction at temperatures below 600°C,
while at higher temperatures both dscompoeition and
polymerisation are important. !¢

The primary reaction in the decomposition of
ethylene has been the subject of a number of
investigations.!3¢"1%% Por some time there was no
agreement as to whether the decomposition proceeded
(a) by an elimination of molecular hydrogen or (b) by a
sclssion to vinyl radicals and hydrogen atoms. It wes
shown by Cvetanovié?#® that the initial decomposition
proceeds predominantly by (10), a fect confirmed later
by Kebarle,!?? who has, however, found that the reaction
(11) sleo occurs but only to the extent of about LF of the
total decomposition.

CHa=CHy — CH&CH + H, (10)
CHa=CHy —— CHg=CH + H (11)

The primary decomposition of propylene and
but—-2-ene, compounds containing only allylic carbon-hydrogen
bonds, was studied most recently by Kebarle and Avrahami.?®0+181
These workers have shown that propylene!®? decomposed by three
primary reactions (12)-(14) and that no molecular elimination of
hydrogen took place. It is significant that although the



difference in bond

CHsCHeCH; — c':n.cn.-cn. + H (894) (12)
CHsCHaCHg — éH, + 6n.cn, (1153) (13)
CHsCH=CHs —> cyclopropane (0.2%) (14)

dissociation energies D(C,Hs=CHg)=D(CsHs~H) was 16 kcal./mole
reaction (13) etill occurred. The isomerlisation to

eyelopropene was similar to the rearrangement of but-l-ene
to methyleyclopropane, cbserved by Cvetanovié.?!®?
Two primary reactione (15) and (16) were cbserved in
the decomposition of but-2-ene.’®! Approximately 5/7 of
the but-2-ene decomposed by path (15) amd 2/7 by path (16), and

the rearrangement to methyleyclopropane, reaction (17),

occurred to a very minor extent, if at alle.

CHsCHwCHCHy — = CHaCH«CHCHs + H (15)
CHsCH=CHCHy —— CHy + CH=CHCHjs (16)
CHsCHeCHCHy — methylcyclopropane (17)

The initial step in ths pyrolysis of olefins
containing a straight chain of at least four carbon atoms
(with the exception of but-2-ene, discussed above) 1s
believed to involve (o) the scission of the allylie carbon-
carbon bond with the formation of two radicals as in (18)-(21),



RCH 2CH;CH,CHsCHaCHy —+ RCHsOHsCHp + CHzCHeCHg
RCH,CHyCHgCH=CHCHy -~ ROH,CH; + CHaCH=CHCHs
ROH 2CHCHaCHCH,CHg — RCHz + CHoCH=CHCH, CH,

— - RCH4CH,CHsCHCHy + CHg

or (8) the rupture of the carbon~hydrogen band in the
allylic position with the formetion of a radical and
a hydrogen atom,as in (22)=(26).

RCH gCH sCH 4CHzCHaCHy —~ RCHgOH,CH,CHCHaCHp + K

ROHgCH 4CH 4CHaCH~CHy —» RCH,CH,CHCH=CH-CHs + H
— ~ ROH3OH;CH,CHeCHE-CHy + K

RCHgCHgCH=CHCHgCHy —~ ROHoCHCH=CH-CH,CHs + H
- ROHCH,CH=CHOHCHy + H

(18)
(19)
(20)
(21)

(22)
(23)
(24)
(25)
(26)

The dissociation energy of the allylic carbon=carbon

bond in an olefin is at least 15 kcal./mole smaller than
that of any other carbon-carbon bond in the molecule, !¢$
and the seission of this bond should therefore be the
primary step in the pyrolysis of these compounds.

The possible fate of the alkyl radicals in the
pyrolytic reactions has been mentioned in the previous
section. The allylic radicals formed in (20) amd (21)
could further decompose to give butadiene ani an alkyl

radicel as shown in (27) end (28),
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CHoCH=CHCHCHg CH,CH=CHCH; + CHj (27)
RCH CHoCH=CHCHp -——» RCHp; + OCHaCH=CHCH, (28)

The allylic redicals formed in (19), or (20) ana (21),
could react further by loss of allylic hydrogen atom to glve
butadiene as in (29) end substituted butadiene respectively,
as shown in (30) and (31).

® L [ )

CH2CH=CHCH —> CHyCH=ClCHy, + H (29)

CH,CH=CHCHoCHy —» CHaCH=CHCHCHs + H (30)
[ ] [ ] [ ]

RCH oCH oCH=CHCHy —»> RCHCHCH«CHCHs + H (31)

A Bimiler situation will exist in further reactions of
allylic redicals cbtained in (22)~(26). The most likely
reaction to occur for 1nstanee.w1th radical obtained in (22)
will be either the scission of a carbon~carbon bond as shown
in (32) or of a carbon-hydrogen bond as shown in (33) with
the formation of butadiene or of substituted dutadiene.
Analogoue reaction schemes may be devised for branched chain
olefins, which will result in alkyl substituted butadienes.

The presence of butadiene or i‘s alkyl derivatives in almost all

pPyrolytic reactions!®4 may well be due to this type of reaction,

L] [
RCHoCH#CH2CHCH=CHg —= RCH,CHp + CH,=CHCH=CHj (32)
[ ]
ROH gCHsCHoCHOHaCOHg —> RCHCE,CH=CHCH=CH, + H (33)

The pyrolysis of polyenes represents an even more

complex problem, because addition and polymerisation
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processes can be expected to compete.?¥®  Aromatisation
of bute-1,3-diene was investigated at 5507%% and 700°C.?!s168
At the lower temperature, cyclohexene, cyclohexsdiene
and Cy aromatic compounds were formed. At the higher
temperature, complete conversion of acyclic and alicysliec
componsents to aromatic compounds hsd occurred and benzens,
toluene and polycyclic compounds were cbserved among the
products. The postulated intermediate in the latter
case, L-vinylcyclohexene,®32188 sayq o pyrolysis pattern
simllar to that of buta=1,3~diene.

The hydrocarbon bicyelo[2,2,2]octa=2,5,7-triene (XVII),
known as “barrelene" on aceunt of its barrel shaped
electron cload, thermally decomposed at 350°C to benzene

and acetylens.!®¢

2
1/ )3
6 7
5 o 8
(XVII)

The pyrolysis of acetylenic compounds has not been
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extensively investigated, but it has bheen shown that
inducing of polymerisation with scetylene occurred less
readily than it did with ethylene.!%? It appeared from
the shock wave studies on acetylene using mass spectrometry
that polymerisation took place yig a dimer,!68s169
presumably vinylacetylene, and both the dimer and higher
polymere appeared to have reached "equilibrium" with
acetylene. A sharp drop in the concentration of these
polymers was obgserved at a later stage, which wasa
correlated with the formation of carbon after an induction
period.!s®
The thermal hydrocracking pattern of acetylene was
surveyed by Coate and Anderson?’?® gver the range 500-900°C.,
They pyrolysed acetylene for 2 to 10 minutes in the presence
of deuterium and ?Hz~acetylene in the presence of hydrogen.
Produets were analysed by mass spectrometry. At
500=-800°C the former reactants gave principally benzene,
the latter ®Hq-benzene. Methane formation was first
observed at 600°C and became a principal reaction at
800°C. In spite of the attractive design of the experiment,
it failed to support a satisfactory mechanism for the
formation of methane, or of its precursor, the methyl radical.
Gas chromatography in addition to other types of
chromatogrephy has revealed a rich pattern of pyrolysis

products in a thermal decomposition of acetylene,?®?
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Nineteen different compounda have been identified.

L OF ARO RO

Aromatie hydrocerbons heving an alkyl side chain
will be considered in more detail in Chapters 3 and 5,
and this section deals mainly with the pyrolysis of
compounds having no side chain,

The simplest and moat investigated ropronentgtivn
of this clage of compounds is bengene.  When benzene '
was pyrolysed at 7oo°ci} much of the initial materiel
was recovered unchanged and the major transformation
producte were biphenyl {XVIII), p-terphenyl (XIX),
R~terphenyl (xx)..and triphenylene (XXI).

(XVIII) (X1IX) (xx) (XXI)

It seemed certain that the fission of carbon-hydrogen
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bonds in benzene took place, giving phenyl radicals,
which then reacted with benzene molecules to give
biphenyl, and that further phenylation (and
cyclodehydrogenation where necessary) gave the other
compounds named. The fission of the benzene ring
occurred to only a very small extent. Benzene! 7!
heated to 1200°C in helium for L milliseconde gave,
however, acetylens and diacetylene, Apparently the
primary reaction was ring rupturs yielding an unstable
six-carbon chain which immediately dissccisted to
two- and four-carbon fragments.

Pyrolysis of fused ring aromatic hydrocarbons with
two to four nuclei either in & tube filled with porcelain
fragments heated at 750°C, or on electrically heated wire,
Yielded more highly condensed ayatems. With
non-substituted hydrocarbons such as naphthelene (XXII),”#
phenanthrene (XXIII),”? and anthracenes (XXIV),?? airect

nuclear condensation took place under these conditionse.

(XX11) (XXIII) (XXIV)

On the other hand, with methyl substituted aromatic
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hydrocarbons such as 2- and S-methylnaphthalenes’®

and scenaphthens (XXV),°° the molecules were joined
prefersntially through the methyl and methylene groups.
One of the reactions in the pyrolysis of fluorene (XxvI)’®
is enlargement of the ring, yielding

1,2:7,8=d1ibenzochrysene (XXVII) as the main product as
shown in (34). It ie likely that the aromatie compounds

(XXV) (XXVI)

with four or more rings that ocour in coal tar pitch

are formed from lower arcmatic compounds by pyrolytie
condensation during coking.' ”?

= — L™
S 0 o0

(XXVII)




The pyrolysis of hydrocarbons at elevated

temperatures ie known to proceed through a variety
of chain mechaniems.?!”? At temperaturee below 700°C
kinetic data and the analysie of the products, when the
heated gases were passed over metallic mirrors, have
indicated that the primary chain carriers are
CpHzpn,y radicals and hydrogen atoms? 7% and other
radical carriers have been identified in masa
spectrometric studies. At much higher temperatures,
eepeclally sbove 2200°C, shock tube gtudies indicate
that a large variety of radicals is involved. Indeesd
at 3200°C, a considerable percentage of the material
present is in the form of molecular fragmentse
Spectrophotometric studies have demonstrated the
occurrence of Cz and Cg units. Rapidly sampled mass
spectra of acetylene subjected to shock waves showed the
presence of fragments as high as CglH, along with a host of
lower molecular species.!®?

Several hypotheses have been suggested to account
for the formation of polycyeclie hydrocarbons at high
temperatures teking into account these types of chain

propagation steps.



Berthelot!?’

proposed that the pyrolysed hydrocarbon was first
decompoeed to acetylene and that different polyeyclic
hydrocarbons were formed by polymerisation of these
two-carbon unitse. Latar a eimilar view was held

by Groll!?® who suggested that the primary intermediate
from which all the higher hydrocarbons were formed was
the diradical of acetylene. More recently this concept
has found support from Bonnet and Neukomms??”? snd Falk
and Steiner,%® Although this hypothesis is difficult
to disprove, it has been shown on many occasiona?’?®

that hydrogen, methane, and ethylens are the main products
of pyrolytic decomposition, whereas the presence of
acetylene was reported in very few cases.!?® In the
light of facts known to date there seems to be no need

to postulate acetylene as the exclusive precursor of
polyecyeclic hydrocarbons although exact details of their
formation are still unknown. As the addition to an
olefinic linkage proceeds more rapidly then addition to
sn acetylenic bord,!®? ethylene, which is f-rmed in

large amounts in all pyrolyses,!”® seems to be a more
reasonsble intermediate.

(b) CHa and CH Redicals.- The suggestion that CHp and
CH fregments serve as precursors of polycyclic hydrocarbons

was put forward by Bone and Coward.?!8°



(¢) pPutadiene Hypothesis.-  The concept that butadiene

or alkylated butadienes are the precursors of thermal
aromatisation was based on Staudinger's obeervation!®!
that butadiene when pyrolysed at 800°C yielded a

tar containing 30% benzene, and 25% naphthalene.

Jones!®? and more recently Weilzmann!?®3 followed this lead,
stressing the idea that conjugate unsaturation wes a
necessary factor in the formation of aromatic hydrocarbons
at high temperatures. According to Welzmann, polyeycliec
hydrocarbons were formed by a series of Diels—=Alder
additions involving both olefins and butadienes.

Thus phenanthrene (XXIII) and anthracene (XXIV) would

be formed by an addition of buta=1,3~diene (XXVIII)

to naphthalene (XXII), whereas triphenylene (XIX),

CH g=CH=-CH=CH,

(XXVIII)

chrysens (XI), 3,4-benzophenanthrene (XXIX), and
1s2-benzanthracene (VII) by condensation of butadiene
with phenanthrene. Furthermore, Weizmann has
suggested that pyrene (XXX) wes formed either by
dimerisation of styrene (XXXI), or tetramerisation

of buta=-1,3~dlene,?®3



(XXIX) (xXxXX) (XXXI)

There are several objections to this mechanism.
The distribution of the products should be governed by
the relative activity of the carbon-carbon double bonds
in the substrate. On the basis of the above theory
the ylelds of triphenylene should be larger than thoge of
elither chrysene, 1,2-benganthracene, or 3,4~benzophenanthrene}
chrysene and 1,2-benzanthracene are, however, produced in
larger amounts than triphenylena,?d+ The formation of
1s2-benzopyrens, furthemmore, should be preferred to that
of 3,4-benzopyrene; however, the reverse was found,'?®$
Naphthalene should elways be formed in larger amounts than
phenanthrene; however, the pyrolysis of propylbenzens,®®
and ethylbenzene?? ylelded more phenanthrene. In
addition, only a small amount of pyrene was obtained in
the pyrolysis of styrene,®# and a different mechanism must,

therefore, operate.

Although buta~1,3-diene is formed from almost all
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types of hydrocarbone under pyrolytic conditiona!®4 the
relative activation energies for the diene addition

(gg. 28 kcal.) and for radical addition (gge 2.5 kcal.)!¥!
would suggest that the resynthesis proceeds by radical
rather than molecular condensation.

The pyrolysis of a mixture of pyrene and
buta-1,3-diene®! and e mixture of naphthalene and
butadiene!®?® furnished additional evidence for the relative
unimportance 6f the diene reaction since the ylelde of
benzopyrenes and phenanthrene showed only an insignificant
increase over those obtained in the pyrolyses of pure
productse.

(4) Formation of Arcmatic Hydrocarbons from Cp Fragments.-
In thie concept,?®” which has not gained wide acceptance,

it was proposed that thermal abstraction of hydrogen from
allene {(XXXII), a product obtained by Szwarc!®® in the
pyrolysis of propylens at 686-872°C, and low pressures,
ylelded the resonarnce stebilised propadienyl radical (XXXIII)
as shown in (35)e It wae suggested, that 1,2 shift of

[ ] ®
CHa=CaCFs — CH=C=CHpz =~—= OH=C-CH, + H (35)

(XXXII) ( XXXI1)

hydrogen occured at high temperatures ylelding the
fragment (XXXIV) which is both a free radical and a carbene



moietye. Its dimerisation should give rise to benzene.
[ J
CH=CHmCH: ———=  :CH=CH=CH

(XXXIV)

2 WORKING OTHESIS

It was initially assumed by Badger® that
polycyclle hydrocarbons were formed by a step-wise
synthesie from two-carbon fragments. Cracking, with the
formation of free radicals undergoing termination ractions
with other radicals or propagation reactions with neutral
molecules, dehydrogenation, and cyclodechydrogenation were
considered to be the most important reactionse. A geries
of such reactions would be involved in the formation of
3sh-bengopyrene as shown in Figure 2.4. The detsalls of
the conversion and the degree of hydrogenstion of the
intermediates were not specified, but it was considered that
reasonable intermedietes would be ethylene or acetylens for (XXXV),
buta=-1,3=-diene or vinylacetylene for (XXXVI), styrene,
ethylbenzene or L4-vinylcyclohexene for (XXXVII),
1=phenylbuta=-1,3-diene, n~butylbenzene or tetralin for
(XXXVIII) and (XXXIX), and 1-=4'=phenylbutylnaphthalene or
5o4'=phenylbutyltetralin for (XL).



Q—Q
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(XXXVI) (XXXVII)

(1)

Figure 2.1
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The participation of an intermediate such
as (XXXIX) in the formation of 3,.~benzopyrene was
supported by the fact that when tetralin was treated
with aluminium chloride it gave a complex mixture
known as "Schrceter tar," which became carcinogenie
after being hested, and was shown to contain
3,4~benzopyrene.*? Since 6,4'=-phenylbutyltetralin
was a major constituent of the mixture,'®® some
544'~=phenylbutyltetralin (XL) coculd also have been
formed, and its ebsence might have been due to its
rapid conversion to 3,4-benzopyrene, which was actually
isolated. Similarly 1,4'-phenylbutylnaphthalene,
belonging to the same group of intermediates (XL),
has been shown to give 3,4-benzopyrene on pyrolysis.®?

Pyrolysis of scetylene,®? buts-1,3-diene,®?
styrene,?4 ethylbenzene,®° L-vinylecyclohexene,®®
n-butylbenzene, *® n-decene (Chapter L),
{-phenylbuta=1,3-diene,®® naphthalene,?® ana tetralin®¢
have been shown to yield 3,4-bengopyrene. Moreover,
other compounds (toluene,?® n-propylbenzens,®® indene,®®
and 2,2,4-trimethylpentane®?), which are not direct
intermediates in the scheme (XXXV) . (I), have been found
- to glve some 3,L4-benzopyrene on pyrolyais.

The third step in the hypothesis was further
aupported by the fact that the ylelds of 3,4-benzopyrene,
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obtained in the pyrolyses of simple alkylbenzenes,
were found to decrease in the following order:
n-butylbsnzene (XXXVIII); n-propylbenzene, easily
converted to (XXXVIII); ethylbenzene (XXXVII); end
toluene, which gave only &4 negligible amount of
3,4~bsngopyrene,

The possibility of the formation of
3y4=bengopyrene by reaction of a Cp unit (such as
ethylene) with chrysene or 1,2-~benzanthracene has been
discarded on the basis of the fact that the pyrolysis
of indene,®® for example, gave only & small amount of
3s4-benzopyrene, although the yields of chrysene were
high, and ethylene was present in the exit gases.

Conversely, it appeared, from the early experimental
evidence, that a reaction involving a G4 unit (such as
buta=1,3~-diene) and a pyrene precuraor might be an important
step in the formation of 3,4-benzopyrene, in addition to
that represented dy (OXV) . (I). The ratio of pyrene
to 3,4=benzopyrene was found tc be low for tetralin®€® and
indene®® tar, but relatively high for most of the cther
compounds axamined. This was vest explained by assuming,
that bhoth mechanisms operate to a varying degree, depending
on the nature of the compound pyrolysede.

Dimerisation of buta=-1,3~-diene ies known to yield

L=-vinyleyelohexene, ! ®° and two vinylcyclchexene radicals



(XLI) eould give a hydropyrene (XLII). Dehydrogenstion
of (XLII) would give pyrens (XXX); an addition of another
moleeuls of bute~1,¥~diens to (XLII) followed by
dehydrogenation would give 3,L-bensecpyrene (I).

f@j_.gg;_.

(XLI) (XLII)

X
SIS




CHAPTER 3

THE PYROLYSIS QOF [4-'4C]IETRALIN
31  INTRODUCTION

A detalled analysis of the tar obtained from the
pyrolysis of tetralin at 700°C has alresdy been reported,®®
and satlsfactory mechanisms for the formation of the
various polycyclice aromatic hydrocarbons have been suggested.
These mechanisms have been based on the resctions of primary
radicals which would form on scission of the weakest
carbon-carbon or carbon-hydrogen bonds in tetralin, and on
the relative ratio of yields of the different productae.

In poestulating such mechanisms account has also been taken
of the relative amounts of a polycyclic compound formed by
the pyrolysies of different intermediaetes.??! Reasonsble
mechanisms have been proposed for the formation of many of
the compounds which have been ldentified, but few of these
mechanisme can be sald to be firmly established. To
provide e firmer basis for these studies, [1-!4C]tetralin
has been pyrolysed.

[1-14C]Tetralin was prepared by cyclieation of
[garboxy~!“C]phenylbutyric acid, followed by reduction of
the [1-'4C]tetralone. The labelled tetralin was pyrolysed
ae previocusly described,®® and the resulting tar separated
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into its constituents by a combination of distillation,
chromatography on alumins, partition chromatography on
partially acetylated cellulose and gas—-liquid
chromatography.

2 Su DISCUSSION

Twenty-one compounds or their derivatives were
isolated from the tar in sufficient quaentity and purity
for radiochemical analysis. The activities were calculated
as relative molar activities which are linearly proportional
to the number of labelled carbon atoms per molecule.’??

The results are summarised in Table 3.1, which lists all
the compounds isolated together with the number of lebelled
carbon atoms founde. Other compounds formed in this
pyrolysis®® could not be isolated in sufficient amount, or
in suitable purity, for radiochemical analysis.

By analogy with other compounds for which
determinations are available (Table 3.2), it secems likely
that the values of the dissociation energiles (in kcal./mole)
for the carbon-carbon and carbon~hydrogen bonde in tetralin
(XXXIX) are approximately equal to the figures given in the
diagram (XLIII). Since the 1,2- and 3,4-bonds in tetralin
are at least 15 kcal./mols weaker than normal aliphatic
carbon-carbon bonds,?9? the acission of one of these bonds

ghould be the first step of the pyrolysis. This would
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Zable 2.1

CONSTITUENTS OF TAR OBTAINED BY PYROLYSIS OF [1=!4C JTETRALIN

Compound Labelled C Atoms
Acenaphthene 135
Anthracene 0.84
1,2-Benzanthracens 14614
Benzene u 0.01
X,4~Bengofluoranthene 1.76
10y11-Benzofluoranthene 194
11,12-Benzof'luoranthens 194
2, 3-Benzofluorene 1e46, 1.52
3sli-Benzophenanthrene 144
3,4-Benzopyrene 1.96
151'~Binaphthyl 2.05
242'-Binaphthyl 2404
Chrysene 167 |
Ethylene 0.27
Indene 0.70
Naphthalere 1.00
Perylens 1.9
Phenanthrene 0.84, 0474
2~Fhenylnaphthalene 0.95
Styrene 056
Toluene 0.32




Iable JS.2

R-R' BOND DISSOCIATION ENERGIES OF HYDROCARBONS

R R' H - CHs Calig n=CgHly n=Cg4lly
o © ' ° ® ®
g| D(r-r") % 5| D(r-R") 8| g| o(r-r") 2 gl D(r-r') 8| gl D(r-R') g
£ - L | g & & £l 2 g
| kcal./mole ‘3 ¥ |keal./mole g1 % kcal./mole Lo [~ kcal./mole o | ¥ xcale./mole 3
= 9 = o = 4| = § L ¥
CeHg & 102 193 89 183 o4 t 30 88 130 87 130
91 130
CoHgCH - a 77.5 | 194,198 63 199 |a 57.5 |2°9 |a 65 L 57.5 | 1%
ﬂ 77 '.‘.. 62 1 30 59 130
Y 88.1 1e?
o 85 108
n_cH‘Q.H4CH‘. a (N 1904 58 t 30 58 130
Methods used: a pyrolyais

=)

electron impact

¥ photobromination
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result in a diradical (XLIV) whose further reactions could

(XXXIX) (XLIII)

be inferred from the products. The diradical could
decompose in two competetive ways to give diradicale (XLV)
and (XLVI) as shown in (36) and (37). Gordon and Smith#°3
have shown that hydrocarbon free radicals with a general
structure R&HCH,GH,R', where R, R' are alky). groups or
hydrogen atoms, will eliminate e molecule of hydrogen at

a rate competetive with the breaking of a carbon-carbon bond.

o o
°
== CH2=CH, + (36)
(XLIV) (XLV)
e ®e
—_— Ho + P (37)
(XLIV) (XLVI)

The diradical (XLVI) is resonance stabiilsed at each end
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and its spatial configuration would favour cyclisation
since both methylene groups are very close to each other.
The 1,2-dlhydronaphthalene (XIVIII) thus obtained would
dehydrogenate under the experimental conditions to give
naphthalens (XXII).

