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INTRODUCTION
The term polyphenyls is used for compounds whose

molecules consist of a chain of substituted or unsubstituted
phenyl and phenylene units.
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Each inner, phenylene, link of the molecule carries two
aromatic residues in the o7tho-, meta-, or para-position
to one another; hence the existence of ortho-, meta-, and
para-polyphenyls as well as mixed ones. The nomencla-
ture is based on the use of latin numerical prefixes to give
the number of aromatic nuclei in the molecule (e.g. ter-
phenyl, quaterphenyl), the type of the polyphenyl also being
indicated. The carbon atoms in each ring are numbered
from the one linked tothe preceding nucleus. In the "leading"
phenyl radical the numbering starts either at the carbon
linked to another nucleus or the one in the para -position to
it. In the former case the rings are designated byprimes,
the position of the substituent being indicated by numerals.
In the latter case the numeral denotes the ring containing
the substituent and the numerical superscript the position
of the substituent in the ring. Both methods are illustrated
below:

1.
Hj CHs CH,

S5 ST
G e [
2% 2%, 3’ -trimethyl-p-quinquiphenyl
2.
CHy CHs CH;
23, 43 «trimethyl-p~quinquiphenvl
The second method is more convenient for compounds with
a large number of rings'.

Mixed polyphenyls are named by taking a part of the
polycyclic chain with the same relative positions of the
units and considering it as the main one, e.g.

3-phenyl-3°*" - m -biphenylyl-2-quarterphenyl

We suggest an extension of the numeral method to
mixed polyphenyls in the following way 1 :

1*, 6*-dimethylseptiphenyl®»*1?»*s?

the superscript numerals following the name indicating the
points of attachment of subsequent rings, starting from the

second one.

The interaction of non-condensed aromatic rings gives
rise to a characteristic electronic structure of the poly-
phenyl chain and gives these compounds their specific pro-
perties which justify their classification as a separate group
of compounds. Biphenyl is the first representative of the
group of linear aromatic polycyclic hydrocarbons, just as
the fused-ring analogue, naphthalene, is the first member
of condensed aromatic hydrocarbons.

1 The nomenclature based on the use of primes which has been
more widely employed is adhered to in this review.
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The ever growing interest in the polyphenyls is associa-
ted with their properties and the problems connected with
the chemistry and physics of these compounds (thermal sta-
bility, conductivity, optical isomerism, the mechanism of
radical reactions, scintillation activity, etc.). However,
the synthesis of some polyphenyls of a given structure is
quite difficult; so far the interesting and in many ways
unique p-polyphenyls containing more than 7 rings in the
molecule have not been prepared. The present review is
limited to the published data on the synthesis of this class
of hydrocarbons as a whole; it does not extend to the pre-
paration of branched polycyclic chain compounds. A num-
ber of surveys 275 have already been published on individual
problems in polyphenyl synthesis.

I. SYNTHESES WITH LENGTHENING OF THE
POLYPHENYL CHAIN

1. Pyrolysis

The pyrolysis of benzene has long attracted the attention
of investigators, starting with Berthelot®. When its vapour
is passed through a heated iron, porcelain, or quartz tube
the main reaction product is biphenvl as well as a mixture
of products of further condensatxon (isomeric terphenyls,
triphenylene, and others”), carbon, hydrocarbon gases,
and hydrogen. The process depends on heterogeneous
catalysis. The material of the reactor ®° and its surface
area'® affect the yield of biphenyl. Thus at 825°, a quartz
surface has a constant specific activity and the rate of reac-
tion rises in direct proportion to the increase in surface.
Migration of atoms or groups at the catalyst surface is
characteristic of catalytic reactions since their migration
as a result of the thermal movement of the intermediate
complexes with the catalyst is energetically more advan-
tageous than migration resulting from their own thermal
movements. This accounts for the extensive recrystallisa-
tion of the glass surface within the reaction zone which has
been observed'® under these conditions, whereas in an
atmosphere of nitrogen no such changes occurred even at
higher temperatures. Kinetic studies'' also suggested
heterogeneous catalysis.

The range of catalysts which can be used is wide and
includes pumice *™'*, alkali and alkaline-earth metal oxides
and carbonates ***®, oxides of Mo, Mg, Ba, Ca, Ce, Sr, Ti,
Zr, Th, W, Mn, Cr, U, Al, V, and Be coated with graphite,
zincates, vanadates, chromates, molybdates, aluminates
and tungstates '™ ”’i KzCOa, ThOz and CoO on pumxce19
Nichrome wire?%? », refractory clay and porcelain %22,
activated charcoal , and others. The macroporos1ty of
the catalyst *® has been found to affect the course of reac-
tion. Porous and non-porous catalysts behave differently
presumably because of the difference in the area of cataly-
tic surface and in the concentration of hydrogen. A rise in
the latter shifts the equilibrium towards benzene **:%.
Moreover, carbonisation occurs more intensively on porous
catalysts and this lowers the yield of biphenyl calculated on
the basis of the reacted benzene. The course of this side
reaction is also determined by the chemical nature of the
catalyst and the material of the apparatus wall'°. In order to
diminish carbonisation, it is recommended that the walls of
iron and steel reactors be coated with Se, CoS, K:Crz(SOq4)4,
NiCl;, CuS, As, Si, Sb, SbCls, Sn, Sb.Ss, Mo, MoSx, P:Ss,
As2Ss, SnSx, ZnS, FeS, Zn, P *?7 or a film of carbide®5;
addition of 0.1% of sulphur or sulphur-containing compounds
to the benzene is also recommended *®

Much research into the pyrolysis of benzene has led to
mdustrlal methods of preparation of biphenyl® and ter-
phenyl *° For example, benzene vapour is passed
through a heated inert liquid {(Pb, NaCl, CaCls, etc.)®™
which sometimes contains partially oxidised organic com-
pounds such as alcohols, ethers, esters or ketones**. The
procedure is usually repeated twice, at 600°~650° and
750°-800° °*®, A method which can be easily carried out
using apparatus for petroleum pyrolysis has been described ®.
Materials which serve for fettling chemical installations
act as catalysts. The best yields (approximately 30% per
cycle) have been obtained with refractory clay and porcelain
at 750°~800°. Reaction under pressure *'%3 73 can be
used to increase the yield of biphenyl and lower the reaction
temperature; this can be brought down to 625°-695° if a
pressure of 10-60 atm is used in steel tubes; the conver-
sion of benzene per cycle reaches 20%3":%¢,

