THE FORMATION OF AROMATIC HYDROCARBONS

AT HIGH TEMPERATURES.

A THESIS
FRESENTED FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY
IN THE
ORGANIC CHEMISTRY DEPARTMENT
OF THE
UNIVERSITY OF ADELAIDE

by
Ronald W.L. Ximber B.Sc.

1959



I should like to express my appreciation and thanks
to Professor G.M. Badger, to whom this work owes its
inception, for his constant supervision and advice.

My thanks are also due to Dr. A.J.L. Beckwith and
Mr. T.ii. Spotswood for helpful discussions, and to other
membexrs of the staff for their interest and suggestions.

I also wish to thank Mr. A.G. Moritz for the
infrared spectra determinations.

This work has been carried out during the tenure of
a grant from the Damon Runyon Memorial Fund for Cancer

Research Inc. to whom I am most grateful.

Microanalyses were carried out by the C.S.I.R.O.
Microanalytical Laboratory, Melbourne.



STATEMERT

The study of "The Formation of Aromatic Hydrocarbons
at High Temperatures®, as a whole, is being carried out
by several workers in the Organic Chemistry Department
of the University of Adelaide; however, this thesis
contains no material previously submitted for a degree
in any University, either by myself, or by any other

person, except where due reference is made.

Ronald W.lL. Kimber.
1959.



PUBLICATIONS

Most of the work in this thesis has been published

in the following papers:

1.

2.

e

4

S

The Formation of Aromatic Hydrocarbons at High
Temperatures. Part I. Introduction. J. Chem.
Soc., 1958, 2449.

The Formation of Aromatic Hydrocarbons at High
Temperatures. Part II. An Examipation of
"Schroeter Tar". J. Chem. Soec., 1958, 2453,

The Formation of Aromatic Hydrocarbons at High
Temperatures. FPart III. %The Pyrolysis of
14 *~Fhenylbutylnaphthalene. J. Chem. S0G.,
1958, 2455.

The Formation of Aromatic Hydrocarbons at High
Temperatures. Part VI. The Pyrolysis of
Tetralin. J, Chem. Soc., in the press.

The Formation of Aromatic Hydrocarbons at High
Temperatures. Part VII. The Pyrolysis of
Indene. J. Chem. Soc., in the press.



CONTENTS

CHAPTER I. INTRODUCTION
General discussion
Interpretation of results
The formation of 3:4~benzopyrene at high
temperatures
Experimental

Page.

1.
7e

8.
15.

CHAFTER II. AN EXAMINATION OF ®“SCHROETER TAR®,

Discussion
Experimental

CHAFTER III1. THE SINTHESIS AND PYROLYSIS
OF 1-4'-PHENYLBUTYLNAPHTHALENE AND RELATED
COMPOUNDS .
The pyrolysis of l-4'-phenylbutylnaphthalene
The pyrolysis of a partially dehydrogenated
1-4*-phenylbutyldecalin and l-4°~gyclo-
hexylbutyldecalin
The attempted synthesis of 5-4°'«~phenylbuiyl-
tetralin
Experimental

29.
39.

53

66.
71.



Page.

CHAPTER IV. THE PYROLYSIS OF TETRALIN

AND INDENE.
Tetralin 100.
Indene 111,
Experimental 124.
REFERENCES 152.

SUMMARY 159.



CHAPTER I

INTRODUCTION

The aim of the work described in this thesis was to
investigate the mode of formation of aromatic hydrocarbons
at bigh temperatures by pyrolysis of simpler hydrocarbons.
It was hoped that a greater understanding of the complex
reactions which takes place during tar formation would
be gained from this work,

In particular, the mechanism of the formation of
the carcinagenic hydrocarbon J:4~benzopyrene, at high

temperatures, has been examined.

General Discussion

It has been known for some Years, from studlies of
the composition of coal tar formed in gas works®' retorts
and coke ovens, that various pyrolytic Processes ocour
during the formation of the tar, which are dependant to
a large extent on the temperature at which the tar is
formed.

For example, low temperature tars (i.e. 425~550°)
and "Primary® tar (tar which is first formed in the retort
at low temperatures) consist mainly of paraffin



hydrocarbons, gycloparaffins, olefins, and phemols. At
higher temperatures (600-800°) these compounds are
dehydrogenated, rearranged, and condensed to give a
"Secondary® tar containing a greater amount of aromatic
polycyclic hydrocarbons. Evidence of this has been given
by various workers. Mantel and Eansenl have shown that
diphenylmethane, diphenyl and ethylene, and 1:8-dimethyl~
naphthalene, all of which are present in "Primary® retort
tar, when pyrolysed under similar conditions in the
laboratory give fluorene, phenanthrene and acenaphthene
(reactions 1, 2, and 3), all of which have been isolated
from "Secondary® (i.e. high temperature) retort tars.
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Several workers have suggested that the formation
of polyoyclic compounds involves the initisl breakdown
of complex molecules to more simple ones. Grellz assumes
that the breakdown continues right down to acetylene
before resynthesis commences. He suggests that the
primaxy intermediate from which all the higher
hydrocarbons are eventually formed is the diradical of
acetylene. On the other hand, Weizmann,g;ﬂgi.s assune
that butadiene (or derivatives of it) is the fundamental
unit. Their suggestion is that the resynthesis follows
almost entirely a Diels—Alder type addition and is based
on the results of various workers®?”s® (e.g. Hague and
Wheeler have shown evidence of the formation of butadiene
and butylene from the pyrolysis of ethylene at low
temperatures, while at higher temperatures reasonable
Yields of benzene and naphthalene were obtained. -

reaction 4).
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Welzmann extends this to explain the presence of
phenanthrene, anthracene, l:2-benzanthracene, and
triphenylene hf Diels—Alder addition of butadiene to
naphthalene and phenanthrene, in his pyrolysis of a
hydrocarbon oil. At first glance this mechanism seems
¥ery reasonable. Closer examination, however, shows it
to be relatively unlikely. As Diels-Alder addition to
the very reactive 9:10 bond of phenanthrens would be
expected to occur very readily, the yield of triphenylene
should be quite large. Not only is the yield in this
case small, but also in the pyrolyéis of butylbenzene,



which gives a large yield of phenanthrene, very little
triphenylene7 is obtained. TFurthermore, Welzmann uslso
suggests that pyrene is formed from tetramerisation of
butadiene, or dimerisation of styrene (reaction 5).

This has been shown to be most unlikely by Badger and
Butterya, who have byrolysed styrene and obtained only a
very small amount of pyrene.

Only in pyrolyses where butadiene can easily be
formed, (e.g. the pyrolysis of 1»pheny1buta~&:3—dienag)
is much triphenylene found. Even here the yileld is not
high, and the suggestion is that triphenylene is formed
by free radical attack of a butadienyl radical (formed by
fission of the carbon~carbon bond between the ring and
the butadienyl side-chain) on the 9-position of
phenanthrene, followed by cyclisation, rather than by a
Diels-Alder mechanism.

Steinerla says the condensation of naphthalene and



butadliene gives a small yield of phenanthrene. One
would then expect to obtain large yields of naphthalene
compared with phenanthrene. However, the pyrolysis of

7 and athylb&naan#v give greater yields of

propylbenzene
phenanthrene.

It would seem, therefore, that even when butadiene
can be readily formed from carbon-carbon fission or by
dehydrogenation (e.g. from butane) Weismann's proposed
mechanism seems most unlikely. Where the formation of
butadiene does not involve the breaking of a benzene ring
(as 1t is very stable to pwrclyaisll) a Diels-Alder type
addition could play some part. In this regard the
pyrolysis of butadiene by Murphy and nngganla gives only
& small yield of styrecne.

Quite apart from these considerations, the results
as judged from the pyrolysis of complex hydrocarbon oils
must surely be open to question. Much interaction will
undoubtedly occur not only among the products of oracking,
but also of the original components.

The addition of ethylene (or acetylene diradiocals)
to hydrocarbons to form higher aromatics also seens
improbable (e.g. obrysene, or l:2-bemsanthracene and
ethylene to give 3:4~benszopyrene) from evidence gained
from the pyrolysis of tetralin and of indene (Chapter IV).



Interpretation of Results

Care must be taken when evaluating results obtained
from pyrolyses in order to arrive at the most likely
mechanlsms. The following points should be especially
remembered:

(1) When considering the yield of a certain product
as a gulde to a mechanism, it is necessary to take into
account; ;

(a) the ease of thermal breakdown of the substance
Pyrolysed compared with that of the
particular product in question;

and, (b) the stability of a particular compound of the
pxrolysate to further breskdown, or its
tendency to react with other molecules;
8+g¢ the absence of @henylbutaaienag,
butylbensene, and tetralin from most high
temperature pyrolyses does not mean that
these molecules take no part as intermediates
in the synthesis of higher hydrocarbons, due
to their ease of dehydrogenation,
cyclisation, eto.

(41) Mechanisms which are the most likely at room

temperature, and in low temperature reactions, need not



necessarily apply at high temperatures. At these
temperatures, the molecules are in a highly excited state
and the usually greater reactivities of some positions
in a molecule are likely to be less apparent. It should
be noted too, that steric faotors will probably hold
greater sway than electrical effects at these elevated

temperatures.

Ihe Formation of 3:4-Benzopyrene at High Temperatures

The carcinogenic hydrocarbon 3:é4~benzopyrene was
isolated from coal tar in 1933 by Cook et ala13
Immediately, this was cousidered to be the cause of

certain "industrial® cancers. In recent years, however,
J34~benzopyrene and other polycyclic hydrocarbons have
been identified in domestic 500%14, in the soot from a
smoked meat faatoles, in atmosplheric ﬁnstla, in
processed rubherlv, in carbon blaekala, in exhaust gases
of petrol and diesel engineslgg in coal gaazag in human
hair wale, in anu!iaa, in ﬁahaceozB, and in cigaretie

and tobaceo smoke??, This wideapread oscurrence in
everyday enviroment has obvious implications in connection
with the incidenoce of cancer among the general populstion,

and it seems important to determine the origin and mode



of formation of such carcinogenic hydrocarbons.

The carcinogenic hydrocarbons in the human enviroment
appear to be formed mainly at high temperatures. Low
temperature tars lazve been found to be only slightly
carcinogenic, whereas high temperature tars, produced from
the same coal, are far more active>~, Similarly oertain
petroleums®’, and 0112 nave only become carcinogenic
after pyrolysis. The pyrolysis of aholesternla?, skinag,
yesatzs, 1supren&2§*28; acetylene®>, dtcety1?? and of
aliphatic hydrocarbons ® from tobscco all give tars which
are carcinogenic, or from which have been isolated
numerous polycyclic arometic hydrocarbons.

The formation of aromatic hydrocarbons from aliphatic
or simpler aromatic compounds, at high temperatures has
not been extensively studied. The evidence that is
avallable, however, suggests that the most important
reactions may lnvolve:

(1) Cracking, with the formation of free radicals
which then undergo termination reactions with
themselves or propogation reactions with
neutral molecules;

(11) Dehydrogenation; and

(i11) Cyclodehydrogenation.



A series of such reactions is Probably involved in
the formation of moleoules such as 3:4~benzopyrene, and
a feasible route (reactions I - VII) has been proposed
as a working hypothesis.
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This mechanism presupposes that the benzopyrene will be
formed by pyrolysis of any of the intermediate compounds.
Pyrolysis of representatives of these intermediates has
in every instance produced a tar in which J:4-benzopyrene
could be detected; yiz. acetrlenesl, styrgnaa,
ethylbenzene?, Iaphenylbuta—1:3~diane9$ bntylbenzene?,
tetralin (Chapter IV), and 1-4 *~phenylbutylnaphthalene
(Chapter III).

The degree of hydrogenation of these intermediates
would be expected to alter the yield of a given product,
and also in some instances, the nature of the products
formed by pyrolysis of a compound and its analogous
hydrogenated compound. This is borne out by sxperiment
(e.g. phenylbntadieneg.giv%s a large yield of naphthalene,
while butylbenzene7 gives less naphthalene, but a much
wider range of alkylbenzenes.) The reactions (6) and (7)

also ccour.



Generally it may be said that where polycyoclic
gsompounds are formed merely by oyclisation of the
intermediates as such, then the degree of hydrogenation
may not be important; bdbut if eracking ocours prior to
cyclisation, intermediates with varying degrees of
hydrogenation will give risze to different products from
cracking, and hence different cyclisation products.

The available evidence, small though it is, does
support the view that benzopyrene iz formed from simplex
units by a stepwise synthesis. The pyrolysis of
acetylene (I) is known to give a number of aromatic
hydrnaarbonaza and has been shown recently to contain
3:4~benzopyrene31.
vinylacetylene have been detected in tobasco ﬁmdkeSBe

Acetylene and small amounts of

The pyrolysis of ethylene also gives butadiene (see
General Discussion). PButadiene is said to undergo
reaction with itself to give vinylcynlohsxunas*; and the
pyrolysis of butadiene gives some styrene, ethylbenszene,
and naphthalene, together with a small amount of
tetralinlz; A clue to the nature of the final steps of
the synthesis is provided by the reaction of aluminium
chloride on tetralin35. The ceﬁplax tar so formed,

becomes carcinogenic when.heateﬁBs, and has now been shown



to contain a relatively large amount of 3:4-benzopyrene
(see Chapter II)., 6-4'-Fhenylbutyltetralin is known to
be a2 major constituent of the t&@s 5 s and it has been
suggested that some 5-4*-phenylbutyltetralin may also be
present which could readily give 3:4~benzopyrene by
cyclodehydrogenation”! .

While this mechanism was considered useful as a
working hypothesis, it was not suggested that this would
be the only mechanism operating. Other routes could
involve the reaction of a C, unit (g.g. ethylene) and
chrysene or l:2-benzanthracene; pyrene and a C 4 unit;
various arrangements of two cé - 34 units with initisl
attack at different positions; etc. Evidence does
suggest, however, that ethylene and chrysene, and ethylene
and l:2~bengzanthracene are not important reactions
(Chapter IV); nor can a reaction between a C 4 unit and
Pyrene be of general importance as such a reaction would
give rise to l:2-benzopyrene. This is rarely found in
pPyrolysis reactions, and then only in small yisld.
334-Benzopyrene could also be formed by breakdown of
larger molecules (e.g. ametylzg) or from two Cy,
hydrocarbons, such as gmdeoanez‘ 8, by eyclodehydrogenation.

Recent work suggestis that styrene may not pley a



very important part in the proposed stepwise formation

of 3:4-benzopyrene, as it has been shown to be relatively
stable to pyrolysis; 1.e. at 550° the reported§9 recovery
of styrene is 99%; at 625°, 95-5%%%; wn11e at 710°
approximetely 20% is recovereda.

It must be emﬁhgi;seﬁ that generally it cannot be A

stated that the pyrolysis of a compound invariably
proceeds through initial cracking to a fundamental unit,
followed by resynthesis. In fact, this would appear to
be the exception rather than the rule (except perhaps for
aliphatic compounds). The degree and the nature of the
eracking wlll vary from one compound to snother. It
would appear generally, therefore, that cracking,
dehydrogenations, cyclodehydrogenations, gto. all proceed
together. The extent to which cracking ccours before
resynthesis will depend largely on the stabllity of the
radlcals so formed, and on the available reactive species
with which they can react.

The experimental section of this chapter describes
some of the general methods and technigues used in this

worke



The Furnace (Fig. 1:1).- This consisted of a silica

tube (3 ft. x 1 in. i.d.) wound along its length with

27 s.W.g. nichrome wire having a total resistance of 90
ohms. A calibrated chromel-alumel thermocouple was
inserted through a hole bored near the centre of the tubes
The tube was mounted along the centre of a pressed
asbestos~board box (3 x 1 x 1 £t.) filled with
"vermiculite®, The waterial to be pyrolysed was led
through a second silica tube (3 ft. 6 in. x % im. 1.d.)
which Jjust fitted into the heated tube.  The furnace

was inclined at an angle of 10° to the horizomtal to
facilitate collection of the products. The material to
be pyrolysed was led into the furnace using the device
shown in Fig. 1+l. The arrangement of the tar collection
apparatus is alsc shown in this diagram.

Chromatoprephy (1) gas-liquid partition

chromatography. The low boiling fractions of the
earlier pyrolyses were examined on the machine built in
this laboratorytl. However, & Griffin and George Vapour
Phase Chromatograph (Mk. II), adapted to collect

2

fractions™“; was used in the later work.
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PYROLYSIS APPARATUS.

e HZSO4 4, Needle valve 7. Heating tube 10. Dry-ice trap
2. CaCl2 5. Silica tube 8., Thermocouple
3. Flow-metre 6. Furnace 9. Ice bath

Figo 1.10
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(11) on alumina. B.D.H. alumina activated at 200°
was generally used, however, in the last pyrolysis, viz.

indene, Spence alumina, which is more active, was used.
Hexane and/or benzene were generally used as solvents
and/or elutants. The benzene used was thiophen~free
while the hexane had been fractionally distilled.

(111) Paper chromatography. The partially

acetylated paper required was made by the method of
Spotswood? 144, (This technique was only fully developed
very recently and was available only for the examination
of the products from the tetralin and indene pyrolyses).

(iv) Chromatography on cellulose acetate columms.

Whatman's Standard cellulose powder was aceiylated by
stirring with benzene, acetic anhydride, and sulphuric
acid, also by the method of Spatswoad“, (This technique
was developed in time only for use in the indene
pyrolysis).

Identification of Products.~ Generally the

following sequence of operations has been found best when
attempting to analyse a complex tar. (It is shown
schematically in Fig. 1-2).