The same products could also be obtained by a
different mechanlisme. The loss of a benzylic hydrogen
atom from tetralin by (38) should be an endothermie

_— H + O‘ (38)

(XXXIX) (XLVII)

reaction requiring cbout 85 kcal./mole. The bond
dissociation energy of the carbon~hydrogen bond adjacent
to the free radical position in (XLVII) is very much lower,
being approximately 37 kcal./mole,?°4 and the formation of
1,2-dihydronaphthalene (XLVIII) by (39) would occur much

more readily than the original carbon-hydrogen fiseion (38).

—_ H + O‘ (39)

(XLVII) (XLVIII)

The hydrogen atom could act as & chain carrier (40), and
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the overall process would probably require leas energy than
the unimolecular decomposition of tetralin, discussed above.
Although both these mechanisms are in accord with the
activity found for naphthalene - the main product of the
pyrolysis - the second mode of formation seems to be
preferred on theoretical grounds. Thot
1s2-dihydronaphthalene is an intermedlate in the formation of

this compound is supported by the recent work of Wilshire,®95

+ H . + Hzp  (40)

(XXXIX) (XLVII)

who pyrolysed tetralin at 650° and 700°C under slightly
milder conditions. Thues in his experiments, tetralin was
recovered in L4 yield whereas under our conditions only
1.4% of the starting material was found.®® In his
pyrolysis a fraction which emerged slightly before
naphthalene in a gas~liquid chronetogram gave a peak which
could not be clearly seperated from that of naphthalene,
and therefore could not be directly identified. However,
ite position in the ges chromatogram, and the fact that it
was formed in greater amount when‘tetralin was pyrolysed at

650°C, strongly sucgested that it was in fact

1.2-dihydronaphthalene.‘°'



As oxpected; the naphthalene isolated in our
experiments was found to have radiocactivity corresponding
to one labelled carbon atome

The pyrolysis of tetralin®® yields 4,1'=, 1,2'=,
and 2,2'-binaphthyls and the pyrolysis of naphthelens has
been reported to gilve the sams compounds,’4 suggesting that
they may be formed by a simllar mechanisme. Further
sciggion of a carbon-hydrogen bond in (XLVII) would give an
g~ or Se-naphthyl radical and, as previously postulated,3®;!8?
combination of these radicals in the three possible ways
would lead to 1,1'=binaphthyl (XLIX), 4,2'=binaphthyl (L),
and 2,2'-binaphthyl (LI). Subsequent cyclodehydrogenation
would give perylene (LII), 10,11-benzofluoranthene (VI),
and 14,12-benzofluoranthene (LIII) (Figure 3.1)e.

It was found experimentally that 1,1'-binaphthyl,
2,2'-binaphthyl, perylene, 10,11-benzoflucranthene and
141,412-benzofluorantiiene all had activity equivalent, within
experimental error, to two labelled carbon atoma. These
results therefore support the naphthyl radical hypothesis,
and the mode of formation of these hydrocarbons seems to be
beyond dispute.

The energy of activation for the breaking of an
aliphatic carbon-carbon bond where an olefinic¢c bond is
simultaneously formed has been shown to be about
33 kcal./mole.?°%8 Thus the radical (XLVII) ecan decompose

in two ways represented either by equation (39) or (L41).



(xLIX)

(v1)

Figure 3e1

(L1)

(L111)

¢s
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The resulting radical (LIV) cen isomerise by intraradical
sbetraction to give a new radical (LV) as shown in (42).

This radical is also stabilised by resonance and as shown

a — s -
[

(XLVII) (LIV)
IC—AC - =
(LIV) (Lv) (LVI)

in (43), ite other canonical form (LVI) may lose a methyl
radical to give (LVII) which could be an important

L] N L

(LVI) (LVII) (LVIII)

intermediate in the formation of indene, chrysene,
1,2-benzanthrecene, 3,L-benzophenanthrene, and 1,2=, 2,3~,
and 3,4-benzofluorenes if the regonance foim (LVIII) is
important. The loss of ethylene from /{LIV) would give
another significent intermediate (LIX) eas shown in (4L).



— + CH2=CH2 (LLLl-)

(LIV) : (1.IX)

By a similsr process, the diradical (XLIV) can
presumebly isomerise by intraradical ebstraction to give

radicels (LX) and (LXI) by equations (45) and (46). The

o0 - ep -

(XLIV) (LX)
.. [ ]
) (L6)
[ ]
(XLIV) (LXT)

diredicel (LX), also atnbiliied by reescnance in each benzylic
position, may lose a methyl radical to give (LXII) by

eguation (47), and the diradiecal (LXI) could lose a molecule
of propylene to give (LXIII) by equation {(48).

_— + CHgs (47)

(LX) (LXIT)



CH sCH=CH (L8)

— +

(LXI) (LXIII)

In a similar way, ecission of the carbon-carbon bond
Joining fhe a~carbon atom with the benzene nucleus must occur
at least to some extent to explain some of the experimental
results. The dirsdical formed (LXIV) would undergo
fragmentation of the aliphatic chain in various ways to give
the intermedistes (LIX) and (LXV-IXVII) by equations (49)=(53).
Figure 3.2 summarises all the possible pathways leading to

.. ® ®
s | + CHg (49)
(LXIV) (LXV)
.. ® °
. + CH3CH; (50)
P s
(LXIV) (LIX)
® L) [ ]
S + CHo=CH, (51)

(LXIV) (LXVI)



- + CHsCH=CH, (52)

A(LXIV) (LXI1I)

- o + CH,CH=CHCH, (53)

(LXIV) (LXVII)

the more important lntermediates together with the expected
activities of the fragmenis. flgure 3.5 surveys the
activities of the aliphatic portions obtained in these
reactions.

In accordance with the above mechanisms, the benzene
formed in thig pyrolysis was found to be practically insctives
This underlines the relative unimportance of the reaction
path ¢ (Figure 3.2, page 58). . In the same way, the styrene
isolated was found to contain 0.56 labelled carbon atoms and
the intermediate (LIX), with an activity equivalent to
0.5 active atoms; could account for all the siyrene formed.

The intramolecular cyclisation c¢f the intermedictes
(LXII) and (LXV) would give the radicels (LXVIII) snd (LXIX),
which could either accept hydrogen to give hydrindene (LXX)
or logs nvdrogen to give indene (LXXI). The former

hydrocarbon was not lsolated from the ter ootained by the
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Figure 3.2
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pyrolysis under discussion, but its presence was detected

under the milder conditions from ¥Wilshire's pyrolysis.?%®

salcalgalige

(LXVIII) (LXIX) (LXX) : (LXXI)

Indene, one of the major products of the pyrolysis, would be
expected toc have 0.75 labelled carbon atoms according to
the above scheme, and this was borne nuit by the faét thet
.axperim@ntally, the indene wag found %o have 0.70 labelled
atomss

Toluene Formed directly from the intermediate (LXIII)
would have an activity of 0.5 labelled carborn ntoms. The
figure found experimentally is lower than *this (0.32) end
hence some toluene must be formed from phenyl radicals or
benzene and frox methyl radicals derived from the saturated
ring in tetraline. The benzene found was practically
inactives; and methyl radicals which are generated according
to the scheme proposed (Figure 3.3, page 59) by path 4 in the
formation of (LXII) and by path B in the formation of (1VI1I)
would also be expected to be inactive. Some methyl
radicals, which could be obtained in the formation of (LXV)
by path C would, however, be active to an extent of

0+5 labelled carbon atoms, but as already mentioned, this



reaction path would be of smaller importance. Thus by
assuming that sbout a third of the toluene formed would
originate by this mechanism, the activity of toluene could
be effectively accounted for.

Acenaphthene (XXV) was not isolated from the tar
obtained in the earlier pyrolysis of tetralin®® but
acenaphthylene (LXXII) which is believed to be formed from
this compound on dehydrogenation at the high temperatures
involved, 1s found in tars obtained followinz pyrolysis of

many simple hydrocarbons. The most reasonable mechanism

(XXV) (LXXII)

for its formation would seem to be the addition of ethylene
to a naphthyl radicel in the a=-position, followed by
cyclisation with the elimination of one molecule of
hydrogen (5l). The ethylene formed by scission of

carbon=carbon bonds would be expected to have an average

]
: v



activity of 0.33 labelled atoms (Figure 3.3, page 59), 80
that the isolated acenaphthene on this basis should have
i35 labelled atoms. Experimentally, the acenaphthenz wes
found to have 1.35 labelled atoms thus suggesting that the
mechanism is correct. The ethylene present in the exit
gases was found to have (.27 labelled atoms. Withian the
limits of experimental error, this is in sgreement with the
expected activity for ethylene, namely 0.33 lebelled carbon
atomss

Two reasonable mechanisms can be suggested for the
Tormation of 2-phenylnaphthalene (XIXIV) in this pyrolysis.
The firet would involve an attack of a phenyl radical on &
nephthalene precursor, and the second would involve the
dimerisation of i“we styryl radicals or their equivalent.%4
The addition of styrens o (LIX) appears %o be a possible
way of cbtaining 2-phenylnaphthalene (LXXiII) in this
pyrolysis (55). Both mechanisms would be expected to yleld

) 9@

(LXXIII)

/y

&2 product with an average activity of 1.0 labelled carhon atom,

and experimentaily 0.95 lebelled atoms were icund. It isy



therefore, impossible to decide between these two routes on
the basis of the present activity studles. On the other
hand, if the mechanism involving & direct phenylation of
naphthalens is important, the formation of 1-phenylnaphthalene
(1LXXIV) and hence fluoranthene (LXXV) by eyclodehydrogenation
would also be expected unless lsomerisation of 1~ to
2-phenylnaphthalens occurred to a significant extent.
Experimentally, it was shown that much less fluoranthene than
2-phenylnaphthalene is formed. Thus a direct phenylation

of naphthalenes followed by cyciodshydrogenation of the
resulting 1-phenylnaphthalene could not be an importent process
in the formation of fluoranthens, and is unlikely to be of any
importance even in the formation of 2-phenylnaphthalene.

This is in agreement with the results obtained from the
pyrolysis of 1-phenylnaphthalene at 700°C, where it was

shown?®? that fluoranthene is formed only in trace amounts.

(LXXIV) (LXXV)

Chrysene (XI) and 1,2-benzanthracens (VII) are
known to be formed from indene at high temperatures®® and
this fact may explain, at least to some extent, their
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presence in other pyrolytic tars where indens is formed as
a major product. To account for this, Wilshire®?®
pyrolysed hydrindene (LXX) at 700°C in an attempt to trace
any possible intermediates in the formation of these
compounds. Indene (LXXI) was the major product (54.6%)
together with toluene (6.1%) and benzene (0.87%), and the
high boiling residue, formed in 13.42 yield, contained
chrysene, 94,2-benzanthracene and a trace of naphthacene

(LXXVI). Although the conditions of the experiment were

(LXX) (LXXI1) (LXXVI)

mild enough t¢ allow recovery of 25 of the starting material,
no products such as go-methylstyrene which could be related to
possible radical inﬁeémediateg were detected, As a result
of this experiment, Wilshire concluded that the formation of
chrysene and of 1,2-benszanthracene does not require fission
of the five-membered ring of indens.

The first step in hie proposed mechanism for the
formation of chrysene requires the attack of a 1-indenyl
radical at the 2-position of another molecule of indene to
give the radicel intermedlate (LXXVII). Intramolecuiar
eyclisation involving the remeining 2-indenyl position leads
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to a radical (LXXVIII). Thiz highly unsteble intermediate,
a substituted 1,3~diphenylcyclobutane, would be expected to
undergo decomposition in two competetive ways based on the
direction of the collapse of the c¢yclcobutane ring, namely
decomposition, as shown by the arrows in (LXXVIII) leading
to the aromatic dilolefin {LXXIX}, or the alternative mode

of ring collapse to regenerate two molecules of indene.
Thermal cleavage of the cyclobutaneg ring containing activated
subsitituents is known to occur at temperatures as low ag
1,50°C,. 208 The diolefin (LXXIX) would not survive at 700°C
and its most obvious reaction would be its conversion to
chrysens (XI), presumably vis transannular interaction of the
diradical formed by the loss of hydrogen from the benzylic
positions, followed by dehydrogenation.

- 1l

/
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(LXXVII) (LXXVIII)

(LXXIX) (X1)

The formation of 1,2,benzanthracene can be explained
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by a similar mechanism the first step of which involves
the attack of an 2-indenyl radical at the 2-position of
another indene molecule, with the formation of the radical
(LXXX)y and eventually the diolefin (LXXXI). The fact
that the 2-indenyl radicel requires more energy for its

formation than the 1-isomer, is reflected in the lower

S C
o0 OGO

(LXXX) (LXXXI)

proportion of 4,2<benzanthracene.

/ \

A spimilar scheme cannot, however, account for the
formation of 3,L~benzophenanthrens (XXIX) without the

participation of some rearrangement step as yet uncertain.®9%

(XXIX)

If these were the only mechanisme in the formation of
chrysene and 1,2-benzanthracene, the activities of these

compounds should amount to twice the activity of indene.
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In fact, the activities found in both products are higher
than this. There is no reason to discard the possibility
of the existence of this reaction path, but as indene is
formed on cyclisation of one of the intermediates suggested
in Figure 3.2, page 58, these fragments may combine directly
to form the required products. Thus chrysene may be formed
from two Cg=Cs units (LXXXII) or from a Ceg~C4 and a Cg~Ca
unit (LXXXIII) or from two Cy=Ce~Ca unites (LXXXIV).

Suiteble intermediates would be (LXV) for & Cg~Cs unit,
(XLIV), (XLVI), (LXIV) or (LIV) for a Ce~C,; unit, (LIX) and
(LXVI) for a Ce=Cs unit and (LVIII) or (LXII) for a Cy;~Ce~Cs
unit. If only one mechaniem is Involved, one would expect

(LXXXII) (LXXXIII) (LXXXIV)

the chrysene formed to have 1.0 labelled atoms {LXNXII),

1.5 lebelled atoms (LXXXIII) and 2.0 labelled atoms (LXXXIV),
or 1.67 labelled atoms if formed entirely and in equal
amounts from fragments (LVIII), (LXII) and (LXV), the only
intermediates which could give rise to the formation of
indens. As the isolated chrysens was found to have

1,67 labelled atoms, it is possidble that the last mentioned



reaction path could be the only mechenism operatinge.
However, the activity of indens would then be expected to be
0.83 labelled atomz and experimentally it was found to be
equivalent to 0.70 active carbon atoms. It is hoped to
settle this problem by pyrolysis of suitably labelled indene
and successfully degrading the products formed.
1,2-Benzanthracene could be formed in a similer way
from & Cy~Cg~Cp unit and & Cy~Cs unit (LXXXV), which would
give the hydrocarbon with 1.5 labelled atoms. Alternatively,
1t could be formed from a Ce~Cq unit and a Ce=C» unit (ILXXXVI),
or from two Cy=Ce~Ca units (LXXXVI1), yielding
1,2-benszanthracene with 1.5 and 2.0 labelled carbon atoms
respectively. 4+ could also arise from two molecules of
indene by the procedure previously described, with the
expected activity of 1.67 labelled atoms. As the ipolated
hydrocerbon was found to have an activity equivalent to 1.61
active carbon atoma, it is imposaidble from the present work

t0 decide between these mechanlamnse.

(LXXXV) (LXXXVI) (LXXXVII)

In a similar manner, 3,L-bensophenanthrens {(XXIX)



could be formed with an expected setivity of 1.5 labelled
atoms from a Cy=Ce~Cs unit and a Cg~Cp unit (LXXXVIII) or
with an ectivity of 2.0 lsbelled atoms from either a
Cy=Cg~Cpe unit and a Cg~Cs unit (LXXXIX), or from Cy=Ce-Cy; and
Ce~Cq unite (XC). The 3phabanzophenanthrene isolated from

—'E i ]
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(LXXXVIII) (LXXXIX) (xc)

the [1-74CJtetralin tar had 7.4 labelled carbon atomss
indicating that the route depicted by (XC) is less
slgnificant. This iz supported by the finding that
although 3,4~benzophenanthrene was isolated only in tars
obtained folilowing the pyrolysis of indene and tetralin, the
yield of this hydrocarboﬁ in the indens tar was more than
twice that found in the tetralin tar.

Indene can also be suggested as & possible precursor
of 1,2~y 2,3~ and 3,4~bengzofluorenes ~ hydrocarbons which are
formed in their highest ylelds in the tars csbtained following
pyrolyeis of indene®® and to a smaller extent in other
pyrolyses.?°% This seems to indicate that the primary
radicals which give rise to indene on ons hand, or are

obtained by the themal decomposition of indens on the
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other, must play an important part in the formation of these
hydrocarbons. Thus a reaction involving a Ceg~C,p unit and
2 Cy~Ce~Ce unit (XCI) would give 2,3-benzofluorene (the only
hydrocarbon of the ebove group which could be isoclated in
the present pyrolysie in sufficient guantity and purity for
radiochemical assay) having 1.5 labelled atoms. Pormation
from Cg~Cz and Ce~Cy units (XCII) would give
2y3~benzofluorene having 1.0 labelled atoms, whereas
formation from 8 Cy~Ce~Cy unit and a Cp~Ce~C, unit (XCIII)
would give 2,3~benzofluorens having 2.0 labellsd atomse

In addition, three similasr mechanisms can be postulated which

(XC1) (xCII1)

(XCIII)

involve primary redicals derived from tetralin, but not from
indenz, all of which would give the hydrocarbon with

1.5 labelled atoms {(XCIV-XCVI). At present it seems likely
that all these routes may be involved.,



(XCVI)

In the pyrolysis of [g-'4Clethylbenzene,?®* evidence
was adduced that phensnthrens (XXIII) must be largely formed
by the attack of a phenyl radical on a Ce~Cp unit such as
styrene, followed by cyclodehydrogenation. The affinity
of phenyl radicals for styrene appears to be very high as
the yields of phenanthrene are considerably higher than
those of styrene in the pyrolysis of ethyl- and
n-butylbenzene.?® A small yield of benzene and
phenanthrene in the pyrolysis of active tetralin suggests
that this reasction is of general importance. According to
the scheme shown below (55) and (56), the phenanthrene

) !
. .
B
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(LXIIT) (XCVII) (X{II1)
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(LXIII) (XCVIII) (XXIV)

isolated should have sn activity of 0.5 labelled atoms, but
was found experimentally to possess an activity equivalent

to ga. 0.8 active atoms. The dimerisation of (LXIII) would
give either 9,10-dihydrophenanthrene (XCVII) or
9,10~dihydroanthracene (XCVIII). On & loss of one molecule
of hydrogen, phenanthrene (XXIII) and anthracene (XXIV), sach
having 1.0 labelled atomg, would be obtained from these
productse. The observed results and activity for
phenanthrene, 0.8 active carbon atoms, can therefore be
accommodated if both mechanisme operate.

The anthracene (XXIV) was alse found to have 0.84
labelled atoms. The poasibility of its formation by
rearrangemsnt of phenanthrene?’? had to be rejected as &
result of recent data obitained from ths pyrolysis of
phenanthrene,®? and the addition of a G4 unit to a
naphthalene type intermediate seems t¢ be unlikely.

However, the addition of a phenyl radical te (XLV), or
dimerisation of two intermediates as in (LXIII), would give
redical (XCIX) er 9,10-dihydroanthracene (XCVIII) respectively.
The radicel (XCIX) would sventually yleld anthracene by

cyclodehydrogenation. This path to snthracene hae an
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analogy in the work of Errede and Cassidy,?'? who subjected
o-methyldiphenylmethene to a fast flow pyrolysis and
obtained anthracene in good yield.

o - OLO-Qe0

(XCIX) (XXIV)

The pyrolysis of [g-!“C]ethylbenzene®4 gave
3,4~benzofluoranthene (V) having one labelled carbon atom.
This result provided strong evidence for a mechanisnm
involving phenylation of phenanthrens, itself formed from
phenyl radicals and a (g~Ca unit such as siyrene.

However, the yvield of phenanthrene in the pyrolysis of
tetralin is small (0+15% of the tar) and it seems unlikely
that this mechanism is important in this cases The
phenanthrene obtained from the pyrolysis of [1-!“Cltetralin
was found to have 0.8 labelled atoms, and 1f the above
mechanism does operate, the derived 3,u~-benzofluoranthens
should also have 0.8 labelled atoms. In fact, however,
this hydrocarbon, when cbtained from [1-774Cltetralin, was
found to have ga. 1.76 lebelled atoms, and another process
must be operatinge. The formation of 3,4~benzofluoranthene
from two Ca~Cy4 units (C) would certainly be of much more

importance in the pyrolysis of tetralin than in the pyrolysis
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of ethylbenzene, This route would lead to
3sli~benzofluoranthene having 2.0 labelled atoms. The
results can again be accommodated if it 1s assumed that

both mechanisms operate, the latter predominating.

(c) (V)

The formetion of 3,4-benzopyrene (i) from two Cg=Cq
units (CI) hes also been postulated,®® and considerable
evidence ie now available concerning the importence of this
process in the pyrolysis of simpler hydrocarbons,.
3,4~Benzopyrene formcd by such a mechanism would have an
activity of 2.0 1abeilod carbon atoms. Actually, the
product isolated was found to have 1.96 labelled atoms 8o
that the suggested mechanism must provide the main route to
this hydrocarbone

(c1) (1)
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The observed activity could slso be explalned by
agsuming that the formation of 3,4~benzopyrene (I) takes
place by an attack of (LXIII) or a benzyl radical on &
phenalenyl (perinaphthenyl) radical (CII), followed by
cyclodehydrogenation. Both benzyl and psrinsphthenyl
radicals were shown to be formed during the pyrolysis of
hydrocarbons, 2'? and their apparent stebility may be another

(CII) (1)

significant factor in an mssesament of their imporiance in

the formation o 3,4~-bensopyrene.