Both laboratory and industrial apparatus forthe prepara-
tion of biphenyl is quite simple and has been described
repeatedly °729%6:40743,

The thermal conversions of polyphenyl hydrocarbons have
not been studied as extensively as the pyrolysis of benzene.
The equilibrium constants of the reactions

2CeHs 2. CHCsHp+-H,
CoHsCeHs+CoHe 2. C4HsCsH Collg+-H,

and of more profound condensations at 845°-920° have been
found to be of the same order ****, Pyrolysis of a mixture
of biphenyl and benzene at 650°—-950° gives a mixture of
polyphenyls **. Terphenyl can be converted into biphenyl
and benzene by heating in an atmosphere of hydrogen **
Thermal decomposition of p-terphenyl in a sealed tube has
been studied in more detail*®; at 279°-390° it only occurs
to the extent of 3% over a period of 10 days, at 460° it
amounts to 74%, and at 475° there is a further 2-3-fold
increase in the rate of pyrolysis. The reaction products
consist of Hz, gaseous hydrocarbons, biphenyl (10-20%),
and higher polyphenyls (50-60%). The latter include
b-quater-, and p-sexiphenyl, 3-phenyl-p-terphenyl, 3, 4'-
~-bis - (p ~biphenylyl)biphenyl, 3-phenyl-p-quaterphenyl, and
4, 4" -diphenyl-m -terphenyl. Pyrolysis of an equimolar
mlxture of biphenyl and terphenyl (480°, 2 days) gives
30.6% of biphenyl, 17.3% of p-terphenyl, 5% of m -quater-
and m -quinqui-phenyl, 4% of 4-phenyl-m -quaterphenyl,
8% of 4-phenyl-m -terphenyl, 5% of 3-phenyl-p-quater-
phenyl, and 30% of higher polymers including 4,4"-
-diphenyl-m -terphenyl. Thus polyphenyl hydrocarbons
tend to condense together largely in the meta-position.
Reactions closely related to those considered above
include the catalytic condensation of acetylene at 550°-"725°
yielding a mixture of products containing biphenyl*'~*¢,
oxidation of benzene in the vapour phase giving biphenyl as
a side product**~*%, and preparation of polyphenyls from
benzene in an electric discharge **7%¢

The high-temperature transformations of alkylbenzenes
are more complex than of benzene itself and yield a mix-
ture of products with very small amounts of polyphenyls *" ™.

2. Preparation of Polyphenyls from Aromatic Amines

a) The Gomberg reaction. This methog was
proposed in 1924 °° and consists of two stages: (1) diazoti-
sation of the aromatic amine in an aqueous medium and

663
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(2) arylation of the aromatic hydrocarbon:

NaNoO, Ar'H
ArNH, —  ArNg*Cl= ——— ArAr’.
HCl NaOH
Arylation is carried out either in neutral or alkaline
medium. In the former case 15~40% alkali is added gra-
dually to a mixture of the diazonium salt solution and the
hydrocarbon, in the latter the solution of the diazonium
salt is added to a mixture of the aromatic hydrocarbon with
a sufficient amount of dilute alkali. The reaction isusually
carried out at 0°-10° but in the neutral medium it is suc-
cessful even at temperatures up to 30°¢', The choice of
the method of arylation does not appear tobe critical %*,62
although the second variant has been recommended® when
the amine contains electron~donating substituents such as
CHs. The use of hydrocarbons melting above 30° raises
difficulties in the choice of solvent. For example, ben-
zenediazoniumhydroxide and biphenyl in chloroform (40°,
10 h) yielded only a small amount of p-terphenyl ® since
the solvent proved to be not entirely inert with respect to
the diazonium compounds. This method is characterised
by: (1) a low yield of polyphenyl hydrocarbons (10-25%);
(2) the formation of a mixture of isomers during arylation
of substituted hydrocarbons:

@_N=N0H . @_caa S @_@ .\ @_@* cH,
du

{the m -isomer was not isolated in the example cited *® but
it was almost certainly present); and (3) side reactions
involving reduction of the diazo group and formation of a
high-boiling tar including azo compounds and linear poly-
phenyls. For example, when benzene reacts w1th diazotised
p-toluidine isomeric 4- methquuaterphenyls are formed
in addition to the main product, and when it reacts with
diazotised mesitidine, 5,7~ dlmethylmdazole and 3-mesityl-
enazo-5,7- dlmethylmdazole are formed. Other alkaline
agents were tried instead of NaOH in an attempt to reduce
tar formation and increase the yield of polyaryl compounds.
The yield of b1phenyl increases by 5~10% when Mg(OH): and
Ca(OH): areused?but is lowered somewhat with CHs COONa ®¢
Salts added to the reaction mixture only raise the yield in
isolated cases 17

Polyphenyls can be obtained without an alkaline agent 88,
Biphenyl is formed when trifluoroacetic acid, or its salt, is
added to a mixture of an aqueous solution of phenyldiazon-
ium chloride and benzene; the yield drops if the aqueous
phase is diluted. The same result is achieved if the amine
is diazotised in an aqueous solution of trifluoro- and tri-
chloroacetic or perfluorobutyric acids, and is then mixed
with benzene. Solid diazonium salts of perhalogeno carbo-
xylic acids can also be used.- The authors suggest that the
diazotised amines exist in ionic and covalent forms in equi-
librium, the latter reacting with the aromatic hydrocarbon.

b) Synthesis through N-nitrosoanilides.
Diazonium acetates can also react with aromatic hydrocar-
bons, since sodium acetate can replace NaOH. Sodium
dlazotates can react with a mlxture of acyl chloride and an
aromatic compound to give b1aryls

- Ar'H
ArN =~ NONa ArN.=NOCOR —— ArAr'4.N,+RCOOH.