The substance was pyrolysed and the products
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Substance
|
Pyrolysis
l
1 _ 1
Low[b.p. Tar Gases
liquids | B
(cold trap) Distillation I.R.
G.C. | l | I 1
I Residue Fractions
e | bep. 280-300°
C 0.& . - I 1
- G.C.
r TT 171" 71 |
L Fractlons | I.R.

U.Vs. High mol. wt.

] [ [ ! 1 fraction
CEF. Cie CuCe CuCo CfF.

Picrate
Uch, m.p. etce. v I
Decomposition
|
P.C.
l
V.V

I.R. = Infrared spectra; UsVe = TUltraviolet spectra;
G.C. = Gas~liquid chromatography; C.A. = Column

alumina chromatography; C.L. = Cellulose acetate
chromatography; P,C. = Acetylated paper chromatography.

?is- 1'2c



collected in the manner shown in Fig. 1*l. Samples of
the exlt gases were examined by infrared analysis. Some
of the low boiling products which were not collected with
the main dbulk of the tar, were condensed in a dry-ice/
ethanol trap. Gas-liquid chromatography of this
material enabled provisional identification from retention
times. This was confirmed by collection of the fractions
and infrared spectroscopy. The main dbulk of the tar was
distilled and divided into two or three fractions up to
DeDe 289-300°9 the components of which were identified

by gas-liquid chromatography and infrared spectroscopy.
The residue was chromatographed on alumina and eluted with
mixtures of hexane and benzene (from pure hexane to pure
benzene). Ultraviolet spectra of the fractions enabled
many to be combined to give between 5 and 10 main
fractions (g.g. phenanthrene fraction, l:2~benzanthracene
fraction, chrysene fraction, 3:4-benzopyrene fractionm,
gtc.). These were in turn chromatographed (as a whole,
or in part) on columms of cellulose acetate, and the
products identified by their ultraviolet spectrum or
melting point. The ylelds were calculated from the
welghts of these fractions or from their ultraviolet

spectra. The very high molecular weight compounds,



which remained on the alumina column, were stripped off
with ether, picrates made, and after decomposing with
ammonlum hydroxide, paper chromatographed.

Occasionally the chromatography on cellulose acetate
needed to be followed by paper chromatography to effect
a better separation. When a large amount of any one
compound was present it was usually most effective to
recrystallise this separately and to add the mother
liquors to the rest of the fraction for examination as

described above.

Ultraviolet Spectra.~ These were usually determined
in 95% ethanol, using, for the work in Chapters II and
I1I a Hilger Uvispeck Spectrophotometer, and for the work
in Chapter IV an Optica C?@ Spectrophotometer recording
instrument, and compared with published curves.

Infrared Spectra.- These were determined with a
Grubb~-Parsons double-beam instrument. Liquid samples
were examined as such, and solids as solutions in carbon
tetrachloride. The spectra were compared with published

curves, or curves obtained from authentic specimens.

Fluorescence Spectra.~ The following apparatus
(Figs. 1°3, 1+4, and 1°5), although inexpensive, was found
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FLUORESCENT SPECTROPHOTOMETER.

INSIDE SIDE VIEW
Press Button 8. Standard Tube Holder 15. Prism
Indicator Light 9, Standard Tube 16. Spectrometer
Camera 10, Unknown Tube 17, Clamp
Soale Tube 11, Uanknown Tube Holder 18, Battery
Rubber Sleeve 12. Windows 19, Handle
Scale Lamp 13, Aluminium Foil

Rubber Seal

i,

Rubdber Grommet

Fig. -4,
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END VIEW 3ECTION

1, Ultraviolet Lam{ 8, Standard Tube

20 W00d's (Glays Filter 9, Clamp

3. 514t 1C, 3pring

4, Prism 11, 3tandard Removing Flug
5. Unknown Tube lolder 12, Rubber Grommet

6. Unknown Tube 13, Windows

7, Standard Tube Hclder 14, U,¥, lamp Holder

Fiz, 1°5,



to be very convenient and efficlent.

A direct wvision, prism, hand spectroscope, calibrated
from 400-700 %p in 10 3; divisions was used. A model,
having a prism fitted to cover half of the slit was used,
80 that unknown and standard solutions could be examined
simultaneously (Fig. 1°4). Provision was made, by a
push-button switch, for the scale to be illuminated
momentarily by light from a bezzle lamp attached to the
scale tube by a rubbexr tube. The light was diffused by
frosted glass plates contained in this tube.

A camera ("Praktica®" Fx2, 35 mm. with a Meyer Optik
Gorlitz 2+9 lems of 50 mm. focal length), fitted with a
2 dioptre supplementary lens was mounted directly in
front of the eyeplece, but outside the light-proof box
which housed most of the apparatus. A rubber seal
provided a light-proof connection between the camera lens
and the inside of the box. The excitatlion radiation was
provided by an enclosed 125 watt mercury lamp fitted to
the outside of the box (Fig. 1*5). The Wood's glass
bulb restricts tbe radiation to mainly the 3650 A° meroury
line. The visible light still transmitted was almost
complately removed by a further Wood's glass filter, which

was used as a window to the optical box.



The instrument was calibrated against mercury, neon,
hydrogen, and sodlum lines. In the 400 3& region the
expected accuracy is within 1 mi, and in the 500 %p
reglon within 5 %?' Standards for comparing known
spectra with unknown ones were contalned in screw-capped
glass phials of 4 c.c. capacity, which were supported in
a metal tube inclined at 45° and directly over the
comparison prism of the spectrometer. The tube had a
window in the upper end in order to allow the incident
light to reach the solution and the emitted rays to reach
the slit. The standards contalined the amount of
fluorescent substance which would give approximately the
brightest spectrum; e.g. 3:4-benzopyrene, 5x10™4 mole/1.;
anthracene, 107> nole/l., and l:2-benzanthracene sx10™4
mole/l.

The uninown was contained in a pyrex test tube
supported in another metal tube with a window cut so that
the incident light, emitted at right angles, passed
directly through the slit. Aluminium foil was used as
reflectors behind both standard and unknown solutlions,
to increase the intensity of radiation.

The solvent used was usually benzene, but unknowns
were alvays examined in the same solveni as the standard

materials. With solutions of the above concentration,
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PABLE 1°1. MAXIMA S%g} OF FLUORESCENCE BANDS OF

>34-BENZOPYRENE.
weigert® Chalmers® | Schoental® cardon® |Present Work.
(acetone) | (aloohol) pgiiﬁ:m) {benzene) | (benszene)

- 394 - - 398 weak, B
404 4045 403 - 404 strong, N.
410 410 408 410 409 weak, N.
417 417 415 413 417 wesk, N.
427 429 427 - 427 strong, B.

= 434 431 432 433 strong, B.

5 : 437 - 437 v. weak, N.
455 456 454 455  |4%6 strong, B.
485 - - - 485 wesk, B.

* B = Broad band; N = Narrow band.

2 Weigert and Mottram, Nature, 1940, 145, 895.

Y Chalmers, Biochem. J., 1938, 32, 271.

© Schoental and Scott, J. Chem. Sog., 1949, 1683.

4 cardon, Alvord, Rand, and Hitchoook, Brit. J.
Cancer, 1956, 10, 485.
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TABLE 1-2.

Radulescu® | Radulesou® | Schoental® | Present Work.
(benzene) (heptane) piz:-i:am) (venzene)
446 440 438 445 B
475 465 465 475 B
505 498 497 502 B
5375 535 - 536 B

2 Radulesou and Dragulescu, Bul. Soc. chim. Romanla,
1935, 17, 9, 26, 35.

® Schoental and Scott, J. Chem. Sog. 1949, 1683.
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a spectrometer slit-width of 0°0l in., and an exposure
of 1 min. at £2°9, with Kodak Tri-X or Ilford HPS film
was usually satisfactory. The scale was 1lluminated
for approximately 0*5 sec.

With this appartus, 3:4-benzopyrene (5x10"4 mole/l.
in benzene) gave a fluorescence spectrum showing
considerable fine structure. The positions of the maxima
of the fluorescence bands are given in Tadble 1:1, which
records the values obtained by previous workers. With
weaker or impure solutions only the atrong bands were
normally detected.

Perylene showed maxima as recorded in Tadble 1-2.
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CHAPTER 11

—

AN EXAMINATION OF "SCHROETER TAR®

When tetralin is treated with aluminium chloride at
low temperature, a complex mixture ("Schroeter tar") is
obtained®?. Some of the distillation fractions have
been found to be carcinogenio36? Hiegerjébshowed that
the fluorescence spectrum of the distilled tar was
similar to that of other carcinogenic tars obtained from
gasworks, and the pyrolysis of acetylene, yeast, muscle,
bair, etec., and the presence of J:i4-benzopyrene has bheen
presumed for many years. Schroeter's analysis of the
tar showed that the mixture contalned ootahydroanthracene,
octahydrophenanthrene, 6-4'-phenylbutyltetralin (I) and
2:6'~ditetraly1?5 Cook and Hewett37‘have suggested that
it may also contain some 5-4°'-phenylbutyltetralin (II),
which could conceivably give the carcinogenic hydrocarbon
3:4~benzopyrene (IV) by gyclodehydrogenation.

The distillation fractions of "Schroeter Tar" have
now been examined for 3:4-benzopyrene. Several of the
crude fractions gave diffuse fluorescence spectra

corresponding to the fluorescence spectrum of this
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hydrocarbon. Chromatography on alumina gave 3:i4-benzo-
pyrene from two fractions. The 6-4'-phenylbutyltetralin
fraction, b.p. 230-240°/15 mm., was found to contain a
small amount of the benzopyrene, but the higher fractiom,
b.p. 205-240°/0°5 mm., which approximately corresponds
to the fraction which Kennawarssa showed to be the most

carcinogenic, has been found to contain as much as 4%
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3:4=~benzopyrene. A small amount of perylene was also
found, but no conclusive evidence of 1:2-benzopyrene (III),
despite the fact that this might be expected following
gyclodehydrogenation of 64 '-~phenylbutyltetralin (I).
Another hydrocarbon, which was not identified, was
isolated from the highest fraction b.p. 245-300°/1 mm.

An attempt was made to detect 5~4‘*-phenylbutyl-~
tetralin (II) in "Schroeter Tar®, but without success.
Careful fractionation of the fraction bep. 230~240°/15 mm.,
using a spinning band column gave 6-4*-phenylbutyltetralin
(I) and 2:6*-ditetralyl in agreement with SQhroetemﬁﬁ;
but the S~isomer, if present, could not be separated.
Gas~liquid chromatography alsc afforded mo separation of
isomers.  Oxidation of a portion of the same fraction
with potassium permanganate, esterification of the
resulting acid with diazomethane, followed by ochromato-
graphy, gave 1:2:4~trieérbome€hoxybenaane as the only
product, and no lzz:3~tr1carhomethox&henzena (which would
be formed by the oxidation of_II;) could be detected.

These experiments do not eliminate the possibility
that a small smount of 5-4'-phenylbutyltetralin (II) may
be present. If it is present, it would be expected to
gyclodehydrogenate to 3:4-benzopyrene under pyrolytic



conditions, and it was thought that it may be easier to
detect this transformation. The fraction b.p. 230-240°%/
15 an. from which essentially all the 3:4~bengzopyrene had
been removed, was accordingly pyrolysed at 360° and 600°.
At the lower temperature only a trace of 3:4-benzopyrene
was detected. Pyrﬁlysis at 600° gave a complex tar
containing a considerable amount of low boiling products.
Analysis by distillation, gas-liquid chromatography, and
chromatography on alumina enabled positive identification
of naphthalene, 2-methylnapthalene, and 2~ethylnaphthalene.
Compounds with gas-liguid chromatographic retention times
corresponding to toluene, ethylbenmene, styrene, propyl-
benzene, end other unidentified simple products were also
observed. A compound having & phenanthrene-type ultra-
violet absorption spectrum was isolated and 2:2%-di-
naphthyl was also found in reasonable yileld. 3:4-Bengzo-
Pyrene was again preseal in only trace amounts; bdut
perylene was isolated in 0°125% yileld.

This work has there®ore fzniled to show the presence
of 5-4'-phenylbutyltetralin {II). Nevertheless, this
does seem to be the most reasonable intermediste for the
formation of the 3:4~benzopyrene in "Schroeter Tar®.

The explanation may be that the 5~4'~phenylbutyltetralin



is formed, and is s0 readily converted into 3:4-benzo-
pyrene that the Intermediate cannot be isolated.

It remained to be determined whether the proposed
syclodehydrogenation is brought about by the catalytic
action of the aluminium chloride, or occurs during the
distillation in the subsequent working up of the
product. Undistilled "Schroeter Tar" was therefore
examined. Cold sulphuric acid extractlon of the
undistilled tar, followed by chromatography on alumina
of the benzene extract, gave a yellow hydrocarbon,
apparently 1n:2®:39:4%:5%:61:7:8~pctahydro~829~
benzonaphtho-{2':3'-3:4 )pyrene (VII), but no 3:4-bengo~
pyrene. The melting point and fluorescence spectrum of
the octahydrobenzonaphthopyrene agree with the
literature?®. fThere is a slight difference in the
ultraviolet absorption spectrum (Fig. 2+1), and the
spectrum of the compound isolated here, more closely
resembles that of 3:4-benzopyrene, with a bathochromic
shift of approximately 15 %ﬂ, than previously reported.
Dehydrogenation with palladium-—charcoal gave 3:4~benzo-
8:9~{2%=3'~paphtho)pyrene (VIII) whose melting point,
fluorescence, and ultraviolet spectra (Pig. 2°2) was

in agreement with the literature?>,
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glves evidence that the ectahydrobenzo-
naphthopyrene is the unidentiflied yellow compound found
by Schrceter35 from the action of aluminium chloride on

octahydroanthracene (V). In the present work this



compound could then be formed by the same mechanism
(v, VI, VII) suggested by Grove. (gf. the proposed
tetralin to 3:4-benzopyrene mechanism).

The material not extracted with sulphuric acid (see
fraction B2 Pig. 2°3) was distilled, but only small
amounts of 3:4-benzopyrene and perylene were detected
after chromatography on alumina. Similarly, distillation
of the early liquid fractionu following chromatography of
the sulphuric acid—soludble material (fraction B4 Fig. 2+3)
gave very little 3:4~benzopyrene.

It seems likely, therefore, that the 3J:4~benzopyrene
in *Schroeter Tar" is not formed by the action of
aluminium chloride, but is formed by the heat of
distillation. It can also be said that the sulphuric
acid used here for extraction, in some way rearranges OX
otherwise interferes with the precursor, and prevents the
formation of 3:i4-benzopyrene even on heating. This was
supported by repeating the analysis on a smaller scale
and by chromatographing the tar on alumina instead of
extracting with sulphuric acid. As anticipated,
distillation of the appropriate fractions gave 3i4~

benzopyrene, so confirming the above conclusions.



®SCHROETER TAR™

-

Fraction A. Fraction B.

Distillation Distillation ( 70°/0°1 mm.)
: Distillate
Chromatography
Residue (Bl)
3:4-Benzopyrene
///////32304
Extr?ct (B3) Won Extract (B2)
/’///Efgomatography Chromatography
041 (B4)
i 3:4-Bengopyrene
otatl Qo
benzonaphthopyrene and perylene
(traces)
Distilled
Chromatag&aphy
3:4~Benzopyrene

and perylene (small amount)

th 2'3.



EXPERIMENTAL,

"Schroeter Tar".- Tetralin (2*5 kg.) and aluminium
chloride (50 g.) were stirred for 10 hr. at 50-70°.
After pouring onto ice the tar produced was collected and
distilled. On removal of the lower boiling fractions
containing benzene, tetralin, octahydroanthracene and
ostahyﬁxuphenanthrene35 the following fraoctions were
distilled: (1) b.p. 230-240°/1%5 mm. (280 g.); (i1) b.p.
205-240°/0*5 mm. (75 g.); and (4i1) b.p. 245~300°/1 mm.
(71 g.). All fractions having b.p. greater than 120°/
15 mm. showed fluorescence bands corresponding to 3:4-

benzopyrene.

Analysis of Fraotion (1).~ The orude tar (63 g.)

from this fraction was chromatographed in hexane on
alumina (40 x 5 cm.). Elution with hexame (1 1.)
brought through the bulk of the tar, mainly consisting

of 6~4'-phenylbutyltetralin, which showed only a very
faint fluorescence spectrum of 3:4~benzopyrene. However,
further elution with benzene-hexane (1:2), gave eight
fractions (each of 70 c.c.) having fluorescence ranging
from blue-violet in the early fractiocns, to green-blue,
and then back to blue-violet im the later fractions.



Fractions 1, 2, 6, 7 and 8 showed strong fluorescence
bands of 35:4~benzopyrene, and fractions 3, 4,and 5
somewhat weaker bands owing to guenching, together with
three other bands which were identical with those of
perylene. Removal of the solvent gave crude 3:4~benzo-
pyrene (60 mg.). Recrystallisation from ethanol gave
the substantially pure product as yellow needles, m.p.
1?4«4?60g not depressed by admixture with an authentic
sample (1it.46 176-177°).  Its ultraviolet absorption
spectrum (in ethanol) gave the following maxima (gu) and
log £ values (in parenthesis), in good agreement with the
literature?®947226 (4-40); 255 (4-58); 265 (4+65);
274 (4°44); 284 (4+62); 296 (4+73)3 331 (3-65); 347
(4°04); 364 (4+30); 384 (4+37); 404 (350). A
maximum at 434 ™ (2°78) was identical with that of
perylene (1at.%8 434 3n}. From the absorption spectrum
this seems to be present in less than 1%.