CHAPTER 4

E QLY OF n=-

Le1 _ INTRODUCTION

The originasl hypothesis proposed for the formation
of the carcinogen 3,L4~benzopyrene (I) in pyrolytic reactions
suggested that this hydrocarbon might be formed by a
stepwise synthesie from a two-carbon unit such as ethylene
or acetylene (Chapter 2, page Li). It also allowed for
the possibility that complex hydrocarbons need not
necessarily break down to two-carbon fragmente before
resynthesis, and that the Cg-C4 units required for the
formation of 3,4~benzopyrene could arise by ecyclisation of
a Gy hydrocarbon such as n-decane or from a higher
hydrocarbon such as dicetyl, by cracking followed by
cyclisation. The pyrolysis of n—-decane over a chromia-
alumina catalyst?®!'3 gave benzene, toluene, ethylbenzene,
o-xylene, propylbenzene, butylbenzene and naphthalene; and
3s4~benzopyrene was formed in the pyrolysis of dicetyl,®®
and of the wexy paraffins found in tobacco leaf.”?° The
present pyrolysis was carried out to establish to what
extent carcinogenic hydrocarbons are formed at high

temperatures from e straight chain alkane, such as n-decane.



The pyrolysis wae carried out by passing the

n-decane vapour, in a stream of nitrogen through a gllice

tube packed with porcelain chips and maintained at 700°C.

Methane, ethylene, acetylens, propylene and but-i-ene were
The tar (obtained in 13.9%

detected in the exli? gases.

yield) was collected and analysed as previously described.

The various compounds identified are summarised in Table Lel,

which also gives ths percentage of each component of the tar,

and the methods used for its identification.

Isble L.l
COMEPOSITION OF TAR OBTAINED BY PYROLYSIS OF n~DECANE AT 700°CT
Fraction Compound Paigégzzge Ide¥%§¥g2a2€0n$
- Methane - I+Re
- Ethylene - I.Rey dibromo derivative
- Propylene - TeRey didbromo derivative
= But-i~-ene - I+Res; dibromo derivative
- Acetylene - I.Re
a Butane 0.0L ReTos
2 Pentane 0.06 ReTe
a Hexane 0.06 ReTe
ab Cyclohexane 0.29 ReTe
f:Dsc | Benzene 413.9 ReTey IoResy UeVe
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Table 4.1 (Continued)
Fraction Compound Pe;-;axmngge Ideﬁﬁ?ﬁag{on‘
asbse |Toluene 13.8 ReTey IsRey UeVe
& - and g-Xylene 1095 [ReTes IeRe
-] Styrene 6.86 ReTep IeRe
g a-Methylstyrene 125 ReTey IsRe
Ss2 Indeng 1.48 ReTep IeRey UaVe
$s92943 |Tetralin 137 ReTes IsRe
8s2=-L |Naphthalene 13.2 ReTey UeVey mixed mepe
L2031 e e hatens | 1430 |RT., ULV
2,3 Biphenyl 2.04 ReTey UsVe, mixed meDe
3 Diphenylmethane C.94 ReTey IeRe
3 Bibenzyl O.l42 ReTo
3~7 Acenaphthylens 133 UeVe
5mQ Fluorene Q.73 UaVe
H=T7 2-Fhenylnaphthalene 0.23 UeVe
5~10 |Phenanthrene 1.86 UeVey mixed mepe
5-40 |Anthracene 0.04 UV
8=25 |FPyrens 0.90 UeVes mixed meDe
10-26 |Fluoranthene 0453 UeVes mixed mepe
25=30 |[2,2'~Binaphthyl 017 UaVe
25=-35 |1,2-Benganthracene 0,02 UaVe
25-35 |Triphenylene 0.05 UeVe
25-35 |1,2-Benzofluorene 0.20 UeVe
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Table L4e1 (Continued)

Percentage Method of
Fraction Compounad in Tapr Identification®
25=35 | 3,4-Benzofluorene 0.09 UoVe
25-39 2y3-Benzofluorene 0.29 UeVe
31 "39 ChI‘YBQnO 0053 U.V., mixed MePe

36=39 |10,11-Benzofluoranthene 0.017 |UsVe

36=59 |1,2-Benzopyrene 0e122 |UsVe, mixed mepe
36~-59 |3,4=Benzopyrene 00108 |UeVes, mixed mepe
40-48 |[Perylene 0.015 |U.Ve

40-59 |3,4-Benzoflucranthene 06032 |UesVey mixed mepe

LO=-59 11,12=-Benzofluoranthene 0s075 |UeVe
L9-68 |(1,12-Benzoperylene 0.039 |U.V,.
60-68 |2,3~(g~Phenylene)pyrene 0«16 |UoVe

60-86 |7,10-Benzofluoranthene Mpace |(U.Ve
60-86 |Picene 0.030 (UsV,
69-77 |Coronene 2eR07 |UaVe
69-86 [Anthanthrene Trace (U.V.
78=100 |1,2:4,5-Dibenzopyrene 0.006 |U.V,
87-100 |(1,2:3,4=-Dibengzopyrene Trace |U.V,
87=-100 |3:;L4:9,10=-Dibenzopyrene Trace |[U.Ve

Resina, losses snd
unidentified material QeH

® T.Re = Infrared spectroscopy
UsVe = Ultraviolet spectroscopy

ReTe = Retention time ratio
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The values of bond dissociation energies listed in
Table Le2 indicate that the scission of the central
carbon-carbon bonﬁ'in n~decane should be a process involving
the lowset ectivation energy (57).  The dissociation
energies of the carbon-carbon bonds beitween carbon atoms
4 and 5 or 3 and 4 in n-decane d0 not Aiffev a great deal
from that of the central bond and the scission of these bonds
would therefore be expected to occur with comparahls ease
(58) and (59, The bond energies of the remaining
carbon-carton bends, which are 3~4 kcal./mole higher than
those mentioned sbove, will presumably be the reason why the
scigsion of these bonds would oecur to a correspondingly

smaller extent (60) and (61).

CH 3CH 2CH g0H 4CH g=CH gCH oCH CHoCHg ~ 2 CH yOH #CH 57'H oCH (57)
OF 50H 4CH 4CH 4~CH 5CH 50F 4CH 4CH 40l 5 — CH.5(CHa) 2CH24CH 5(CH2) «CHa (58)
CH sCH aCH p~CH sCH oCH oCH oCH oCH oCH 3 ~ CF 3CH 3CH 24CH 3(CH2) sCHa (59)

CH gCH g~CH 3CH 2CH 20H 2CH 2CH gCH 5CH g — CH 5CH 24CH 5(CHz ) ¢CH2 (60)
CH g~CH 5CH gCH #CH 50H sCH 5CH gCH 2CH g ~ CH 54CH 5(CH 2) 7CHo (61)

Thus the radicals initially formed at high temperatures

would be the primary n-alkyl radicals, methyl to nonyl.
These radicals could be expected to react in three different
ways:?

(a) sbetraction of a hydrogen atom from other molecules

or combination with other radlcal;



Teble L.2
7=R' BOND DISSOCIATION ENERGIES OF HYDROCARBONS
B Rt B Cilg CHgCH, n=CsHy n-C ly
] 2 g g g ] 8 [} ‘
D{R=R D{R-g" = | o B ) Rt R-R'}
g| o ) % g| o(r-%") % 3 D( ) § g| D(R-&") § § D{R=-R*} g
«'g xcale/mole © ’a:i' keale/mole o 4.; kcal-;f"mole é § keal./mole o g kcal./mols g
o :g = g = 2 = g 4 K
CHa~ « | 101-102 173,200 g 3385 294 g 82 130 | 79 130 (o 78 130
8
G gH g= a 97 204 o 82 130 |, 82 i 30 79 it 30 78 130
J 9% 173 Y 78 e
n—C.H;- 9;\ 1350 a 79 130 79 130 76 130 75 130
100 e
n-C g Hg~ oL ' ix0 a 78 1 30 73 $ 30 75 t 30 74 } 30
101 a4
ethods used: @ pyrolysis; J electron impact; ¥ photobromingtion




(b) decomposition to smaller fragments; and
(¢) isomerisation to different radicals.

The first reaction path would be expected to afford
the corresponding saturated hydrocarbons, and methans,
n-butane, n-pentane, and n-hexane were found among the
products. It seems likely that ethane and n-propane were
also formed in the pyrolysis, but were not detected in the
exlt gasea on account of their much smaller concentrations
compared with that of methane.

The second route would be the main source of ethylene
in this pyrolysis, as it is known! 379215 that long ahain
hydrocarbon radicals will thermally decompose according to
equation (62), yielding & molecule of sthylene and a free
radical containing two carbon stoms less than the originel

radical. Thuss
[
RCHg~CHg — R®* 4+ CHa=CH, (62)

where P ie an alkyl group or a hydrogen atom. Ethylens
could be the precursor of acetylene, a small amount of which
wag detected in the exit gases.

There is no universal agreement on the question of
isomerisation of alkyl radicals.®!®s217 It has been
shown that up to 500°C, isomerisation is not competetive
with normel decomposition of n-propyl,?!® n-butyl,??%s2??
igobutyl, 219222 gng g-butyl?'? redicals, and 1s of minor

importance in the case of ilsopropyl2??!s222 ragaficals,
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although results of the experiments of Kerr and
Trotman-Dickenson®'? have been interpreted to favour
isomerisation of n-butyl and isobutyl radicals. There
are, however, indications thet the isomerisation of n-alkyl
radicals with mors than four carbon atoms?23°228 {g gn
important reaction even as low as 150°C,.22¢ The position
of the unpaired electron in the isomerised radical would
govern the nature of the fragments formed on its
decomposition. Thus n-pentyl radical would isomerige into
radicels in which the unpaired electron is situated on any
of the carbon atoms 2, 3 or Y. These radicals will then
decomposs according to equations (63)-(65) to efford
preopylens and but-i-ene, in addition to methyl snd ethyl
radicals.

CH;GH;CK;&HCH; —» CHsCH=CH, + cH,EH, (63)
CH 5CH ,E:HGH aCHs — » CHSCHCH=CH, + CH 3 (64)
CH 351{03,033011, — > CHgCH=CH, + CH gén, (65)

Since the number of n-pentyl radicels formed in the
primary reaction is larger than that of other n-alkyl radicals
(page 80}, it follows that the secondary reactions of this
radical will be of greater importance than those of any other
such radical. The most important decomposition product of
the isomerised radicals will thus be propylene, followed by
but-1-ene, pent—~i-ene ete. The concentrations of propylene

and but-i~ene would thus be larger than those of other
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alk-{-enes, and it is therefore not surprising that
propylene and but~i-ene have been ldentified in the exit
gases. The decomposition of ethyl, propyl, and butyl
radicals formed as primary fission products, or as secondary
products on decomposition of isomerised radicals, should
further increase the concentrations of athylene, propylene
and but~-i-ene.

Bengene is known to be formed by the pyrolysils of
ethylene or acetylene,®?s227 ang gome of the benzene found
in the present pyrolysis could be formed in this way. As
shown above, the concentratioas of propylene and but-1-ene
in the reaction zone would be expected to be high and the
most of the benzene (LIVII), toluene (CIII) and p-xylene
(CIV) could well arise from these products by reactions
shown in equatiors (66)-(68). These reactions could also
account for tha presence of cyclohexane, formed on

hydrogenation of (CV), but they cannot explain the presence

50— .

(cv) (LXVII)

900

(CIII)
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£ — X~ -

(c1v)

of p~xylene in the tare.

Several mechanisms can be suggested for the formation
of styrene (XXXI). Addition of albutanyl radical to
butadiene (obtained from but-i-ene either by a melecular
elimination of hydrogeﬁ, or'by an sbstraction of a hydrogen
atom from its allylic position by a fres radical, followed
by loss of a hydrogen atom) would give an intermediate which
could arfford styrens on dehydrogenation as shown in
egquation (69). In view of the very high yleld of benzene,
however, it seems 1lkely that the styrens is largely formed
from phenyl radicals and ethylene (70); and a similar
mechanism involving phenyl radicals and propylene would
account for the presence of the indene in the tar (71).

In a similar way g-~methylstyrene (CVI) could be formed by .
& recombination of s-propyl and a phenyl radical, followed
by dehydrogenation (72)-

7 °|/\\ o N | N N
- = 5 — . — (69)

(XXX1)
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®
+ CHp=CH, —» ©/\. e N (70)

(XXX1)

[ ] [ ]
+ CH 2=CHCH 3 —_— \ ——
A liIIIIIIII (71)

(LXXI)

[ ]
. ~N
+ CHsCHCHz; — @J\ —_— (72)

(cvI)

The pyrolysis of benzene is known to give a high
yield of biphenyl and & 1little triphenylene.®? The high
yield of benzens in the present pyrolysis therefore suggests
that the biphenyl is formed by the phenylation of benzene,
or by recombination of two phenyl radicais. Further
phenylation of biphenyl would be expected to give small
amount of o-terphenyl (CVII), and hence triphenylene (XXI)
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on cyclodehydrogenation (73).,%2»228

10-20-T0-

(cviI) - (XX1)

Bibenzyl is moat probably formed by dimerisation of
two benzyl radicals, in a wey analogous to the formation of
biphenyl from two phenyl radicals. The most likely
mechanism {or the formation of diphenylmethane would be by
recombination of a phenyl and of & benzyl redical. A
reaction of the latter with benszene could give the
radical (CVIII), an appropriate intermediate in the formation
of fluorene (XXVI) on cyclodehydrogenation as shown in (74).

..
U O -0y

(cviir) (XxVI)

The large yield of naphthelene in this pyrolysis is
noteworthy, but not unexpected from a (5o hydrocarbon.?!3
Tetralin seems to be the likely intermediate in the



formation of naphthalene and a small amount of tetralin was
also found in the tar. As already mentioned, the
carbon-~carbon fission of n-decans would give methyl radicals
which would react with naphthalene to give the
methylnaphthalenes found in the tar. NMoreover,
acenaphthylene, 2-phenylnaphthalene, fluoranthene,
2,2'~binaphthyl, perylene, 10,141-benzofluoranthene, and
11,12~-benzofluoranthene, all of which wers identified in the
tar, would be expected to arise from sultsable naphthalene
intermediates as previously postulated.??9,73¢

The presence of 1,12-benzoperylens (VIII), and of a
very small amount of coronene (CIX) in the tar is of interest,
especially as the latiter hydrocarbon has not previocusly been
jdentified in a tar produced at a temperature as low as
700°C. 1,12~Benzoperylene was reported to be one of the
producte obtained in the pyrolysis of 2-methylnaphthaiene.?3!
The primary reaction to be expected in the pyrolysis of the
latter compound would bz the abstraction of one of the
naphthalylic hydrogen atoms resulting in the formation of
2-naphthylmethyl radicals {CX), which is a process
analogous to the formation of benzyl radicals during the
pyrolysig of toluene, ?¢ Dimerisation of such radicals
would yield 1,2-di-3-naphthylethane (CXI) which could give
1s12~-benzoperylens on gyclodehydrogenations That this is
the actual mechanism for ths formation of

1,92-benzoperylene is borne out of the fact that
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{y2=-di-g~naphthylethane (CXIi) and
1,2=di-g~naphthylethylene (CXII) were found in the tar
following pyrolyasis of 2-methylnaphthalene carried out under
slightly milder conditions.”? By analogy to the above,
a satisfactory mechanism for the formation of
1,12=-benzoperylene in the pyrolysis of n-decane would
firstly involve the following possibilities:
(a) methylation of a naphthalene intermediate such
as (CXIII) which has been proposed in the
formation of naphthalene from butylbenzene,?°
(b) g-methylation of naphthalene to give (CXIV) and
(¢) addition of ethylene to (CIII).
Cyclodehydrogenation of products formed by processes
(a), (b) and (e) would result in the formation of
1,12-benzoperylens as shown in (75)~(77)e

!‘,O‘ QA

(c1X) Oe (CxI)

(cXx11)



- 90 =

9®
+ 2 CH3 “ - .

9@
(cx11I) (VIII) (cxIv)

+ CH,=CH, - (77)

(CXIII) (VIII)

8‘8

_ Coronene could be similarly iformed by an addition
of two molecules of ethylene to (CXIII) followed by
cyclodehydrogenation (78).

+ 2 CHz—CHz-u-l |~> ‘

e

(CXIII) (cIX)

88
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Picene (CXV) and anthanihrene (CXVI) could be formed
for the reasons described in connectlon with
methylnsphthalenes from intermediates (CXVII) and (CXVIII),.
Methylation of naphthalene in the g—position would give the
intermediate (CXVII) and two such intermediates would give
the picene skeleton on dimerisation (79). In a similayp
way methylation of (CXIII) in the other posesible canonical
form would give (CXIX) which would give anthanthrene on
dimerisation, followed by cyclodehydrogenation (B80).

Ay e

(CXv)
SPYeeBeDs
O~
(CXVIII) (CXVI) (CXIX)

The probable mode of formation of 3,h~benzopyrenc,
namely from itwc Cg~0gq wnlts, or from & perinaphthenyl and

a benzyl radicals has been already discussed in some detsail.
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In en enalogous way 3,4:18,9-dibenzopyrene (III) (which was
not detected in the tar from this pyrolysis) cculd be formed
by interaction of a Ug~Cq unit with anthracene, followed by
cyclodehydrogenation (81)s  1,2:3,4~Dibenzopyrene (CXX)
could be formed from phenanthrene and a CgCg unit (82), and
354:9,10-dibenzopyrene (IV) could arise from the same
intermediates (83).
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1,2:4,5-Dibenzopyrene [CXXI) could be formed in a
gimilar way (84), but the most reasonsble mechanism for its
formation would seem to be the phenylation of chrysene,
followed by cyclodehydrogenation (85).

)
2

~
co

U

~

(CxXXI1)

The formation of the four dibenzopyrenes mentioned
above could also be formulated as a reaction of & benzyl
radical with an intermediate (CXXII) obtained in the
cyclisation of 1-benzylnaphthalene (which being a
benzoperinaphthenyl radical would be expscieic to be

extremely stable). Thus the formation of



3s4:8,9-dibenzopyrene couid bs represented as (CXX111), and
that of 1,2:3,4~, 1,2:4,5~, and 3,4:9,10~dibenzopyrenes as
(CXXIV), (CXXV), and (CXXVI) respectively.

(Cxx11) (CXX111)

(CXXIV) | (CXxXV)




CHAPTER 5§
THE PYROLYSIS OF [6-!4C]BUTYLBENZENE

5 NTRODUGTION

The tars cobtained on pyrolysis of many different
organic compounds have bsen examined for polyeyeclie
aromatic hydrocarbons az part of a comprehensive study to
determine their mode of formation,%»!#? The pyrolysis of
n-butylbenzens, for example, has been shown to give 8 complex
ter containing at least forty-two compounds, most of which
have been satisfactorily identified, and their relative
abundance determined.?? Satisfactory mechanisms have been
proposed for the formation of many of the compounds which
have been 1den£1fied; but few of these mechanisme can be
said %o be firmly established. To obtain further evidence
for these mechanisms, we have decided to carry out the
pyrolyeis of [d-14CJoutylbenzenes

[§~?4C]Butylbengene was prepared by reaction of
cinnamaldehyde (CXXVII) with methyl-!“C iodide, followed
by reduction of the 2-hydroxzy~l=-phenyl[41-?4C Jbut-3-ene
(CXXVII1), dehydration of the
2=hydroxy-L-phenyl[1-!4C Jbutane (CXXIX), and hydrogenation
of the product (CXXX) to give [J-'%Clbutylbenszene {CXXXI)e
The labelled butylbengzene was pyrolysed as previously
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described?® and the resulting tar separated into its

= ™~
CHO
_ OH OH
. % E3

(CXXVII) (CXXVIII) (CXXIX)
HCPRNS
7~
(CXXX) (CXXXI1)

constituents using gas-liguid chromatography and

chromatography on alumina and on acetylated cellulose.

. 8 D I

On treetment of the tar, eighteen compounds or their
derivatives wore isolated in sufficient quantity and purity
for rediochemical analysis. The activities were calculated
a8 relative molar activities, which are linearly proportiona
to the number of labelled carbon atoms per molecule,!®?2
The results are summarised in Teble 5.1, which lists all the
compounds isolated, together with the number of active
carbon atoms found. It also lists the number of labelled

carbon atoms found in degradation products of the compounds
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1solated. Other compounds formed in this pyrolysis®®
could not be isolated in sufficient amount, or in sufficient
purity, for radiochemical analysis.

lable 5.1
CONSTITUENTS OF TAR OBTAINED BY PYROLYSIS OF [é=-14C JBUTYLBENZEN
Degradation Lebelled
Compounds Products C Atoms
Benzens 0.13
Toluene 012
Bensoic aeid O.11
Carbon dioxide 0.07
Bensene 0,03
Styrene 0.29
Bengoic acid 0.16
Carbon dloxide 0.02
Benzene 0.15
Naphthalene 1.00
Biphenyl 0.27
Fluorene 0.22
FPhenanthrene 055
2,2'-Biphenie secid 0¢53
Carbon dioxide 0.48
Biphenyl 0636




Table 5.1 (Continued)

Compounds P frodnote 5" Atons
Anthracene 0.82
Pyrene 1.96
Fluoranthene 0,92
1,2-Benganthracene 115
Chrysene 1.18

Chrysa=-1,2-guinone 1.18
9~ (2~Naphthyl)benzoic acid .14
2-Phenyl-{=-naphthoic acid 1.16
Carbon dioxide 0.09
2-FPhenylnaphthalene 1.13
2;3=-Bengsofluorene 1.2
3sL4~Bengopyrene 1.92
3,4~Bansopyrene~6, Trquinone 192
Carbon dioxide 0.87
Chrysene 1.92
3,4~Bensofluoranthene 0,62
3,4~Benzotetraphene 2.16
2,3-(g~Phenylene)py-
rene 2,21
1 s2-Benzopyrene 2.0




The initial decomposition of aromatic compounds
containing an alkyl side chain is belleved to proceed by a
carbon=carbon scission rather than cafbonrﬁydregen scission,
wlth the exception of toluene (ct.'the dissociation energles
of the appropriate bonds in Figure 3.2, page 58). In the
thermal decomposition of n-butylbenzene, the scission of the
carbon~carbon bond resulting in the formation of a benszyl
radical (CXXXII) and an n-propyl radical by equation (86)
should be the most favoured process. However; ithe direct
formation of a phenyl radical (CXXXIII) may well compete with
the formation of a benzyl radical since it seems likely that
with increasing length of the side chain, concentration of
the thermal excitation energy in the bond linking the side
chain to the bulky aromatic nucleus would lead to
preferential scission acsording to equation (87).°°

CoHgCHaCHaCHCHgy — C'QH;&HQ + CH;GH‘&H& (86)

(CXXXII)

OgHyCHoCH,OH,CHy —~ CoHs® + OHyCHsCHgCHe  (87)

(CXXXIII)

Random carbon-carbon scission of the side chain of
n~butylbenzene would give rise to other radicals, squations
(88) ana (89), but these reactions are considered to be less

important.
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CeHgCHaCH,CH,CHy — » CeHsCHsCHs + CHsCH;  (88)

(CXXXIV)

CeHsCHsCH,CH,CHy — = CoHsCH;CH;0Hy + OHs;  (89)

(CXXXV)

The most important hydrogen abstraction reactions
will be those occurring between any of the radicals
(CXXXII)~(CXXXV) and the starting materisl, and these would
be expected to occur preferentially at the g~cerbon atom as
shown in equation (90), with abstraction at the other carbon
atome beilng of minor importance by analogy with the known
rates of reaction at allylic and paraffinic carbon atoms.? 3!

‘e
CellaCHsOHgCHaCHs + R® —» CgH CHCHuCHCHs + RH  (90)

(CXXXVI)

(R® represents eny radical or a hydrogen atom).