N-nitroso-N-arylacetamides, which are tautomers of dia-
zonium acetates were used as arylating agents by Bamber-
70
ger
ArN (NO)COCH,; = ArN—NOCOCH,.

664

Subsequently they found preparative application.

N-Acetylarylamines are nitrosated in glacial acetic acid
and acetic anhydride using nitrogen oxides (NO + NO;) ™ or
nitrosyl chloride in the presence of fused acetate and a
small amount of P.Os ™. Alkyl nitrites and sodium nitrite
in trifluoroacetic acid anhydride can also be used®®. Other
N-acylamines canbe employed instead of N-acetylamines 71,78,
N-acetyl-N-nitrosoarylamines dissolve in aromatic hydro-
carbons and react with them completely in 12—-48 h at room
temperature. The reaction is more vigorous at an eleva-
ted temperature but the yield of biaryl usually falls ™5™,
Therefore temperatures of 35° 60° are only used with suf-
ficiently stable nitroso compounds *™™™,  The yield 1s
usually higher than in the Gomberg reactlon (20-70%);
decreases to some extent when large quantities of rea%ents
are employed since tar is formed in greater amounts

As in the Gomberg reaction there are usually several
routes towards the desired polyphenyl and the choice falls
on that which avoids the formation of a mixture of iso-
mers ™™™,  For example, m- and p-terphenyl can be pre-
pared from N-nitroso-N-acetylaminobiphenyls and from

N, N'-dinitroso-N, N'-d1acetylphenylenedlammes"2"’3"’0 a

{34 S_nNwojcocH, m—-» > >

yield 50—60%

C¢H,
o CH,CONON—

N N(NO)COCH;,
35°, 7/

but only blphenylammes are suitable for the Preparation of
unsymmetrical 2- and 4-methyl-p-terphenyl

CH:;-‘<:_‘:>_/¥ \—N(NO)COCHB—MT* i Tasa

When the second component is a substituted aromatic
hydrocarbon, a mixture of all the possible isomers is
formed. Since the alkylbenzene molecule has two o- and
m - and one p-position the "normal" ratio of the isomers
should be 2:2:1. The reaction product of N-nitrosoacet-
anilide with toluene consists of 62% o-, 20% m -, and 18%
p-methylbiphenyl ™. The methyl group in the toluene mole-
cule thus relatively activates the o- and deactivates the m -
-position for arylation (0-,p-directing group). The ratio
of the 0~ and m ~-isomers alters when cumene and t-butyl-
benzene are used. The isopropylbiphenyl obtained con-
tains 26% o-, 53% m -, and 21% p-substituted isomers, the
t-butylbiphenyl contains 15, 63, and 22% (approximately) of
the isomers respectively. The decrease in o-substitution
is presumably due to steric hindrance. The m-directing
effect of the isopropyl and t-butyl groups, with a constant
amount of the p-isomer, may be explained by the predomi-
nance of the induction effect over the mesomeric effect.

However, not all N-nitroso-N-acetylarylamines react
with aromatic hydrocarbons. Thus, N-nitroso-o-t-butyl-
acetanilide in benzene yields principally o -t-butylphenyl
acetate ™ and N-nitroso-2,4-dimethylacetanilide gives
5-methylindazole 7.

/\/N(NO)CCCH3 @/OCOCH3

| J . N,
N N\ecHy, (),
N(NO)COCH, CH,
m/( ) yield 6% 5\1/ J CH,COOH
= N T ’
CeH, 2
cHy” \/\cm VW

c¢) Direct synthesis from diazonium salts.
Dry diazonium salts react with excess aromatic hydrocar-
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bon on heating®. Benzenediazonium chloride decomposes
in a mixture of benzene, acetone, and chalk (for neutralisa-
tion) to give up to 25% of biphenyl ®:

2CsHsN,Cl+-2CsHg-+CaCOy — 2CsH3CeHs+-2Ny+CaCla+HoQ+CO,.

The reaction can be carried out at room temperature by
adding zinc dust to the reaction mixture and the double salt
of diazonium chloride with ZnCl: canbe used. AlCls serves
as a good catalyst at higher temperatures %%,

Stabilised diazonium salts in ether react also with aryl-
magnesium halides ®:%;

ArNoCl-0.5ZnCly-- Ar'MgBr — ArAr’<-MgCIBr-+0.5ZrCly {-N,.

In some cases biaryls can be derived from the aryl
groups of the initial salt only. The Gatterman reaction
which involves the decomposition of diazonium salts in the
presence of powdered copper,

ArN2X — ArX + Ng
Cu

gives biaryls in an alcoholic medium ®. The greater the
amount of alcohol, the greater the formation of linear poly-
phenyls with a large number of rings in the chain. Under
these conditions benzenediazonium sulphate yields 16.8% of
biphenyl, ~ 7.8% of p-terphenyl, 5.5% of quaterphenyl, and
0.8% of p-quinquiphenyl ®*.  When alcohol is replaced by
anhydrous formic acid (diazotisation in acetic acid) the
yield of biphenyl is 10.3% and of p-polyphenyls 24.8% 8,
Biphenyl has been prepared in 50% yield by the action of
copper powder on benzenediazonium sulphate in acetic
anhydride®*. A small amount of biphenyl (up to 5%) has
been isolated on decomposition of a suspension of benzene-
diazonium chloride in acetone in the presence of various
elements, including Ag, Au, Cd, Sa, Pb, Ni, Bi, B, and
others 33, and on reduction of stabilised diazonium salts
with organomagnesium compounds, for example CeHsN2Cl.
.0.5ZnClz with ethylmagnesium bromide **.

d) Other methods. A small amount of biphenyl is
formed when phenylazotriphenylmethane undergoes thermal
decomposition in benzene®®. Since the solvent takes part
in the reaction, toluene yields a mixture of isomeric
methylbiphenyis % This is a theoretically interesting
reaction but unsuitable for preparative use since only one
of the phenyl groups of the initial compound (22 wt. %}
enters the biaryl molecule if the formation of (CeHs)4C is
disregarded:

ArHl
CoHsN =NC{CeHg)g — — CeHgAr+(CsHg)sCHNof - small quantity of (CsHg),CJ .