An,
chromatographed in hexane on alumina (35 x 5 cm.).
Elution with hexane (2 1.) brought through the main

sis of Fraction (ii).- The tar (5% g.) was

product as a pale yellow oll with an intense violet
fluorescence. Further elution with benzene~hexane (1:2)
brought through a very broad yellow bend which was
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practically non fluorescent on the column, but which gave
a green-yellow fluorescence in solution. Fight fractions
(each of 175 c.c.) were collected and removal of the
solvent gave yellow crystals of crude 3:4-benzopyrene
(2+1 g.). Practions 2 - 5, which contained most of the
material, were combined and recrystallised from ethanol.
A further three recrystallisations gave the substantially
pure product m.D. 1?4»1?50, not depressed by admixture
with an authentic sample. (Found: C, 95-0; H, 5+0.
C,gHy o Tequires C, 95-2; H, 4+8%). The trinitrobenzene
complex had m.p. 223-224° (11t. 226-227° corr.).
(Found: C, 67+15; H, 3+2. C,gH, sli50g Tequires C, 67+1;
H, 3+2%). Absorption spectroscopy showed peryleme to
be present to the extent of less than 1%.

knalzgis of Fraction (1ii).~ This fractiom (71 g.)

was chromatographed as above. The fractions which were
eluted with bengene-hexane (1:2) (1°5 1.) were combined,
the solvent removed, and the residue extracted in benzene
with cold sulphuric acid4’, The acid extract was poured
onto ice and extracted with benzene in a continuous
liquid extractor for 12 hr. After washing with sodium
bicarbonate solution, then water, and fimally drying,

the benzene was evaporated. Chromatography on alumina,
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and elution with bengene-hexane (1:2) gave several orange
fractions which were evaporated. The residues were
reerystallised from ethanol to give orange-brown prisms
m.p.-2§5~2§7°. Its ultraviolet absorption spectrum had
naxima at 220, 246, 255, 269, 297, 310, 323, 354, 374,
396, 422, 448, and 456 (infl,) e (rig. 2°4)

sgohroeter Tart.~ (1) gz ggactionaticn. An
attempt was mede to fractionate the crude tar (70 g-,
bepe 230~240°/15 mm.) using a spinning band colummn. By
plotting both boiling point and refractive indlces of

2 c.c. fractions against the amount distilled, the
distillate could be divided into three fractions: (a) the
forerun (6 G.C.) bep. 230-235°/15 mm.; (b) the main
fraction (36 c.c.) (which had both a slowly rising bolling
point, i.e. 136~l40§/1§ mm., and refractive index,

7 17 1.56 5670-125720)3 and (c) a compound (24 c.c.) which
solidified as colourless plates and identified by its

mepe 54-54+5° (Schroeter gives m.p. 53.54%) as 2:6'-di-
tetralyl. Fraction (b) which still exhibited a pale
violet fluorescence in visible light, and which was
intensely violet in ultraviolet light, showed identical
infrared spectra throughout the fractlon.
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(i1) By gas-liquid chromatography. Gas-~liquid

chromatography, using both the instrument built in this

41 and a Griffin Vapour Phase Refractometer,

laborator
of the fraction b.p. 230-24G°/15 mm., falled to separate

the two isomers of phenylbutyltetralin.

(111) By oxidation. Oxidations with (a) potassium
permanganate, and (b) chromium trioxide and acetic acid,
were carried out on the redistilled tar, b.p. 230-240°%/
15 mm. (13 g. and 5+2 g. respectively) by the method of
Schraeterﬁs, except that with (a) after scidification
with sulphuric acid the mixture was extracted with ether,
the ethereal solution dried, and then treated with
diazomethane. However, the product was l:2:4~tricarbo-
nethoxybenzene and no 1l:2:3«tricarbomethoxybenzene
expected from oxldation of the «x-isomer, could be
detected in the resulting oily product.

With oxidation by method (b) no separation of 2:4-
dinitrophenylhydrazones of the ketone(s) formed could be
effected by chromatography in chloroform on kleselguhr
and bentonite (1:4).

Eyrolysis Reactions.~ (i) Distillation. The

fraction (b) from the spinning band distillation (27 g.),

which showed strong but diffuse fluorescence bands of
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3:4~benzopyrene (Plate 2+la) was chromatographed on
alumina (40 % % om.). Elution with hexane (800 c.0.)
brought through the bulk of the material as a non-
fluorescent (in visible light) colourless oil. . Further
elution with benzene-hexane (1:2) (8 fractions of 70 c.c.)
gave 3i4-benzopyrene in the last three fractioms,
identified by its fluorescence (Plate 2°1b) and absorﬁtion
spectra (Fig. 2+*5) (meaxima at 404, 384, 365, 347, and

332 %ﬂ.)w The calculated amount present from the

absorption curve was less than 0.5 mge.

(11) At 360° = Fraction (1) (2 g+) bap. 230-240°%/
15 mm., from which the 3:4-benzopyrene had been removed
by chromatography was refluxed for 1 hr. Chromatography
of the product on alumina gave small amounts (ga. 0°5 mz.)
of 3:4-benzopyrene and perylene, as estimated from the
ultraviolet absorption spectrum. Three maxima (at 331,
316, and 299 qp) suggested the presence of a small amount

of l:2-benzopyrene alsce

(111) At 600°, Fraction (i) from which the
benzopyrene had been removed (20 g.) was vapourised at
the rate of 1 drop/l5 sec. and passed with nitrogen
(1 c.cs/s0c.) through a silica tube (36 x 1 im.) packed
with porcelain chips (% - % in.) heated to 600°.



Distillation of the resulting reddish~brown tar (15 g.)
gave 8 fractlons and a residue as follows:~ Fl, b.p. 80°
(0°25 g.); F2, b.p. 80-120° (0°5 g.); F3, b.p. 80-110%/
21 mm. (3 g.); P4, b.p. 110-120%/21 mm. (2+5 g.);

F5, bep. 120-140%/21 mm. (0°5 g.); F6, be.p. 100-150°%/
12 nm. (3 g.); F7, b.p. 150-180°%/1+2 mm. (2 g.);

F8, b.p. 180-220%/1¢2 mm. (1 g.); and the residue (2 g.).

Gas phase chromatography* of fractions Fl and F2
gave peaks with retention times corresponding to toluene
(0°1 g.), ethylbenzene (03 g.), styrene or o-xylene
(0°25 g.), and n~propylbenzene (0+1 g.) (Table 2-1).

(The amounts were caloulated from the areas under the
peaks). The third compound was found to decolourise
bromine watex.

Similarly, gas phase chromatography of fraction F3
gave four peaks, the last two of which corresponded to
naphthalene and 2-methylnaphthalene. (Table 2+2).
Collection of the fractions confirmed the presence of
naphthalene (1462 g.), m.p. and mixed m.p. 79-80°, and
2-methylnaphthalene (0+54 g.); its infrared spectrum
showed maxime at 5-18, 5+38, 5+53, 5°66, 591, 6+08, 623,
6+98, 712, 7+28, 7+36, 7°55, 7+89, 810, 8:32, 8.53,

* The instrument built in this laboratory used here.
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TABLE 2.1 FRACTION F1 & 2.
Column: Apiezon M on 100~150 mesh Celite;
Temperature 115°; Inlet pressure 760 mm.3
Outlet pressure 760 mm.} N, flow rate, 25 1./hr.

UBKNOWR STANDARD
Peak . R BRTR Inference "RT RITR
1 6 mm.| 1 Toluene 63 mm.| 1

2 11 =® | J+8 Ethylbenzene 114 ¥ | 1.8

o~Xylene or

3 14 0 | 2.7 164 " | 2+6
styrene
4 22+5 0 Propylbenzene(?)
TABLE 2°2 FRACTION F 3.

Column: Aplezon L on 40-80 mesh Celite;
Temperature 192°; Inlet pressure 423 mm.;

Cutlet pressure 5 mm.; K, flow rate, 1-1 l./hr.

UNEROWH STANDARD
Peak, RT RIR Inference RT | RIR
1 3-4 *5 Unknown X
2 53 77 Unknown ~Y
3 6+75 1 Kaphthalene 6+8| 1
4 10+9 1+6 | 2 Me-naphthalene 11+0} 146
5 |12 (infl.) | 1 Me~naphthalene(?)| 12°1

RT = Retention time.  RTR = Retention time ratio.
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8+67, 8-76, 8+89, 9-64, 10°44, and 14;34)n essentlally
in agreement with the 1iteraxuxe§°' It also showed
maxima at 5+90, 6+85, 7+22, 7°42 (infl.), and 9'2813
probably indicative of l-methylnaphthalene. ‘This is
supported by the presence of a shoulder on the main peak
of the chromatography curve as expected for a mixture of
methylnaphthalenes. The unidentified compounds,

unknown =X (0*54 g.) and unknown ~¥ (027 g.) were
collected. Infrared analysis of unknown -X suggested

a mixture of two trisubstituted benzene compounds
containing some methyl substitution. This was indicated
by six absorption maxima at 5-09, 5°19, 525, 533,

542 and 6-0243 from combination tone vibrations, and by
a peak at 3*544p denoting methyl absorption in the C - H
stretching region. There was insufficient of unknown -Y
for identification.

Fractions P4-5 showed the presence of naphthalene
(0*62 g.), methylnaphthalenes (1+25 g.), and 2-ethyl-
naphthalene (0+9 g.)s The latter was collected, and
showed maxima in the infrared at 5+-20, 5+42, 5+61, 585,
6+10, 623, 7°88, 830, 855, 8+67, 876, B8°89, 9+37
(infl.), 9+47, 9°81, 10-28 (infl.), 10+39, 10°56, 1126,
11+73, 1224, 12+79, and 13~11)u in agreement with the

literatureﬁg . In the region 6+5 -~ 8 )x the maxima



corresponded with those of l-ethylnaphthalene, A fourth
gas phase chromatography fraction (0+07 g.) could not be
identified.

Fraction F6 was chromatographed on alumina (3 x 15 cm.)
in hexane. Elution with this solvent gave five fractions
(each of 60 c.c.) all of which gave on evaporation of the
solvent a white solid. Recrystallisation from ethanol
gave fine colourless prisms m.p. 150-157°. Its ultra-
violet absorption spectrum (Maxima at 250, 252, 276, 288,
300, 323, 340, and 358 gn) suggested a phenanthrene
derivative (Fig. 2+6), but it was not identified.

Chromatography of fractions F7-8 on slumina and
elution with hexane and benzene~hexane (1:2), gave 2:2'-
dinaphthyl (1 g.), (identified by m.p., mixed MePey and
ultraviolet spectrum). Trace amounts of 3:4-bensopyrene
and perylene were indicated by fluorescence spectroscopy.

The residue was chromatographed on alumina in
benzene to remove black intractable materials. The
resulting eluant was treated with ocold sulphuric ac1a®®
giving an extracted portion, Fll, and a non-extracted
portion, Fl2. Evaporation of the solvent from ¥ll1,
followed by chromatography on alumina, gave perylene
(20 mg.) shown by absorption spectroscopy (maxima at 245,
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252, 386, 408, 426 (1nfl.) and 435 mu). (Fige 2:7).

Its fluorescence spectrum also showed the presence of a
small amount ( 1 mg.) of 3:4-benzopyrene. Similar
treatment of F12 gave 2:2'~dinaphthyl (1 g.).
Recrystallisation tﬁice from ethanol gave the pure product
Rep. 182-184° (11t.51 186° corr.) and showed maxima (%p)
and log values (in parenthesis) at 231 (4+12), 254
(4°94), and 304 (4+25). (Found: C, 94-5; H, 55,

Calc. for C, Hl4: C, 94+5; H, 56%).

Analysis of Undistilled "Schroeter Tar".~ "Schroeter

Tar® prepared from tetralin (2 kg.) and aluminium chloride

(40 g.) was divided into two equal portioms. Portion A

was distlilled as above. Chromatography on alumina of

the appropriate fractions gave 3:4-benzopyrene (0°65 Be)o
The tetralin and benzene were removed from portion

B by distillation up to a temperature not greater than

70°/0s1 mm. The residue (300 g.)y in an equal amount

of benzene, was cooled to 0° and vigorously stirred while

sulphuric acid (200 c.c.) was added at such a rate that

the temperature did not rise above 5°, Stirring was

continued for 15 min. and the acid layer removed. The

extraction was repeated with 150, 100 and %0 c.c. lots

of acid. The combined exiracts were added with stirring



to ice (1 kg.), extracted with four lots of benzene and
the combined benzene extracts washed with water, sodium
bicarbonate and water respectively, then finally dried
over calcium chloride. The benzene was removed and the
residual tar (17 g.) chromatographed in hexane on alumina
(20 x 3 om.)e

Elution with hexesne brought through most of the
broduct, and removal of the solvent gave a viscous oil
B4 (Fig. 2+3). Further elution with benzene-hexane (1:2)
gave a yellow compound (0-3 g.). Reorystallisation three
times from gyclohexane gave 1":2m:37s4n15¢:67171:8%-
octahydro-8:9-benzonaphtho-{2%:3'-~3:4) pyrene (?) as
bright yellow plates m.p. 309-311° (silicome bath) (1itd>
320°).  (Found: €, 92¢8; H, 6°8. Calc. for Cpghyyt
Cy 93°3; H, 6+7%). Its fluorescence spectrum
(Plate 2°1c) had maxima at 420, 445, 475, and 499 in
agreement with the literature 4%, The ultraviolet
absorption spectrum (in cyclohexane) showed maxima ()
and log€ values (in parenthesis) at; 233 (4°49), 262
(4°56), 275 (4+66), 297 (4+72), 311 (4-84), 350 (3+69),
566 (3°80), 374 (4°25), 420 (4-36), 416 (4+06) in
agreement with the literature 45, except the maximum at
420 191. (Fig. 2+1).



The octahydrobenzonaphthopyrene (58 mg.) was
dehydrogenated by refluxing it in p-cymene (10 c.c.)
with 10% palladium-charcoal (50 mg.) for 6 hr. The red
resldue remaining after removal of the solvent was
chromatographed on alumina in benzene. Recrystallisation
from benzene gave 3:4-benzo-8:9~(2*:3'-naphtho)pyrene as
scarlet plates m.p. 334-337° (11t.*’ 338-3399). 1ts
ultraviolet absorption spectrum and its fluorescence
spectrum with maxima at 262, 311, 324, 348, 366, 448, 482
and 515 i (Fig. 2+2) and 528, 565 and 612 mp (Plate 2-14)
respectively, were in agreement with the literature45.

The material B2 (Fig. 2°*3) not extracted by the
sulphuric acid, was washed with sodium bicarbonate, water,
dried, and distilled. The materisl b.p. 210°/0°9 mm.
was removed, and the residue chromatographed on alumina.
Some fractlons showed the fluorescence bands of 3:4-
benzopyrene and peryléne. This was confirmed by ultra~
violet absorption spectroscopy, and by their Rf values
from chromatcgraphy on acetylated paper. It was
estimated that only a small amount of each was present.

Distillation, chromatography and spectral analysis
in a similar manner of the fractions b.p. 260*320°/19 i«
of the oil B4 (Fig. 2+1) also gave only a few mg. of

3:4~benzopyrene and perylene.
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Plate 2°1., (a) Crude 3:4-benzopyrene fraction; (b)

- purified 3:4-~benzopyrene; (c) fn:omizn;
47 :51:61:7:8'=0ctahydro=8:9~benzonaphtho-
21:3'-3:4)pyrene(?); (d) 3:4-benzo-8:9-
2¢:3'=naphtho)pyrene. (The upper spectra
are all 3:4=benzopyrene).



CHAPTER III1

AND RELATED COMPOUNDS.
PART I.

The Pyrolysis of l-4°'~Fhenylbutylnaphthalene.

S~4 '~Phenylbutyltetralin (I) can be considered as a
possible intermediate for the formation, at high tempera-
tures, of 3:4-benzopyrene (see Chapters I and II), This
could involve two mechanismsi-

(1) A primary oyclisation followed by dehydrogena-
tilon of the tetralin ring and the butyl
linkage.

(2) Dehydrogenation of either the tetralin ring,
or the butyl linkage, or both, to give 1-4'-
phenylbutylnaphthalene (IV), or l-4'~phenyl-
buta-l:3-dienyltetralin (I1), or 1-4'~phenyl-
buta-l:3-dienylnaphthalene (III), followed
by cyelisation.

Y o

(1) (n



(L (IVa)

(Ivh) (IVe)

Cyclodehydrogenation clearly can take place in
several ways, i.e. in the sense (IVa) to give 3:4~-benzo-
pyrene, in the sense (IVb) to give l:l'~dinaphthyl or
perylene, or in the sense (IVe) to give l-phenylphenan—
threne.

1-4 '~Phenylbutylnaphthalene has now been synthesised
and pyrolysed under varyiug conditions. All of the above
eyclodehydrogenation products have been identified in the
tars formed. Cyclodehydrogenation could counceivably

occur so as to give compounds contalning five membered



rings. However, none of these were found. When heated
at 3609, l-4*~phenylbutylnaphthalene was recovered
essentially unchanged; however, ultraviolet and
fluorescence spectra indicated that smali amounts of 3:4-
benzopyrene and perylene were present. On heating at
360° with palladium—-charcoal as a catalyst the phenyl-
butylnaphthalene gave a 63% yield of l-phenylphenanthrene.
Fluorescence spectra indicated the presence of only very
small amounts of 3:4~benzopyrene and perylene. Similar
results were found using activated charcoal itself except
that the yield of l-phenylphenanthrene (8%) was much lower,
and the yield of perylene (0+3%) greatly increased. No
3:4~-benzopyrene could be detected. However, refluxing
phenylbutylnaphthalene at 360° with palladium-asbestos
gave no l-phenylphenanthrene, but did give a small amount
of benzopyrene and perylene and another compound with a
chrysene type ultrviolet absorption spectrum. If this
were 6:7-dihydro~3:4-~benzopyrene it would be expected to
have a spectrum similar to 5-ethylohrysene. Although the
main maximum (268 gp) was the same as for S5-ethylchrysene
the very impure nature of the isolated product precluded
any definlte identification.