The radical (CXXXVI) will therefore be a major
primary reaction product, znd radicels or compounds formed
from it by disproportionation will be of importance. The
most probable reaction would appear to be the loss of a
hydrogen atom to give an unsaturated compound as shown in
equation (91) and loss of methyl or ethyl radicals by
equations (92) and (93). The last two processes would
regquire an activation energy of gs. 20 kcal./mole, whereas
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the loss of hydrogen atom would require an activation @hérgy
of the order of LO kcale./mole,?3!

G.E‘séHCH,CH.CH;; —» CoHsCH=CHCH,CHy + H (91)
(CXXXVII)
c.n,éncn,cmgcn, — = CgHgCH=CHCH3y + c':n, (92)
(CXXXVIII)
c.agéncazcn,cng —~ CgHsCHsuCHy + CHyCHg (93)
(XXX1)

A Tuther mode of decomposition in which the entire
side chain is removed as shown in eguation {94) is of
importance; bdut this leads to similar products ss the

decomposition already discussed.

CellsCHCHsCHsOHs —> Celg® 4+ CHgeCHCHgCHs  (Sh)

(CXXVIII)

Random sbstraction of hydrogen atoms from the alkyl
side chain would give similar products, lesding to clefinic
compounds containing the same number of cerbon atoms, or
loas.

Figure 5.1 summarises all the possible pathways
leading to the more important intermediates, together with
the expscted activities of the fragments. Figure 5.2
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(87) (86) (90) (88) (89)

9 U @/DU\@/W

[(CXXXTIII);0.0%C][(CXXXII);0.0%C] [(CXXXVI);1%*C] [(CXXXIV);0.0%C] [(CXXXV);0.0%C]

/]

(91) (92) (93) (9u) ; l

Yo ot o o

[(xxXX1);0.0%C] [(CXXXVIII);0.0%C][(CXXXVII);1*C] [(CXXXIII);0.,0%C ][(CXXXII);0.0%C]

Figure 5.1

egol =
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[(CxXxXI); 1%C]

//l\\

(87) (86) (90) (88) (89)
CH sCH ,CH 25H2 CH sCH 2<.3H2 m CH 3C.JH e éH =
[1%C] [1%C] [(CXXXVI); 1%C] [1%C] [1%C]
/ \ N, i
(92) (93) (94) N -
N
/////// // \\ LN |
CHs CHiCH, CH ,=CHCH ,CH 3 CH,=CH,
[1C] [1#%C] [1%C] [0.0%C ]

Figure 5.2

¢ot
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surveys the activities of the aliphatic portions obtained in
these reactions.

The decomposition products thus obtained carnot,
however, sccount for the formaticn of tﬁe polyeyclic
hydrocarbonsge. The presence of large amounts of naphthalene
in the pyrolysis of ﬁrbuxyxbanzanu’° (21% of the tar) may be
explained by assuming either that chain resynthesis proceeds
to an appreciable extent with the formetion of the
phenbutenyl radical (CXXXIX), equation (95), or that hydrogen
abstraction from the d-position in n-butylbenzene is an
important reaction yielding a phenbutyl radical (CXL), by
equation (96)s  Cyclodehydrogenation of both (CXXXIX) and
(CxL) would give naphthalens with an expected activity of one
labelled carbon atom, and this has been confirmed by the
experiment since the figure found was 41,00 labelled atomse.

oY-g) .

(CXXXIX)

®

(cxL)
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The scission of the carbon-carbon single bonds in
[§-14C Jbutylbenzene would yield the inasctive radicals
{CXXXII)=-{CXXXV) Abstraction of a hydrogen atom from
butylbenzene by & phenyl radical (CXXXIII), as indicated in
equation (90), would therafore give inactive benzene.
However, the benzene found had en activiiy corresponding to
Ne1% labelled carbon atoms, so that some of the benzene
must be formed by resynthesis of the fragments derived from
the allzyl chaine Benzene formed from Cpy or Cp and C,; units
would be expected to have 1.5 labelled carbon atoms, 80
approximately 8~9ii of the bensena found in the tar must be
Tformed in this way. As expected; biphenyl, which must be
formed by the phenylation of bensene; was found o havs
0.27 labelled carbon atoms.

In an analogous way, abstraction of & hydrozen atom
by & benzyl radical (CXXXII), would give inactive toluene;
but the tolusne was found to have an activity equivalent to
0.12 carbon atoms. Oxidation of toluene afforded benmoiec
acid (0.11 lavelled carbon atoms), which was decarboxylated
to give benzene (0.03 labelled atoms; and carbon dioxide
(0.07 labelled atoms)e Thus the aciivity of the side
chein in toluene was spproximately twice the activity of the
bengene nucleus. A second mechanisei, likely to invoive
the methylation of benzene or the recombination of phenyl
and methyl radicals; must be operatinge If alli the carbon

atoms in the side chain of butylbenzene are assumed Lo be
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equally aveilable for the methylating process, they have an
average activity of 0.25 labelled atoms. The benzene found
in the tar had 0.13 labelled carbon atoms and the toluene
formed in this way would therefore have 0.38 labelled carbon
atoms, with the side chain having twice the activity of the
ring systenm. The magnitude and distribution of activities
in toluene may therefore be accommodated by essuming that
about 701 of toluens is formed from inactive benzyl radicals
by hydrogen abstraction, and ebout 304 by the methylation of
benzene.

Abstraction of a hydrogen atom from butylbenzene by
a phenethyl radical (CXXXIV) would give ethylbenzene.  This
is known to be formed in this pyrolysis,?? but could not be
isolated in sufficient quantity for raiiochemical anslysise
However, the loss of a hydrogen aitom from (CXXXIV), or more
likely, the loss of an ethyl radical from (CXXXVI) as shown
in (93), would give inactive styrene (XXXI). Styrene 1is
one of the more sbundant constituents of the tar (2.7% of the
tar®®), and was satisfactorily isolated for radiochemical
analysise It was found to have 0.29 labelled carbon atoms.
Oxidation of the styrene gave benzoic acid (0.16 labelled
atoms), and this was decarboxylated to benzene (0.15 labelled
atoms) snd carbon dioxide (0.02 labelled atoms). Thus
about half the zctivity of the styrene is located in the
bengzene ring and nearly all the remainder in the g-carbon

atom of the side chain. Again, therefore, 1t seems certeln
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that a portion of the styrene must be formed by a second
mechaniam, not involving the inactive phensthyl radicals.

The chain resynthesis from an ethylene molecule and a phenyl
radical, followed by elimination of a hydrogen atom cannot be
an important reactiom since both @~ and g-carbon atome should
then have the same activity and in addition, the activity of
the benzene residus should bs smaller then that of the side
chaine A likely mechanism could involve the dimerisation
of two C4 units such as butadiene, obtainsble, for example,
from the products of equations (87) or (94), to give
vinyleyclohexene (CXLI),*¥ which would then lose hydrogen to
give styrens as shown in (97). Styrene formed in this way

-0 -0 @

(CXLI) (XXXI)

would be expected to have 2.0 labelled carbon atoms (1.5 labels
on the benzene ring, none on the g-carbon atom and 0.5 on the
g-carbon atom). A second possible mechanism for the
formation of styrens would involve the reaction of toluene,

or a benzyl radical with a methyl radical, followed by
dehydrogenation. The distribution of the labelled atome in
toluene is known, and the activity of the methyl radicals

must average 0.25 labelled atoms, so that any styrene formed
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in this way would be expected to have 0+,35 labelled carbon
atoms (0,03 in the benzene ring, 0.07 on the g-carbon atoms
and 0.25 on the g-carbon atoms), Assuming that these three
mechanisms are responsible for the total yield of styrene in
this pyrolysis; about 60% of the styrene must be formed from
inactive phenethyl radicals, about 107 from the dimerisation
of two Cq units, and about 30% from toluene (or benzyl) and
methyl radicals.

Three reasonable mechanisms can be postulated for the
formation of phemanthrene (XXIII). The firat, equation (98),
would involve the interaction of twop benzyl radicals to give
bibensyl (CXLII), followed by cyclodehydrogenations  The
second, equation (99), would involve reasction of & phenyl
raedical with a Cg~Cs unit, such as styrene, followed by
cyclisation. The third, equation (100), would involve
raction of naphthalene, or :lfs possible precursors in this
pyrolysis,®® with a C4 unit, followed by
cyclodehydrogenation.

o _o-aY-o-
o 0-05-aF-
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The phenanthrene isolated in the pyrolysis of
[g~1“CJethylbenzene was shown to be formed predominantly by
the second mechanism. In the pyrolysis of
[é-14C Jbutylbenzens, any phenanthrene produced by the first
route would be axpected to have 0.2l labelled carbon atoms,
with ga. 0.03 labels distributed between sach group of the
positions 4= and 5-8 in phenanthrene; and ga. 0.07 laebels
on each of the carbon atome 9 and 10, as shown in (CXLIII).
These figures foliow from the results obtained with toluene.
Similariy, any phenanthrene produced by the second route
would be expected to have 0.42 labelled carbon atoms =
Ue13 active carbon atoms from benzene, and 0.29 from
styrene. Of this ga. 0.29 lsbelled atoms would be found in
the "biphenyl part® and ga. 0.13 distributed between the
two peso-carbon atoms as shown in (CXLIV).

Finally, phenanthrene formed by (100) would be
expected to have 2.0 labelled carbon atoms (CXLV)e
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(CXLIII) (CXLIV) (CXLv)

The phenanthrene isolated in the present pyrolysis
was found to have 0.55 labelled carbon atoms. Oxidation
of phenanthrene gave 2,2°-biphenic acid, which had 0.53
labelled atoms, and decarboxylation gave biphenyl (0.36) end
carbon dioxids (0.18 lsbelled ntoms) as shown in (101).

co, 2

0.55 *C 0e53 *C 0.36 *C 0.18 *C

This distribution i1s guite unlike that expected from the
first route, and this process can therefore be rejected as
g major contributor. The disiribution is similar to that
expected from the second route; and it may be concluded,
therafore, tha*% this process is important in the formation
of phensnthrene. It seems likely, however, that the third

route may also operate to a small extent, thereby increasing
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the activity of the phenanthrene isolated.

The mode of formation of anthracene could involve
dimerisation of two benzyl radicals, or eddition of a C4 unit
to a naphthalene precursor - a method analogous t¢ the third
route suggesied for the formation of phenanthrens, and other
reactions already discussed in some detaill in Chapther 3.

A decision on the preferred route cannot be made on the basis
of the present resulits, and to explain the chserved figurs
of 0.82 isbelled atoms for anthracene, two or more routes
must be involved.

¥ore thean one route may also be involved in the
formation of pyrens from butyibenzene (Chapter 2, page L4i3).
The dimerisation of two Cs unlits, for example, and the
further dimerisation of the resulting Cs-C; compound
(gegs vinyleyclohexene) would give pyrene having L.0O labelled
carbon atoms. But if it is formed from twe Ceg-Cp units
such as siyrens, or from phenethyl radicals, then its activity
would be equivaleni to gae. 058 labelled atomes or less.

The experimental figure of 1.96 labelled carbon atoms
suggests that both processes may operate.

Earlier work?9994 has suggested that hydrocarbons
such as fluoranthene,; 3iL~bengofluoranthene, and
2,3~(g-phenylene)pyrene might be formed predominantly by
the phenylation of precursors of naphthalene, phenanthrene,
and pyrene respectively, followed by cyclodehydrogenation
(CXLIII)=-(CXLV). Phenylation of & suiteble naphthalene
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precursor would be expected to give fluoranthene (CXLVI)
having 113 labelled atoms (nephthalene 1.00; benzene 0.13);
the fluoranthene isolated was found to have 0,92 labelled
atoms. The phenylation of an appropriate phenanthrene
precursor (snd subsequent cyclodehydrogenation) would be
expected to lead to 3,u5benzof1uoranthane (CXLVII) having
0.68 lsbelled atoms (phenanﬁhrene-0.55;.benzona Qe13); the
material isolated had 0.62 labelled atoms. Similarly the
phenylation of a suitable pyrene precursor would be expected
to lead to 2,3~(g-phenylene)pyrene (CXLVIII) having

2,09 labelled atoms (pyrene 1.96; bensene 0.13); and the
material isolated had 2.21 lebelled atoms. These results

(CXLVI) (CXLVII) (CXLVIII)

are therefore in agreement with the postulation that these
are the major routes to the hydrocarbons in gquestion.

Two fluorenes were isolated in the present study and
subjected to radiochemical analysise  If fluorene (XXVI)
is formed from toluene by phenylation followed by cyclisation
as shown in {102), then it should have about 0.25 labelled
carbon atoms (toluense 0.12; benzene 0.13). In fact the
fluorene was found to have 0.22 labelled atoms so this route
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seems to be confirmed.

(XXVI)

Similarly, the formation of 2,3-benzofluorene (CXLIX)
from toluene and & naphthyl radical, followed by
cyclodehydrogenation (403) would give a product having
112 labelled carbon atoms, and experimentally 1.24 labelled
atoms were found. An slternative route involving
methylation of 2-phenylnaphthalene would give a product of
somewhat greater activity, and this laitter route may well be
important. 2y 3~-Benzofluorene could also be formed from
fluorene and a C4 unit, This would give a product having

122 labelled carbon atoms.

(103)
(CXLIX)

It was suggested previcusly®®+94 that chrysene (XI)
could be formed from two Ce~Cs units (LXXXII}, from two
Cy=Ce~Cz units (LXXXIV), or from a Cg~C4 and a Cge-Cy
unit (LXXXIII). The latter route which iz equivalent %o
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an attack on naphthalene by phenethyl radicals, would be
expected to give chryeene having ga. 1.29 lebelled carbon
atoms (butylbenzene 1.00; styrene 0.29); and the average
distribution would be approximately as shown in (CL). The
chrysene isolated in the pyrolysis of [¢~!“CJbutylbengens
wag found to have 1,18 labelled carbon atoms, and this is in
reasonable agreement with the expected activity. The
distribution of the labelled carbon atoms was ascertained by
degrading chrysene by oxidation to give chrysa-1,2-quinone
(CLI), which was found to have 1.18 lebelled atomse. Alkal
fusion of the quinone gave g-(2-naphthyl)bensoic acid (CLII,
1.14 labelled atoms) and 2-phenyl-i-nephthoic ecid (CLIII,
1.16 labelled atoms). Decarboxylation of the former acid
gave carbon dioxide (0,01 labelled atoms) and
2-phenylnaphthalene (LXXIII, 41+13 labelled atoms)s  The
expected activity of 2;phany1naphthalanc derived from (CL)
would be equivalent to 1.2% labelled carbon atoms. It is
therefore concluded that the route indicated by (LXXXIII)
nust be an important one in the formation of chrysene from

butylbenszene,

0.01

0.075

(LXXXIII) (CL)
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(cLI) (CLII)

CoOH O O

(CLIII) (LXXIII)

{s2-Benzanthracene (VII) eould also be formed from
& CgCq unit and a C¢=Cp unit (as in LXXXVI), or from
naphthalene and & phenethyl radical. The latter
mechaniem would give 1,2-benzanthracene having 1.29 labelled
carbon atoms. The hydrocarbon isolated from the tar had
1¢15 labelled atoms, and it seems that this route mey be
the preferred one. A somewhat similer mechanism would
oxplain the activity found for 3,4-benzotetraphene
(2.16 labelled atoms). The reaction of & C¢~Cy unit with
8 Cq~Ce~-Cq units; Tor exsmple (CLIV), would be expected to
give 3,4~bensotetraphene having 2.29 labelled carbon atoms.



(LXXXVI) (cLiv)

The node of formation of the carcinogenic hydrocarbon
Zs4~benzopyrene (I) is of special interest. As a working
hypothesis, it was suggested® that this hydrocarbon could be
formed from two Ce=C. units as in equation (104), and
subsequent work has tended to confirm this view,?912230
This implies that 3,4-henzopyrene formed in the present
pyrolysis should have 2,0 labelled carbon atoms, distributed
as in (CLV),. In fact, the hydrocarbon isolated was found
to have 41.92 labelled atoms, andi the distribution was
determined by degradation by firstly oxidising
3,4~benzopyrene to 3,L4-benzopyrene-6,7-quinone (CLVI; found,
1.92 labelled atoms). This was then oxidised and
decarboxylated (carbon dioxide, 0,87 labelled atoms) to give
chrysene (1.12 labelled atoms). The results are therefore
in agreement with the proposed mechanism by equation (104).

QOO0

(1)



(cLv) (CLVI)

It was previously suggested that 3,4-benzopyrene (I)
could also be formed by & combination of benzyl and
perinaphthenyl radicels as shown in (CLVII), followed by
cyclodehydrogenation.

(CLVII) (1)

Although this propusition seemed attractive since
both benzyl and perinaphthenyl radicels have been identified
during the pyrolyeis of various hydrocarbons,®!? the
distribution of activity in J,4~benzopyrene, if formed by
this method, would differ from the distribution expected by
the previous hypothesis shown in (CLV), The activity of
the toluene (and thus that of the bensyl radical) is known
to be 0.12 smotive carbon atoms (0.07 in the side chain and
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0.03 in the ring). Assuning that the perinaphthenyl
radical is formed by an addition of e Cg unit to nephthalene
(or an sppropriate precursor) as shown in (CLVIII) the
distribution of the labels in the perinaphthenyl radical due
to the naphthelene contribution may be calculated. This-
is shown in (CLIX). The distribution of activity in the
Cs unit will depend on its mode of formation. If formed

{j;\‘; 0.08 ® 0.08
. : 0.17 0.17
0,08 0.08
0.08 0.08
(CLVIII) (CLIX)

by addition ¢f ethylene to methyl redicals, each of the
carbon atoms would have an activity equivalent to 0.25
active atoms; 1if, on the other hand, it is obtained
directly from the side chain, its activity is likely to be
equivalent to 1 active carbon atom - distributed vetween
the terminal cerbon atoms of the Cg unit. Assuaing that
both these mechanisms operate to an egual degree in the
formation of a Cg unit, the total distribution of activity
in psrinaphthenyl radical (CLX), and hence in
3,4=benzopyrene (CLXI), may be calculated. This
distribution is guite different from that obtained on
degradation of 3,4-benzopyrene, and in the pyrolysia of



- 119 =

[g-t“CIbutylbenzene this mode of formation, therefore, cannot
be of great importance. This mechanism can, nevertheless,
explain the unequal distribution of labels between the carbons
6 and 7, and the rest of the 3,4~benzopyrene molecule.

0.07 G,

(cLx) (CLXI)

1,2=Benzopyrens (X) could also be Formed in a similar
way from two Ca~Cg units (GLXII).. This implies that
1s2-benzopyrene lsolated following the pyrolysis of
[d=14C Jbutylbenzene should have 2.00 labelled carbon atoms.

(CLXII) (X)
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The material isolated was in fact found to have activity
corresponding to 2.0 labelled atoms, and it may be concluded
therefore that the route suggested for the formation of this

hydrocarbon is probably an important one.
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The formation of polycyclic hydrocarbons in pyrolytie
resctions is dependent on temperature. The original
purpose of this investigation was, therefore, to search for
the best thermal conditions for the formation of
344~benzopyrene; the decision to include all polycyclie
hydrocarbons with three or more five- or six~membered rings
was arrived at later. I+ was hoped that some information
might be obtained sbout the conditions required for the
formation of coronene - a hydrocarbon which is found in
relatively large quantities in polluted atmosphere, but
which has not been isolated from tars obtained below and at
700°C, except in the pyrolysis of n-decane {cf. Chapter h)g

n-Butylbengzene was the hydrocarbon of choice since
1ts behaviour in pyrolytic reactions at 700°C was known?®
and since it was easily obtainable in pure state. Equal
amounts of this hydrocarbon heve been pyrolysed as described
before, varying the temperatures from 300-900°C at 50°

intervala.



The results are summarised in Table 6.1. The first
column of this table indicates the temperature of the
pyrolysis. The ylelds of tar in grams, and as a
percentage, obtained following pyrolysis of five grams of
n~butylbengene; are given in the second and third columns of
the table. The remaining part of the table 1s devoted to
the ylelds &f hydrocarbons which have been identified in the
tars. Fifteen polycyclic hydrocarbong were systematically
studied over the whols range of temperatures, The presence
of naphthalens, and of 2,3~ and 3,4~benzofluorenes in the tars
wae aleso noted, but the yields of these compounds were not
calculated. Two sets of values appesr with each
hydrocarbon, for each temperature, in the table. The first
indicates the amount of hydrocarbon as & percentage of tar
formed at a particular temperature whereas the other figure
is the amount of hydrocarbon expreesed as z percentage of
whe starting material.

By plotting ths yields of tars formed from a constant
weight (5 g« in each experiment) against the temperature,

& graph was obtalned which showed that the ylelds of tar did
not change appreciably until 500°C, but decreased rather
rapidly from 500-800°C remaining almost consitent at still
higher %temperatures (Figure 6.1). Any small variation in
temperatures within the middle range would therefore have a
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marked influence on the yields of tar.

The separation of the hydrocarbons and their
gquantitative determination is described in the
Experimental.

Fhensnthrene was the major product in thie
investigation, followed by chrysene and fluoranthene. All
these hydrocarbons have been detected over a wide range of
temperatures from 400-900°C for phenanthrene and fluoranthene
and from 500-900°C for chrysene. By plotting the ylelds
of phenanthrene against the temperature a curve vas cbteined
(Figure 6.2) from which the optimum temperature for the
formation of phenanthrene was determined. The point of
interasection of the two etraight lines obtained by
extrapolating the slopes of the sidss of this curve, lies in
the vicinity of 660°C.

Similar curves were cbtained, and optimum temperatures
determined, for the remaining hydrocarbons. Thease are
summarised in Figures 6.3-6.6 and in Table 6.2, respectively.
With the exception of the values at 650°C for acenaphthylene
and at 650° and 700°C for fluoranthene and
3,L~bengofluoranthene (which seem to be low), the curves are

presented without further comment.
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Iable 6+2

OPTIMUM TEMPERATURES FOR THE FORMATION OF POLYCYCLIC AROMATIC
HYDROCARBONS IN THE PYROLYSIS OF n-BUTYLBENZENE

Temperature Hydrocarbon

660°C 1,2-Bengsanthracene
Chryssne
Fhenanthrene

690°C Acenaphthylene
Anthracene
Fluorene

710°C 1,2-Benzsopyrene
3,4=Benzopyrene

720°C 10,11-Benzofluoranthene
11,12-Benzofluorenthene
1s12-Bengoperylene

730°C 34~Benzofluoranthens
Fluoranthene

740°C 2,3~ (9-Fhenylene)pyrene
Pyrene
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CHAPTER 7

EXPERIMENTAL
Zo1  INTRODUCTION

The experiments are described in the same order as
they were carried out, and any variations in the

experimental procedure will be mentioned.