This objection applies equally to the use of triazens
(RN=N-NR'R"). When a 4% solution of diazoaminobenzene
in cumene is heated for 40 h at 160° the products include,
among other substances, isopropylbiphenyls ®:

CeH,CH(CH;),
———> CeHyCs HCH(CHy)a -+ (CsHg)eNH-+

Ce¢H; C Hj
|
-+-C HyNH: 4-(CHj)2C--—C(CHj)a+Nj.

Cet;N = NNHCsH;

Isomeric substituted biphenyls are formed from 1-phenyl-
-3,3-dimethyltriazen in alkyl benzenes with yields of 18—
22%" and in practically the same ratios as in the phenyla-
tion of N-nitrosoacetanilide. 1-0-Tolyl-3,3-dimethyltri-
azen in boiling benzene and acetic acid yields 9% of
2-methylbiphenyl and 21% of indazole *.

Polyphenyl hydrocarbons are not infrequently formed by
the deamination of arylamines. Sodium benzenediazoate
is reduced by alcohol giving 50% of benzene and 25% of bi-
phenyl % When deamination is effected with hypophos -
phorous acid, biphenyl (9.1%) and p-terphenyl (2.6%) are
formed as by-products®’. It is interesting that when the
bisdiazonium compound from benzidine is treated withacti-
vated copper or an ammoniacal solution of cuprous oxide
to obtain a macromolecular product, only the nitrogen-con-
taining polymer of the following structure °®™'° can be

obtained:

3. Arylation with Aromatic Acid Peroxides. Mechanism
of Arylation

The main products of the reaction between benzoyl per-
oxide and boiling benzene are biphenyl and benzoic acid'®.
Peroxides of monosubstituted acids yield only monosubsti-
tuted biphenyls. The main reaction can thus be represen-
ted by the equation

(ArCOQ): + Ar'H — ArAr' + ArCOOH + COQe.

In practice, however, the reaction is much more com-
plex. Gelissen and Hermans '® isolated not only biphenyl
(yield 26%) and benzoic acid, but also an appreciable amount
of p-quaterphenyl, phenyl benzoate, and p-terphenyl. If
the reaction is carried out at 78° and an initial concentra-
tion of the percxide equal to 2-10%, the composition of the
reaction products corresponds to the following stoichiomet-
ric equation ‘%:

1.00 (CgHzC00), + 0.98C;H, — 1.10C0, + 0.42CsH,C00H - 9.04CH,CstH,COOH -+
£ 0.AUCH,C g + 0.06CH,CO0CEL, -- 0.01CaH,CH sty - 0.0250:HCoH,CeHCoHy +
< 0,05 {CHFC00520 4 0O5H0 - 0.08CH,CoHyCatls s Hs (*“quinhydrone type”

structure) + high-boiling residue (composition 0.50 CgHj,
0.40 CiH,. 0.15 CeH,CO0).

The choice of reagents for the synthesis is governed by
the same considerations as those discussed for the other
methods of arylation. For example, individual t-butyl-
polyphenyls can be prepared using substituted peroxides
but not t-butylbenzene ™.

_C(CHye
V N 0}
( — > ~(‘Z C ) {

o/,

JC(CH), C(CHy,
e { '&;(\/ >\ + 77 N cooH+co
CsHs Sield er / o F e’ t 2

A mixture of isomers is always formed when substituted
hydrocarbons are used, e.g. fused biphenyl treated with
benzoyl peroxide for 13 h at 78° gives 64% of isomeric ter-
phenyls '®. In reactions of this type the quantitative pro-
portions of the isomers are independent of the reagents
used (peroxide, N-nitrosoacetanilide, etc.) and reflect the
directing effect of the substituent™. Comparison of the
rate of phenylation of the substituted hydrocarbon with that
of benzene indicates the effect of the substituent on the
reactivity. The benzoyl peroxide reaction is particularly
convenient for this'®. The relative rates are measured
by the "competitive substitution” method'®. The peroxide
is decomposed in an excess of an equimolar mixture of
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benzene and the hydrocarbon in question (usually at 80°);
the excess must be sufficient to prevent a substantial change
in the molar composition of the mixture as a result of the
different rate of disappearance of the components. This
gives

rate constant for GHy R phenylation  amount of CH; CHR

R
K = ~ amount of GyHy CyH,

rate constant for Gl phenylation

The two separate characterxstlcs of the substituent
effect (isomer ratio and KH) can be combined into one,
expressed by the partial-rate factors. These are the fac-
tors (F) which relate the rate of substitution at a given car-
bon atom to that at a benzene carbon atom. The rate of
substitution in an alkylbenzene equals the sum of the rates
of substitution at the two ortho-, two meta-, and one para-
-positions:

V=2V, +2% + ¥,
The rate of reaction at each benzene carbon atom is taken
to be unity and the total rate therefore equals 6. Hence
for CaHsR
6KY = 2K, + 2F, + K,
and

6KR ¢ 3KRb 3KRa
Fp’**m, 4”":706’ o™” oo

where a, b, and c represent the percentage content of the
isomer in the mixture. If R = Cg¢Hs the number of these
positions in the hydrocarbon doubles and therefore

Cofy
KSsp

K!C_{“H‘ll
3 a.l‘l.dF — 3y
2 7100 o ="/ 755"

3K

Fp = g m =

Data from various sources are summarised in the
Table.

The effect of the substituent on the rate of hydrocarbon
phenylation.