The observation that using palladium-charcoal or



charcoal itself as s catalyst a far greater yield is
obtained of l-phenylphenanthrene than the other gyclo-
dehydrogenation products (at 36G°).requires some comment.
The catalyst may be expected to increase the yields of
each possible gyclodebydrogenation product. If the
dehydrogenation is a radical reaction (which is a reason-
able assumption at these temperatures), then the most
reactlve positions will be those adjacent to the aromatic
rings52§ yiz. those shown by an asterisk in (V), (VI),
and (¥II). Cyolisation is then more likely to occur in
(VI) and (VII) as these involve an active position. It
would also be expected that cyoclisation to a naphthalene
nucleus (as with VII) would ocour far more readily than
to a benzene nucleus (as with 71)53. On this reasoning
alone, then, the yields should be in the order (VII)>»>(VI)
>(V).

Othexr factors are undoubtedly involved, including the
fact that the cyolisation of one ring only is required in
the formation of l-phenylphenanthrene. However, this
satisfactorily explains the yields with charcoal as
catalyst, and to a lesser extent with palladium-charcoal.
As the ylelds of perylene and 3:4-benszopyrene when pallad-
ilum~asbestos was used were of the same order as those

obtained by the pyrolysis at 360° without any ocatalyst,



palladium-asbestos appears to be ineffective as a catalyst.
The larger surface area of the charcoal may be involved

in an explanation of this anomaly.

(Vi)

Pyrolysls of the phenylbutylnaphthalene at 600° was
garried out by passing the liguid through a silica tube
packed with porcelain chips heated in the electric furnace
described in Chapter 1. Low boiling substances produced
by cracking (toluene, naphthalene, and l-methylnaphthalene)
were removed by distillation from the resulting tar. The

residue was submitted to chromatography on alumina and the
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various fractions analysed using ultraviolet and fluores-
cence spectra. These techniques showed the presence of
1:1'~dinaphthyl, pyrene, perylene and 3:4-benzopyrene in
small yleld. The mechanism of the formation of these
compounds, except that of pyrene, which is cbviously formed
by secondary reactions involving the substances produced
by cracking (e.g. styrene), have been discussed above.

The tar formed at 700° was shown, in the same way,
to contain similar products, but with a much larger yield
(40%) of naphthalene due to the greater amount of cracking
at the higher temperature. However, at 500° using an
unpacked pyrex tube unchanged starting material was mostly
recovered. A comparison of the products obtained and
their yields, in these pyrolyses, is given in Table 3-l.

For the synthesis of l-4‘'~phenybutylnaphthalene,
ethyif?~benﬁoylpropionata was esterified with ethanol and
sulphuric acid, and then reduced with "copper chromite®
and hydrogen to ethyl~4»pheny1butyrate*. Further reduction

* Adkins, Wojolik, and Coverém%escribe this reduction
as proceeding right through to the alcohol; however,
with the apparatus used (maximum pressure obtainable
was 2500 1bs./sg.in.) only the carbonyl function was
reduced.
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TABLE 3°1 PYROLYSIS FRODUCTS OF
1-4 ' ~PHENYLBUTYINAPHTHALENE .
Yield %
N 360 | 360 360 360 500 |600 |700
«©) (ra/c) |(Pa/Asb)| (Un~-
pack-
ed)
Recovered 75 | 50 sa 50 70 - =
Toluene, etc. - sa sa 25 - 25 (10
Naphthalene - | 5 |- - - 2 |40
1 Me-Naphthalene| - |[sa(?)]| - - - 27% |(?)
Dinaphthyl - | - - = - |0%4%(?)
l-Phenyl=-
phenauthrene - |75 63 - - - -
Pyrene - - - = = 02 | -
Perylene 0+05{0+3 sa 0+04 - 006 |(?)
3:4~Benzopyrene [0+05| - sa(?) | 0-08 (?) [|0°2 |01
F.S. 412, 438,
465. - - - sa sa sa (002
Unidentified sa | sa sa 12+5 sa 20 120
F.85. = TFluorescence Spectrum;

84 = gmall amount.




with lithium aluminium hydride gave 4-phenylbutan-l-ol

in good yield. This was converted to the bromide (VIII)
with phosphorus pentabromide or with phosphorous tribromide.
The tertiary alcohol (IX) was formed from the reaction of
the Grignard complex, or lithio-derivative, of the bromide,
and l-tetralone. Dehydration of the alcohol, which
occurred very readlly, could concelvably give either &
compound with en _endooyclic (X), or exooyolic (XIV) double
bond. Ozonisation of the product, and examination of

the neutral fraction (presumably XII ) by infrared
spectroscopy showed two carbonyl bands. After treatment
with acidified 2:4-dinitrophenylhydrazine no carbonyl
bands could be detected. However, regeneration of the
carbonyl compounds with pyruric acid gave a compound which
contained only one (aldehydic) carbonyl group. Evidently
the action of the acidified 2:4~dinitrophenylhydraszine on
(XI1) resulted in intramolecular dehydration to the
dinitrophenylhydrazone of the indene aldehyde (XII). A
similar intramolecular dehydration to indene~2-aldehyds
has been reported by Braun and 20383?5-

This evidence indicates that the unsaturated compound
is the dihydronaphthalene derivative (X). Dehydrogenation
of this compound with palladium-charcoal in p-ocymene gave
the desired phenylbutylnaphthalene (XI).
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PART II.

The Pyrolysis of a Partially Dehydrogenated
1-4 '~Phenylbutyldecalin” and 1-4'~Cyclohexylbutyldecalin.

As the proposed intermedizate for the formation of
3:4-benzopyrene in "Schroeter Tar", i.8¢ 5=4'~phenylbutyl-
tetralin, contains a saturated ring adjacent to the
benzene ring when the molecule is arranged so that cgyclo-
dehydrogenation would result in the formation of 3:4-
benzopyrene, it was thought desirable to examine compounds
with this ring hydrogenated.

A partially dehydrogenated 1*4’~phenylbutyldecalin*
and l=4'-gyclohexylbutyldecalin have therefore been
synthesised and some pyrolysis experiments carried out.
Pyrolysis of the former at 600° gave, besldes some low
boiling products, chrysene, and a small amount of 3:4-
benzopyrene and perylene. No benzopyrene could be
detected in the tar produced by pyrolysis at 360°,
However, at 360° with palladium—charcoal as catalyst,
pyrolysis gave naphthalene, 1-4 *~phenylbutylnaphthalene,
l-phenylphenanthrene and traces of perylene and 3:4~

benzopyrenee.

. Actually a mixture with l-4'-phenylbut-lt-enyldecalin.
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Unchanged starting material was recovered almost
entirely from the pyrolysis of l~4'-gyclohexylbutyldecalin
at 360°,

(XV) (xXvi)

(Xviil) (Xvi)

For the synthesis of (XVI) and (XVII) the lithio-
derivative of phenylbutylbromide was added to l-decalone
to give the tertiary alcohol (XV). Dehydration gave a
mixture of (XVI) and (XVII) (shown by ozonisation).
High pressure hydrogenation of l-4‘'-~phenylbutylnaphthalene
with Raney nickel catalyst gave l-4°*-gyclohexylbutyldecalin
(xviI).



PART IIIl.

Zhe Attempted Synthesis of 5.4 *-Phenylbutyltetralin.

In view of the proposed formation of 3:4~bemzopyrene
from 5=-4 '~phenylbutyltetralin (XXIV) in *Schroeter Tar®,
it was considered important to try to obtain some of this

hydrocarbon itself, for pyrolysis.
Hany attempts to synthesis it were carried out. The

scheme ( XIX - XXIV ) was tried exhaustively.

—
[

(X1x) (X X}

O@ (XX11Y

N

(XXIV) (xx 1)
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Phenylbutyraldehyde is quite unstable and soon polymerises
in alr, in contact with alkali, on heating in the presence
of oxygen, etc., and is difficult to prepare and handle.
Various oxidative and reductive methods were tried for
its preparation. Oxidation of (XIX) (where R = CH,0H)
with sodium dichromate, chromium trioxide and pyridinege,
and dinitrogen tetroxid957, all gave poor ylelds, while
dehydrogenation over aapgar§8 at 220° gave after purifica-
tion through the bisulphite compound a 40-50% yield (the
best method). Where R = CH, Br nitration with silver
nitrit959

very little aldehyde. VWhere R = COC) Rosenmund reduction

followed by reduction of the sodium salt gave

with or without poisoning, and also reduction with
lithium-tri~t.~butoxyaluminium hxdrideﬁg gave poor yields.

Analyses of the compounds (XXII), (XXIII) and (XXIV)
wexre very poor. Dehydration of the secondary alcohol
did not remove all the oxygen. 4 mixture of the required
compound with polymers formed by the action of excess
lithium on the aldehyde seems prodbable, and the method was
eventually abandoned.

The scheme ( XXV - XXVII ) was also tried. However,
satisfactory yields of the starting material (XXV) could

not be obtained. Hemce this approach was also abandoned.
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_CH, _-CH,
HO.CH, Br.CH, |3 Steps  5-4- Phenylbutyl -
(X V) (XXVi) tetrolin
@ CH,.CHO |
(xxvu)
{(xxvin) (XX1x)

Boer and Duinker61 have described the selective

reduction of alkylnaphthalenes to alkyltetralins with
calcium hexammine to give 3% reduction in the substituted
ring and 97% in the non-substituted. However, reduction
of 1=4*~phenylbutylnaphthalene (XXVIII) in this way gave
1-4 S-phenylbutyltetralin (XXIX).



Finally attempts were made to effect the condensation
of the two parts of the molecule using S-cyanotetralin
(XXXI) and phenylpropylbromide (XXX) via the Grignard
complex or via the lithium alkyl to give the ketone
(XXXI11). However, both gave unidentifiable products.
Similarly condensation of S-bromotetralin (XXXIV) and
Phenylbutyryl chloride (XXXIII) via the Grignard and
cadmium complexes also gave the ketome (XXXII),.

+
@C H2)3,B r @
CN

(XXX) (XXX 1) \ i

© {xxx 1)
+

(CH,)3C OCL
. Br

(xxxit)) (XXX1V)

In this case a small amount of ketonic material was
obtalned, which however, showed four bands in the
carbonyl reglon in the infrared, indicating a mixture.
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As 3:4-bengzopyrene is formed in "Schroeter Tar® only
after distillation  (see Chapter II) it seems possible,
in this case, that some syclodehydrogenation has occurred
during distillation of the product to give g.g. compounds
QOXV) and (XXXVI).

UL LT

(XXXV) (XXXV1)
O R O

(X xxVvii}

Another possible method of synthesis involving an
ortho-substituted diphenylbutane intermediate (XXXVII)

was considered. However, it did not seem promising,
and was not attempted.
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EXPERIMENTAL.

4~@han;1butan~l-ol.~ Ethyl 4-phenylbutyrate
(100 g+) obtained from the reduction with hydrogen and
copper chromite of ethyl 3~beazaylpropionat'62, in ether

(100 c.0.) was added dropwise to a suspension of lithium
aluminium hydride (30 g.) 4in ether (500 c.c.). The
reaction mixture was refluxed for 1 hr. snd then carefully
decomposed with water and dilute sulphuric zcid. The
ethereal extract was drieﬁ,vewaporated, and the aloohol
distilled as a colourless oil, (73 g. 96%), b.p. 124-
127%/9 mm.  (24¢.%% 140%17 m.)7 24145188, The phenyl-
urethane had m.p. 51-52° (11t.54 51-529),

4~Phenylbutyl Bromide.- lethod (1)  4-Phenyl-
butan-l-0l (50 g.) was added dropwise to phosphorus

pentabromide (120 g.). After standing at room temperature
for % hr. the reaction mixture was heated on a water-bath
for 1 hr. It was poured onto ice, the oil washed with
water, sodium bicarbomate solutiom, and water, and then
finally dried over anhydrous calcium sulphate. Removal
of the ether and distillation of the residue gave 4-
Phenylbutyl bromide (51+5 g., 76%), b.p. 132%/12 mm. ,

(11£.%% 132°/12 m.), 19 1-540s.
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Method (1i) The alcohol (50 g.) was added slowly,
with stirring to a slight excess of phosphorus tribromide
(120 g.) contained in a three-necked flask fitted with a
mercury-sealed stirrer, dropping funnel, and drying tube.
After the addlition was complete, the reaction mixture
was heated, with stirring, on the water-bath for 1~2 hr.
The crude material was worked up as in method (i) to give
the bromide (49 g., 72%).

-Hy 4 1 alin.- Method (1)
1-Tetralone (21 g.) was added dropwise to the Grignard
reagent prepared from 4~phenylbutyl bromide (30 g.) and
magnesium {4 g.) in ether (45 c.c.). After refluxing
for % hr. the complex was decomposed by pouring onto lce
(70 g.) and 10% hydrochloric acid (100 ¢.c.). The
ethereal solution was thoroughly washed with water, dried,
and the ether removed. Distillation of the residue gave
three fractions; (a) b.p. 80-100°/30 mm. (10 g.)

72° 1.5040; (b) b.p. 120-140°/30 um. (12 g.); and (o)
Bep. 170~172°/0°1 mm. (15 g., 37%). Fraction (a) was
carefully fractionated in 2 Griffin and Tatlock semi-
sicre distillation apparatus. Infrared spectroscopy
and the refractive index of the constant boiling main
part of the distillate showed this to be n-butylbengene.



Fraction (b) was mainly l-tetralone, while fraction (c)
on redistillation gave l-hydroxy-l-4'-phenylbutyltetralin,
beps 170-172°/0°1 mm., 777 145760, (Found: 0, 5.5;
6203248 requires 0, 5-7%). .

Method (11) 20 Drops of a solution of the bromide

(35 g.) in ether (50 c.c.), was added to a nitrogen
flushed flask containing lithium wire (3¢5 g.) in ether
(75 ce6o). Vhen a slight milkiness of the sclution
developed, showing the reaction had commenced, the
reaction mixture was cooled to -10° in a ézy~1cé/ethanol
bath. The remainder of the bromide solution was added,
with stirring, over % hr. maintaining the internal
temperaturs at ~10%. The stirring was continued for a
further 2 hr. allowing the temperature toc rise to 10°
over this period. (g.f. butyllithiamés). To this
solution was added dropwise tetralone (24 g.) in ether
(25 cec.) maintaining the temperature between 10~20°.
After refluxing for % hr. and filtering the product through
glass wool, it was worked up as in method (1). Distille-
tion gave l-hydroxy-l-4'~phenylbutyltetralin (27 g., 57%),
together with the same fore-—runs as in the first method.
Attempts to make a p-nitrobenzoate, 3:5-dinitro-

benzoate, and a p-bromophenacyl ester failed.
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234-Dibydro~l-4 *~phenylbutylnaphthalene.~ The
above alcohol (8 g.) in ethanol (100 c.c.) and sulphuric

acid (1 c.c.) was refluxed for 1 hr. and the reaction
mixture poured into a large volume of cold water. The
o1l which separated, was removed, dried, =and distilled to
give an almost quantitative yield of 3:4~-dihydro—l-4 '~
phenylbutylnaphthalene, b.p. 174-176%/0+1 mm.,7 2> 1-5809,
(Found: ¢, 91+6; H, 86, Cyoliy, Tequires €, 91+6; H,
8+4%). The oil exhibited a blue-violet fluorescence in
uitraviolet light.

Determination of the Position of the Double Bond.-
Ozonisation of the dehydrated alcohol (2 g.) in ethyl
acetate (15 o.c.) and after the addition of ethanol
(20 c.0.), decomposition of the ozonide with 10% palladium/
charcoal and hydrogen gave a viscous residue on removal
of the solvent, Treatment with sodium bicarbonate
removed a small amount of acid formed. Infrared
absorption spectroscopy of the unextracted position showed
two bands in the carbonyl region (5-80 and 5+93), one
corresponding to a aldehydic and the other to a ketonic
group. The 2:4~dinitrophenylhydraszone, considered as
being 3-4'-phenylbutylindene-2-aldehyde dinitrophenyl-—
bhydrazone orystallised from chloroform as fine red prisms,
m.p. 210-211° (Pound: C, 68+4; H, 5-3; N, 12+4; 0, 14+2;



Cogliosl, 0, Tequires C, 68+6; H, S°1; N, 12+3; 0, 14-05%).
Infrared absorption spectroscopy showed no carbonyl
groups present in the 2:4-dinitrophenylhydraszone.
However, on regenerating some of the carbonyl compound
by &e&ting the dorivative with pyruvic acid at 1007 for
7=8 B0 only the aldehydic band (5-84}1} wias showns

envyld 10 The above hydrocarion
(4 gc), lﬁi ;&ﬁl&ﬂmﬂa&wﬁ@m (4+25 g.) and p-symene

(70 c.0.) were heated under reflux in an atmosphere of
nitrogen for 5 hr. The initisl heating was carefully
controlled as the early part of the remction was very
vigorous due o the elimination of hydrogem. The liquid
wvas flltered off, ond the catalyst thoroughly washed with
boiling benszene. The solvents were removed by distilla-
tion, and the dehydrogenated product distilled under
vacuui. Redlistillation gave 1 ‘'-phenylbutylnaphihalgne
(12+5 g.), 83 & nseoua 01l, beDe 164-6°/0¢3 mm., and
345-350%/760 mm.,? * 125990 (Found: C, 92¢0; H, B+0.
Cogligy Tequives C, 92433 K, 797%). The sbaorption
spectrun in gyoclohexane showed maxima (log in parenthesis)
ats 226 (4.75)3 240 (332) tnfl.; 264 (3+36) tnfl.;

273 (3+78); 283 (3-81); and 290 (3+52). (See Fig. 3+1).
The phonylbutylusphthalene exhibited a pale blue
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Fig, 3°1, l-4 '=Phenylbutylnaphthalene.
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fluorescence in ultraviolet light.