Zs2 _ PYROLYSIS APPARATUS

The pyrolysis apparatus (see Figure 7.1) consisted
of two concentric tubes. The outer silica tube (3 fte. X
41 in. internal diemeter) was wound with 25 s.w.gs Nichrome
wire (resistance 90 bhms). and mounted along the centre of
a pressed asbestos-board box (3 x 4 x 1 f£t.) filled with
"vermiculite", The material to be pyrolysed was passed
through an inner silica tube (3 ft. 6 in. x % in. internal
diemeter). The inner tube was packed with porcelain chips.
The temperature of the furnace was controlled by a Variac
transformer and was initially adjusted to 700°C, using a
calibrated chromel-alumel ‘thermocouple inside the inner tube.
The temperature during the pyrolysis was controlled to give
constant reading on a second chromel-alumel thermocouple

inserted through a small hole bored near the centre of the
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outer tube, corresponding to a temperature of 700°C inside
the inner tube. The whole furnace was inclined at an
angle of approximastely 45° to the horizontal to facilitate
the collection of productse.

The material to be pyrolysed was introduced directly
into the pyrolysis tube from a dropping funnel fitted with a
needle-valve to control the rate of addition. In the
pyrolysis of L-vinyleyclohexene, the meterial was first
introduced into a flash evaporator to avoid the risk of
pre-polymerisation. The flash evaporator used was a
Pyrex tube kept at 360°C in a bath of Wood's metal.

All pyrolyses were carried out under nitrogen, dried
by successive passage through concentrated sulphuric acild,
potassium hydroxide ard calcium chloride trapse. The
pyrolysis products were collected in a receiving flask fitted
with e water condenser, followed by two traps conteining
solid carbon dioxide-ethanol mixtures and one trap contalning
liquid air.

C I1QU

Gas-L1 d Partit - A Griffin
and George vepour-phsse chromatographic apparatus (Mark II),
modified to collect samples?3? was used in the isolation of
compounds boiling below 260°C. Either Aplezon L supported

on Celite (40-80 mesh, 4il4 w/w) or Silicone 30 supported on
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Celite (40-80 mesh, 1:4 w/w) wae used as statlonary phase
depending on the sample to be analysed, and dry nitrogen as
carrier gas. The identity of individual compounds was
established where possible by infrared spectroscopy end by
retention time ratios, but where the amount of compound
present was insufficient to allow further identif'ication,
the latter procedure alone was employed.

The relative amounts of the components in the fractions
were determined from the areas under the peaks (height x
width at half peak height).

The ebove-mentioned apparatus was used to collect
gamples only when the volume of the fraction amounted to less
then 1 c.Ce per componente. In all other cases individual
compounds were collected using a Beckman Hegachrome.

Aplezon J supported on firebrick (C-22, 3:7 w/w) was used

28 stationary phase and dry nitrogen as carrier gase.

Chromatography op Aluming.- The residue obtained

on distillation of the tar was chromatographed on a column of
Spence alumina using 100 g. of alumine per gram of tar. All
eluents used were redistilled end dried, hexane, thiophern-
free benzene and chloroform being the main solvente required.
The best resolution of components wes obtained by introducing
the residue, adsorbed on an equal amount (w/w) of alumina,

on to the columne
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Paper Chromatographye- The partially ecetylated
paper used was prepared by the method of Spotswood, 233 234

The papers were developed with & mixture of ethanol-toluene-
water (17:4i11; v/v) by the descending technigue.

Fluorescent compounds were located by observation with
ultraviolet light, and non~fluorescent compounds by spraying
the chromatogram with a 2% solution of tetrachlorophthelic
anhydride in a mixture of acetone and chlorobenzene

(10:1; v/v) followed by examination with ultraviolet lighte
Under these conditions many non-fluorescent compounds gave
spots varying in colour Irom bright yellow to orange, while
the fluorescent spots remained distinguishsble.

Cellulosee- The cellulose powder used was scetylated by
the method of Spotswood.?’¢ The solvent systems used for
elution were ethanol-bengene-water (17:14:1; v/v) and/or
ethanol-toluene-water (17:411; v/¥)e The compounds wers
introduced on to the column in the same solvent system used
for developmente. It was found that good resolution of a
mixture of hydrocarbons having a reasonable difference in
Re values, was obtained using 100 ge of acetylated cellulose
per 100 mg. of the mixture.

Thin layer

chromatography on alumina, silica gel, end partially
acetylated cellulose??s was employed prior to the use of the
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sappropriate column chromatography in the latter experiments.
The plates (20 x 20 cm.), prepared using & "Desage"
spreading device adjusted to give a layer of 275 u
thicknees, were developed by the same solvent systems as the

corresponding columnse

Ultraviolet Spectrpe- These were determined in
95% ethanol, using an Optica CF4 recording spectrophotometers

Infrared Spectirfe— These were determined elther
on a Grubb Parsons Model S84 double beam spectrophotometer or
on & Perkin-Elmer Model 137 Infracord spectrophotometer.

The measurements were made as solutions in carbon

tetrachloride or s liquid filma.

Fluoreasgence Spectra.- These were determined on
a Farrand Model 104242 spectrofluorimetere. The best

resolution was usually obtained using hexane as solvent.

Identification of Productg.~  The products isolated
by chromatography on partially acetylated cellulose or

acetylated paper, were identified malnly by comparison of
their ultraviolet, infrared, and fluorescence spectra with
those of authentic specimens or with published spectiral
date where suitable standards were not aveilable.?5®

Where possible, the identity of a compound was confirmed by
determining its melting point and mixed melting point.
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relative amounts of the compounds preasent in the pyrolysis
products were determined by direct weighing; however, for
relatively small emounts or for mixtures which could de
separated only with difficulty, the measurement of the
intensities of suiteble peaks in the ultraviolet absorption
spectra was preferred. The calculation was carried out
by ueing a table of extinction coefficlents showing the
contribution to the optical density at the maxima of &
solution containing 1 Hge/c.c. of a compound. Table 7.1
1ists the values which were determined under the
experimental conditions by Spotswood"' and extended in the
present investigation. The relative concentrations of
unseparated mixtures were determined from the absorption
curve of the mixture by solving the simultaneous equations
obtained for the optical density at two or more points of
the spectrume.

The general scheme for the geparation of a

pyrolysis product is shown in Figure Te2e

Melting Pointge- All melting points, with the
exception of samples in evacuated capillaries, were

determined on a Zeiss hot stage microscopee.

Radjoactive Aspay.- Specimens were assayed for
redioactivity, with an end-window counter, as infinltely

thick, solid samples of 1 cmé cross-sectional area,®4 and



Tgble 7.1

CONTRIBUTIONS TO THE OPTICAL DENSITY OF SOLUTIONS CONTAINING 1 uge/cece. OF A COMPOUND

Sompound Wavelength (mu) | Opticel Density Compound Wwavelength (mu) | Optical Density
Acenaphthylene 323 0.055 Ferylene 40b 0.084
334 0.0206 3L 0.120
34O 8.027 1,2=-Benzopyrene 347 0.088
Fluorene 260 Oe116 333 C.150
301 0.059 3,l=Benzopyrens 365 04092
Phenanthrene 252 0.362 385 De105
275 0.075 1oL 0.013
282 0‘056 3yl4=Benzofluoranthene 29 0,08l
25k SelB7e 301 Ce160
Anthracene 253 1.05 354 0.036
323 O°OO§ 11,12-Benzoflusranthens 297 Ce17C
339 0.011 30% 04210
357 0.025 380 0. 0igly
377 0.031 102 0.0L7
Pyrene 274 0e200 1s12-Benzoperylene 289 0.125
3056 0,050 300 0175
319 0.140 363 0.062
335 0.260 38 0,087
Fluoranthene 236 0.25? 2,8 {g~Phenylene)pyrens 301, Co132
263 9063 316 Gel15
278 0.108 364 04059
288 0.220 378 0,050
1,2~-Benzanthracene 278 0.305 386 Cell42
289 CrieE Anthanthrene 233 0,284
2s3=-Benzofluorene 255 0.232 307 Ce292
260 0.31C 130 G256
31; 8’292 Coronene 302 0.736
3l 03 339 0175
Chrysene 267 0.640
320 0.057
10,11-Benzofluoranthene 318 Ce125
333 0.053
365 0.031
383 0.052
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counting rates were corrected for background and deasd time
of the instrument. The counting equipment consisted of
an EKCO sutomatic scaler type N530D, in conjunction with
an EKCO probe unit type N 558 and an EW 3H Geiger tubes

Zal  PYROLYSIS GF [1-'4CIIETRALIN

Redloactive Apsaye.- Specimens were essayed for
radioactivity using the method previously described, ?4

The statistical counting error wﬁs calculated as standard
deviations for each series of counts and, with the exception

of benzene, was not greater than 2%.

[earboxy-'“C \Phenylbutyric Agide.-  Barium
[?4C]carbonate (120 me; 16648 mge) was diluted with inactive
parium carbonate (6.04 g.) and placed in a flask attached
to a vacuum line. The carbon dioxide evolved on addition
of sulphuric acid to the solid was condensed 1n a flask
cooled in 1liquid air, and then dried by distillation from
a bath maintained at -80°C. A Grignard reagent, prepared
from 1-bromo-3-phenylpropane?3® (6,18 g.), magnesium (0.75 g.)
and anhydrous ether (50 cec.), was diluted with benzene
(20 c.c.) and the reaction flask attached to the vacuum line,
cooled in liquid air and the system evacuated. The flask
was then warmed to -20°C, using a bath of solid carbon
dioxide-ethanol and allowed to equilibrate for 10 min.

The solution was stirred magnetically and the '4C carbon
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dioxide introduced into the reaction flask. When most of

the carbon dioxide had reacted, the bath temperature was

lowered over a period of 15 min. to =70°C with continued
stirring. The excess carbon dioxide was re-condensed and

the reaction flask removed from the line. The Grignard
complex was decomposed with 20% sulphuric acid (20 ce.c.) at
-20°C, and the agueous layer extracted with ether. The
combined organic layers were extracted with 10% aqueous

sodium hydroxide (3 x 25 cec.) and the resulting solutlon
treated dropwise with concentrated sulphuric aclde The
acidified mixture was extracted with ether (2 x 25 ceCe))

washed with water, dried over magnesium sulphate and the

ether evaporated, Recrystallisation of the residue from

1ight petroleum (bspe 30-40°C) gave [carboxy-!4Clphenylbutyric |
acid (2.8 ge)e |

[4-14C]Tetralons.-  Fhosphorus pontachloride (5 ge)
was added over a period of one minute to a stirred ice-cold
solution of the above acid in benzene (10 CeGe)e The
mixture was then warmed to boiling and heated under reflux
(5 min.), cooled to -15°C and stammous chloride (5 cece) in
benzene (5 ce.Ce) added dropwise with the temperature
maintained below 0°C. Stirring was continued (L5 mine.)
and a mixture of ice and concentrated hydrochloric acid
added. The whole was then heated under reflux with
vigorous stirring (1 hre), cooled, the organic layer
separated and the agueous phase extracted with benzene (3 x
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15 GeCo)e The combined organic solution was washed
successively with water, 10% agueous sodium carbonate,
water, agueous sodium chloride and dried over calcium

sulphate. Evaporation of the solvent in a stream of dry

air gave crude [41-!“C]tatralone.

[1-'4CIretraline.- A mixture of the above tetralone,
"AnalaR" acetic acid (8 ce.c.), 70% perchloric acid (9 drops),
and 5% palladium on charcoal (2 g.) was hydrogenated for
10 hr. at a pressure of 50 1b./in.® in a Cook and Son's
low-pressure hydrogenator adapted for semimicro worke. The
catalyst was removed by filtration through a sintersd glacs
funnel, and washed with ethanol (5 ceCe)e The filtrate
was made alkaline with sodium hydrcxide solution and extracted
with ether (2 x 10 ceCe)e The ethereal extract was washed
with water, dried and evaporated, the residue diluted with
purified inactive tetralin (25 g.), and the mixture
distilled. Further guantitiss of inactive tetralin were
added from time to time, until the residue on testing was
found to be inactive. At this stage half the distillate
(approx. 50 ge) was diluted with insctive tetralin to give

239
[1-14C]15etralin (500 ge) bepe 207-208°G, o&t 1+5u04 (1ites
nd? 1.5402) which on Van Slyke-Folch oxidation gave barium

carbonate which was collected for radiocactive esesay (Found:
relative molar activity x 10 2, 22,2 % 0.24).

Degradation of [1-?“ClTetrelin.- A mixture of
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[1-14C]tetralin (1 go) and nitric acid (g. 1.2; 200 CeCo)

was heated under reflux (12 hr.)e. Solid nitration products
which separated on cooling were removed by rfiltration and

the mother liguor extracted with potassium carbonate
solution. The alkaline solution was acldified and
continuously extracted with ether (12 hre). Evaporation of
the solvent and recrystalligation of the residue from water
gave phthalic scid, meps 212-213°C (Found: relative molar
activity x 402, 21.5 £ 0.06; 1% requires 22.2).

Pyrolveis of [1-1“Clretralin.~  [1-!“ClTetrelin
(500 g.) was pyrolysed under similar conditions to those
deseribed for the inactive compound.®® The active
tetralin was vaporised (6 drops/min.) and paesed in a streem
“fof nitrogen (1 cece/sec.) through the pyrolysis tube
maintained at 700°Ce. The exit gases were passed through
liguid air traps and then through bromine water. The
pyrolysate (295 g.) was combined with chloroform washings
from the pyrulysis tube (12 ge after the removal of
chloroforn), and the whole distilled to give fractions (g)
bepe 20-85°C/760 mme (10 go); (L) beps 85~100°C/760 mm.
(15 g+); () bepe 100-170°C/760 mm. (9 ge); (&) bere
95-100°C/20 mms (255 ge); (&) bepe 100-110°C/20 mme (10+3 ge);
and (f) a residue (87 g.)e

Analysife- Separation of the components of the

various fractions was effected by ges-liquid chromatography,
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chromatography on activated alumina and on columns of
partially acetylated cellulose, &8s previously describved.®?
Products obtained following chromatography on partlally
scetylated cellulose often contained traces of resinous
material. This was removed by repeating the chromatography
on alumina, or by the inclusion of a 24~5 cm. layer of

alunina at the base of the column of acetylated csllulose.

Eractione (a), (b), (c)s (a), gnd (e)e-  Fractions
(g) and () were examined by gas-liguid chromatography and
ghown to contain benzene and toluene. Fraction (g) was
found to contain bengzene, toluene, ethylbenzene, styrene,
indene, and naphthalene. Fractions (d) and (g) were found

to contain almost entirely nephthalene.

Examipetion of Regidue.~  The residue (£) was
dissolved in chloroform, adsorbed on alumina (1 kg.) and the

solvent removed in vacuog. The resulting solid mixture was
then added to a column (150 x 10 cm.) of alumina (7 kge)
using hexane. Elution with hexane (75 1l.) gave 1 1.
fractions which were recombined on the basis of their
fluorescence spectra to give new fractions 1-20, Further
elution of the column with mixed solvents gave the following
additional fractions: hexane-benzene (1:10, v/v}; 16 1.),
fractions 21-27; hexane-benzene (1:4, v/v; 18 l.);

fractions 28-35; hexane-benzene (1:2, v/v; 20 l.),
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fractions 36=4ii; hexane~benzene (1:1, v/v; 10 1l.), fractions
45-48; and chloroform (15 1l.), fractions 49-50. Using

the techniques described below, the following pure substances
or their derivatives were imolated for radiochemical

analysise

LSOLATION AND RADIOCHEMICAL ANALYSIS

Etbvlenge~ The 1ligquid condensed in the liquid-air
trap (gaes 20 g.) was allowed to warm gradually (12 hr.) and
the gas evolved bubbled through bromine water using a sintered
glass bubbler. The resulting solution was made alkaline
with poteassium hydroxide, extracted with ether, and the
ethereal solution dried over calcium chloride. Evaporation
of the ether and distillation of the residue gave ethylene
dibromide, bepe 427-129°C/756 mm. A sample was oxidised
by the Van Slyke=~Folch technigue end the resulting barium
carbonate collected for radiocactive assay (Found: relative

molar activity x 102, 6.1 £ 0.05; 4% requires 22.2),

Benzeng.- Isolated from fraction (g) by gas-
1liquid chromatography using a Beckman Megachrom and shown to
be identical with an authentic specimen by infrared
spectroscopye Van Slyke-Folch oxidation gave barium
carbonate which was collected for rediocactive assay (Found:

relative molar activity x 10723 0.2 % 0.06),
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Toluenge- Isolated from fraction (g) by gee-
liquid chromatographye Ite infrared spectrum was identical
with that of an authentic specimen. The barium carbonate
obtained on oxidation was subjected to radiochemical assey
(Foundt relative molar activity x 107%; 7.1 £ 0.09; 1%C
requires 22.2).

Styrene.- FPraction (g) was fractionated through
a 10 cme Vigreux column and all distillate boiling below
450°C, wee collected and subjected to gas-liquid
chromatography in the Megachrome The product collected was
shown by infrared gpectroscopyo to be almoat pure styrene.
A sample was oxidised to barium carbonate which was collected
for radiocactive assay (Found: relative molar activity x 10=%,
12.5 £ 0.18; 19C requires 22.2).

dndense- The reasidue from the redistillation of
fraction Qg) was chromatographed using a Griffin and George
chromatograph and the indene collected, with a special
collecting attachment,?352 Van Slyke~-Folch oxidation gave
barium carbonate which was collected for radiocactive
assay (Found: relative molar actlvity x 1072, 15.4 ¢ 0.28;
4%C requires 22.2).

- Baphthalene.~ A sample of fraction (d) was
recrystallised from ethanol to give naphthalene, mepe

80-80.5°C, which was subjected to radioactive assay (Found:



relative molar activity x 10™%, 22,2 ¢ 0.08; 1%C requires
2242)e

Acenaphiheng.- Removal of the solvent from
fraction (g, 8) gave an almost colourless solid which on
recrystallisation from light petroleum (b.p. 30-40°C) gave
acenaphthene (gge 100 mgs), mepe 94=95°C, which was not
depressed on admixture of an authentic sample. The
ultraviolet spectrum showed maxima at 228, 243 sh., 266,

280, 289, 301, 306 sh., 314, and 321 mp, in agreement with
the literature?4°24! (Found: relative molar activity x 107%,
30,4 £t 0.07; 1%C requires 22.2). This compound wes not
jsolated in the pyrolysis of inactive tetralin.®®

Fhenanthreng.- Fractions 11-13 (shown by

uliraviolet spectroscopy to contain mixtures of phenantihrene,
anthracena, and 2-phenylnaphthalene) were combined and
evaporated. The residue was heated under reflux with
ethanol {50 c.c.) and nitriec acld (1 c.ce) for 1e5 hre
Removel of the solvent gave a residue which was diesolved
in benzene and chromatographed on aluminse Elution with
hexane, followed by evaporation, gave a colourless solid
shown by ultraviolet and fluorescence spectroscopy to
contain phenanthrene and 2-phenylnaphthalenes Treatment
of the solid with picrie acid and recrystallisation of the
product from benzene-hexane (1:2, v/v) gave phenanthrene

picrate, mepe 139-141°C (Found: relative molar activity x
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1072, 18.7 £ 0.15; 41%C requires 22.2). The picrate was
decomposed by chromatography on slumina in hexane and the
resulting phenanthrene recrystallised from ethanol to give
plates, mepe 97-98°C (Found: relative molar activity x 1072,
162 % 0.21; 19 requires 22.2).

Anthracenge- Further elution with benzene of the
chromatogram obtained following oxidation of fractions 11-13
gave a fraction from which 9,10-anthraguinone crystallised.
The so0lid was removed by filtration and washed with light
petroleun (bep. 30-40°C) to give 9,10-anthraquinone as
needles, mepe 28.-285°C (sealed capillary) (Found: relative
molar activity x 1072, 18.6 £ 0.,07; 4% requires 22.2).

2=-Fhenylnephthaleng.- This was isolated by
chromatngraphy of fraction 44 on a column of partially

acetylated cellulose. On recrystellisation from light
petroleum (bep. 30-40°C), the product had mep. 99-101°C and
its ultraviolet absorption spectrum was in agreement with
the data given in the literature?¢! (Found: reletive molar
activity x 1072, 21.2 * 0,28; 4% requires 22.2).

‘- hthyle.- The crude phenanthrene fraction
(15-22) was rechromatographed on & column of acetylated
cellulose to give 1,1'-binaphthyl, fluorene, and
phenanthrene. The 1,1'=-binaphthyl crystellised from
hexane as colourless prisms, mep. 159-160°C (Found: relative

molar activity x 1072, UL5¢4 & O.13 29 requires Llieli)e
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222'-Binaphthyle~ Fraction 24 was recrystallised
twice from ethanol to give 2,2'-binaphthyl, mepe 184=-185°C
(Found: relative molar activity x 107%, L5.4 t 0.19; 2%C
requires lliei)e

2, 3-Benzofluorens (11 H-Bengo(vlfluorene).-
Fractions 26-28 were combined and chromatographed on
acstylated cellulose. The resulting product was
recrystellised from ethanol to give 2,3=benzofluorene as
colourless plates, meDe 204=206°C (Found: relative molar
activity x 1072, 3347 £ Oe1; 4% requires 22.2).

A sample of crude 2,3-benzofluorene (1 g.) was heated
under reflux with sodium céichromate (2 ge.) in acetic acid
(20 cece) for 2 hrs = The mixture was poured into water,
extrected with chloroform, dried, and the chloroform solution
pussed through a column of aluminae The first frections
gave 2,2'=binaphthyl as colourless plates, mepe. 185=186°Ce
Subsequent fractions gave 2,3-benzofluorenone which
crystallised from ethanol as yellow needlesd, MeDe 150-151°C
(Found: reletive molar activity x 1072, 32.4 & O.4; 19C
requires 22.2).

1s2-Benganthracene (benzlelanthracene).-
Chromatography of fraction 28 on partially acetylated
cellulose, and recrystallisation of the product from ethanol
gave 1,2-benzanthrasens, mepo 159=159.5°C (Found: relative
molar activity x 40, 35.9 * 0.21; 2%* requires LlL.l)e.
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3sl-Benzophenanthrene (benzolelphenanthrene.-
Crude 3,4~benzophenanthrene obtained from fractions 29-30
(1 go) was oxidised with sodium dichromate (2 g.) in glacial
acetic acid (10 c.c.) by heating under reflux for 30 min.
The mixture was poured into water (15 ceCe) and continuously
extracted with cyclohexane (8 hre)e. The crude product
which separated after concentration of the solution, wasn
collected and recrystellised from cyclohexane.
3s4-Benzophenanthra~9,10-guinone formed red needles, meDe
185-186°C (Found: relative molar activity x 1072, 32.0 & 0.1;
1%C requires 22.2).

chryaeng.~ Recrystallisation, from ethanol, of
the residue from fraction 32, gave chrysene, meDe 251-252°C
(Found: relative molar activity x 1072, 37.0 % O.74; 2%C
requires Lliel)e

Perylenge.- A portion of fraction 34 was
chromatographed on partially acetylated cellulose. Of the
19 fractions collected, the 6th and 7th were shown by
ultraviolet and fluorescence spectroscopy to contain
perylene. Chromatography of these two fractions on
alumina, and recrystallisation of the product from ethanol
gave perylene, mep. 270-271°C (sealed cepillary). The
sample was diluted with an equal quantity of inactive
perylene for radlochesmical analysis (Found: relative molar

activity x 41072, 42.5 % 0.53;3 2¢ requires Llie4)e
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10,11-Benzofivoranthene (henzolJlfluoranthene).-
Fraction 35 was chromatographed in two parte on columns of
partially acetylated cellulose (25 x 7.5 cme)e The
appropriate fractions were combined on the basis of their
ultraviolet end fluorescence spectra, and chromatographed on
alumina. Further chromatography of the products on a
column of partially acetylated cellulose followed by
chromatography on alumina gave, after two recrystallisations
from ethanol, 10,11-bensofluoranthene, m.p. 160-161°C (Found:
relative molar activity x 1072, 43«1 % 0,233 2% requires
Wielt) o

14,12-Benzofivoranthene (benzolk1fluoranthens).-
A portion of fraction 37 was chromatographed on partlally
acetylated cellulose and those fractions shown by thelr
ultraviolet and fluorescence spectroscopy to contaln
11,12=benzofluoranthene, were combined and rechrbmatographed
on alumina. Recrystallisation of the product from ethanol
gave 11,12-benzofluoranthene, meps 214-215°C (Found: relative
molar sctivity x 1072, 432 £ 0.23; 2% requires LlLel)e.

