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498. The Formation of Aromatic Hydrocarbons at High
Temperatures. Part I. Introduction.

By G. M. BabnGer, R. G. Butrtery, R. W. L. KiMBER, G. E. LEwIs,
A. G. Moritz, and I. M. NAPIER.

A mechanism for the formation of 3:4-benzopyrene from simple

components is considered. The techniques used to separate and identify
components of complex hydrocarbon tars are reported.

WHEN 3 : 4-benzopyrene was first isolated from coal tar ! it was recognised as the probable
cause of certain ‘‘industrial ”’ cancers. In recent years, however, 3 :4-benzopyrene
and other polycyclic aromatic hydrocarbons have been identified in a great variety
of materials; 212 this widespread occurrence has obvious implications in connection with
the incidence of cancer among the general population, and it is important to determine
the origin and mode of the formation of such carcinogenic hydrocarbons.

The carcinogenic hydrocarbons which occur in human environment seem to be formed
only at high temperature. The ‘“ primary " tar produced by heating coal at 300—450°
in absence of air consists mainly of paraffins, cycloparaffins, olefins, and phenols. At
higher temperatures this mixture undergoes various transformations to give a
“ secondary "’ tar containing a greater proportion of polycyclic aromatic compounds.
Kennaway *® found that although tar produced from a Durham Holmside coal at 450°
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had slight carcinogenic activity, tars produced at 560° and at 1250° were much more
potent. Similarly, certain petroleums became carcinogenic after being heated,’® and
Scottish shale oil was carcinogenic only after pyrolysis.l¢ Carcinogenic tars and tars
containing polycyclic aromatic hydrocarbons have been produced by pyrolysis of
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cholesterol, 1 skin,'® yeast,!® isoprene,'®16 acetylene,!® diacetyl,)? and aliphatic hydro-
carbons from tobacco.18

The formation of aromatic hydrocarbons from aliphatic compounds at high tem-
peratures has not been extensively studied. It seems, however, that the most important
reactions are cracking, diene syntheses, dehydrogenations, and cyclodehydrogenations.
Polycyclic compounds may be formed by a series of such reactions, and the present work
was designed to study the formation of 3 : 4-benzopyrene (VII) and related carcinogenic
hydrocarbons at high temperatures. As a working hypothesis it has been assumed that
3 : 4-benzopyrene may be formed by the series of reactions (I--VII). This presupposes
that benzopyrene will be formed by pyrolysis of any of the intermediate compounds,
and has governed the initial choice of materials to be pyrolysed. The state of hydro-
genation of the intermediate compounds would seem to be unimportant as hydrogenations
and dehydrogenations occur easily at high temperatures.

The available experimental evidence, which is meagre, supports the view that benzo-
pyrene is formed from simpler units by a stepwise synthesis. Pyrolysis of acetylene (I)
is known to give aromatic hydrocarbons,!® and the crude tar is carcinogenic.!® Its
fluorescence spectrum is diffuse but not inconsistent with the presence of 3 : 4-benzo-
pyrene.2® In this connection, incomplete combustion of organic compounds often gives
acetylene,? and acetylene has been detected in tobacco smoke.?2 A four-carbon unit (II),
such as vinylacetylene or butadiene, seems the most logical intermediate in the formation
of the “ tars,” and small quantities of the former have been reported among the products.2?
Butadiene undergoes diene synthesis with itself to give vinylcyclohexene, and the pyrolysis
of butadiene yields relatively large amounts of ethylbenzene and styrene (III).2
Naphthalene and tetralin (V) were also formed in this pyrolysis and the complex mixture
of polycyclic compounds contained 3 : 4-benzopyrene.2

A clue to the nature of the final steps of the synthesis is provided by the observation
that tetralin and aluminium chloride give a complex mixture which becomes carcinogenic
after being heated.# This carcinogenic tar has a diffuse fluorescence spectrum in the
same region as that of 3:4-benzopyrene. 6-4'-Phenylbutyltetralin is known to be a
major constituent of the mixture, and it has been suggested 25 that some 5-4'-phenyl-
butyltetralin (VI) may also be formed and pass, rather easily, into 3 : 4-benzopyrene by
cyclodehydrogenation.

Although this mechanism has been used as a working hypothesis, it is unlikely that
any polycyclic compound will be formed by any single scheme. Moreover, the supposed
intermediates may be produced from fragments larger than acetylene, and complex hydro-
carbons need not necessarily break down to two-carbon fragments before re-synthesis.
The C4C, fragments (IV and V), for example, could arise by cyclisation of a C,y hydro-
carbon such as #-decane.?8 or from a higher hydrocarbon (such as dicetyl) by cracking
followed by cyclisation.

The experimental section describes some general methods and techniques used in the
investigations.
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EXPERIMENTAL

Furnace—This consisted of a silica tube (3 ft. x 1 in. i.d.) wound along its length with
25 s.w.g. Nichrome wire (total resistance 90 ohms). A calibrated chromel-alumel thermocouple
was inserted through a small hole bored near the centre of the tube. The tube was mounted
along the centre of a pressed asbestos-board box (3 x 1 x 1 ft.) filled with * vermiculite.”” The
material to be pyrolysed was passed through a second silica tube (3 ft. 6 in. X  in. i.d.) which
just fitted into the heated tube. The furnace was inclined at 10° to the horizontal to facilitate
collection of products.

Chromatography on Alumina.—Hexane or benzene was generally used as solvent and/or
eluant. Thiophen-free benzene was washed with concentrated sulphuric acid and then water,
and distilled. Hexane was also washed with concentrated sulphuric acid, then water, and
fractionally distilled.