(1) At 360°. - Phenylbutylnaphthalene (2 g.) was
refluxed for 20 hr. during which the colour of the liquid
changed from pale yellow to reddish-green. The product
which exhibited a deep green~yellow fluorescence was
chromatographed on activated alumina (20 x 2% Cfle )
Elution with hexane brought through unchanged phenyl-
butylnaphthalene (15 g.). Purther elution with benzene~
hexane (1:1) yielded fractions containing & very small
amount of yellow orystalline materisl. Fluorescence
spectra taken of these fractions showed five bands
identical with those of an authentic specimen of 3i4-
benzopyrene and four corresponding to those of Perylene
(Plate 3+la). The fractions combined were extracted
with cold concentrated sulphuric acid2® anq after further
chromatography, gave a very impure sample of 3:4-benzo-
pycene (less than 1 mg.). Its absorption spectrum
showed maxima at 365, 384, and 405 m only (Fig. 33).
Literature values in this region are 364, 384, and 404 mR.

- (41) At 360° with palladium—charcoal. Phenyl~
butylnaphthalenc (2 g.) and 5 palladium-charcoal (05 g.)
were heated under reflux for 5 hr. After 2 hr. the
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temperature of the refluxing vapour had decreased to 200°
apparently due to the presence of low boiling products
formed by cracking. However, after a further 2 hr. the
temperature had returned to 3600. The reaction mixture
was filtered from the catalyst, which was washed well
with boiling benzene. After removal of the solvent,
chromatography on activated alumina (20 x 2% om.) was
carried out in hexane. Elution with hexane gave
fractions which on removal of the solvent gave a white
solid (1*25 g.). This was identified as l-phenyl-
phenanthrene, prisms, mep. 78-79° (11¢.67 78~79°) (Found:
Cy 94+63 H, 5-75. Cale. for Copiye: Cy 945; H, 5:5%).
The picrate had m.p. 117-118° (lit;67 117&&18°). (Found:
H, 8:8. Calc. for Cyol;,CoH.N,O0,: N, 87%). The
ultraviolet absorption curve (Fig. 3°2) is of the type
expected. TFurther elution of the column with benzene-
hexane (1:2) gave seven fractions, each of 70 GeCoy two
of which showed faint 3:4~bengopyrene bands in its
fluorescence spectrum (Plate 3-1b). However, after cold
sulphuric acid extraction, the fractions did not give any
maxima of 3:4~banaapy§ens on submission to ultraviolet
absorption spectroscopy. Quite strong fluorescence

bands corresponding to those of perylene suggested that
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Fig. 3°2, l-Fhenylphenanthrene,
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& small amount of this was present (Plate 3-1b).

(111) At 360° with palladium-asbestos. Method (i1)

was repeated using 5% palladium-asbestos catalyst.

After removal of the low boiling products (0+5 c.c.) by
distillation, the residue was chromatographed on alumina.
Elutlon with hexane brought through mainly recovered
starting material. However, the later fractions
contained, on removal of the solvent, small amounts of a
wvhite solid, which had fluorescence spectral bands (in
benzene) at 415, 440, and 475 @i, and had & chrysene type
ultraviolet absorption spectrums Elution with bengene~
hexane (1:2) gave an impure mixture of 3i14~benzopyrene
and perylene identified by their ultraviolet absorption
maxima at 364, 384, and 406 and 434 up (Fig. 3+4)
respectively, and by their fluorescence spectragl Adbout
1 mg. of each was present. (Rstimated from the

absorption spectrum).

(iv) &t 360° with activated charcoal. Repetition

of method (11) using omly activated charcoal as catalyst
gave naphthalene (100 mg.), identified by m.p. and mixed
m.ps Chromatography of the residue and elution with
hexane gave on removal of the solvent l-phenylphenanthrene
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(150 mg.), m.p. 78-79°, mixed m.p. with sample obtained
from (ii), 78-79°. Elution with benzene-hexane (1:2)
brought through an intensely blue band which on removal
of the solvent, yielded peryleme (6 mg.), m.p. 265°
(11t446 265). This was confirmed by its fluorescence

spectrum (Plate 3°*lc).

(v) 4t 600°. The phenylbutylnaphthaleme (5 g.)
was vapourised at the rate of 1 drop every 15 secs. and
passed with nitrogen (1 c.c./sec.) through a silica tube
(36 x 1 in.) packed with porcelain chips (% - % in.)
heated to 600° in a special electrically heated furnace
(see Chapter I). The resulting red non-viscous tar,
which contained some crystalline material, was distilled
to remove the low boiling products; to give fractions
(a2) and (b). Fraction (a) (1-25 g.), b.p. 110-120°,
was shown by infrared spectroscopy and refractive index,
to be mainly toluene. The colourless solid, which
orystallised from fraction (b), b.p. 90-120°/28 mm., was
sublimed from the rest of the fraction, and on
recrystallisation from ethanol, gave naphthalene (0°1 g.),
HMePs 860, which was not depressed on admixture with an
authentic ssmple. After redistillation, the yellow
liquid, forming the remainder of the fraction, was



identified by its infrared and ultraviolet spectra as
l-methylnaphthalene (1*3 g.). The picrate had m.p.
149~142°, and mixed m.p. 140-142°,

The residue (1*5 g.) after distillation, was
dissolved in a minimal amount of a mixture of benzene
and hexane and chromatographed on a columm of activated
alumina (20 x 2% om.)s Elution with hexane brought down
& blue fluorescent band in five fractions (70 o.c. each),
Further elution with benzene~hexane (1:1) gave two more
fractions from an orange fluorescent band, and then
elution with\gnrs benzene sluted a yellow fluorescent
band in two more fractions. Examination of the
fluorescence spectra of the nine fractions showed diffuse
bands in the 3:4-benzopyrsne region (400-450 %ﬁ) in
fractions 3 to 6. Rechromatography of these fractions
(3~6) combined, followed by extraction with cold sulphuric
aoid49
spectra io contain probably 3:4~benzopyrene, and further

s of the fractions shown by their fluorescence

chromatography of this extract gave a pale yellow solution
on elution with benzene~hexane (1:2). This solution
fluoresced blue, both in visible and ultraviolet light.
Examination of the fluérescenae spectrum showed three
bands at high wavelength (445, 475 and 502 gﬁ) as well as



those of 3:4-benzopyrene (Plate 3°1d). A reasonable
separation of the 3:4~benzopyrene from the contaminant
was effected by chromatography on alumina (30 x 5 cm.)
and elution, under vacuum, with hexane. Elution with
6-8 litres of hexane brought through a pale violet
fluorescent first fraction, which was followed, on elution
with 5 litres more of hexane, by a blue fluorescent band.
Finally, the remainder of the fluorescent (violet)
materilal on the colum came through with another 4 litres
of hexane, On removal of the solvent, and after yet
another chromatographic run on each of the latter two
fractions, small amounts of orystalline material were
isolated. The first fraction showed four maxima of 3:4-
benzopyrene and three maxima of perylene on ultraviolet
spectroscopy. (Fig. 3+5), (The maxima of perylene
were at 386, 408, 434 gn). The estimated amount of
perylene present from the absorption curve was 3 mg.
Confirmation of this was given by comparison of the
fluorescence spectrum with that of a sample of authentic
perylene (Plate 3*le)., The ultraviolet absorption
spectrum of the second yellow corystalline fraction

(10 mg.) was identical with that recorded for 3:4-bengo-

pgrene46’47. (Fig. 3°6). It had m.p. 170-172°, mixed
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m.pe 171-174°, (1it. 176-177%*®).  The piorate which
could not be obtained in a pure state, had m.p. greater
than 180° (1it. 198%%%).

Fractions 1 and 2 of the original chromatogram were
combined and rechromatographed with hexane as elutant.
The first fractions gave, on removal of the solvent, a
yellow liquid from which orystallised a white solid.
This was washed free of oily material with cold ethanol,
and recrystallisation from ethanol gave white prisms of
1:1%~dinaphthyl (20 mg.), mep. 143-146°, mixed m.p. 145-
147°.  The ultravioclet absorption spectrum had maxima
at (authentic in parenthesis) 221 (220), 283 (283), and
293 (294 %;}68. Further elution of the chromstogram
with benzene~hexane (1:2) gave a pale blue fluorescent
solution, which on fluorescence spectrophotographic
examination, showed very faint diffuse bands similar to
those of pyrene. The ultraviolet absorption spectrum
showed maxima at (authentic values in parenthesis), 240
(241), 259 (261), 272 (272), 304 (305), 319 (318), 335
é?s. - The
estimated amount of pyrene was less than 10 mg. Examin-
ation of the fractions 7-9 of the original chromatogram
gave no further identifiable products.

(334 @y) corresponding to those of pyren



(vi) At 700°. The phenylbutylnaphthalene was
pyrolysed in the same manner as at 6009, and the resulting
tar chromatographed on alumina. Elution with benzene-
hexane (1:3), benzene-hexane (1:1), and finally with pure
benzene gave 12, 8, and 10 fractions (each of 70 c.c.)
respectively. Fluorescence spectral examination of these
fractions showed no distinctive bands in fractions 1-13,
however, fractions 14~-24 showed bands in the 3:4-benzo-
pyrene region. The remaining fractions showed bands of
higher wavelength.

Removal of the solvent from fractions 1 and 2 gave
a yellow solid, which after two reorystall;satians from
ethanol, was ldentified as naphthalene (2 g.). It had
MeDe 800, not depressed by admixture with an authentic
sample. Cold sulphuric acid extraction of fractions
14-24, followed by chromatography on alumina of the main
blue-violet band, gave a yellow solid (5 g.), whose
ultraviolet absorption maxima corresponded with those of
3:4~benzopyrene (Fig. 3+7). However, this could not be
obtained sufficiently pure to take an accurate meliing
point. Small amounts of perylene were prohably present.
This was shown by faint characteristic bands in
fluorescence spectral photographs.

Fractions 25-30 were combined, and rechromatographed
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on alumina. Elution with benzene-~hexane (1:2) eluted
blue-violet, blue, and finally yellow bands from the
column. The fluorescence spectra showed that fractions
13 coﬁtained small amounts of 3:4-benzopyrene, while
fractions 4-6 showed bands at 412, 438, and 465 mRy

(Plate 3°1f), and the remaining fractions showed very
intense bands at 470, 500, and 540 T (plate 3+1g).
Ultraviolet absorption spectroscopy of the second fraction
still showed six 3:4-benzopyrene maxima, together with a
further six (222, 242, 230, 274 (infl.) 310 and 326 m}i)
maxime of an unidentified compound or compounds (Fig. 3+8).
The third fractlion was too impure for any identification
of the compound to be made.

(vi1) At 500°. The phenylbutylnaphthalene (5 g.)
was passed through an empty pyrex tube, heated to 500°
in the special e¢lectrically heated furnace, as in the
previous runs at 600° and 700°. Chromatography on
alumina (30 x 4 om.) of the resulting tar, and elution
with gyclohexane, gave mainly starting material
(refractive index and ultraviolet spectra). Fluorescence
spectra of the subsequent fractlons, eluted with benzene-
gyclohexane (1:2), failed to indicate the presence of any
3:4~benzopyrene.
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l:ﬁzﬁrogz~l—4‘~phggxlbntzldeaalin.- 4~-Phenylbutyl

bromide (20 g.) in ether (30 c.c.) was added to lithium
wire (2 g.) in ether (50 c.c.) by the method described
for l~hydroxy-l-4'-phenylbutylnaphthalene. l~Becalon369
(14 g.) in ether (20 c.c.) was added dropwise to the
resulting lithio compound. After working up as usual,
distillation gave three fractions: (a) b.p. 68-104%/

12 mm. (3 g+); (b) bep. 104-130%/12 mm. (2 g.) and (c)
b.pe 179~185%/0+7 mm. (17 g., 63°5%). Redistillation

of fraction (¢) gave l-hydroxy-l-4 '-phenylbutyldecalin

as & viscous colourless 911, beDe 186~188§/1 mm.

7}356 1-5383 (Found: C, 84+2; H, 10°5; 0, 5°8. ChoH5 .0 *
requires C, 83+9; H, 10+5; O, 5°6%). Fraction (a)

on redistillation was identified as largely n-butylbenzene

while (b) was mainly recovered starting material.

Dehydration of l-hydroxy—l-4'-phenylbutyldecalin,.-
The above alcohol (17 g.) was dehydrated by refluxing in

ethanol (75 c.c.) and concentrated sulphuric acid (3 c.6.)

for 12 hr. The reaction mixture was poured into water
(800 c.c.), extracted twice with sther, dried, the solvent
removed, and distilled. Redistillation gave a colourless
non-viscous oil (14 g., 88%) b.p. 168-170°/0-8 mm.,

1 = e
752 15400 (Pound: ¢, 89+3; H, 10+5. Cpollpg Tequires



Cy 894635 H, 10°4%); j QU (10g£) in ethanol 222 infl.
(3-25), 227 (3°55), 248 infl. (2+32), 252 (2.38), 258
infl. (2+30, 261 (2+38), 269 (2+38).

ZPosition of unsaturation.~ The above unsaturated
compound was ozonised and worked up as for the correspond-
ing dihydrophenylbutylnaphthalene. The resulting
neutrsl fraction gave a 2:4-dinitrophenylhydrazone of
indefinite m.p. The mixture could not be separated by
chromatography on a bentonite-Kieselguhyr column.

Byrolysis of the above mixture.~ (1) At 360° with
galladium#charcoal. The above mixture of unsaturated
compounds (2 g.) was refluxed with 10% palladium-charcoal

for 5 hr. in an atmosphere of nitrogen. During this
time, the reaction mixture developed a green-yellow
fluorescence. The product was filtered from the catalyst,
vhich was washed well with boiling bensene. On removal
of the solvent the residue was chromatographed on alumina
(20 x 3 em.). Elution with hexane (4 fractions of

60 ¢.c.) brought through a violet fluorescent hénd. The
first of these fractions contained most of the product
(1+5 g.). Distillation of this fraction gave a trace of
naphthalene m.p. 80°, and an 01l b.p. 182-186°/0+5 mm.



which was ldentified by its absorptiom speotrum (maxima
at 226, 262, 272, 283, and 294 %@)'ané refractive index
Cyés 1+5973) as l-4‘'~phenylbutylnaphthalene.

The residue remaining after distillation (100 mg.),
partially solidified. It was identified by absorptionm
and fluorescence spectroscopy, as essentially l-phenyl-
phenanthrene (absorption maxims at 258, 290, 302, 334,
342 and 350 ﬁn). ’

Further elutiom of the column with benzene-hexane
(1:2) brought through a bluec band. Removal of the
solvent, and examination of the very small zmount of
residue by fluorescence spectroscopy, showed faint bands
of perylene and 3:4~benzopyrenc. However, the presence
of impurities was shown by the diffuse nature of the
bands and the presence of other bands (Plate 3*1h).

This was supported by absorption spectroscopy which
showed maxima at 364, and 384'$u ldentified with 3:4~
benzopyrene, and at 407 and 434 gp ldentified with
perylene. The estimated amount of these present, derived

from the absorption curve, was less than 1 mg,

(i1) At 6909. The mixture (5 g.) was passed with
nitrogen (1 c.c./sec.), at the rate of 1 drop every 15
8ecs., through a silica tube packed with porcelain chips



- 93 =

(% - % in.) heated at 600°. Distillation of the non—
viscous reddish tar obtained, gave several low boiling
fractions (total, 2+3 g.), up to bsp. 115°/15 mm. and a
residue (1 g.)« Gas~liquid chromatography of the low
boiling fractions gave retention times corresponding to
benzene, toluene, ethylbenzene, styrene, butylbenzene ),
naphthalene and 1~ and 2~-methylnaphthalene.

The residue was chromatographed on alumina (25 x 3 cm)
Elution with hexane brought through chrysene m.p. 250~
252° (11£.46 255-256 corr.). Its absorption spectrunm
was essentially in agreement with the literaturd®,
(Fig. 3+9). The trinitrobenzene complex had m.p. 192=
194° (lit*?a 192-194). Further elution of the column
with benzene~hexane (1:2) gave some fractions which had
diffuse 3:4-benzopyrene type fluorescence spectra.
Treatment of the residues after removal of the solvent
with cold sulphuric acid? followed by further
chromatography of the extract gave 3:4-benzopyrene,
identified by its ultravioclet absorption maxima at 254,
266, 284, 296, 331, 347, 364, 384 and 404 (Fig. 3+10),
and a very weak band of perylene at 434 gy«

(111) At 360°. No benzopyrene could be detected in
the product after refluxing the mixture (2 g.) under
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nitrogen for 20 hr.