3.4-Bengofluoranthene (benz(elacephenanthrylene).-
Fractions 3l4~37 containing 3,4-bensofluoranthene were
combined and rachromatographed on acetylated cellulosee.
Recrystallisation of the product from aqueous ethanol
(charcoal) gave 3,L~benzofluoranthene as colourless needles,

mepe 165-166°C (Found: relative molar activity x 1072,
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38.3 £ 0423 19C requires 22.2).

3al-Banzopyrene (benzo([elpyreng).-  Chromatography
of the benzopyrene fractions on acetylated cellulose and

recrystallisation of the residue from ethanol and finally
from 1ight petroleum (b.p. 30~40°C) gave 3,4~benzopyrene as
yellow needles, meDe 175:5-17€45°C (Found: relative molar
activity x 1072, 43.3 £ O.13 2%C requires Ll.4).

p=Decane.- n-Decane (BeD.H. reagent) was purified
by fractional distillation over sodium. The fraction
bepe 173-174°Cs n}® 144279 (11te, nf® 1.41203, of*
1.40967; 242 nﬁ? 1441189, nﬁ' 1140967 2%45) contained no
impurities which could be detected Ly gas-liguid
chromatographye

Pyrolyaig.- n-Decene (100 ge) was vaporised at a
rate of 7 ge./hr. by adding the liguid dropwise directly into
the pyrolysis tube, and the vapour carried in a stream of
nitrogen (1 c¢e.c./Bec.) through the tube which wae maintained
at 700°C in an electrically heated furnace.®  The
resulting dark brown fluid tar (13.9 g.) and samples of the

exit gases were collected.

Anplveige.- The tar was distilled at atmospherie

pressure and then under reduced pressure to give fractions
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() bepe UO-B0U°GC/760 mme (22 go)p (R) bep. 80-100°C/760 mme
(3e1 go)s (g) Dope 4O-100°C/30 mme (Le7 go)» aud (@) &
residue (3¢9 ge)e

Fractions (g)-(g) were examined by gas-liquid
chromatography using Apieson L supported on Celite (40-80
mesh; 1:4 w/w) as stationary phase and nitrogen as carrier
g8Be Peaks corresponding to butane, pentane, hexane,
cyclohexane, benzene, toluene, p- and p-xylenes, styrene,
g-methylstyrene, indene, tetralin, and naphthalene were
cbserved. g L

The identities of the compounds were confir*ed, where
posaible, by infrared and ultraviolet sbsorption apéctroaQOpy
and the composition of the frections determined by standard
methodsa.

The residue Ql)'was chromatograephed on a column
(25 % 3 cme) of Spence alumina (200 g.) by dissolving the
whole residue in chloroform, adding alumina (45 Ee)s
evaporating the solvent on a water-bath and adding a quarter
of the resultent material on to the column in the ususl waye
The dark brown layer of alumins containing the reaidue‘was
covered with a layer of alumina (30 g.)e Elution gave
the following fractions each of 100  CeCe: hexane, fractions
1-24; hexane-benzene (1:12, v/v), fractions 25-48; hexane-
benzene (2:11, v/v), fractions 49-57; hexane~benzene
(3110, v/v), fractions 58-72; hexane-benzene (4:9, V/¥),

fractions 73-843 hexane-benzene (5:8, v/v), fractions



85-90; benzene, fractions 91-94; and the remalning
fractions each of 250 c.ce: chloroform, fractions 95-97;
ethanol, fractions 98-99; and diethyl ether, fraction 100.
On the baais of their ultraviolet spectra these fractions
were recombined to give sixteen fractions.

Of the latter, fractions 1-3 were further examined
by gas~liquid chromatogrephy, end the remainder by
chromatography on columns of partlally acetylated cellulose
and on partially acetylated paper where appropriste.?33s23<4

The following compounds were identified in the fractions

enumerated:
Fraction Sompound

2 Indene, tetralin, naphthalens,
1= and 2-methylnaphthalene, biphenyle

3 Tetralin, naphthalene,
1= and 2-methylnaphthslene, biphenyl,
diphenylmethane, bibenzyl, acenaphthylene,
Naphthalene, acenaphthylene.

5 Acenaphthylene, fluorene,
2-phenylnasphthelene; phenanthrene,
anthracene,

6 Fluorene, phenanthrene, anthracene,
pyrene, fluoranthene.

7 Fyrene, fluoranthene, .nethylpyrene,

methylfluoranthene.



Ergction

10

14

12

13

15

16

- 156 )

Gompound

Pyrene, fluoranthene, methylpyrene,
methylfluoranthene, 2,2'-binaphthyl,
1,2-benzanthracene, triphenylens,
1,2-benzofluorere, 3,L4-benzofluorene,
2p3-benzoflucrene,

1,2-Benzanthracene, triphenylene,
1s2-bensoflucrenes, 3,4-benzofluorene,
2,3-henzoflucrene, chrysene.
2,3-Bengofluorene, chrysene,
10,11-benzofluoranthene, 1,2-benzopyrene,
3yLi=benzopyrene.

{,2-Benzopyrene, 3,4 ~benzopyrene, perylene,
3, 4=benzofluoranthene,
11,12-bsnzofluoranthene.

1,2-Bengopyrene, 3,L~-benzgopyrene,
34~benzofluorenthene,
14,12-benzofluoranthene, 1,12-benzoperylene.
1,12-Benzoperylene, 7,10=-benzofluoranthens,
picene, 2,3-(g-phenylene)pyrene.
1,12=-Bengoperylene, coronene,

anthanthrene, methylpicsane.
1,12-Benzoperylene, anthanthrene,
methylpicene, 1,2:4,5~dibenzopyrene.
554:9,10~-Dibenzopyrene,
192:495~dibenzopyrene,
152:3,4~divenzopyrens,
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Methane.- Samples of the exit gases were collected
in a gas cell for infrared anslysis. Methane was identirfied
from the characteristic hand eystem in the 7.3-8.5 4 region
(maxima @t 74365 T-L3s Te52, 7462y Te66y T7e70p 778y 7482,
7¢88, 7490, 7eSls 74975 8¢05, 8+.10, 8417, and 8.22 u)e

Ethylenge.- Thie was identified from the
characteristic band system in the 3.0-11.5 i region (naxime at
9¢91, 10401, 10e44s 10621, 10e31, 1040, 1051, 10.755 10483,
10092, 41102, 1107, 1116, and 1125 H)e Its presence
was confirmed by the irolation of 1,2-dibromoethane obtained
on passing the exit gases through bromine water followed by
gas=1liguid chromatography of the bromo derivatives obtained.
The infrared spectrum of the 1,2-dibromoethane was. identlcal

with that of an authentic specimen,

Eropylene.- This wae identified in the exit gases
by its infrared spectrum in the 6.0-6.5 4 region. 1ts
presence was confirmed by the lsolation of 1,2-dibromopropane
by the procedure described for ethylene. The infrared
spectrum of the 1,2-dibromopropane was identical with the
published data.?44

But-1-eng.- Isolated as 1,2-dibromobutane, using

the same procedure as for esthylens. The infrared spectrum



- 458 =

of the 1,2~dibrcmobutane was jdentical with that of an

authentic specimen.

Acatyleng.- This was identified in the exit gases
by its characteristic ebsorption in the 12.5-14.5 4 region.

Butene.- I¢entified in fraction (g) by comparison
of the retention time ratio with that of an authentie

specimen,

Pentane.- Identified in fraction (g) by comparison
of the retention time ratio with that of an authentie

specimen.

Cyclohexange= Identified in fractions (g) end ()
by comparison of the retention time ratio with that of an

authentic specimen.

Benzena.- Isolated from fractions (a), (R), and
{g) by gas-liqguid chromatographye The infrared spectrum
(1iquid fiim) showed mexima at 3+25, 331y Ue31y Le53, 5.10,
5519 5705 6600, 6e31y EeSly 6765 72U, 8452, and G¢6T7 He

Toluend.- Isolated from fractione (g), (L), end
(g) by gae-liguid chromatogrzphye The infrared spectrum
(1igquid f£ilm) showed maxima at 329, 3.42, 3.u48, 364y 5Sells
538y 5559 5eThs 6422, 64569 669, 6e8lLy 70265 9425, 970y
1373, and 14eL2 fia

p- 8nd m-Xyleng.- Isclated from fraction (g) by
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gas-liguid chromatography. The infrared spectrum (1iguid
£ilm) showed maxima &t 3.30, 3.42; 348y 3+6L, 5420, 5.32,
5¢1429 5463, 5478y 642l 6462, 60735 6491y 7430, 8.60, 8.92,
9¢06, 958y 110025, 116319 12453, 1298, 134l and 14.46 He

Styreng.- Isolated from fraction (g) by sges-liquid
chromatographye. The infrared spectrum (liquid film) showed
mexime 8t 3¢20; 3625, 5105, 5¢30, 54505 5.70y 5290, 6414,
6622, 6431, 6652, 6e70, 6590, 708, 750, 760, 773, 8¢32,
8.50, 8468, 9065 94265 9785 10610y 11.00, 1191, 12,90,
and 14430 ue

a=Methylstyrenge.- Isolated from fraction (g) by
gas-1liquid chromatography. The infrared spectrum (liguid
£ilm) showed maxima at 3+22, 3¢325 Le355 516, 536, 560,
5¢86y 596, Gellyy 6028, 6.140, 6e735 6698, Te3Ly Tel2, 776,
796, 8460, 9.40, 9.80, 10,02, 10.54, 11.26, 12.83, and
1316 Lo

Indene.- Isolated from fractions (g) and (4, 2)
by gas-liquid chromatographye. The infrared spectrum
(1iquid film) showed maxima at 3+25, 3.u46, 3.60, 6.24, 6450,
6692, Te2ly 7eU0y 758, 7¢68, 782, 8420, 8.34, 8462, 8.9,
9440y 9e8ly 10565 1092, 1160, 12.06, 13.02, 13.70, 13.92,
and 14.42 e

Tetraline- Isolated from fractions (g) and (g, 2-3)
by ges-liquid chromatographye The infrared spectrum (liquid
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£i1m) showed maxima at 3:31s 3642, 3539 369, 5620, 5.42,
5.62. 5085’ 6.26’ 6.“0. 6-72’ 6.903 7030. 8.31’ 805“, 9.08’
9,28, 9-62. Qe 7lts 14e1ks 1157 13060. and 1432 fe

Nephthalene.~ Isolated from fractions (g) and
(4, 2=};) by gas<iiquid chrometography, end by chromatography
on partially acetylated cellulose. The ultraviolet
absorption egpectrum showed maxima at 248, 257, 266, 275, 285,
and 311 my; mep. and mixed m.p. 78-80°C,

Isolated from fractionsa

(g) and (g, 2-3) by gas-liquid chromatographye The
ultraviolet spectrum showed maxime at 224, 272, 278, 283,

287, 294, 294, 306, 313, and 320 mi. Attempts to separate
the isomers by further gas-liguid chromatography were
unsucceasful, but the predominance of the 2-isomer was inferred

from the sheps of the chromatograme

Biphenyl.- Isolated from fractions (4, 2-3) by
gas-liquid chromatographye. The ultreviolet spectrum
showed a meximum at 248 mp in agreement with that of san

suthentic specimen; m.p. and mixed meps 69-70°Ce

Diphenylmethane.- Isolated frcm fraction (4, 3)
by gas-liquid chromatographye The infrared spectrum

(11quid £ilm) showed maxima at 3.39, 3.40, 346, 3.52, 518,
5.58’ 6.00. 6.08. 602“. 603“. 6.72. 6092’ 7.28’ 7.&2. 7.62’
7486, 8.3l, Be50, 8470, 208, 9.30, 9.70, 9,98, 10,62, 10.88,
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11018’ 11.81{.’ 12.32’ 12-82. 13.50. and ‘”4.030 He

Bibengyl.- Identified in fraction (4, 3) by
comparison of its retention time ratio with that of an

authentic specimen.

Acensphihylens.- Isolated from fractions (d, 3~7)
by chromatography on partially acetylated cellulose. The

ultraviolet sbsorption spectrum showed maxima at 229, 258,
266, 276, 309, 323, 334, and 340 my in agreement with those

of an authentic specimen.

2=Fhenylnaphthalenge.- Identified in fractions
(dy 5-7) by chromatography on partially acetylated cellulose.

The ultraviolet absorption spectrum showed maxima &t 250 end
296 mi4 in agreement with those given by an suthentic

specimen.

Fluoreng.- Isolated from fractions (d, 5-9) by
chromatography on partially acetylated celluloses The
ultraviolet absorption spectrum showed maxima at 260, 290,

and 301 mg in agreement with those of an authentic specimens

Phenanthreng.- Isolated from fractions (4, 5-10)
by chromatogravhy on partially acetylated cellulose. The
ultraviolet absorption spectrum showed maxima at 243, 252,
275, 282, 294, 310, 317, 324, 331, 339, and 346 mi in
agreement with those of an authentic specimen; ma.Dpe. and

nixed mep. 96-987Ce



Anthracens.- isolated from fractions (g, 5-10) by
chromatugraphy ou partialiy acetylated celiuloae. The
ultraviolet absorption spectrum showed mexima at 246, 253,
308, 323, 339, 357, and 377 mu in agreement with those of

an authentic specimen.

Pyreng.- Isoclated from fractions (3, 8-25) by
chromatography on partially acetylated cellulosee. The
ultraviolet spectrum showed maxima at 234, 241, 253, 263,
27h4y 306, 319, 335» 351, 358, 364, and 373 mp in egreement
with those of an amuthentic specimen; m.p. and mixed mepe

145=-147°Ce

Fluoranthena.- Isolated Irom fractions (g, 10-26)
by chiromatography on partially acetylated cellulose. The
ultraviolet spectrum showed maxima at 236, 253, 263, 273, 278,
282, 288, 3C9, 323, 342, and 360 mu in agreement with those

of ean autheniic specimen; m.p. and miied meps 105-107°Ce

2s2'-Binaphthvl.- Identified in fractions
(4, 25-30) by chromatography on partially acetylated

cellulose. The ultruviolet spectrum showed maxima at 255

and 309 my in agreement with those of an suthentic specimen.

1:2-Benganthracene (Lenzlmlanthracene).-
Identified in frections (d, 25~35) by chromatography on
partially aceilylated cellulose. The ultraviolei absorption
specirun had naxima at 227, 256, 268, 278, 289, 300, 315,
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326, 341, 358, 365, 374, and 384 mu in esgreement with those

of an authentic apecimen.

Triphenylenge- Identified in fractions (d, 25-35)
by chromatography on partially acetylated cellulose. The
ultraviolet spectrum showed maxima at 250, 257, 275, 286,
316, 330, and 341 mg in agreement with those of an authentic

specimens

1a2-Benzofluorene (11 H-bengolalfluorense).-
Identified in fractions (g, 25-35) by chromatography on
partially acetylated cellulose. The uwltraviolet spectrum
showed maxims at 229, 238, 253, 257, 262, 274, 286, 294, 303,
316, and 340 my in agreement with those of an authentic

specimen.

3ali-Benzofluorene (7 H-bapzo[elfluorene).-
Identified in frections (g, 25-35) by chromatography on
partially acetylated cellulose. The ultraviolet spectrum
showed maxima at 230, 251, 262, 302, 311, 321, 329, and 337

mi in agreement with those of an authentic specimen.

2:3-Bengofluorene (11 H-benzolblfiuorens).-
Identiried in fractiona (g, 25-39) by chromatography on
partially acetylated cellulose. Ite ultraviolet spectrum
showed maxima at 255, 264, 273, 285, 304, 317, 325, 333, and

340 mi in agreement with those of an authentic specimen.

Chrygenge- Isolated from fractions (g, 31-39) by
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chromatography on partially acetylated cellulose. The
ultraviolet spectrum showed mexima at 242, 259, 267, 283,
294, 306, 320, 344, 351, and 363 myu in agreement with those
of an authentic specimen; m.p. and mixed mep. 253-254°Ce

10,11-Benzofinoranthone (kenzolslfiuorenthens).-
Identified in fractions (g, 36-39) by chromatography on
partially ecetylated cellulosee. The ultraviolet spectrum
showed maxima at 241, 282, 293, 309, 318, 333, 345, 365, 376,

and 383 nu in egreement with those of an authentic specimen,

i22-Benzopyrene (benzol[elpyrene).- Isolated from
fractions (d, 36-59) by chromatography on partially
acetylated cellulose. The ultraviolet spectrum showed
maxima at 238, 258, 268, 278, 289, 305, 317, 333, and 366 mu
in agreement with those of an authentic specimen; m.pe. and

mixed mep. 173-175°Ce

2,U-Benzopvrepe (kenzo[elpyrene).-  Isolated from
fractions (3, 36~59) by chromategraphy on partially acetylated

cellulose, The ultraviolet abeorption spectrum showed
maxime at 255, 266, 273, 284, 297, 332, 3L7, 365y 379, 385,
and 404 my in agreement with those of an authentic specimen;

meps a8nd mixed m.pe 174-176°C.

Perylene.- Identified in fractions (d, 4O-48) by
chromatography on partially acetylated cellulose. The
ultraviolet spectrum showed maxima at 245, 253, 263, 367,



386, 407, and 435 myu in agreoment with those of an authentie

specimen.

3,4-Benzofluoranthene (bens(e lacephensnthrylene).-
Isolated from fractions (g, 4O-59) by chromatography on
partially acetylated cellulose. The absorption spectrum
ghowed maxime at 239, 256, 266, 276, 290, 294, 301, 320, 339,
351, end 369 my in agreement with those of an authentic
specimen; m.p. and mixed m.p. 160-163°C.

11s12-Benzofluoranthene (benzolk |fluorantheng).-
Identified in fractions (g, 40-59) by chromatography on
partially acetylated cellulose. The ultraviolet spectrum
showed maxima at 238, 247, 269, 283, 297, 309, 361, 380, and

402 mu in agreement with those of an authentic specimen,

1s12-Benzoperylene (bengolenilperviene).-
Identified in fractions (4, 49-68) by chromatography on
partially acetylated cellulosee. The absorption spectrum
showed maxima at 268, 276, 289, 300, 315, 325, 330, 345, 363,

end 383 my in agreement with those of an authentic specimen.

Za10-Benzofluoranthene (hengo[ghi |fluoranthaeng).-
Identified in fractions (d, 60-68) by chromatography on
partially acetylated cellulose, The ultraviolet spectrum
shpwed maxima et 233, 245, 251, 260, 282, 291, 331, 348, 378,
398, and 420 mu in sgreement with those of an authentic

specimen.



- 166 =

Picene.- Identified in fractions (4, 60~86) by
chromatography on partially acetylated cellulose. The
absorption spectrum showed maxima at 232, 256, 274, 284,
301, 312, and 326 my in agreement with those of an authentie

specimens

2:3-(o~Phenviene)pyrene (indeno(1,2,3-cd]pyrene).-
Identified in fractions (g, 60~68) by chromatography on
partially acetylated cellulose. The abeorption spectrum
showed maxima at 259, 269, 277, 292, 30L, 315, 360, 376, 385,
402, 422, and 431 mu in agreement with those of an authentie

specimen.

Coronene.- Identified in fractions (d, 69=77) by
chromatography on partially acetylated cellulose. The
absorption spectrum showed maxima at 267, 278, 289, 292, 297,
304, 316, 3»23, 328, 332, 338, and 344 mu in agreement with

thoge of an authentic specimen,

Anthenthrene (dibengo[def-mno]ghryserne).-
Identified in fractions (4, 69-86) by chromatography on
partially acetylated cellulose. The absorption spectrum
showed maxima at 233, 256, 259, 295, 308, 365, 382, 402,
o7, 422, and 431 miu in egreement with those of an

authentic specimen,

122:Ls5=Dibenzopyrene (naphthol1s2,3,4-def Jchrygene )
Identified in fractions (4, 78-100) by chromatography on
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partially acetylated cellulose. The absorption spectrum
showed maxima at 241, 247, 251, 271, 291, 303, 324, 339, 35U,
370, and 372 mg in agreement with those of an authentic

specimen,

122:3,u-Dibenzopyrene (dibenzo(def,plchrysens).-
Identified in fractions (g, 87-10C) by chromatography on
partially acetylated cellulose, followed by chromatograshy
on partially acetylatad papare The absorption spsctrum
showed maxima at 262, 269, 290, 303, 315, 331, 355, 363, 372,

and 402 my in agreement with those of an authentic specimen.

3,4:9,10-Dibenzopyrene (benzo[ret]pentapheng).-
Identified in fractions (g, 87-100) by chrometography on

partially acetylated cellulose, followed by chromatography
on partially acetylated paper. The absorption spectrum

showed maxima at 232, 242, 273, 283, 296, 315 331s 353s 373

and 393 miu in agreement with those of an authentic specimen.

7+6 _ PYROLYSIS OF [d&-!4C]BUTYLBENZENE

di t: Vo= Specimens weré assayed for
radioactivity as previously described.®# The counts per
min. were determined by recording five readings per sample,
each of 5 min. duration. All assays were repeated three
times, either with a new sample, or with the original samrle

repacked. The statistical counting error was caelculated as
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standard deviations for each series of counts end (with the
exception of fluorene) was not greater than 1%. Samples
for counting were prepared by the "pellet" technique,?4®
using, when necessary, the modifications previously
described. Van Slyke-Folch oxidations were carried out

as described in the literature.?4¢

2-Hydroxv-u-phenyl(1-'“C Jout-3-ena.~  This was
prepared by vacuum line technique. Two ampoules, one of
methyl=-?4C iodide (1.5 mc, 453 mg.) and one of inactive
methyl iodide (Le23 gep 186 Cece) and a three-necked flask,
containing magnesium (0725 ge), anhydrous ether (50 cecCe)s
and anhydrous benzene (25 c.cCe), fitted with a low
temperature condenser and a pressure-equalised dropping
funnel, containing freshly distilled cinnamsldehyde?4”
(Lely gep 107, excess), were attached to the vacuum line
(see Figure 7.3), and the system evacuated. The active
methyl iodide was trensferred to the ampoule containing the
inactive material, and the mixture was then allowed to warm
until 1t had completely distilled into the three-necked
flaske When the formation of the Grignard complex was
complete (0.5 hre) the cinnemeldehyde was introduced
dropwise. Decomposition of the complex was effected by
the slow addition of aqueous ammonium chloride [AnalaR
ammonium chloride (2.8 ge.) in 10 cece. of water]e. When the
addition was complete, the solution was stirred for an

additional 30 min, The ether layer was decanted and the
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aqueous layer extracted continuously with ether (16 hr.).
The combined ather extracts were dried over calcium sulphate
end the solvent evaporated in a current of dry air. The

2-hydroxv-i-phenyl[1-'4Clout-3-ene®*® (L.l g«» 987%) was
obtained as an oil, bep. 89=90°C/2 mme.