Gas-Liquid Partition Chromatography —This was of great value in analyses of mixtures
formed by pyrolysis of acetylene, styrene, etc. A Pyrex column (3 ft. x 6 mm. i.d.) was
packed with alkali- and acid-washed Celite 545 (30—60 mesh) coated with Apiezon L high-
vacuum grease (4 g./8 g. of Celite). The column and detecting and reference cells were mounted
in a box (3 ft. X 1 ft. X 6 in.) of asbestos board, lined with aluminium foil. Heating was
provided by three 1-kw radiator bars mounted in the box at one end, air being circulated by
a powerful fan. Baffles increased circulation and prevented heating by radiation. The
detecting and reference cells were A2321/100 thermistors,?” sealed in T-tube Pyrex cells and
enclosed in a brass ‘‘ heat sink.”” The electrical detecting circuit was of normal bridge type 28
with the detecting and reference thermistors in the two arms of the bridge and 100-ohm fixed
resistors in the other arms. A bridge voltage of 4—8 volts was used. Nitrogen was used as
carrier gas, and the sample was injected by hypodermic syringe through a rubber cap. Solid
samples were injected as solutions in xylene, mesitylene, or tetralin.

Each fraction was collected as it left the column. For the lower-boiling products a V-tube
collector was connected via a B10 joint to the end of the detecting cell through a hole cut in
the hot-air bath, the end of the V being cooled. For higher-boiling products a straight tube,
with air cooling, was used. Polycyclic compounds were separated by chromatography under
vacuum, a two-tube collector (two parallel tubes sealed to a B10 joint), with air cooling, being
used. The dimensions of the collector were such that, when connected to the collector cell,
the seal was well inside the hot-air bath. Under normal conditions the gas passed through
one tube and only when a particular fraction was to be collected was the gas flow switched to
the other; for this purpose a two-way tap was connected to the two tubes by pressure tubing.

Identification of Products.—Iractions from gas-liquid chromatograms were provisionally
identified by comparison of retention times or of the ratio of their retention times to those
of known substances under the same conditions. The identification was confirmed by collecting
the fraction and determining the infrared, ultraviolet, or fluorescence spectrum or, in appropriate
cases, by mixed m. p. determination and the preparation of derivatives. Fractions separated by
fractional distillation and chromatography on alumina were similarly identified.

Infraved Spectra.—These were determined with a Grubb-Parsons double-beam instrument.
Solids were examined as solutions in carbon tetrachloride. The spectra were compared with
published curves, or with curves obtained from authentic specimens.

Fluorescence Spectra.—A direct-vision hand spectroscope (R. & J. Beck, Ltd.) calibrated from
400 to 700 my in 10 my divisions was used. A prism was fitted to cover half the slit so that
unknown and standard solutions could be examined simultaneously. Provision was made for
momentary illumination of the scale by a bezzle lamp, the light being diffused by frosted-glass
plates. A 35-mm. camera, with a 50-mm. focal-length lens, and fitted with a 2 dioptre supple-
mentary lens, was mounted directly in front of the eyepiece. The whole apparatus, except
the camera, was enclosed in a light-tight box. The excitation radiation was from an enclosed
125 w mercury lamp, fitted to the outside of the box. Visible light was almost completely
removed by passage through Wood's glass windows, leaving mainly the 3650 A mercury line.
The instrument was calibrated against mercury, neon, hydrogen, and sodium lines. In the
400 mp region the expected accuracy is within 1 my, and in the 500 my region, within 5 mp.
Standard solutions were in the following concentrations: 3:4-benzopyrene, 5§ X 107 mole/l.,
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28 Dibat, Porter, and Stross, Analyt. Chem., 1956, 28, 290.
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anthracene, 10 mole/l., and 1: 2-benzanthracene, 5 X 107* mole/l. The solvent was usually
benzene; but unknown products were always examined in the same solvent as the standard
materials. With solutions of the above concentration a spectrometer slit-width of 0-01 in.,
and an exposure time of 1 min. at f2-9 with Kodak Tri-X film were usually satisfactory. Thescale
was illuminated for 0-2—0-5 sec. With this apparatus, 3:4-benzopyrene (5 x 107 mole/l.
in benzene) gave a fluorescence spectrum showing considerable fine structure (Table 1).

TaBLE 1. Maxima (my) of fluorescence bands for 3 : 4-benzopyrene.

Schoental ¢

Weigert @ Chalmers ® (light Cardon ¢ Present work
(acetone) (alcohol) petroleum) (benzene) (benzene)
— 394 — - 398 weak, B *
404 404-5 403 — 404 strong, N
410 410 408 410 409 weak, N
417 417 415 413 417 weak, N
427 429 427 — 427 strong, B
— 434 431 432 433 strong, B
— —_ 437 — 437 v. weak, N
455 456 454 455 456 strong, B
485 —_— -— — 485 weak, B

* B = Broad band; N = Narrow band.
° Weigert and Mottram, Nature, 1940, 145, 895. * Chalmers, Biockem. J., 1938, 32, 271.

Schoental and Scott, J., 1948, 1683. 4 Cardon, Alvord, Rand, and Hitchcock, Brit. J. Cancer,
1956, 10, 485.

TaBLE 2. Maxima (my) of fluorescence bands for perylene.

Radulescu @ Radulescu ¢ Schoental ® Present work
(benzene) (heptane) (light petroleum) (benzene)
446 440 438 445 B
475 465 465 475 B
5056 498 497 502 B
5375 335 — 536 B

¢ Radulescu and Dragulescu, Bul. Soc. chim. Romadnia, 1935, 17, 9, 26, 35. ¢ Schoental and Scott,
loc. cit.

With weaker or impure solutions only the strong bands were normally detected. Perylene
showed maxima as recorded in Table 2.

Ultraviolet Spectra—Most of these were measured in 959, ethanol on a Hilger Uvispek
spectrophotometer.
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