1-4'~Cz¢lohe§zlbnt;;dsca11n.— 1~4 ‘*=Phenylbutyl—~
tetralin (10 g.) in a mixture of tetralin (20 c.c.) and

cysclohexane (200 c.c.) was hydrogenated in a bomb (1+5 1.),
using W7 Raney-nickel (2°%5 g.) as a catalyst. An initial
hydrogen pressure of 110 atmospheres was used and the
temperature raised to 200° in 1% hr. This was maintained
for a further 15 min., and the bomb allowed to cool. The
reaction mixture was filtered from the oatalyst, the
catalyst washed with boiling ethanol, =nd the combined
solutions distilled im vacuo to remove the solvents.
Distillation of the residue gave 1-4 *~cyclohexylbutyl-
decalin (8 g«, 78%) as a colourless 01l bepe. 142-144°/
0-05 ma.,7 ;% 174983 (Pound: €, B7+1; E, 12:7. Cpgfi,g
requires C, 87-0; H, 13+0%). ‘The pure material had a
pale blue fluorescence im ultraviolet light.

Eyxolysis of 1-4'-Cyclohexylbutyldeoalin.— The
gyclohexylbutyldecalin (1 g.) was refluxed for 7 hr.

However, no identifiable material was recovered other
than the starting material, which conmstifuted almost the
entire product.
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Attempted Synthesis of 5-4‘-Phenylbutyltetralin.-
Method (1) ‘o the 5-lithiotetralin, in an

atmosphere of nitrogen, prepared from S-iodotetralin

(10 g.) by the method for the preparation of phenyl-
11th1um§5, phenylbutyraldehyde (6 g.) was added dropwise
with stirring., The product was worked up in the usual
way, and distilled to give fraction (a) (1+%5 g.) b.p.
96-97°/20 mm.; fraction (b) (2 g.) b.p. 153-155%/20 mm.
and fraction (o) (4 g.) b,p. 196-200°/0+5 mm. A residue

(1+5 g¢) remained. Fraction (&) was identified as
tetralin and fraction (b) as mainly ifodotetralin.
Fraction (o) was twice redistilled to give 4'-hydroxy=
5-4 *-phenylbutyltetralin (?), b.p. 189-190°/0°08 mm.,

22 105744 (Found: C, 86+2; H, 87; O, 5v6. Cgflzy0
requires C, 85°7; H, 8+6; 0, 5*7%). However, vigorous
dehydration in ethanol with sulphuric acid, followed by
hydrogenation using Raney-nickel as catalyst gave a
compound containing approximately 1% oxygen.

Methed (11) (=) Preparation. A current of dry
ammoniea gas (5 1l./hr.) was passed for 4 hr. into a stirred
suspension of ground caloium (4 g.) in a solution of l—g'-
phenylbutylnaphthalene (6 g.) in ether (75 c.c.) cooled
in ice. The ethereal sclution was filtered off and the



filter cake decomposed with water and hydrochloric acid.
This was extracted with ether and the combined ethereal
solutions dried over calcium chloride. The ether was
removed and the residue distilled to give fractions (a)
bep. 167-175°/0°1 mm; and fraction (b) bep. 175-177°%/
01l mm. Redistillation of (a) gave 1-4'-phenylbutyl-
tetralin (2°5 g.) b.p. 178-180%1 mm.,7 22 15760 (¥ouna:
Cy 90°9; H, 87. C,.H,, requires C, 90°9; H, 9+1%).
Analysls of fraction (b) showed incomplete reduction.
(b) Progf of structure. The reduced product above
(2*5 g.) in water (100 c.c.) was heated with vigorous

stirring on a water-bath and potassium permanganate (25 g.)
added over 4 hr. When the oxidation was complete, the
manganese dloxide was filtered off, the filtrate acidified
with sulphuric acid, and extracted with ether in a
continuous liquid extractor for 12 hr. Evaporatian of
the ether gave a white solid (0¢5 g.). Esterification
with diazomethane, followed by gas-liquid chromatography
of the product, and comparison of retention times with.
authentic samples showed it to be essentially dimethyl-
phthalate.

Method (1i1) S:5'-Ditetralyl-cadmium in benzene
(20 c.c.) was prepared from magnesium (0°6 g.), 5-bromo-
tetralin (5 g.) and cadmium chloride (25 g.), by the



method of Caso; 71. To this solution (cooled to 100),
was added, during three minutes, a benzene solution

(5 cece) of phenylbutyryl chloride (4+3 g.),; the
temperature being kept below 40°. The mixture was
stirred at 25-35° for 2 hr. and then poured onto ice and
sulphuric acid, washed with sodium bicarbonate solution,
brine, and finally dried and distilled. A Product

(4°5 g.) bep. 210-260°/1 mm. was obtained. The first
part (05 g.) of which formed a 2:4~-dinitrophenylhydrazone
derivative. Its infrared spectrum showed bands in the
carbonyl region at 5°59, 5468, 5+75, 5+85 and 5c93)n¢
The remainder of the distillate showed bands at 5+50,
559, 568, 5°85, and 5*23)&.
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Plate 3°1. (a) 3:4-bensopyrene and perylene from
pyrolysis at 360°‘ (b) 3t4=bensopyrene(?)

from pyrolysis with P4a/C; (o) ?orylone
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from pyrolysis with charcoal: a) & (e)
psrylene and 3:4-bensopyrene from pyrolysis
at 6009 (£) unimown compound § (35r
unknown compoundz (h) 3i4=-bengopyrene from
pyrolysis at 6000 of 1-4'<phenylbutyl-~
decalin, (For a, b, d, f, 8y & h, the
upper spectra are 3:4-benzopyrene; for o,
& mixture of 3:4~benzopyrene and perylene;
and for e, perylene).
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CHAPTER 1V
e ——————

IHE PYROLYSIS OF TETRALIN AND INDENE.

Tetralin

Tetralin is a possible intermediate in the formation
of 3:4-benzopyrene at high temperatures, and the pyrolysis
of this compound is therefore of interest (see Chapter I).
Graebe showed that the pyrolysis of tetralin by passing
it through 2 red hot tube gave namhthalenéTze Bengzene
and homologues of benzene were reported following
pyrolysis between 580~650ﬁ?3’74; however, 1t‘ha§ also
been reported that at 700° naphthalene alone is formeé?4.
When superheated, tetralin is said to give chxysené75;

A complete analysis of the products formed by pyrolysing
tetralin at 700° has been undertsken.

The pyrolysis was carried out by passing tetralin
vapour, with nitrogen, through a silica tube filled with
porcelain chips. It gave some gaseous products, among
which methane and ethylene were identified. The semi~
solid tar also obtained (in 72+5% yield), was collected
and analysed by chromatography on alumina, gas-liquid
partition chromatography, chromatography on acetylated

papef43, and by spectroscopy. The compounds detected,
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TABLE 4-1. PYROLYSIS PRODUCTS OF TETRALIN.

Product Yield (g. & %) | How Identified®
of tar®

Methane ? - I.R.

Ethylene ? - I.R.

Benzene 16, (2°28%)| R.T., I.R.

Toluene 06, (0+86%)| R.T., I.R.

Ethylbenzene 024, (0+34%)| R.T., I.R.

Styrene & o-xylene 0+6, (0-86%)| E.T., I.R.

Indene 246, (372%)| R.T., I.R.

Petralin 1-0, (1°43%)| R.T., I.R.

Naphthalene 52+0, (74+4%) | mixed m.p.

1~,&2-Me-naphthalene(?) | 0°1, (0-14%) | R.T., I.R.

Diphenyl(?) 0015, (0+02%) | R.T.

Unknown =X 0°015, (6*9295)

2~Fhenylnaphthalene 0°095, (0°14%) | Rpy U.V.

Phenanthrene 011, (0-16%) | U.V.

Anthracens 02, (0°29%) | U.V., F.S.

1l:1*~Dinaphthyl(?) 0+07, (0°1%) | U.V.

1:2*-pinaphthyl 0<40, (0°57%) | U.V.

2:2*~Dinaphthyl 0-93, (1+33%) | U.V., mixed m.p.

{Cont. on next page.)



- 102 =

TABLE 4-1. (Cﬁnta)

Product Yield (g. & %) | How Identifiea’
of tar®
1:2~Benzofluorene 003, {(0°04%) | U.V.
Fluoranthene 0°03, (0°04%) | U.V.
:4~Benzophenanthrene 056, (079%) Res U.V.
1:2-Benzanthracene 1-82, (2+60%) |U.V., F.S.
Pyrene 0+01, (0°01%) |R,, U.V., F.S.
Chrysene 2°4, (3°43%) | U.V., mixed m.p.
& analysis.
Perylene 0+18, (0-25%) UsVe, F.S.
1l:12-Benzofluoranthene | 0-19, (0+27%) Rpy U.V.
3:4-Benzopyrene 0«12, (0°17%) Ry U.V.y F.S.
Loses & unidentified 6 {9%)
72-5g. (100%)

8« le.e+ welght obtained from 100 g. of tetralin.
bs R.. = Retention time.

U.V. = Ultraviolet spectra.

I.R. = Infrared spectra.

F.S. = Fluorescence spectra.
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their yellds, and the manner in which they were identifled
are given in Table 4-.1.

As expected, naphthalene is the major product, being
formed by dehydrogenation of tetralin. It has been
postulated (Chapter I) that tetralin, together with a
86 ~--C4 compound would give a caa intermediate which by
cyclodehydrogenation could give 3:4-benzopyrene. It may
be noted that no Cg ~ c4 compounds have been found, but
this does not exclude this as an intermedilate in the
formation of 3:4-~benzopyrene in this tar as it would
probably react to give further products. (In this

comnection it mey be noted that no butylhenzené7

or
1~phenylbnta~1:3~d1ené9 remained unchanged after
pyrolysis at 700°), '

Bond dissoclation energies of the carbon-carbon
single bonds in the hydrogenated ring of tetralin will
be similar (i.e. approximately 80 kcal./mole) and henoce
scissions will be expected to ocour equally readily to _
give rise to the following primary radicals: (1) Cels?y
(2) CelgeCHye, (3D CeHgeCH,CH,*y  (4) CgHy«CH,CH,CH
(5) CellgeCH,CH,CHCHye,  (6) CHy+CgH, -CH,e,

n CH,CH,.CgH,oCH ey  (8) CH5CH,uCcH,.CH,CH,*, and
(9) CH,CH,CH,.CcH, .CH,°, together with their counterparts

2%

wlth the electrons localised on alternative carbon atoms.



Reaction of radicals (1), (2), (3), and (6) witk hydrogen
accounts for the presence of benzene, toluene, ethyl-
benzene, and g-xyleme, while styrene is readily obtained
by dehydrogenation of ethylbenzene. The absence of the
corresponding products from the other radicals suggest
that they readily cyclise, or that further scission of
carbon~-carbon bonds occur to give shorter chain products
together with methane or ethylene. Indene would be
formed by cyclisation of radicals (4) or (7). However,
the pyrolysis of propyl benszene gives very little 1nﬁenév.

2-FPhenylnaphthalene could be formed by phenyl
radical attack on naphthalene or by dimerisation of
styrene as suggested by Badger and Bntterrﬁ « A direct
radical attack on naphthalene would be expected to give
l-phenylnaphthalene as the major product, bui this could
not be detecteds However, this compound has a very
unspecific ultraviolet absorption spectrum, and although
somewhat similar curves were found, nc definite conclusions
could be drawn. Fluoranthene is known to e formed by
gyclodehydrogenation of l-phenylnaphthalene’'. This
probably accounts for the small yield of fluoranthene
found in the tar.

The phenanthrene could have been formed either from
diphenyl and ethylene or from two benzyl radicals
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indicated by reaction (1). The latter could also give
rise to anthracene as indicated by reaction (2).

[::::LW:Hi[:;;;——_+ ﬂliil\\g!;il"‘*'ﬂliii'lig!ii----0)
|
Qo0 —CC0

The stability of benszyl radicals78 suggests that reactions
involving it as an intermediate could be expected.

Dimerisation of naphthalene, or of tetralin followed
by dehyﬁragenatiun, would give the dinaphthyls, At high
temperatures steric factors will have more influence than
¢lectrical effects. This together with the fact that
both 1:1°~ and 1:2'-dinaphthyl can cyclise to give other
compounds 1s perhaps the reason for the larger yield of
232%'=dinaphthyl.

1:2-Benzofluorene could be formed by benzyl radical
attack on naphthalene followed by ring elosure as
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indicated by reaction (3), or in a similar manner as

proposed from indene (see below),

o P — oy

Y
.
‘
—
)
~—

The pyrolysis of indene has been reported to glve
large quantities of chrysene/?. The chrysene detected,
could be formed in this way. A reinvestigation of the
pyrolysis of indene, at 700° (see below), has shown also,
the presence of 1l:2-benzanthracene and 3:4~bengophenan~
threne, and it ssems more likely, taking into cons;deration
the larger relative yield of chrysene compared with 1:2~
benzanthracene and 334~benzophensnthrene, that from
tetralin, its formation would involve the radicals,
0635.CHZCHECH2*, and CHSCH2QG6H4eCHQG, before cyclisation
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to indene has occurred. Combination of these radicals
can ocour in the ways (I - IV). Therefore chrysene,
l:2-benzanthracene, 3:4~benzophenanthrene, and

triphenylene could all concelvably be formed.

(la) (I b)
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e a
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(1) (iv)

However, no triphenylene has been found. Various factors
may be involved in an explanation of this apparent anonmaly.
Firstly, benzyl radicals are known to be relatively
stable’®,  one can imagine that when arranged in the
sense (Ib and IXa) the reaction could involve two
substituted benzyl radicals reacting to give a
disubstituted dibenzyl which could then gyclodehydrogenate
to give chrysene and l:2-benzanthracene respectively.
Similarly, when arranged in the sense (Ic, IIb, IIo, and
II1) the reaction could involve a substituted benzyl and
another radical.

The remaining arrangements all involve two units
with three-carbon side-chains. Secondly, therefore,
one can imagine that these longer side-~chains will move
around more rapldly under pyrolysis conditions than their
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heavier parent rings. Hence one can reasonably suppose
that w,w ' side-chain attack is less likely to occur as
often as w slde-chain attack on a more slowly moving
parent ring. Nevertheless, it seems likely thatw,ww!
attack 1s the most reasonable mechanism for the formation
of triphenylene as (1) dinuclea attack will be retarded
due to steric factors, and (1i)o(,cc' attack to give
o~terphenyl as intermediate would certainly cyclise to
givé triphenylene. One would then expect to find very
little triphenylene. The ratio of 4:3:1 of the yields
of chrysene : l:2-benzanthracene : 3:4~benzophenanthrene
is as expected from the above, provided each possible
combination has approximately equal possibility of
ocourring.

The very small amount of pyrene present may be
formed from phenanthrene and ethylene, or possibly from
two molecules of styrene. Pyrolysis of l:l'-~dinaphthyl

0 ana

with palladium-charcoal, is known to give perylene8

this 1s probably the intermediate in its formation here.
11:12-Benzofluoranthene is probably formed from

1:2'~dinaphthyl by gyclodehydrogenation as shown by

reaction (4).
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J:4-Benzopyrene may be formed from the proposed
intermediate (V)3 hawever, consldering the relatively

v (vi) (Vi)

large yields of chrysene and l:2-bengzanthracene, it may
be more reasonable to suppose that the benzopyrene is
formed from ethylene and these compounds as indicated by
(VI) and (VII). Evidence from the indene work, however,
indicates that the latter are not likely mechanisms

(see below).
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Indene

The pyrolysis of indene by passing it through a
red hot tube in the hands of spilke§79, gave chrysene
(15%) with indene (75%) recovered. A thorough analysis
with more modern techniques was considered advisable,
especlally in view of the possibility of the formation
of 1:2-benzanthracene and 3:4-benzophenanthrene from
indene at high temperatures.

The pyrolysis was carried out in the sanme way as
for tetralin, The gaseous products were found to
contain, as usual, methane and ethylene. The solid tar
also obtained (in 51°6% yield), was collected and
analysed by chromatography on alumina, gas-liquid
partition chromatography, chromatography on cellulose

acetate4 4

and on acetylated paper, and by spectroscopy.
The compounds obtained and their yields; together with
the manner in which they were identified are given in
Table 4+2.

Chr&aene was the major product, but was present in
smaller quantity than expeoted from the literaturd? .

Taking account of the bond orders of the carbon~
carbon bonds in 1ndene§1, approximate values for their

bond dissociation energies can be obtained (viii).
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TABLE 4°2. PYROLYSIS OF PRODUCTS OF INDENE.
Product Yield (g. & %) | How Identified®
of tar®

Methane ? - I.R.

Ethylene ? = I.R.

Benzene 26, (5°4%) R+Te, I.R.

Toluene 0-4, (0*83%) | R.T., I.R.

Styrene(?) 0°05, (0°1%) R.T.

Unknown =X 11, (2°3%)

Indene 312, (6°5%) ReTey I.R.

Naphthalene 2+9, (4°6%) R.Te, mixed m.p.

Fluorene C+01, (0-029) | U.v.

Phenanthrene 0+18, (0+38%) | U.V., mixed mep.

Anthracene 0+10, (0+20%) | U.V., F.S.

3:4-Bengzophenanthrene 1.1, (2+3%) Rgy U.V., mixed
MeDe

Unknovn =Y 0+25, (0+52%)

Pyrene 0+05, (0°10%) | Ry, U.V., F.S.

Fluoranthene 0+13, (0°27%) | U.V., F.S.

1:2-Benzofluorene. 2°1, (4+4%) U.V.

2:3-Benzofluorene 2215, (4-5%) Rpy U.V., mixed
MeDe

3:4-Benzofluorene 05, (1+0%) U.V.