2-lydroxy-l-phenyl[1-!4C]putang.-  The above butene
(4elh ge) in absolute ethanol (5 cece) and glaciel acetic

acid (5 drops) was hydrogenated over Adams' catalyst®4?
(120 mge.) for 16 hre The resulting
2=hydroxy=l-phenyl[1-'4Clbutane®4® (L.l g., 100%) was

obtained as a colourless viscous oil, be.p. 80-82°C/2 mm.

[é-14C]Butylbenzens.= A mixture of the above
hydroxyphenylbutane (4.4 ge) and phosphoric acid (85%; 3 cscs)
was heated under reflux for 2 hr. The ethereal solution
of the product was washed successively with water,
hj% aqueous sodium hydroxide, water, dried over magnesium
sulphate, and the ether evaporated. The unsaturated
compound was then hydrogenated in the same way as before,
and the resulting [d-74Clbutylbenzene distilled. Inactive
butylbenzene was added and the distillation continued to
give [¢='4C]butylbenzene, b.pe 182-183°C, ,.]')’ 1.4930

(11%.,2%9 ,,1')’ 14924, n32° 1.4936). Gas=liquid

D
chromatography of a saumple of the distillate revealed no
impurities. Van Slyke oxidation gave barlium carbonate

which was collected for radiocactive assay (Found: relative
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molar acceivity x 1072, 63.1 £ 0.28).

Butvlibenzene.=- Inactive butylbenzene was prepared
from butyric acid yia tutyryl chloride, followed by reaction
with benzene by the Friedel-Crafts method and reduction of
the resulting butyrophenone by the Huang-Minlon modification
of the Wolff-Kishner reactiocn.

Pyrolysis of [d-!“ClButyibenzeng.~
[§-14C]Butylbenzens (100 g«) wes vaporised at a rate of
7 g+/hr. and passed in & stream of nitrogen (1 ce.ce/secs)
through a silica tube maintained at 700°C as previously
described, ¥» 2% The resulting semi-solid derk brown tar
(51+8 ge) was distilled to give fractions (g) bep. 60-90°C/
760 mme (13.7 ge)s (R) beps 90-120°C/760 mm. (118 go)s (g)
bepe 60=100°C/30 mme (1.4 ge)» (3) bepe 100-130°C/30 mme
(8sl4 go)s and {g) a residue (13.04 ge)o

Analysig.- Separation of the components of the
various fractions was effected by gas-liquid chromatography,
chromatography on activated alumina and on columns of
partially acetylated cellulose, as previously describeda.®®
Radioactive assay could only be carried out on pure
compounds obtalned in sufficient guantities to allow the
accuracy of the determination to be unaffected by dilution.

Usually not less than 5-10 mg. were reguired.

Fractiong (a), (b), and (e).- Fraction (g) was
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shown by gas=liguid chromatography to contain benzene and
toluene, Fraction (p) was found to contain mainly benzene,
toluene, and styrene; and fraction (g), mainly styrene.

The compounds were separated and identified as described

below.

E;ggﬁzgn (a)e- Fraction (d4) wes chromatographed
on a column of Spence alumina (1000 gZ.)e Elution with
hexane gave fifty fractions each of 500 cecCe On the basis
of their fluorescence and ultraviolet spectra, these fractions
were recombined to glve five fractions. Naphthalene
(fractions 1-8), biphenyl (fractions 9-10), and fluorene
(fractions 17-20) were isolated by the technique described
below for the individual compounds.

Examination of Residue.-  The residue (g) in
chloroform, was added to alumina (200 g.) sand the solvent

evaporated. The resulting mixture was then added on to

the top of a column of alumina (1500 g.) end elution gave the
following fractions each of 500 c.c.! hexane, fractions 1-39;
benzens~hexsne (sp. gr. 0.695), fractions 40-49; benzene-
hexane (sp. gr. 0.700), fractions 50-55; benzene-hexane

(epe gre 2.710), frauctions £6-67; benzene-hexane (spe. gre
0.720), fractions 68-79; benzene-hexane {8p. gr. 0.730),
fractions 80-91; benzene-hexane (8p. gre 0Oe740), fractions
92-99; chlioroform, fractions 100-109; ethanol, fractions

110-117; and diethyl ether, fractions 118-120. On the
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basis of theilr fluorescence and ultraviolet spectra these
fractions were recombined to give fourteen fractlionse

By the technigue described belcw, the followling pure
gubstances or their derivatives were isolated from eight of
these fractionas: from fractions 13-18, phenanthrene and
anthracene; fractions 22-39, pyrene and fluoranthene;
fractions 40-55, fluoranthene, 1,2-benzanthracene,
1,2-benzopyrens, and chrysene; fractions 56-59,
2,3-bengofluorene; fractions 60=63, 3,4-benzopyrene;
fractiona 64-83, 3,4~benzopyrene and 3,4-benzofluoranthene;
fractions 96-99, 3,4-benzotetraphene; and fractions {100-120,

2,3-(g-ohenylene)pyrene,

DIOCHEKIC

Benzene.- This wes isolated from fractions (a) and
(h) ueing a Meguchrom preparative gas-liguld chromatograph.
The infrared spectrum of the product was identical with that
given by an authentic specimene Van Slyke=Folch oxidation
gave barium carbonate which wae collected for radioactive
assay (Found: relative molar activity x 107%, 8.3 % 0.06;
4% requires 63.1).

Toluenge=- Isolated from fractions (a) and () by

gas-liquid chromatographye. Its infrared spectrum was

identical witn that of an authentlc specimen. The barium

carbonate obtained by oxidation was submitted to radioactive
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assay (Found: relative molar ectivity x 107%, 7.8 % 0.05;
41C requires 63.1). Oxidation of the toluene (362 mgs)
was effected by heating under reflux with potassium
permanganate (41.242 ge) in water (20 ce.c.) for 8 hr. The
cold solution was acidifies with dilute hydrochloric acid
and extracted continuously with ether (16 hr.), the ether
removed by distillation, and the residue recrystallised
from water (chareosal). The resulting benzoic acid wes
obtained as colourlese needles, meps 122-122.5°C, and
submitted to radicactive aesay (Found: relative molar
sctivity x 1072, 7.4 % 0.04; 41%C requires 63.1). The
benzoic scid (65 mg.) wes decarboxyleted in e stream of
carbon dioxide=-free niirogen by heating under reflux with
copper hronze (45 mge.) and freshly dietilled quinoline.

The exit gas was bubbled through a 4% solutlion of barium
hydroxide in a two-necked flask protected with a potassium
hydroxide tube. The resulting bariuﬁ carbonate was
collected and subjected to radiocactive assay (Found: relative
molar activity x 41072, L4 2 0.02; 1%C requires 63¢1)e The
residue from the decarboxylation was diatilled to give two
fractions. Gas=liquid chromatography of the firet gave
benzene, which wes cxidised and converted into barium
carbonate for radiochemicsl analysie (Found: relative molar

activity x 1072, 2.0 % 0.05; 1%C reguires 63.1).

Styreng.- This was isolated from fractions Ch)
and (g) by gas-ligquid chromatography using & Megachrom unite.



- 175 -

The infrared spectrum was identical with that of an authentie
specimen. Van Slyke-Folch oxidation gave barium carbonate
which wes collected for radiocactive assay (Found: relative
molar activity x 1074, 18.5 £ 0.16; 41%C requires 63.1).
Oxidation of the styrene (120 mge.) in glacial acetic

acid (6 g.) was effected by warming the solution to 85°C and
adding hydrogen peroxide (50%; 2 ge) over a period of

5 mine. The mixture was heated with stirring (1 hr.) and
the warm solution poured into water (9 cecs)e The solution
wae basified to pH 10.5 with 25% aqueous sodium hydroxide
with warming and stirring, and acidified with concentrated
hydrochloric acid to pH 2.5. Continvous extraction with
ether, removal of the solvent, and recrystaellisation of the
residue from water (charcoal) geve benzoic acid as needles,
mepe 120-121°C. The product was diluted (1:2) with
inactive material and subjected to radicactive assay (Found:
relative molar activity x 1072, 11.6 * 0.05; 1%C requires
63e1)0 The diluted benzoic acid (30 mg.) was
decarboxylated in a stream of carbon dioxide~free nitrogen
by heating under reflux with copper bronze (20 mge) and
freshly distilled gquinoline (4 cece) for 2 hre. The carbon
dioxide evolved was absorbed in a 4. solution of barium
hydroxide a8 in the case of toluene oxidation, and the
resulting barium carbonate subjected to radioactive assay
(Found: relative molar activity x 1072, 1.3 & 0.00; 1%C
requires 63.1).
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Napthalene.- This wes isolated from fractions
(4» 1-8) following chromatography on alumina.
Recrystallisation from ethanol and finally from light
petroleum (b.p. 30-40°C) gave the naphthalene as plates,
mep. 80-80.5°C (Found: relative molar activity x 1072,
63.1 £ 0.12; 1¢C requires 63.1).

Biphenyle.- This was imolated from fractions
(dy 9-1C) following chromatography on alumina.
Recrystallisation thrice from ethanol gave plstes, mep.
67-68°C, The product wae diluted with insctive biphenyl
(41:1) and subjected to radicactive essay (Found: relative
molar activity x 10=2, 17.1 % 0.06; 1%C requires 63.1).

Fluoreng.- Isolated from fractions (4, 17-20)
follcwing chromatography on alumina. Repeated
erystallisation from ethanol gave plates, m.pe 115-116°C
(3 mge), which were diluted with inactive material (30 mge)
for radioasctive assay (Found: relative molar sctivity x

10-2. 15.1-]. *+ 1.32; 1%C requirea 6301)0

Anthraceng.- Chromatcgraphy of fractions
(fq, 13~-18) on alumina, followed by chromatography on
acetylated cellulose, gave a mixture (2.0 g.) of anthracene
and phenanihrene. Oxldation®%! of this was effected by
heating under reflux with ethanol (50 c.c.) and concentrated
nitric acid (1 ge) for 1.5 hre The orange-yellow product

was dissolqu in a minimum amount of benzene and
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chromatographed on a small column of“alumina using hexane
and bengene as eluents. Ten fractiona each of 250 c.cC.
were collected: hexans, fractions 1-7; and benzens,
fractions 8~-10. The first five fractions contained
phenanthrene; and anthraguiusoie wea isolated from frections
7 and 8. | After two recrystallisations from ethanol,
anthraguinone was obtained as fine nsedles, m.p. 287-288°C
(evacuated capillary) (Found: relative molar activity x 1072,
5147 £ Oe13; 49%C requires 63.1), r

Fhenanthrane.- Fhenantihirene obtained above was
practically puree. It was recrystallised from ethanol to
give needles, m.p. 98-99°C, and subjected to radiocactive
essay (Found: relative molar activity x 1072, 348 ¢ 0.15%
1% raquires 63.1). A solution of phenesnthrene (0«3 go)
in zlaclal acetic acid (8 ge) was warmed to 85°C and
hydrogen peroxide (50%; U4 ge) added over a period of 10 min.
The mixture was heated with stirring (1 hr.), and the warm
solution poured into water (12 cece)e The mixture was
basified to pH 10.5 with 255 aqueous sodium hydroxide with
warming and stirring; and ascidified with concentrated
hydrochloric acid to pH 2.5. Continuous extraction with
ether (16 hr.), removel of the solvent and recrystallisation
of the yellow crystalline residue from aqueous acetic acid
(charcoal) gave 2,2'-biphenic ecid as needles, mspe 230-231°Ce
The product wes submitted to radiocactive assay (Found:
relative molar activity x 107, 33.7 t 0.13; 19C requires
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63e1)e Decarboxylation of the 2,2'-biphenic acid (0.08 ge)
was effected by heating ander reflux 1n‘fresh1y distilled
quinoline (6 c.c.) with copper bronze (0.05 g.) for 3 hre in
s stream of carbon dlioxide~free nitrogen. The gas was
bubbled through a 4% aguaous solution of barium hydroxide and
the resulting barium carbonate collected for radlioactive
assay (Found: relative molar activity x 102, 11.3 * 0.05;
18C pequires 63.1). The residue wae acidified with
hydrochloric acid and continuously extracted with ether

(15 hre)e. Removal of the ether and recrystallization of
the residue using light petroleum (b.pe 30-40°C) gave
biphenyl es plates, meps 66-67°Ce The product wase

oxidised by the Van Slyke~Folch method, collected and assayed
88 barium carbonate (Founds relative molar activity x 107,

22,9 £ 0,1; 19C requires 63¢1).

Byreng.- This was lsolated from fractions
(es 22-39) by chromatography on acetylated celluloas,
followed by chromatography on aluminae The crude product
(0.5 go) was dissolved in nitrobenzene (35 c.c.) and
bromine (0.6l Ce.Ce, 25% excess) added. The mixture was
warmed to 150°C over a period of 20 mine., end maintained at
this temperature for 15 min. The product was collected,
washed with benzene (5 ce.c.), dried, and recrystallised twice
from nitrobenzane to give 3,5.8.10—tetrabpomopyrene as
yellow needles, mepe L400-401°C (evmcuuted capillary) (Found:
relative molar activity x 1072, 123.3 & OJ4i; 29C raguires
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Fluoranthene.- Isolated from fractions (g, 22-55)
by chromatography on acetylated cellulose, followsd by

chromatography on aluminsa. Recrystallisation from ethanol
gave pale yellow needlas, mepe 106-107°C (Found: relative
molar sctivity x 102, 58¢1 £ 0.16; 1% requires 63.1).

1:2-Benganthracene (heng(elaathrecene).-  Crude
1s2=benzanthracene (0.1 g.) was ipolated from fractions
(es 40~55) by chromatogrephy on acetylated cellulose, followed
by chromatography on alumina, The product was oxidised by
heating with sodium dichromete (0.2 g.) in acetic acid (3 csce)
on a water-bath for 10 min. Chromatography of the
resultant solid on alumina using hexane and benzene, and
recrystallisation of the producti from methanol, gave
1,2-benzanthraquinone ag orange-yellow needles, m.p. 166=167°C
(Found: relative molar activity x 1072, 72.3 % 0.16; 1%C
requires 63.1).

Chrysene.- This was isolated by chromatography of
fractions (g, 40-55) on acetylated ceilulose, fcllowed by
chromatography on alumina. Recrystallisation from ethanol
gave plates, mepe 254-255°C (Found: relative molar activity x
1072, TLe6 % 0.27; 41" requires 63.1). A mixture of the
labelled chrysene (50 mg.), inactive chrysene (180 mgs),

sodium dichromate (1.08 g.) and acetic acld (10 cecs), was
heated under reflux (2 hr.) and tnen poured into water
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(12 cuc.) . 252 The product wae collected and purified by
chromatography on a column of alumina (17 x L4 cme) using
benzene and chloroform as eluents; 12 fractions each of

250 ce.ce were collected: benzene, fractions 1-5; and
chloroform, fractions 6-=12. On the basis of their
ultraviolet absorption spectra fractions 7-11 were combined,
the solvent removed by distillation and the red residue
recrystallised from tolnene. Chrysa=-1,2-guinone was
obtaired as long red prisms, m.p. 240-241°C, and subjected to
radiochemical assay (Found: relative molar activity x 1072,
74e7 * 0e12; 1%C requires 63.1). The chrysaguinone (50 mge)
was diluted with inactive quinone (300 mge.), intimately
mixed with lead dioxide (L90 mg.), and the mixture added with
stirring to potaseium hydroxide (1.4 ge) and water (0.5 c.ce)
maintained at 225-235°C in an oil-bath.%5% After the
addition (10 min.), the melt was maintained at 225-235°C

for 0.5 hr. The cooled mass wae extracted with water,

the filtrate acidifled with hydioehloric acid, and
continuously extracted with ether (5 hrs). The solvent
was evaporated and the residue crystallised from agueous
acetic acid (charcoal)e. The crude yellow product was
aguin recrystallised from acetic acld to give
g-(2-naphthyl)benzoic acid (a~chrysenic acid) as colourless
needles, m.ps 189-190°C, The product was subjected to
radicactive assay (Found: relative molar activity x 10~%,

7109 £ 0.78)e The mother liguors were evaporated and the
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residue heated with a little water end excess barium
hydroxide added. The residual barium hydroxide was removed
as barium carboreste by treatment with carbon dioxide. The
resulting solution was concentrated to give the barium salt
of the scid which was collected and treated with hydrochloric
acld. 2=-FPhenyl~i-naphthoic acid was obtained as a light
brown erystalline powder, meps 111-113°C. This scid (8 mge)
was diluted with inactive material (20 mg.) and subjected to
radiochemicel aseay (Found: relative molar activity x 107%,
73el4 £ 0475; 419 requires 63.1). The lebelled
o-(2-naphthyl)benzoic seid (100 mg.) wes decarboxylated by
heating under reflux with copper bronze (50 mg.) and freshly
distilled quinoline (3 hre.) in a stream of carbon dioxide-free
nitrogen. The carbon dioxide Torwed was bubbled through

a 4; solution of barium hydroxide in a two-necked flﬁek
fitted with a potassium hydroxide tube. The barium
¢cartonate formed was collected and assayed (Found: relative
molar activity x 1072, 0,01 £ 0.00). The residue was
acidified with hydrochloric acid and continuously extracted
with ether (15 hre)e. The ether was evaporated and the
residue recrystallised from sgueous ethanol (charcoal) to
give 2-phenylnaphthalene as colourless plates, Mep.

103=104°Ce The active hydrocarbon was diluted with inactive
material (1:3) end assayed (Found: relative molar activity x
1072, 711 t 2.68).
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1.2-Benzopvrene (henzolelpyrens).- Igolated from
fractions (g. }40-55) by chromatography on acetylated
cellulosge. On recrystallisation from ethanol, prisms of
1,2-benzopyrene (5 mge)y meps 175-177°C were formed. The
product was diluted with inactive material (25 mg.) and
submitted to radiochemical assay (Found: relative molar
activity x 10=2, 126.5 * 0.71; 29 requires 126.2).

2s3-Bengofluorens (11 H-benzo[dlfiuorenei.-  This
was obtained by chromstography of fractions (@, 56-59) on
acetylated cellulose. Recrystallisation from ethanoi gave
plates, mepe 206-207°C (Found: relative molar activity » 1072,
78.2 * 0,143 49 requires 63.1), '

3,u-Benzopyrene (benzolelpycene).-  Isolated
following chromstography of fractions (g, 60-83) on alumina
followed by chromatogrephy on acetylated cellulose. The
materisl was recrystallised from ethanol sand finally from
light petroleum (b.p. 30-40°C) to give yellow needles, meDe
176-177°C (Found: relative molar activity x 1072, 421.1 2
0.16; 27%C requires 126+2).

A solution of labelled 3,4-benzopyrens (0.992 ge,
0.0040 mole) in pure dry beazene (2l c.c.) was treated with
osmium tetroxide (1 ge; 0.0040 mole) and pure pyridine
(06627 ges 0e56 CoCey 0.0080 mole), and the mixture allowed
to stand at room temperature for three days.®%3 The

resulting complex was collected, dissolved in methylene



dichloride (100 c.c.) and shaken for 2 hr. with 5N aquecus
sodium hydroxide (100 c.ce.) and aguous 1M mannitol (30 Se¢2e)e
The product was filtered using filter aid end the solld
extracted in a Soxhlet extractor with methylene dichloride.
The combined methylene dichloride solutions were washed,
dried and evaporated to give s crude amorphous powder (0.7 gs)e
This was further oxidised with sodium dichromste (C.9 g.) in
water (3 c.ceo) and acetic acid (90 c.c¢) by heating under
reflux for 0.5 hre The mixture was poured into water, the
resulting preciplitate collected and purified by
chromatography on a column of alumine (90 x 5 cme)e Elution
with chloroform gave 18 fractions each of 500 cece The
first fractions (3-4) contained unchanged 3,4-benzopyrene
(identified by its ultraviolet sbsorption spectrum). The
following fractions (9-12) gave a yellow compound which on
recrystallisation from acetone formed orange yellow needles
(5 mge)s MeDe 291-292°C, A sample geve a carmine red
solution in concentrated sulphuric acid, and the infrared
spectrum showed a single strong carbonyl stretching baad at
6010 [e284925S 1te ultraviolet spectrum wes identical
with that of 3,L-benzopyrene=-5,10-quinone,#%5 The final
fractions (14-18) were evaporated and the residue
recrystallised from toluene to give
3s4~benzopyrene-6,7-guinone as dark red needles, mep. 248-
249°C (lite, 2542255 253-25),°C), This compound was

submitted to radiochemical assay (Found: relative molar
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activity x 102, 121.1 £ 1.03; 2% requires 126.2).

This ective quinons (182 mge.) was dissolved in
glacial acetic acid (15 csce) and warmed to 85°C on a
water-bathe Hydrogen peroxide (50%; 45 ceces) was added
in three equal portions, the second after 3 hr. and the
third after 2i4 hre The ccoled mixture was poured into
excess water and the yellow solid (71 mge) collected and
decarhoxylated. (Attempts to purify this dicarboxylic acid
by erystallisation and by partition chromatography on
gllica gel without heavy loss of material were unsucceasful.
In one run a small amount of the alkali-insoluble
mesobenzanthrone=3,4-dicarboxylic anhydride was isolated
and identified by its m.p. end from its infrared and
ultraviolet spectra.?%4)

Decarboxylation of the crude dicarboxylic acid
(60 mg.) was effected by heating under reflux in freshly
distilled quinoline with copper bronze (30 mge) for 2 hr.
under a stream of carbon dioxlide~free nitrogen. The
carbon dloxide liberated was bubbled through a 4;i solution
of barium hydroxide in & two~necked f'lask fitted with a
potaseium hydroxide tube. The barium carbonate was
collected and assayed (Found: relative molar activity = 10=2,
5le6 % 0.18; 1% requires 63.1). The residue was
acidified with hydrochloric acid and continuously extracted
with ether (16 hr.). Evaporation of the ether and

recrystallisation of the residue from ethanol gave chrysene
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a8 colourless plates, mep. 251=-253°C. " The hydrocarbon was
diluted with inactive material (1312) and assayed (Found:
relative molar activity x 1072, T70.6 % 1.51; 1% requires
63e1)e

3,4-Benzofluoranthene (benzle Jacephenanthrylens).-
This was isolated from fractions (g, 64-83) by repeated
chromatography on acetylated cellulose and on alumina. The
product was recryastallised from ethanol to give needles,
MePe 165-166°C (8 mge), and dlluted with inactive material
(32 mg.) for radiocactive assay (Found: relative molar

activity x 1072, 39.4 * 0.12; 1%C requires 63.1).

3,u-Bengotetraphene (penzol(blchrysene).- This was
igolated from fractions (e, 96-99) by chromatography on
acetylated cellulose, followed by chromatography on aluminae.
Crystallisation from benzene gave pale yellow nesdles, MeDe
288=291°C (1 mge)e The hydrocarbon was diluted with
inactive material (24 mg.) and subjected to radioactive
assay (Found: relative molar activity x 1072, 136.4 % 1.09;
2%C requires 126.2).