] Amounts of isomers, %
R K!R( f o Fp References
" m p
CH, 1.9 62—70.8| 16.7—2i] 12.4—17|3.5—4.0[1.0—1.211.4—-1.9 7("-7;‘-})05,
SHIS 1.2 |50 2 25 1.8 0.9 1.8 77,106
{CH,).CH 0.87 { 10--29 50—60 24—30 10.3—-0,8[1.3-1.6]1.1—1.6 “’_“.15,77
(CHa),C 0.87 | 1724 4962 2227 10.5—0,6|1.3—1.6]1.1—1.4]| 76,77,79
CoH, 4.0 48.5 23 28.5 2.9 1.4 3.4 107
1.2-CH,,CH, 63 37 L
LA-(CHy).C, | .63 100 0.95 79
(CH;)C

These results indicate that arylation reactions using
both peroxides and nitrogen-containing compounds are
homolytic ®:7">'%® (for a detailed account see ref. 109).
Substituents like the nitro group in this case activate the
ring and direct the incoming aryl group to the o- and p-
-positions, unlike the situation in electrophilic-substitution
reactions. The differences in the reactivity of the o-, m-
and p-positions are relatively small (Table), whereas in
heterolytic substitutions these differences are considerably
greater, since the position of entry is controlled by the
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charge of the species and polarity of the substituted aroma-
tic ring. Further evidence for a homolytic mechanism
comes from the appearance of such side products as poly-
phenyls and compounds formed by the action of the attack-
ing agent on the side chains of the hydrocarbon undergoing
arylation "»7'%;

In general, homolytic reactions can occur in several
ways '°: (1) the radicals generated enter the bulk of the
reactlon mixture and give an intermediate complex with the
substrate; chain reactions are also possible with splitting
off of the peripheral atom by the radical (radical transfer)
-R+X:Z—-RX:Z; R-+X:Z—R:Z + X-; (2)the
initial reagents form an intermediate complexR:S+X:Z—
—R:SX:2Z; (3)the compound K:S, being solvated, decom-
poses into radicals which recombine without entering the
bulk of the solvent, a process similar to that occurring on
the surface of finely-divided metals ***.

(( H,COO0),

A free-radical mechanism has been postulated for ary-
lation ®'% suggested by the following evidence: (a) the
ability of arylating agents to undergo spontaneous decom-
position in the absence of the second component; (b) the
constant rate of monomolecular breakdown of benzenedia-
zonium acetate in various solvents (in fact the velocity
constants are not identical but are of the same order of
magnitude ®™: in benzene Kzo° = 0.00461, in m-xylene
0.00466, in toluene 0.00344, in me31tylene 0.00507,
carbon tetrachloride 0.00405, and so on); (c) the mdepen-
dence of the ratio of the isomeric polyphenyls obtained of
the phenylating agent and consequently of the reaction tem-
perature which is governed by the choice of the agent.
Nonetheless, this mechanism is not the only possible one 2
Work with labelled atoms *'°*'! has shown that whereas
free phenyl radicals do arise in the decomposition of ben-
zoyl peroxide, a cryptoradical mechanism must underlie
arylation with N-nitrosoacetanilide. On testing for free
radicals by their exchange with benzene, it was found that
in the case of benzoyl peroxide some of the "primary"
radicals are converted into benzene:

- [ = A

CoHye —= CgHg + Gy,
and the radicals formed from the solvent can be trapped by
mercury acetate:

{CH4COO0), Hg ,
CsHy: ———" 5 (HsHgOCOCH,.

CH, .
CsHy- —~ C4Hs - CaHs,
No transfer of radicals was discovered in the case of N-
-nitrosoacetanilide:

€ HN=NOCOCH, -+ CoHy — CoHyCsHs -i- Np - CH;COOH

Hg
CsHsN =NOCOCH; — CeHsHgOCOCH;-+ No.
CoH,

Thus arylation with benzoyl peroxide consists of the follow-
ing sequence of events: breakdown into radicals, combina-
tion of a radical with the hydrocarbon molecule, and split-
ting off of a hydrogen atom by another radical '*3:'*4,

During the attachment of the radical a n-complex, whlch is
probably formed first, is either converted into a o-com-
plex or undergoes another internal rearrangement'’. Iso-
lation of 1,4-dih ydrobiphenyl and 1',4',1",4"-tetrahydro-p -
-quaterphenyl from the reaction products and the carbon
isotope evidence suggests the following scheme for the
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course of the reaction''®:

r *
N / N\ *_ H Re * .
Catt® =+ CoHo— | oMy — CeHsQ R CereColls | o)
/J o-complex
7-complex - %,
e ,Ao“"‘// Jone
“\/,/ ‘y@,-f
/ / \00
.
i * " * Ho_* .
= = . R
me; + Gt C-,Hr<;><“ C(,HSO-\\ V}LGH; R p-quaterphenyl.
i3} -

p-Terphenyl is probably formed from biphenyl in a way
similar to reaction (I)**®*'7,

4. Preparation of Polyphenyls from Aryl Halides

(a) Reduction using a palladium catalyst.
Aryl halides can be reduced by a 4—6% solution of alkali in
methanol using a Pd/CaCOs catalyst at temperatures up to
135°-150° '®!*®  Bromobenzene treated in this way gives
35% of biphenyl **°. The yield rises to 50.4% when methanol
is diluted with water and to 75% when hydrazine hydrate is
added &1,

The formation of biaryls depends primarily on the speci-
fic properties of the catalyst, the choice of the reducing
agent and the presence of an adequate amount of strongalkali.
When the catalyst is poisoned by small amounts of nickel or
copper salts, which do not affect the parallel reduction of
bromobenzene to benzene, the yield of biphenyl drops to 5%
or Jess. No biphenyl is formed when nickel, platinum and
copper catalysts, or even palladium on a polyvinyl alcohol
carrier, are used. Methanol cannot be replaced as a redu-
cing agent by ethanol or isopropyl alcohol, presumably
because of differences in the ease of their dehydrogenation
and the action of the condensation products of the resulting
aldehyde or ketone on the catalyst. In the presence of
hydrazine, to which is ascribed the role of an aldehyde-
-binding agent, ethanol and dioxane as well as methancl can
be employed '*°.