(Cont.) on next page.)
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TABLE 4°2, (Cont.)
Product Yield (g. & %) | How Identifiea®
of tar®
L2134 Tetrahydro-
3:4~-benzopyrene(?) 0°22, (0-46%) | U.V.
1:2-Benzanthracene 2:2, (4-6%) Rey U.V., F.S.,
mixed m.p.
Alkylchrysene 05, (1°1%) U.V.
Chrysene 15-2, (31-7%) Rey U.V., mixed
BasDe

St4~Benzofluoranthene
10;1l-Benzofluoranthene
1l:12-Benzofluoranthene
3:4-~Benzopyrene

Very high b.p. tar
Loses & unidentified

0+004, (0+008%)
0+005, (0+01%)
trace
0°001, (0°002%)
75, (16%)
56, (11%)

Bf, U.v.’ FQS.
U.v.

Rey UeVs, F.S.
Ry, U.Ve, F.S.

=

b R.I. =
UVe =
I.R. =
F.8. =

i.e. weight obtained from 93 g.
Retention time.
Ultraviclet spectra.
Infrared spectra.

Fluorescence spectra.

of indene.




M
(3:82 ;c%%
% 2/
f\'
97 %fép
(ﬁkﬁv K

(viin)

It would seem then that the carbon-carbon double bond
has a bond dissociation energy of ca. 138 kecal./mole,

and the carbon~-carbon single bond linking this conjugated
double bond to the benzene ring, a bond dissociation
energy of ga. 108 kecal./mole. The remaining two carbon-
carbon bonds in the five membered ring will have
dissociatlion energies of approximately 90 kecal./mole.
Ring fission would then be expected to give rise to the
primary free radicals (IX), (X), and (XI).

(1x) (%) (X1)

It seems unlikely that these diradicals will be stable
for any length of time. One could imagine that in the
case of (IX), the diradical would react very quickly with
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hydrogen radicals to give the relatively stable benzyl
radical (XII). 1In the case of the diradicals (X) and
(XI), one or other part could undergo termination
reactions with hydrogen radicals to give the more stabdble
mono-radicals (XIII) and (XIV).

(x11) (Xt (x1v)

Chrysene, 1:2-benzanthracene, and Ji4-benzophenan—
threne could be expected to be formed from radicals (XII),
and (XIII), by arrangement in the ways (XV), (XVI), and
(XVII)s The rate of addition of free radicals to
unhindered double bonds is far greater than the rate of
hydrogen abstraction from single bondsgz.
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(Xve) (XVd)
. Z
(XVla) (XVI b)
AN
—
(XVi ¢) (xv1))

Styrene is particularly reactive and the arrangements
(XVb), (XVc), (XVIa), (XVIb), (XVIc) and (XVII) 211
involve this type of free radical attack. 0f these (XVb)
and (XVc) both involve two benzyl-type radical to double



- 117 -

bond attacks, while (XVIa) involves one. The others
elther do not lnvolve benzyl-type radicals or double bonds
or both, and hence would not be_expected to play as
important & part in the formation of these compounds.
Taking these effects into consideration, one would then
expect the ratio of chrysene to l:2-benzanthracene to be
approximately 4:1 (i.e. as there are four benzyl radical-
double bond attacks for the formation of chrysene, and

one for the formation of l:2-benzanthracene).

The mechanism for their formation, in the absence
of the double bond, as proposed for the tetralin
pyrolysis, supported the 4:3:1 ratio of the yields
obtained of chrysene, l:2-benzanthracene, and 3:4-benzo-
Phenanthrene. The presence of the radical-double bond
attack would be expected to increase the yields of all
of these compounds, and also taking into consideration
the above special effects, the yields of chrysene would
be expected to be increased the greatest amount.
Experimentally the ratio.af chrysene: 1:2-benzanthracene @
3t4~benzophenanthrene was found to be 13:2:1,

Radicals (XII) and (XIV), and (XIII) and (XVI) may
also be arranged in various ways in order to form 1:2-,
2:3-, and 3:4~benzofluorene, (XVIII), (XIX), and (XX).
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(XVilte) (XVIlt d)
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(XVIilie) (XVI11f)

(XVitlg) (X1X 1)
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(XIX b) (X1Xc)
(X X a)

::: :"['”é\ :: <;\;..
(X X¢) (xxd)

However, of these only those arranged in the sense
(XVIIla), (XVIIId), (XIXa), (XIXc), and (XXd) involve
the most reactive benzyl radical-double bond attack. One
can then imagine that the ratios of the yields may be of
the order of 2:2:1. In fact, experimentally it is
43431, This is not inconsistant with the theoretical
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considerations, especially as there are doubtless other
factors involved, and also the ultravioclet spectrum of
3:4-benzofluorene is not very easy to detect in mixtures
with the other benzofluorenes.

The reaction of the styryl radical (XIV) with
hydrogen would account for the small amount of styrene
obtained. Secondary fission of this radical, involving
the breaking of the carbon-carbon bond linking the
ethylenic group to the benzene ring, would account for
the benzene and soms of the ethylene. (The pyrolysis
of styrenea at 710° gives benzene in 6+4% yield). The
toluene is also probably obtained through a secondary
fission of the radical (XII), followed by reaotion with
hydrogen. Reaction between the benzyl radicals formed
and benzene, would explain the presence of fluorene, and
that between two bengzyl radicals would account for the
Presence of the phenanthrene and anthracene (see above).

The fluarantheue may be formed from two 06 - 62
units, or from a Cé - 03 and a c6 - ﬂl unit, and probably
goes through 1-phenylnaphthalene77 as an intermediate
(Reaction 1).

The very small amount of pyrene present could be
formed 1n numerous ways (e.g. from styrene, grxylenegﬁ,
etc.), but there is no evidence to support any particular
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mechanisn. The formation of naphthalene can only be
e#xplained if chain lengthening occurs, g.zs the attack
of cthylene on the styryl radicsl (XIV), or even from a
66 = 03 unit and methene. The presence of a cﬁ - cé
hydrocarbon can then easily explain the presence of the
very swall amounts of 3:i4=, 10:1le~, and 1l:12~benzo=
fluoranthene and 3i:d-bengopyrcene by ayreangement of {wo
units as in QIXI), (XXII), (XXIII), and (XXIV).
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(xx111) (XX1v)

It can be reasomably concluded, also, from this work
that 3:4-benzopmene is vot formed in pyrolyses, at this
temperature, from chrysene and a C, hydrocarbon (e.z-.
ethylene), or from l:2~-benzanthracene and a €, hydrocarbon.
These hydrocarbons are all present in considerable
amcunt, and should give a relatively large yield of 3:4-
benzopyrene 1f it was formed to any significant extent
by these mechanisms.

This indene~tar contained en unusually large amount
of very high boiling material (16%) which could not be
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identified. Indene is known to undergo ready
Polymerisation on heatings‘*, and this probably accounts
for a large proportion of the unidentified material.
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EXPER IMENTAL.

Zetralin.- Technical tetralin (B.D.H.) was
sulphonated and purified by the method of Sehroetersﬁ.
The puze tetralin bep. 100-101°%/25 mm.,73% 1:5453
(lit. 7730 1+5451), was shown to contain no naphthalene
by gas-~liquid chromatography.

Pyrolysis of Tetralin at 200°.~ Tetralin (100 g.)

was passed at the rate of 6 drops/min. with nitrogen

(1 c.ce/sec.) through a silica tube (36 x 1 in.) packed
with porcelain chips (% - % in.) heated to 700° in the
furnace previously described (see Chapter I). The semi~
solid tar (70 g.) resulting, was collescted and the gaseous
products also formed, having first been passed through a
trap cooled in a dry-ice/ethanol mixture were found to
decolourise bromine water, and neutral and alkaline
permanganate. Samples of the gaseous products were

examined in the infrared spectrometer.

Analysis fechniques.~ (1) Gas-liquid partition
chromatography. The distillation fractions with

bePe up to 1609/0'3 mm. were examined by gas-liguid
chromatography, using a Griffin and George vapour phase
chromatographic apparatus (Mk.II) modified to collect
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samples42.

supported on Celite (40-80 mesh, B.S.S.; 1:4, w/w).

The column was packed with Aplezon-L

Varying conditions of temperature, pressure, and nitrogen
flow rate were used to suit the various fractions. The
compounds were collected and identified by infrared
spectroscopy and the percentage composition determined

from the areas under the peaks.

(1i) Chromatography on acetylated paper. All the

fractions collected from chromatography on alumina were
chromatographed on acetylated paper43 using, ethanol-
toluene~water (17:4:1) as developing solvent. The
fractions containing essentially the same compounds, shown
by the positions of theilr spots under ultraviolet light,
were combined and rechromatographed on bapar, using
larger amounts of material. After development with
methanol-ether-water (4:4:1), or with ethanol-toluene—
water (17:4:1) followed by thorough drying in an oven,

the fluorescent spots were cut out, extracted with 95%
ethanol, and ultraviolet spectra taken using an Optica
CF4 Spectrophotometer recording instrument. The position
of non-fluorescent materials on the paper was found by
contact printing their position on Ilford Reflex Document
paper No. 50, using an ultraviolet light source emitting
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90% of the 25374° mercury line. The amounts present
were determined from their ultraviolet spectra by
comparlison with optical densities of authentic spectra
of known concentration. Sometimes, spots required
rechromatographing on paper once or twice in order to

purify the compound.

Details of Chromatography.~ The pyrolysis tube

and porcelain chips were washed with chloroform and the

residue (05 g.), after removal of the solvent, added to
the main bulk of the tar and the whole distilled to glve
(2) b.p. 40-80°%/14 mm. (0°8 g.); (b) b.p. 90-95°/14 mm.
(56 g.); and (6) the residue (9 g.). Fraotions (a) and
(b) werc submitted to gas-liquid chromatography (see
above). Fraction (a) was found to contain toluene,
ethylbenzene, styrene, o~xylene and indene; and fraction
(b) indene, tetralin and nephthalenes. The essentially
crystalline residue was washed with cold benzene and the
pale yellow crystalline material (2 g.) remaining,
extiacted in a hot Soxhlet apparatus with hexane.
Chromatography on alumina of the extracted product,
followed by paper chromatography on acetylated paper
showed 1t to be practically pure chrysene (see below).

The benzene washings were evaported to give a dark



residue (7 g.), which was taken up in a minimum quantity
of benzene-hexane (1:1) and chromatographed on alumina.
Elution with hexane gave fractions (70 c.c. each) 1 - 16,
with benzene-hexane (1:4) fractions 17 ~ 23, with benzene-
hexane (1:2) fractions 24 - 31, with benzene-hexane (1:1)
fractions 32 - 37, with benzene-hexane (2:1) fractions
58 -~ 41, with benzene fractions 42 ~ 4%, and with benzene~
chloroform (1:1) fractions 46 - 49). Fractions 1 - 21,
which were olly, were combined and distilled to give
fractions (d) bop. 95-210°/19 mm. (0+5 g.); (e) bepe.
155-160°/0°3 mm. (0°2 g.); and (£) a residue (1°2 g.).
Gas~liquid chromtography of fraction (d) showed the
presence of naphthalene, 1~ and 2-methylnaphthalene(?),
diphenyl(?) and unknown ~X.

Paper chromatography and ultraviolet spectroscopy
was used to show that fraction (e) contailned a mixture
of anthracene, phenanthrene, fluoranthene, pyrene and
2*phenylnayhthalene. The residue (f) was chromatographed
on alumina and elutionm with light petroleum, hexane, and
benzene~hexane (1:4) gave 20 fractions (70 c.c. each),
the composition of which were determined by paper
chromatography and ultraviolet spectroscopy. ‘This
technique showed the presence of 1:l%=~, l:2'~, and 2:2'-
dinaphthyl, 2-phenylnaphthalene, 1l:2-bengzofluorene,
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1:2-benzanthracene, and 3:4-benzophenanthrene. Fractions
22 = 49 of the original chromatogram were further analysed
by paper chromatography and were found to contain
perylene, chrysene, 1ll:12-benzofluoranthene and 3:4-

benzopyrene.

Details of Identification.~ Methane and ethylene.
The gaseous products from the furnace were collected in
a gas cell for infrared analysis. Methane was identified
by its spectrum’® in the 7~5~8'5)u region (maxima at
7°61, 7+73, 777, 7°81, 785, 7°90, 7+94, 7°98, 805,
8+11, 8+*17, 8+22, and 8°}1‘?),_and ethylene by its
spectrum5° in the 9-0~11v5’p region (maxima at 9+33, 9:44,
953, 9+63, 9°72, 979, 983, 9-91, 10+01, 10°11, 10-20,
10°30, 10°51, 10°75, 1083, 10-92, 1100, 1107, 11-16,
11-24, and 11'35/u).

Benzene. The benzene (1°6 g.) was found in the
dry-ice/ethanol trap together with a small amount of
toluene (0°4 g.). Separation by gas-liquid
chromatography gave pure benzene, shown by its infrared
“spectrum’’ (maxima at 2:40, 3423, 5.05, 547, 665, 671,
7°18, 951, 9°62, 9+75, 12°82, 14°55, and 14*90)&).

TPoluene. This was ldentified by its infrared
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spectrumso in the 2—8/u region (maxima at 2*16, 231,

2+35, 2+47, 260, 2°74, 3+29, 3+31, 3°42, 3°48, 3-67,
3°90, 4°17, 445, 4°64, 504, 5+11, 514, 5+34, 538,
5'50, 5‘55, 5’76’ 6‘85' and 7'29/&).

Ethylbenzene. This also was identified by its
infrared spectrum; with maxima at 2+30, 2°70, 325, 3+32,
335, 341, 3+60, 378, 4°10, 4°30, 5°10, 5°31, 550,
371, 608, 6°85, T+22, 748, 846, 862, 901, 9-20,
9+40, 970, and 11-°03 P in agreement with the

literaturefm .

Styrene and o-xylene. A mixture isolated by gas—

liquid chromatography was shown to contain both styrene
and o-xylene. Styrene was identified by its infrared
maxima at 2°12, 2-25, 2°41, 2-70, 3°26, 3°30, 361, 510,
529, 5+45, 570, 589, 6+10, 6+70, 688, 7°05, T+20,
7:47, T°57, 7+75, 830, 846, 865, 9-05, 9°25, and
11-00 R» in agreement with the literature? y and o-xylene
by five maxima at 3°40 (infl.), 408, 4-27, 8+91, and
9+50 Jhe This fraction decolourised bromine water.

Indene. This was identified by its maxima at 2+*15,
2¢32, 2°39, 2°52, 3+00, 3+26, 3-42, 3-58, 3+71, 3+82,
4'67, 4“86, 5'12, 5.20, 5’27, 5'36, 5'44, 5‘54’ 5.7‘,
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590, 600, 6°86, 717, 735, 7°49, 7-61, 777, 8+57,
8+66, 8490, 9-38, 10+59, 10°81, and 10*93/&, in agreement
with those obtained on an authentic specimen.

Ietralin. Recovered by gas-liquid chromatography
of fraction (b) this was identified by its retention time
and by its infrared spectrum.

Raphthalene. Obtained from fractions (b) and (d)
this had m.p. and mixed m.p. 79-80°.

Methylnaphthalenes(?). Gas-liquid chromatography
of fraction (4) gave a peak with a shoulder similar to

that given by a mixture of anthentic 1~ and 2-methyl-

naphthalene, and with the same retention times.

Diphenyl(?). A further small peak obtained by gas-
ligquid chromatography of fraction (@) had the same

retention time as am authentic specimen of diphenyl.

2-Fhenylnavhthalene. This was identified by its
ultraviolet absorption spectrum of extracts of spots
ocbtained in paper chromatograms of fractions (e) and (£).
It had maxima at 250 and 287 e The literature & glives
maxima at 251 and 288 e

Anthracene. Fraction (e) was recrystallised from

P

3
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petroleum ether, and after sublimation, the product had
an ultraviolet absorption spectrum having maxima at 252,
3253, 339, 357, and 375 i with inflexions at 246, 352,
and 371 T indicative of anthracene’®, This was
confirmed by its fluorescence spectrum (Plate 4-1a).

A broad diffuse band in the 430 to 470 ma region was

caused by impurities.

Phenanthrene. Paper chromatography of the mother
liquor of recrystallised fraction (e) (above) gave
several spots. The ultraviolet absorption spectrum of
the ethanol extract of one spot had maxima at 246 (infl.),
251, 274, 282, and 293 mu indicative of phenanthrene*S.

Fluoranthene and pyrene. The extract of another
spot had maximae at 233 (infl.), 236, 253 (infl.), 262,

272, 277, 282, 288, 309, 323, 342, and 360 e
characteristic of fluoranthene®., Maxima at 242, 319,
and 335 gp suggested the presence of some pyreme. This

was confirmed by its fluorescence spectrum.

1:1'-Dinaphthyl(?) and 1:2'-dinaphthyl. Paper

chromatography of the fractions resulting from the
chromatography of fraction (£) on alumina, gave several
violet-blue spots of high Rf. One such spot when



extracted with ethanocl had an ultraviolet absorption
spectrum with maxima at 219 and 283, with inflexions at
225 and 273 ?F identical with 1:2'~dinaphth3168.

However, another spot differed slightly, with maxima at
221, 272, and 283 with an inflexion at 292 THe This
spectrum suggested a mixture of 1:1'-dinaphthyl and 1:2'-
dinaphthyl by comparison with the 11teratur568‘ (Fig. 4D

2:2'-Dinaphthyl. This was isolated mainly from
the original chromatogram on alumina. Recrystallisation
from benzene-hexane (1:4) gave colourless plates m.p.
184~18§°, mixed m.p. 184~186° and infrared and ultraviolet
absorption spectra identical with those for an authentie

sample.