2,3-(o-Fhenylene)pyrene (indeno[1,2,3~cdlpyrens).-

This was obtained from fractions (e, 100-120) by repeated

chromatography on acetylated cellulose and on alumina.
Two crystallisations from ethanol afforded yellow rplates,
MeDe 162-163°C (6 mge)e The product wae diluted with
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inactive material (24 mg.) and subjected to radiochemical
assey (Found: relative molar activity x 1072, 139.7 % 0.35;
2%C requires 126.2).

. PYROLYSIS OF BN RIOUS TEMPERATURE
p=Butylbenzenge.- The butylbenzene was prepared
as previously deccribed.?? It contained no impurities

which could be detected by gas~liquid chromatographye

) of n-Bu - The following was
carried out over a range of temperatures from 300-900°C at
50° intervalse. n-Butylbenzenes (5 g.) waes vaporised at a
rate of 7 ge/hr. and paseed in a streaa of nitrogen through
a silica tube packed with porcelain chips and maintained at
the required temperature. The resulting tar was collected
and ccmbined with the residue obtuined on extracting the
pyrolysis tube and the packing with chloroform after each

experiment.

Anglyslge= The tars thus obtained were analysed
by chromatography on alumina, chromatography on partially
acetylated cellulose and by thin layer chromatographye.

In each pyrolysis the entire tar, was adsorbed on alumina
(10 go) and the mixture placed on to the top of a column
of alumina (15 x 3.5 cme; 100 g.) and chromatographed as

previously described. Although the presence of simpler
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aromatic hydrocarbons such as naphthalene was observed, tha
analyses of tars were restricted to polyeyclic aromatic
hydrocerbons containing three or more condensed five- or
six-membered rings with the exception of 2,3~ and
3:4-benzofluorenes. A complete separation of these
compounds was often difficult and the estimation of thelr
yields from absorption spectra of their mixtures was

unreliable because of the similarity of thelr spectra.

300°C.~ The tar (4.O4ly gop 80.9) was
chromatographed on alumine (100 g.) 28 described above.
Elution with hexane and mixtures of hexane and chloroform
gave 44 fractions. These fractions were combined on the
bagis of their ultraviolet sbsorption spectra and, where
necessary, chromatcographed on columns of partially acetylated
cellulose. No compounds containing three or more fused

aromatic rings could be detected in the resulting fractions.

350°C.- The tar (4136 gep 82.771) was
chromatographed on alumina (100 g.) as above. Elution
with hexene followed by mixtures of hexane and chloroform
gave again 41 fractions, some of which were combined and
chromatographed on columns of acetylated cellulosee. No
compounds containing three or more fused aromatic rings could

be detected in the resulting fractions.

L00°C e~ The tar (3.990 ges 79.8%) was

chromatographed on alumina (100 g.; as described above.
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Eluvtior: gave the following fractions (each of approximately
100 c.cs): hexane, fractions 1-10; and 250 ce.ce. portions
containing mixtures of hexane and chloroform the compoaition
of which ie shown in brackets; fractions 11-12 (2411, v/Vv}
SDe &l O. 698); fractions 13-14 (23:2, V/V3 Spe gre 0e731);
fractions 15-16 (2213, v/v} 8pe. gre O.764); fractions 17-18
(211l v/v; 8pe gPe 0.797); fractions 19-20 (2C:5, v/vj

8ps gre 0.830); fractions 24-22 (1916, v/V; 8pe AFe 0.863)e
The appropriate fractions were comb.ned on the basis of
thelr uitraviolet ebsorption spéctra and chromatographed on
columns of partially acetylated cellulose. By this methed
phenanthrene was isolated from fractions (2-3), and

fluoranthene from fractiona (11-12).

450°C.= The tar (4+198 g., 84.00:) was
chromatographed on alumina (400 g+) as described esbove.
Elution gave the following fructions (each of approximately
100 c.c.: hexane, fractions 1-19; and mixtures of hexane end
chloroform as above, fractions 20-22 (24:1, v/v); fractlions
23-2) (23:2, v/v); fractions 25-26 (22:3, v/v); <fractions
27-30 (21:4, v/v); and fractions 31-3L (20:5, v/v). The
appropriate fractions were combined on the basie of their
ultraviolet abaorption spectira and chromatographed on
columns of partially acetylated celluloae. The following
compounds were identified in the fractions enumerated:
naphthalene (2-3), fluorene (5-6), phenanthrene (5-7),
fluoranthene (11-14), 3,4-benzofluorene (20-22),
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2,3~benzofluorene (22-25), and 3,L4~benzolfluoranthene {(27=29)

500°Ce~ The tar (3.535 gey» 70.70%) was
chromatographed on alumina as described above. Elution
gave the following fractions (each of approximately 100 CeCe )t
hexane, fractions 1-25; and mixtures of hexane and chloroform
as sbove, fractions 26-28 (2411, v/v); fractions 29-30
(2312, v/v); fractions 31-33 (22:3, v/v); <fractions
34-36 (21:4s v/v); Lractions 37-38 (20:5, v/v); fractions
39-40 (19:6, v/v); fractions i1-43 (18:7, v/v); fractions
LW=l46 {17:8, v/v); fractions 47-49 (1619, v/v); and fractions
50-51 (15:10, v/V)e The appropriats fractions were
combined on the basis of their ultraviolet aebsorption spectra
and chrometogrephed on columns of acetylated cellulose. The
following compounds were identifled in the fractions
enumerated: naphthalene (2-3), fluorene (5-6), phenanthrene
(5-7), fluoranthene (12-17), 3,L4-benzofluorene (18-27),
2,3=-benzofluorene (26-31), chrysene (32-35),
10411~benzofluoranthens (32-35) and 3,4-benzofluoranthene
(32-35).

550°C - The tar (3+.249 ges 6L+98%) was
chromatographed on aluminea (4100 ge) as described abovee.
Elution gave the following fractions (each of approximately
100 Cecs): hexane, fractions 41-24; and mixture of hexane
and chloroform as above, fractions 25-27 (2hL:1, v/v);
fractions 28-30 (23:2, v/v); fractions 31-33 (22:3, v/v);
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fractions 34=-35 (213h, v/v); fractions 36-38 (2015, v/v);
fractions 39-40 (19:6, v/v); fractions L4i=43 (18:7, v/v);
fractions LL-46 (17:6, v/v); CLractions 47-U8 (16:9, v/V);
fractions L49-51 (15:10, v/v); and fractions 52-54 (14311,
v/v)e On the basis of their ultraviolet absorption spectira
some of these fractions were combined and chromatographed on
columns of partially acetylated cellulose. The following
compounds were identified in the fractions enumerated:
naphthalene (1-2), acensphthylene (3-4), fluorens (5=6),
phenanthrene (5~8), anthracene (6-8), pyrene (9-14),
fluorenthene (13-19), 3,4-benzofluorene (30-33),
2,3-benzofluorene (30-33), 1,2-benzanthracens (30-33), chrysene
(30-38), 10,14~benzofluoranthens (3,-38), and
3,4=benzofluoranthens (34=~38).

600°C e~ The tar (2.752 ges 43.0L%) was
chromatogrephed on alumina (100 z.) as above. Elution gave
the following fractions (each of approximately 100 CeCe)s3
hexane, fractions 1-41; and mixtures of hexane and chloroform
as ebove, fractions L2-1i5 (24:4, v/v); fractions L46-48 (23:2,
v/v); fractions 49-50 (2213, v/v); frections 51-53 (21:l,
v/v); fractions 54=55 (20:5, v/v); fractions 56-57 (1916,
v/¥); fractions 58-59 (1817, ¥/v); fractions 60-62 (178,
v/v); fractions 63-64 (1619, v/v); iractions 65-67 (15:10,
v/v); and fractions 68-70 (1L4:11, v/V)e On the basis of

their ultraviolet spectra, appropriate fractions were

combined and examined by chromatography on celluvlose. The
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following compounde were identifled in the fractions
enumerated: naphthalene (2-3), acenaphthylene (4=5),
fluorene (6-7), phenanthrene (6-12), anthracene (6-1L),
pyrene (14-44), fluoranthene (19-41), 3,L-benzofluorene
(42-47), 2,3-banzoflucrene (48-51), 1,2-benzanthracene
(48-53), chrysene (/48-53), 10,11-bengofluoranthene (54-58),
1,2-benzopyrene (54-58), 3,4-benzopyrene (54~58),
3,4~benzofluoranthene (54~58) and 41,12-benzofluoranthene
(54-58).

£650°C.~ The tar (1.325 gep 2645,.) was
chromatographed or alumina (100 g.) as described above.
Elution gave the following fractions (each of approximately
100 c.c.): hexane, fractions 1-53; and 250 ce.cs. porticns
containing mixtures of hexane and benzene the composition of
which is shown in brackets; fractions 54-56 (2411, v/v);
fractions 57-59 (23:2, v/v); fractions 60-61 (22:3, v/v);
fractions 62-64 (21:4, v/v); fractions 65-66 (20:5, v/v);
fractions 67-69 (19:6, v/v); fractions 70-71 (1817, v/v)}
fractions 72-74 (1718, v/v); fractions 75-76 (1619, v/v);
fractions 77-79 (15:10, v/v); frections 80-81 (14111, v/v);
fractions 82-8L4 (13:12, v/v); fractions 85-86 (42:13, v/v);
fractions 87-89 (411:14, v/v); fractions 90-92 (10:15, v/v);
fractions 93-95 (9146, v/v); <fractions 96-98 (8:17, v/v)}
fractions 99-100 (7:18, v/v); end with chloroform, fractions
101-106., On the basis of their ultraviolet spectra some

of these fractions were combined and chromatographed on
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columns of acetylated cellulose. The following ccmpounds
were ldentified in the fractions enumerated: naphthalene
(2-3), acenaphthylene (5-€), fluorene (8), phenanthrene
(9-20), enthracene (10-22), pyrene (21-42), fluoranthene
(37-60), 3,4-benzofluorene (63-64), 2,3-benzofluorene (66-68),
1,2-benzanthracene (66-68), chrysene (66=71),
10,11-benzofluoranthene (72-76), 1,2-benzopyrene (72-76)
3,l4=benzopyrene (72-76), 3,l4-benzofluoranthens (71-79),
11,12-benzofluoranthene (77-79)» 1,12-benzoperylene (77-82),
and 2,3{g-phenylene)pyrene (80-86), Traces of other
polycyclic aromatic hydrocarbons were detected (perylens,

dibenzopyrenes), but their yields were not determined.

700°C e~ The tar (0e534 gep 10.707.) was
chromatographed on alumina (100 ge) as aboves Elution
gave the following fractions (each of approximately 100 CeCo)?
hexane, fractions 1-4l; and mixtures of hexane and chloroform
as sbove, fractions L5-47 (24:1, v/v); fractions 48-50
(23:2, v/v); fractions 51=53 (22:3, v/v); fractions 54-56
(24:4, v/v); fractions 57-59 (2015, v/v); fractions 60-61
(4916, v/v); trractions 62-64 (18:7, v/v); <fractions 65=67
(17:8, v/v); fractions 68-70 (16:9, v/v); fractions 71-73
(15110, v/v); fractions 74-76 (14:14, v/v); fractions 77-78
(13112, v/v); fractions 79-81 (12:13, v/v); fractions 82-84
(11:14, v/v); iractions 85-87 (L:6, v/v); fractions 88-90
(317, v/v); fractions 91-93 (2:8, v/v); fractlons 94~96
(1:9, v/v); and with chloroform, fractions 97-100. On
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the basis of their ultraviolet abscrption spectra some of
these fractions were combined and chromatographed on
colunns of acetylated cellulosee. The following compounds
were identified in the fractions enumerated: naphthalene
(2-3), acenaphthylene (5-12), fluorene (5-12), phenanthrene
(5-53), anthracene (13-53), pyrene (22-53), fluoranthene
(45=53)s 3sl-benzofluorens (45-53)s 2,3-benzofluorene (L5-53}s
1,2-benzanthracens (45-53), chrysene (L15~65),
10,11=benzofluoranthene (us—és); 1,2-benzopyrene (45-65),
3I4~benzopyrene (59-65), 3,Li=benzoflucranthene (59-65),
14,12-benzofluoranthene (66=74), 1,12-benzoperylene (66=7L),
and 2,3-(g-phenylene)pyrene (66=74) « Traces of other
polycyclic hydrocarbons were detected
(152:5,6~dibenzanthracene, perylene, dibenzopyrenes), dbut

their yields were not calculated.

759°Ce~ The tar (0e¢333 gey 6.70;) was
chromatographed on alumina (100 g.) as before. Elution
gave the following fractions (each of aepproximately 100 CeCo )
hexane, fractions 1-50; and mixtures of hexene and
chloroform as above, fractions 51-53 (2411, v/v; 8SDe grs
0.698); fractions 54~55 (23:2, v/v; spe gre 6.751);
fractions 56-57 (22:3, v/v; BD. gre. 0.76L4); ffactions
58-60 (21:l4, V/V} B8De gre 0.797); fractions 61-63 (2015,
v/V; BDe gPe 04830); fractions 64-65 (19:6, v/V; 8De BPe
0.863); freactions 66-68 (18:7, v/v; 8De gre 0.896);
fractions 69-70 (17:8, v/V} BDe gre 0.929); fractions 71=73
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(16:9, v/v}; BDs gre 0.962); fractions 74-76 (15:10, v/v;
8p. gr. 0.995); fractions 77-79 (14:11, v/v; 8pe gr.
1,028); fractions 80-82 (5:5, v/vj Bps gre 1.077); fractions
83-85 (416, V/V; BDe gre 1.160); and fractions 86-89
(3:7, v/V3 8Dpe gre 1.243). On the basis of their
ultraviolet spectra some of these fractions were combined
and chromatographed on columns of partially acetylated
cellulose, followed, if necessary, by thin layer
chromatography on partially acetyleted cellulose. The
following compounds have been identified in the fractions
enumerated: naphthalene (2-4), acenaphthylene (6~10),
fluorene (14-14), phenanthrene (11-31), anthracene (14=30),
pyrene (29-55), fluoranthene (33-58), 3,L4~ and
2,3-benzofluorenes (56-61), 1»2-benzanthracene (56-61),
chrysene (59~64), 10,11-benzofluoranthene (65-67),
142-benzopyrene (62-67), 3,4-benzopyrene (65-67),
3,4=benzofluoranthene (65-67), 11,12-benzofluoranthene
(65-70), 1,12=benzoperylene (68-70), and
2,3-(9—phenylene)pyrene (68~70) Treces of other
polycyclic hydrocarbons were detected
(1,2:5,6-dibenzanthracene, dibenzopyrenes), but their yields

were not determined.

800°C.~ The tar (0.025 ge, 0.50%) wes
chromatogrephed on alumina (400 g.) as in the previous

experiments. Elution gave the following fractions (each

of approximately 100 c.c.): hexene, fractions 1-63; eand
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mixturese of hexane and chloroform as above, fractions
64=79 (99:1, v/v); fractions 80-81 (98:2, v/v); <fractions
82-8Y (97:3, v/v); fractions €5-87 (96:k4, v/v); fractions
88-89 (95:5, v/v); fraciions 90-92 (94:6, v/v); fractions
93-94 (93:7, v/v); fractions 95-97 (92:8, v/v); fractions
98-99 (90:10, v/v); fractions 102-102 (88:12, v/v);
fractions 103-104 (86:1L, v/v); fractions 105-107 (84:16,
v/v); fractions 108-110 (82:18, v/v); fractions 111-113
(80:20, v/v); fractions 114-115 (78:22, v/v); fractions
116-118 (73:27, v/v); fractions 149-121 (65:35, v/v);
fractions 122-123 (54tL6, v/v); and fractions 124-128
(4O:60, V/V)e On the baeis of their ultraviolet and
fluorescence spectra some of these fractions were combined
and chromatographed on columns of partially acetylated
cellulose, followed by thin layer chromatography on
partially acetylated celluloses when necessarye

The following compounds were identified in the
fractions enumerated: fluorens (17), phenanthrene (417-32),
anthracene (23-24), pyrene (39-58), fluoranthene (54=80),
1,2-benzanthracene (76-85), chrysene (95-110),
10,11-benzofluoranthene (106-110), 1,2-benzopyrene (106=110),
3,4-benzopyrene (106-110), 3,4-benzofluoranthene (114-120)
and 11,12-benzofluoranthene (116~124).

850°C .~ The tar (0.018 gep, 0.30:) was

chromatographed on a column of partially acetylated cellulose

and the following compounds were identified in the fractions



enumerated (each fraction of approximately 6 ceCe)s
phenanthrene (20-25), pyrene (20-25), fluoranthene (21-25),
chrysene (33-40), end 3,4-benzofluoranthene (43-54). The
fractions 20-25 were combined and chromatographed on a
large column of acetylated cellulose. This procedure

afforded a complete separetion of the three components.

900°Ce~ The tar (0.009 gey 0.18%) was
chromatographed on a column of partially acetylated cellulose
and the following compounds identified in the fractions
snumerated (each fraction of approximately 6 c.Cs):
phenanthrene (19-22), pyrene (19-23), fluoranthene (20-23),
chrysene (31-36), and 3,4-benzofluoranthene (L42-L8).
A similar procedure to that outlined above resulted in the
determination of the yields of the first three components

of the mixturee.

AILS TION

Nephthaleneo- Identified in tars obtained at
temperatures of 450-75C°C by chrometography on alumina.
The ultraviolet absorption spectrum showed maxima at 248,
257, 266, 275, 285, and 311 mu in agreement with those of

an authentic specimen.

Agenaphthylene.- Identified in tars obtained at
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temperatures of 550=750°C, by chromatography on alumina
followed by chromatography on partially acetylated
cellulose. The ultraviolet absorption spectrum showed
mexima at 229, 258, 266, 276, 309, 323, 334, and 340 mu in

agreement with an suthentic specimen.

Fluoreng.~ Identified in tars obtained at
temperatures of L50-800°C, by chromatography on alumina
followed by chromatogfaphy on partially ecetylated cellulose.
The ultraviolet ebsorption spectrum showed maxima at 260,
290, and 301 my in agreement with those of an authentic

specimens

Phenenthrene.- Identified in tars obtained at
temperatures of 400-900°C, by chromatography on slumina and
on partially acetylated cellulose. The ultraviolet
absorption spectrum showed mexima at 243, 252, 275, 282,
294, 310, 317, 32L, 331, 339, and 346 mu in agreement with

those of an authentic specimen.

Anthraceng.~ Identified in tars obtained at
temperatures of E50=-800°C, by chromatography on alumina
followed bty chromatogrephy on partilally acetylated cellulose.
The ultraviolet absorption spectrum showed maxima at 246,
253, 308, 323, 339, 357, and 377 mpg in agreement with those

of an authentic specimen.

Eyrenee.— Identified in tars obtained at
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temperatures of 550-900°C, by chromatography on elumina and
on partially acetylated cellulose. The ultraviolet
absorption spectrum showed maxims at 231, 241, 253 263, 27Ls
306, 319, 335, 351s 358, 36Ly and 373 mu in agreement with

those of an authentic specimen.

Fluorgnthene.- Identified in tars obtained at
temperatures of 400-900°C, by chrometography on alumina
followed by chromatography on partially acetylated cellulose.
The sbsorption spectrum showed mexima at 236, 253, 263, 273,
278, 282, 288, 309, 323, 342, snd 360 mu in agreement with

those of an authentic specimen.

1,2-Benganthracene (bengle ]anthracene).~  ldentified
in ters obtained at temperatures of 550-800°C, by

chromatography on elumina followed by chromatography on
partially acetylated celluloses. The absorption spectrum
gshowed mexima at 256, 268, 278, 289, 300, 315, 326, 3Lt, 358,
%65, 374, and 384 mp in sgreement with those of an

authentic specimen.

3,u-Benzofluorene (Z H-benzo[elfluorene).-
Identified in tars obteained at temperatures of 450-750°C, by
chromatography on alumina followed by chromatography on
partially acetylated cellulose. The absorption spectrum

showed maxima at 230, 251, 262, 302, 311, 321, 329, and

337 my in agreement with those of an authentic specimen.
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2s3-Benzofiuorens (11 H-henzo(v Jfluorens).-
Identified in tars obtained at temperatures of L50=750°Cs
by chromatography on alamina and on acetylated cellulosse
The ultraviolet absorption spectrum showed mexims at 255
26l, 273y 285, 304, 317s 325, 333, and 340 mu in agreement

with an authentic specimen.

chrysang.= Tdentified in tara obtained at
temperatures of 500-900°C, by chromatography on alumina and
on acetylated cellulore. The ultraviolet spectrum showed
maxima at 242, 259, 267, 283, 294, 306, 320, 34k, 351, and

363 my in agreement with those of an authentic specimen.

10,41-Benzotluoranthene (benzolJlfluoranthene).-
Identified in tare obtained et temperatures of 500-800°C,
by chromatography on alumina and on acetylated cslluloses
The ultraviolet sbsorption spestrum showed maxima at 2u41,
282, 293, 309, 318, 333, 345, 365, 376, and 333 mu in

agreement with those of asn authentic speclmen.

{:2-Benzgopyrene (benzo[elpyrene).- Identified in
tare obtained at temperatures of 600-800°C, by

chromatography on alumina and on partially acetylated
cellulose. The absorption spectrum showed maxima at 238,
258. 268’ 278’ 289’ 305, 317' 333, anrd 366 mié in agreement

with those of an authentic specimen.

3.4-Benzopyrene (bengole]pyrene).~  Identified in
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ters obtained at temperatures of 600-800°C, by
chromatogrephy on alumina and on partially acetylated
cellulose. The sbsorption spectrum showed maxima at
255, 266, 273, 284, 297, 332, 3L7, 365, 379, 385, and

4Ol mu in agreement with those of an authentic specimen.

3,4-Benzofluoranthene (benz[elacephenanthrylens).-
Identified in tars obtained at temperatures of L50-900°C,
by chromatography on slumina and on partially acetylated
cellulossge. The absorption spectrum showed maxima at
239, 256, 266, 276, 290, 294, 301, 320, 339, 351, and

369 mg in sgreement with those of an authentic specimen.

142 12-Benzcfluoranthene (pgggg[k]ﬁlggygnﬁhgng).-
Identified in tars obtained-at temperatures of 600-800°C,
by chromatography on alumina and on partially acetylated
celluloses, The absorption spectrum showed maxima at 238,
247, 269, 283, 297, 309, 361, 380, and 402 my in agreement

with those of an asuthentic specimen.

1s12-Benzoperyvlene (benzolehi Jperylene).-
Identified in tars formed at temperatures of 650-750°C, by

chrometography on alumina and on acetylated cellulosee.
The absorption spectrum showed maxima at 268, 276, 289, 300,
315, 325, 330, 345, 363, and 383 my in agreement with those

of an authentlc specimen.

2:3-(o-Thenylene)pyrens (indeno[1,2,3-cd]pyrene).-
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Identified in tars formed at temperatures of 650-750°C, by
chromatography on alumina and on acetylated cellulocse.

The sbsorption spectrum showed maxima at 259, 269, 277, 292,
304, 315, 360, 376, 385, 402, 422, and 431 my in agreement

with those of an authentic specimen.
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