This method has been used for the synthesis of higher
polyphenyls *'®. p-Dibromobenzene treated in an autoclave
at 150° yields 21% of biphenyl, 14% of p-terphenyl, 10% of
p-quaterphenyl, 2% of p-quinquiphenyl, 0.7% of p-sexi-
phenyl, and 0.2% of p-septiphenyl. m-Dibromobenzene
gives an 86% yield of m -linked hydrocarbons containing up
to 16 aromatic rings in the molecule:

9\ ) C
Br. Bs Vi

n=0-14
The mechanism of the reaction has not been adequately
investigated. Formation and recombination of radicals on
the catalyst surface has been postulated '*°.

NHNIis, 11,0 ,CHyON
KOH, Pd/CaCOy , 150°

(b) The Ullmann reaction. This consists of
removing the halogen from two molecules of aryl halide
using copper, and is one of the most useful methods for the

1,81,118,121 144,

preparation of polyphenyl hydrocarbons ’
ArX + Ar'X' + Cu — ArAr' + CuXX',

The reaction is carried out at 200°-330°, depending on
the reactivity of ArX (X is usually I), in a sealed tube 2 or
autoclave'®” if necessary. The use of a solvent prevents

local overheating and in some cases enhances the yield of
the biaryl. For example, the yield of 3,3'-dimethylbi-
phenyl from m -iodotoluene is 55% in boiling dimethylform-
amide (72 h)'**, whereas without solvent (205°-240°, 3 h)
it is only 35% '*'. If the initial compounds have substitu-
ents in the 2,6-positions, the yield of biaryl drops owing to
steric hindrance; the yield of dixylyl from 2,6-dimethyl-
iodobenzene at 240°-265° is only 21% **® and that of bi-
mesityl does not exceed 12.5% '#:'%,

The preparation of unsymmetrical polyphenyl hydrocar-
bons by this method is further complicated by the formation
of a mixture of three products. This problem is rendered
easier if the reaction gives a mixture of polyphenyls with a
different number of rings '*%:

PN N AN
7 o 7o
Ll i | ik

2N ) Ry SN R 7
L I " \\ ,!\ < | |
T © A 7 Vi

7 [ / o

i ‘ l ‘

L /! | [\ L |

b\p 254° b.p. Ji{ A b.p.)zuu

mp. 10° m.p. 58 map.l18°

Otherwise the separation of the hydrocarbons is extremely
difficult. For example, 3 bitolyls were obtained from a
mixture of 0- and m -iodotoluene **":

%Ha CH,
i |

7 N--Cll 7 w 7 AN N
(\IIVJ N 4 f ﬂ b “_>' . ‘ B I{i ]
N AN, N e

Only the 2,2'-isomer could be separated satisfactorily by
distiilation. Two other fractions contained a mixture of
2,3'~ and 3,3'-bitolyl which were only separated after
oxidation to biphenyldicarboxylic acids. The use of disub-
stituted aryl halides opens up interesting possibilities. The
reaction between 4,4-diiodobiphenyl and 4-iodobiphenyl
vields 24.4% of poseyxﬁphenyll 3. 3,3'-dimethyl-4,4'-diiodo-~
biphenyl in a-methylnaphthalene gives higher polyaryls with
molecular weights of 1000-300 000 but probably with a
branched structure '*'>'*?

Attempts to replace copper by other metals (Mg, Zn, Fe,
Ag)proved unsuccessful '*', although silver is effective in the
synthesis of certain polycyclic hydrocarbons #7213 ¢ o
p-sexiphenyl frcm 4-iodo-p-terphenyl at 330°'%, With
copper the reaction is sluggish at 300° and only specially
activated copper yields a small amount of the desired pro-
duct ',

The mechanism of the Ullmann reaction has not yet been
fully clarified.- A free-radical mechanism has been postu-
lated on the basis that, when ethyl benzoate is added to the
reaction mixture of iodobenzene with copper, the products
include esters of 2- and 4-biphenylcarboxylic acids **®.

The absence of characteristic polymeric side products and
a number of other facts® suggest recombination of radicals
on the surface of the finely divided metal or an activated-
-complex stage in the reaction, without generation of kine-
tically independent species. The possibility of interme-
diate organocopper compounds is also not excluded.

(¢c) The Wurtz-Fittig reaction. Although aryl
halide condensation with the hele of alkali metals has been
known for nearly 100 years '*®**"  this method has been
applied to relatively few polyphenyl hydrocarbons. Pro-
bably, the use of aryl dihalides yields the most interesting
results '**7'%2,  Polycondensation of dichlorobenzene using
sodium or a liquid sodium-potassium alloy (KNa.) gives a

667
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polymeric product, so-called "polyphenyl" **+'*2, The
alloy is introduced gradually into a boiling solution of p-di-
chlorobenzene in dioxane; after prolonged heating the poly-
mer is isolated with an 80% yield, of which approximately
90% is soluble in benzene. The molecular weight of this
soluble polyphenyl is of the order of 2700-2800 (+500); it
contains 4.9 + 0.9 chlorine atoms per mole, so that the
molecule consists on average of 34 benzene rings some of
which appear to have a quinonoid structure. The rings are
presumed to be joined together in the pposition 13 and the
molecular chain is probably branched'*. "Polyphenyl" is
highly thermostable but friable. Its friability and the rigi-
dity of the polymer chain preclude its practical use *%°7!%¢,

A methylated polymer has also been obtained'*s!*?, py
condensation of 3,3'-dimethyl-4,4'-diiodobiphenyl with
sodium in toluene; the reaction product is partially soluble
in benzene and has a branched-chain molecule.