Ji4-Benzophenanthrene. Chromtography on alumina
of fraction (f£) gave by elution with light petroleum

several oily fractions which gave a broad intense blue
spot on acetylated paper. Ultraviolet absorption
spectroscopy showed numerous maxima which could not be
identified with any one compound. However, micro-
distillation of the 0il b.p. 150=155%/0+0% mm., gave a
semi-solld product which formed & picrate.
Recrystallisation three times gave orange-red plates m.p.
118-221°.  After breaking down the complex with dilute
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ammonium hydroxide and extraction with ether, the product
was again paper chromatograpbed. The ultraviolet
absorption spectrum of the violet~blue spot had maxima

at 218, 230, 272, 282, 304 (infl.), 315, and 326 (infl.) o
indicative of 3:d~benzophenanthrene’C, (Fig. 4°2).

ii2-Denzanthvacene. Isolated by chromatography on
acetylatod peper of fractice (f), this was identified by
its absorption maxima at 222, 228, 254, 258, 263, 278,
288, 300, 314, 325, 340, 359, 373, =znd 384 mi and by its
fluorescence speotrum with bands at 408, 433, and 464 ma

both in agreement with the literaturd’®., (Flate 4-1b).

ngxagug. Recryatallisation of the crude product
from benzene gave pure chrysene MePo and nixed Mepe 251
252°  (Pound: C, 94+95 H, 5°3. Calo. for Cyglly,!
Cy 2473 H, 5+3%)e. This was confirmed by ultraviolet
absorpilion spectroscopy with maxime at (logs in
parenthesis) 220 (4°45), 241 (4°29), 259 (4+80), 268
(5103, 283 (4°10), 295 (4+07), 307 (4+11), 320 (4-10),
343 (2+80), and 361 mp (2-80).

Pervlengs This was identified by its mexime at
245, 252, 385, 408, 426 (infl.), and 435 @4 in the ultra-
vlolet and by its fluorescence spectrua (Plate 4+lc), with
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bands at 445, 475, and %02 My both in agreement with the

literature %

11:12-Benwofluoranthene. This compound had a

slightly higherfxi than 3:4-~bengopyrene on acetylated
paper. Ultraviolet absorption spectroscopy of su extract
had weximn at 220, 236, 246 (infl.), 268, 283, 296, 308,
360, 378, and @al.%p in good agrecment with the
literature®®, (Fig. 4+3),

- 2ODY, : Identified by its absorption
maxing at 22&3 2&5; 266, 274, 284, 296, 330, 364, 384,
and 404 mp (218.5%), this vas contirmed by its
characteristic finorescence spectrum with bands at 398,
404, 409, 417, 427, 456, and 485. (Plate 4:14).

Fyrelyeis of Indenas at 700° Indene (93 g.)

Tp 1*5676, whick contalned no impurities (as shown by
gas=liquid chronatography) was pyrolysed at 700° under
sinilar conditions as for tetralin. (Some blocking of
the silica tube ocourred mear the outlet end, and it was

found necessary to heat frequently the portion protruding
from the furnace with a8 Buunscn burner). The solid
yellow=brown tsxr (44 g.) resulting was collected, and
another quantity (1 g.) was obtained by washing the
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pyrolysis tube with boiling chloroform and evaporating
the solvent. A further trap, cooled in a dry-ice/ethanol
mixture condensed lower boiling products (3 g.) (fraction
a). The exit gases decolourised bromine water and
permanganate solutions. Samples of the gases were
examined by infrared spectroscopy.

Distillation of the tar (bath temperature up to
220°/50 mm.) removed the low boiling products and gave
residue (b). Redistillation gave the following
fractions: (e¢) b.p. 90%/25 mm. (3 g+); and (d) b.p.
95-105°/30 mm. (4 g.).

Analysis Technigues.~ These were similar to those

used for the amalysis of the tetralin tar. Separation
of the low boiling products was carried out by gas-liquid
chromatography, which were then identified from their
infrared spectra. However, fractions of higher molecular
weight, after a preliminary separation on alumina, were
chromatographed on & cellulose acetate calumn44 (45 x

3 om.). Portions of the fractions (10-200 mg.) from
alumina chromatography were chromatographed in ethanol-
benzene~water (17:4:1) and eluted with the same solvent.
(Where chrysene was predominant in a fraction, its low
solubility precluded larger amounts than 10~20 mg. being
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used). The resulting fractions, after removal of the
solvent, were weighed, and identified by their ultraviolet
absorption spectra, and where practicable, by their
melting points. These were confirmed in several cases
by their fluorescence spectra. The percentage
compositions were determined, where posslble,
gravimetrically, or where products were present in only
minute amounts, and in overlapping fractions, (1.e.
fractions containing more than one compound) from their

ultraviolet spectra.

Examination of Practions gal, gol, and $d2.~ These

fractions were analysed by gas~liquid chromatography.
Fraction (a) contained benzene (2+6 g.) and toluene

(04 g.); fraction (c¢) unkmown -X (0+6 g.), indene

(2*3 g.) and naphthalene (0*1 g.); and fraction (d)
unknown -X (052 g.), indene (0+8l g.) and naphthalene
(2+6 g.)« Both fractions (¢) and (d) contained a small
anount of materiel which had a retention time gorrespond-

ing to styrene.

Examination of Residue.-~ The residue (fraction b)
was extracted with benzene-hexane (1:4) in a Soxhlet
apparatus. A black tar (0°5 g.) (fraction g) remained.

The solvent was removed from the extracted product and a
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slurry of the solid material (44:5 g.) in hexane, was
Placed on top of a large column of alumina (70 x 5 cm.).
Development with hexane gave fractions 1 - 14; with
benzene~hexane (1:2), fractions 15 - 27; and with benzene,
fractions 28 - 31. The column was then stripped of all
other material with ether, to give fraction (£) (10°5 g.)
and a black tar (2 g.). (The latter was added to
fraction g). The following fractions, whioh showed
similar ultraviolet absorption spectra, were combined:
i.e. fraciions 1 - 5, (0°1 g.); 6 - 11, (0-11 é.);
12 - 14, (0°164 gu); 15 - 18 (122 go); 19 = 21, (3+0 g.3
and 22 - 30, (11+08 g.).
Fractions 1 - 5 contained naphthalene, while fractions

6 =~ 11 contained oily material which could not be
identified. Chromatography on a cellulose acetate
column of fractions 12 - 14 showed the presence of
phenanthrene, anthracene, and fluorene. Similarly
phenanthrene, anthracene, 3:4~benzophenanthrene, ?yrene(?)
and fluoranthene were identified from fractions 15 - 18,
and 1:2=, 2:3-, and 3:4-benzofluorene, 1':2':3':4'~
tetrahydro~3:4-benzopyrene(?), 3:4-benzophenanthrene, and

i2-benzanthracene from fractions 19 - 21, Three
recrystallisations from benzene of fractions 22 - 30 gave

chrysene, whlle the mother liquors, by chromatography on



cellulose acetate, were found to contain (in the order
of elution from the colwm), 2:3-, and 1:2-benzofluorene,
1:2-benzanthracene, an alkylchrysene, 10:11~, and 11l:12-
benzofluorene, chrysene, 3i4~benzofluoranthene, and 3:4-
benzopyrene.

Fraction (f) was recrystallised four times (from
benzene), and the product (3 g.), although still yellow,
shown by chromatography on acetylated paper to de almost
bpure chrysene. The combined mother liquors were
chromatographed in benzene on alumina, Elution with
benzene-hexane (1:1) gave eleven fractions (each of 70
C.C.), and with benzene, three further fractions (each of
175 c.c.)e  The column was then stripped with ether to
give a further black tar (5 g.) (fraction g).
Chromatography of a portion of the first eleven fractions
combined, on cellulose acetate showed the Presence of
1:2-, and 2:3-benzofluorene, 1:2-benzanthracene, and
chrysene. Similarly the latter three fractions were
shown to be mainly chrysene, together with a small amount
of a compound unknown -Y.

The picrates of fractions (e) and (g) were decomposed
with dilute ammonium hydroxide. The process was
repeated and the product chromatographed on acetylated

baper. However, no further apparently pure products



could be detected by ultraviolet absorption spectroscopy.

Details of Identification.~ Methane and ethylene.
Samples of the exit gases were collected in a gas cell
for infrared analysis. Methane was identified by its
$pectrum50 in the ?-8~8-§/n region (maxima at 762, 7+73,
7°77, 7-81, 786, 790, 8+00, 8+05, 8+10, 817, 8*24,
and 8°30 }z), and ethylene by its spectruggm the 10=-11+5 Ve
region (maxima at 10°00, 10°11, 10°21, 10°31, 10-52,

10-75, 10°84, 10°94, 11°00, 11°09, 11°17, and 1124 Jor

Benzene. Separated from toluene in fraction (a)
by gas-liquid chromatography benzene wag 1dentified5°
by its retention time, and by its infrared maxima

(examined as vapour) at 2+40, 3+23, 5°06, 5°48, 665,

6+71, 7+18, 9+51, 9°63, 974, 12°82, 14+55, and 14°90 Pe

Toluene. This was identified§0 by its retention
time and confirmed by its infrared spectrum, which showed
(1iguid £ilm) maxima at 2-16, 2+31, 234, 2°47, 2°+61,
274, 329, 3°31, 3+43, 3°48, 3+67, 3+90, 417, 4+46,
4+64, 5°03, 5+11, 5-14, 5+34, 539, 5°50, 5°55, 576,
6+85, and ?*29)1.

Styrene(?). A very small peak from gas-liquid
chromatography of fraction (c) had a retention time
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identical with that obtained for an authentic specimen.

Indene. Reocovered in fractions (o) and (4) this
was ldentified by its retention time. The infrared
spectrum of a specimen collected was identical with that
of authentic indene.

Naphthalene. Isolated from fractions (b), (c), and
(d) this had m.p. and mixed m.p. 79°5-80°,

Unknown -X. One peak, with a small shoulder,
obtained by gas-llquld chromatography of fractions (c)
and (d) had a retention time almost identical with that
of n-propylbenzene. However, its infrared spectrum,
although showing bands at 4+99, 5°04, 5°19, 5+40, and
5*49)&, typical of a monsubstituted benzene derivative,
could not be identified with any of the obvious mono-—
substituted benzenes of similar boiling point. A strong
band at 4t40)n suggested a disubstituted acetylene

derivative.

Fhenanthrene. Isolated from fraction (b) this had
m.p. 99-100° and mixed Beps 99°5-100°., 1Its identification
was confirmed by its ultraviolet absorption spectruﬁ%s
which had maxima at 221, 245 (infl.), 252, 276, 282, 295,

316, 324, 332, 339, and 346 MR«
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Fluorene. Some of the early fractions from
chromatography on cellulose acetate of the phenanthrene
fractions also showed maxima at 262 (infl), 274 (infl.),
290, 294 (infl.), and 301 mR, suggesting the presence of

fluorenésg.

Anthracene. The next fraction from the column,
although contaminated with phenanthrene,; showed maxima
at 252, 340, 353 (infl.), 358, 372 (infl.), and 377 m
indicative of anthracené%6» This was confirmed by its

fluorescence spectrum with bands at 403, 429, and 455 mi,

(Plate 4+le) in agreement with the 11teraturegos

Fluoranthene. Isolated by chromatography of
fractions 15 -~ 18 on cellulose acetate, this was identified
by its ultraviolet absorption spectrum, with maxima at '
230 (infl.), 236, 252, 262, 272, 276, 282, 287, 310, 321,
340, and 359 L, (Fig. 4*4) in good agreement with the
11terature46. This was confirmed by its fluorescence
spectrum with diffuse bands at approximately 430-450,
465, 513, and 573 ma (Plate 4+1f),

2i4-Benzophenanthrene.~ This was isolated from

fractions 15 - 18 and 19 ~ 21, and had m.p. 66~67+5° and
mixed m.p. 66~67°. Its ultraviolet absorption spectrum
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had maxima at 217, 227 (infl.), 229, 244 (infl.), 254
(infl.), 263 (infl.), 272, 282, 303, 316, 327, 354, and
372 o in agreement with the literaturé46.

Pyrene(?). Several of the fractions from chromato—
graphy on cellulose acetate of fractions 15 - 18 had
absorption maxima at 319 and 335.gp suggesting the
presence of pyrené46. Its fluorescence spectrum,
although diffuse, had the same bands as an authentic

specimen (Plate 4°1g).

1:2-Benzofluorene. Some of the early fractions
from chromatography of fractions 19 - 21, 22 -~ 30, and
of fraction (£) on cellulose acetate, showed ultraviolet
absorption maxima at 245, 254, 258, 263, 288, 294, 302,
315, 328, and 342 ma indicative of 1:2-benzofluorene®’ .
(Pig. 4°5).

2:3-Bengofluorene. This wae ldentified from the
same fractions by maxime®® at 216, 255, 264, 274 (infl.),
285, 292 (infl.), 304, 313 (infl.), 3174 325, 333, and
340 gn. One specimen had m.p. 205-206° and mixed MePe

207-208°. (11t 7} 208-209°).

3i4-Benzofluorene. Some of the 1:2~, and 2:3-

benzofluorene fractions from chramatography of fractions
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19 - 21 on cellulose acetate, also had ultraviolet
maxima at 230, 329, and 336 i (Fig. 4+6), suggesting
the presence of 3:4-~benzofluorene (lit.ﬁs'values are 230,
250, 268, 298, 312, 320, 328, and 336 %y).

103233 :4 ~Tetrahydro~3:4~benzopyrene(?). One

fraction of the above chromatogram could not be obtained
in a pure state. It had maxima at 245, 266, 279, 303,
316, 330, 345, 358, 364 (infl.), 370, and 377 T
suggesting a substituted pyrene (Fig. 4°7). Iiterature

92

values for 1':2%:3':4 '~tetrahydro~3:4-benzopyrene are
228, 239, 247, 258, 268, 280, 304, 316, 329, 346, 358,
370, and 378 ma.

1:2-Bengzanthracene. Found in various fractionms,
this was identified by its m.p., ultrawiolet46 and
fluorescence spectrum, and by its Rf on cellulose acetate.
One specimen, following micro-sublimation onto a
mlcroscope cover~-slip, had m.p. and mixed m.p. 158-159°
(Leitz hot-stage microscope) and light absorption maxima
at 222, 238, 254 (infl.), 257, 268, 278, 288, 301, 314,
325, 340, 359, 374, and 384 m .

Unknown -Y. An oily fraction (which may have been
impure) obtained from chromatography of fraction (£) om
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cellulose acetate had a high RI value. It showed
absorption maxime at 247, 266 (infl.), 274, 281, 285,
303, 313, and 340 .«

Alkylchrysene. Observed in fractions 22 -~ 30,
its ultraviolet absorption spectrum had maxima at 260,
270, 282, 291, 296, 308, and 320 I suggesting an
alkylchrysene.

Chrysene. A specimen was recrystallised twice
from benzene. It had m.p. 251~252°, not depressed by
admixture with an authentic sample. Its light absorption
nad maxina*® at 220, 241, 258, 268, 283, 296, 307, 320,

343, and 361 M.

20:ll-Benzofluoranthene. A yellow fluorescent band
on the cellulose acetate column by chromatography of
fractions 22-30, had avkg value slightly higher than
chrysene. Its ultraviolet absorption spectrum had maxima
at 292, 306, 317, 333, 364, 375, and 382 ma (Fig. 4°8) 1a
substantial agreement with the literaturé46 for 10:11-

bengofluoranthene.

11:12-Benzofluoranthene. One of the first of the
above fractions contalining lO:ll-benzofluoranthene also
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had maxima at 378 and 401 mp in agreement with literature
values for 11:12»benzoflua£anthene in this region46.

This was confirmed by its distinctive fluorescence
spectrum which had bands at 403, 432, 467, and 500 .
(Plate 4°1h) identical with those of an authentic specimen.

2i:4-Benzofluoranthene. A blue fluorescent compound

having a slightly higher Rf on cellulose acetate than
3:4-benzopyrene, had light absorption maxima at 239, 256,
276, 281 (infl.), 289, 292, 302, 338, 350, and 369 R
indicative of 3:4-benzofluoranthene®. (Pig. 4+9). 1Its
Ry and fluorescence spectrum were identical with an
authentic specimen.

2i:4-Benzopyrene. Identified by its R, on cellulose
acetate, this had light absorption maxima at 226, 256,
265, 273, 284, 297, 331, 364, 381, 384, and 405 mp in good
agreement with the-literatﬁreaa. The identification was
confirmed by its fluorescence spectrum, with bands at
404, 409, 417, 427, 456, and 485 ..
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Plate 4¢1. (a) Anthracene; (b) l:2-bensanthracene;
(¢) perylene; (d) 3:4-bengopyrene from the
tetralin pyrolysis; and (e) anthracene;
(£) fluoranthene; (g) pyrene; (h) 11:12-
benzofluoranthene from the indene pyrolysis
(Upper spectra are authentic specimens).
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SUMMARY

Some of the problems assocliated with the mode of
formation of aromatic hydrocarbons at high temperature
have been investigated. A feasible route to the
formation of 3:4~benzopyrene in tars involving, two, four,
six, ten, and twenty carbon units has been taken as a
vorking hypothesis. This mechanism presupposes that
3:4-benzopyrene may be found by pyrolysis of any of these
supposed intermediate compounds. The pyrolysis of
1-4'~phenylbutylnaphthalene (and related compounds),
tetralin, and indene have been shown to contain 3:4-
bengzopyrene (together with twenty-five to thirty other
compounds in the case of tetralin and indene), and a
fraction of "Schroeter Tar®, known to be strongly
carcinogenic, has now been found to contain some 4% of
3:4-bengopyrene. These experiments, together with
other very recent results in this field, have confirmed
the suggestion that the most important reactions inm
pyrolytic synthesis involve oracking (with the formation of
free radicals which then undergo further reaction),
dehydrogenations, and gyclohydrogenations. However,
the suggestion that diene synthesis also plays aa
inportant part has been shown to be most unlikely.
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