The Wurtz-Fittig-synthesis consists of two stages: (1)
formation of an arylsodium and (2) its reaction with more
arylhalide®®. The second stage is accompanied by the
formation of a number of side products ***"**®*suchas o- and
p-terphenyl, triphenylene, and hydrocarbon tar '3%:1%7:15¢,
The arylsodium is presumably formed by ArBr reacting
successively with two neighbouring sodium atoms with the
appearance of radicals on the metal surface'*®'®°. This
type of reaction was investigated with phenylithium **®:*®*
and it was unexpectedly found that the most reactive com-
pound was fluorobenzene despite the well-known inertness
of the fluorine atom in it. Under identical conditions it
yielded 8 times as much biphenyl as did iodobenzene. The
intermediate product - 2-lithiumbiphenyl - was isolated
with the help of benzophenone. The inductive effect of the
strongly electronegative fluorine apparently enhances the
mobility of the hydrogen atom in the o-position of the initial
aryl halide which is replaced by lithium. This substitution
by the considerably more electropositive lithium leads to
splitting off of the fluoride anion and formation of benzyne
which then condenses with the second molecule of phenyl-
lithium:

-
2 CF +
/\,/ LiCelts 7 LiCeHs 7 4
j —— Iy — | |
\\) N Li — X ANES XN/ -

The nature of the bonds formed in the benzyne ring has not
been established precicely. Work with labelled atoms '
has shown that 50% of the phenyllithium molecules enter the
position formerly occupied by fluorine and 50% the positions
o7tho to it. This suggests the formation of a new 7-electron
cloud in the plane of the benzene ring.

50 % ’

Data on benzyne have been considered in detail ',

(d) The Grignard synthesis. As already men-
tioned, Ullmann's attempt to use magnesium for the prepa-
ration of biphenyl failed. The Grignard reagent prepared
beforehand might have been supposed to react with aryl
halide, but boiling phenylmagnesium bromide with iodo-oor
pbromobenzene in ether, toluene, or without solvent (1139 -
180°) only gave a very low yield of biphenyl (10-13%) 1%
the yield could be raised a little by carrying out the reac-
tion at 150°=~200° in an autoclave Preparative methods
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of obtaining polyphenyls from organomagnesium compounds
only became possible with the use of certain metal halides.
One of these consists in oxidation of ArMgX, usually in
boiling ether, with stoichiometric amounts of salts such as
CuCl, 124126, 34,167-170, AcBr 171,172, MoCl, 3 CoCl, 1.1’
CrCls '*®'%  and others'™:

2ArMgBr + 2CuCl; — ArAr + Cu:Cl; + 2MgBrCl .

Preliminary preparation of the Grignard reagent is not
always necessary and sometimes even undesirable; for
example, biphenyl-4-ylmagnesium bromide gives a 52%
yield of p-quaterphenyl whereas boiling a mixture of 4-bro-
mobiphenyl with magnesium and CuCl; in ether gives a 63%
yield'**. The oxidation reaction occurs in two stages'™'"%:

ArMgX + MX — ArM + MgX,,
(Og)
2ArM 3 ArAr + 2M (M,0).

The reaction between phenylmagnesium iodide and Cul
at 0° in an atmosphere of nitrogen yields phenylcopper '™
which, on decomposition (20°), atmospheric oxidation, and
other transformations, gives biphenyl. Phenylsilver pre-
pared from phenylmagnesium bromide and AgBr at -18°
behaves similarly'™'™. An interesting phenomenon was
demonstrated by using copper sulphate as the oxidising
agent 168, Owing to its extremely low solubility in ether,
it reacts with phenylmagnesium iodide with great difficulty;
however, when iodobenzene is added to the reaction mix-
ture, biphenyl is formed smoothly accordingtothe equation

4CegHsMgl + 2CgHsI + 2CuSO, —
— 3CeHsCeHs + 2MgS0Q4 + 2Mglz + Cuzl,.

Thus half of the initial phenylmagnesium iodide is oxidised
not by the metal salt but by iodobenzene. Preparation of
polyphenyls by oxidation of ArMgX with halogen-containing
compounds in the presence of small amounts of metal salts
was discovered independently of the above observation,
during a search for catalysts of the reaction

ArMgX + ArX — ArAr + MgX..

It was found '® that an excess of bromobenzene boiled in
ether for 11 h with magnesium and FeCls; (4 mole %) gave
a quantitative yield of biphenyl. The yield was 65% when
CuClz catalyst was used. The reaction was later investiga-
ted in detail™ and a mechanism was postulated for it'"®.
In the presence of 2.5-7 mole % CoCl; and 0.74~0.88 mole
of bromobenzene 83~86% of phenylmagnesium bromide is
converted to biphenyl. The molecule of the latter does not
contain phenyl groups from the free bromobenzene which
can be successfully replaced by alkyl and other aryl
halides *™»'"*'®°. In accordance with this p-tolylmagnes-
ium bromide and bromobenzene with CoCl. yield 95% 4,4'-
-dimethylbiphenyl *™.

The following scheme is proposed for this process:

ArMgX + CoCl; = ArCoCl + MgCIX,
2ArCoCl = ArAr + 2CoCl.

The halogenated derivative reacts with cobalt subhalide
regenerating the salt of the divalent metal and forming a
radical:

CoCl- + RX—CoCIX + R- .

The side products arise through further transformations of
this radical. Thus when C{HoMgBr reacts with CeHsBr and
CoCl: the products include 44% of CeHs, 3% of CeHsCsHs,
and 11% of other polyphenyls ™.

xCeHs — CgHe + CoHsCsHs + CeHsCeH¢CsHs + (CeHsCeHa)2 +...

If the oxidising agent is an alkyl halide, however, no
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high-boiling polyphenyls are formed. In the absence of
RX the cobalt subhalide can be disproportionate and be
oxidised by atmospheric oxygen.

In spite of Kharasch's scheme an unsymmetrical product
can be formed in this reaction as well, presumably because
of the radical mechanism of arylcobalt chloride decomposi-
tion. For example, phenylmesitylene has been prepared
(yield 18.4%) from mesitylmagensium bromide and a four-
-fold excess of bromobenzene

CHs CH,

e CeHyBr-CoCly J— J—
HC—?  SoMgBr —— ', He_d T N__/T N
N N=—=/ & ether, boiling TTNe= N=—==."
\CHa 4h, 12 h at 20° \CH3

Nickel chloride, ferrous chloride, and other substances
can also be used as catalysts'""»**. The Grignard reaction
proved to be of little value for the preparation of methylated
polyphenyl from 4,4'-diiodo-3,3'-dimethylbiphenyl and 2,5~
_dibromotoluene . Khorschak **'™ discovered and stud-
ied the preparation of polyphenyls from arylmagnesium
halides and hexachloroethane without addition of salts:

2ArMgX + C;Cls — ArAr + MgXC1 + C.Cl,.

This method gave a 35% yield of biphenyl from phenylmag-
nesium bromide at 22°. Thanks to'the intermediate forma-
tion of radicals, a solution of the Grignard reagent initiates
styrene polymerisation more energetically in the presence
of hexachloroethane.

(e) Preparation of polyphenyls from other
organometallic compounds. Certain other organo-
metallic compounds behave similarly to the Grignard re-
agents; for example, phenyllithium is oxidised by butyl
bromide in the presence of CoCl, giving a 67% yield of
biphenyl, whereas in the absence of the salt the usual
Wurtz-Fittig synthesis takes place®

LNH Br

CgH;Li ’C4 HsCsHs

C H, B
20020 CoHCHy

2,2'-Dilithiobiphenyl in the presence of TiCls, CuCls,
MnClz, FeClz, or CoCl: forms a mixture of aromatic hydro-
carbons including biphenyl (up to 79%), o-quaterphenyl (up
to 38%) o-sexiphenyl (up to 8%), and o-octaphenyl (up to
1.4%)*

‘When phenylaluminium diiodide is heated with bromo-
benzene in benzene it is converted to biphenyl (97.7%) %

2CsHsAlL 2—4—51——1?225— — CgHsCeHs + 2AllL,

AlL + C,HyBr — CgH,- + AILBr.

As in Kharashch's experiments, p-terphenyl, p-quater-
phenyl, and p-quinquiphenyl are isolated. When bromo-
benzene is replaced by p-chloro- or p-bromotoluene, no
methylbiphenyls are formed, biphenyl remaining the main
reaction product {yield up to 30%).

Oxygen can also be used for the oxidation of organo-
metallic compounds of polyphenyls. Phenyl and p-biphenyl-
lithium in ether are oxidised to blphenyl (yleld 65%) and
p-quaterphenyl (yield 85%) respectively ™

4ArLi + O; — 2ArAr + 2Li:0.
When phenyllithium and triphenylindium are oxidised
with oxygen in benzene they give phenyl (17-26%) and 20~
25% of bipheny] 188,18

Thermal decomposition of triphenylthallium **%*°!

and

tetraphenylchromium iodide '*® and catalytic decomposition
of diphenylmercury and tetraphenyllead, in the presence of
Pd and other metals '**:'®* leads to the formation of b1pheny1
Biaryls are also produced by photochemical reactions 7%
and some complex reactions such as those of arylsodium
or lithium with N0 '*®, arylmagnesium halides with nitro-
aromatic 2% gnd azoxy compounds 20! or with iodoaryl di-
chlorides®®®. They are formed also as side products,
sometimes in considerable amounts, in the course of many
organometallic syntheses ?®~2%,

5. Preparation by Elimination of Sulphur and Selenium

Biaryls are obtained by removal of sulphur from thio-
ethers, disulphides, and thiophenols and their esters by
Raney nickel or the Sabatier nickel catalyst at sufficiently
high temperatures *®

ArsS U ArAr

Heating is continued for 15 h in a sealed tube, either in the
presence of benzene or without it. An appreciable amount
of biphenyl already forms at 180°. Diphenyl disulphide,
which at 140° is converted to the extent of 84-87% into
diphenyl sulphide, at 180° gives 54% and at 220° 65-85%
of biphenyl. If the initial compound contains two different
aryl radicals, or if a mixture of two substances is taken,
three hydrocarbons are formed simultaneously:

ArSAr! l:JLArAr + ArAr' + Ar'Ar'

In some cases p-terphenyl (up to 6% of the theoretical
amount) can be isolated from the tarry reaction products.

The nickel catalyst is first degassed at 200°., The
small amount of Hz which remains takes part in the side
reaction

Ar.S ;—% ArH,

without affecting the course of the main process: the yield
of biaryls is not diminished when the catalyst is degassed
at 500° and is practically Ho-free. Reduced iron catalysts
used for purification of industrial gases react with diphenyl

sulphide at 350° also giving chiefly biphenyl ?*°

Organic selenium-containing compounds behave similarly
to the sulphur-containing ones. Whereas at 140° (14.5h) di-
phenyl diselenide gives, with degassed Raney nickel, 21.5%
of diphenyl selenide and 31% of biphenyl, at 180° 72% of
biphenyl is formed in 8 h?*'', Di(o-methylphenyl)selenide
is converted into 2,2'-dimethyl biphenyl in 52% yield.

II. SYNTHESIS WITHOUT ALTERATION OF THE CYCLIC
CARBON SKELETON (DEHYDROGENATION)

Dehydrogenation of polycyclic hydroaromatic compounds
is used for two purposes: (1) for the synthesis of poly-
phenyl hydrocarbons of a given structure and (2) for the
determination of the structure of unknown hydroaromatic
compounds. Dehydrogenation is effected either by the use
of hydrogen acceptors or catalytically. The reaction con-
ditions depend on the choice of dehydrogenating agent and
the structure of the initial compound. The most widely
used acceptors are tetrachlorobenzoquinone, sulphur, and
selenium. Tetrachlorobenzonequinone {(chloranil) is often
preferred since it is effective at a relatively low tempera-
ture. Benzonquinone dtself is a much less active dehydro-
genating agent 2'2,

669



VOL. 29, NO. 12

RUSSIAN CHEMICAL REVIEWS

DECEMBER 1960

When an excess of chloranil is used in boiling xylene
(140°-145°), dehydrogenation to aromatic compounds
occurs within 4-48 h. Saturated cyclic hydrocarbons are not
dehydrogenated under these conditions®'®. The reaction
evidently follows a radical mechanism®®. This method
has been used for the synthesis of a number of two to six-
-ring polyphenyls from hydrocarbons containing, in the poly-
cyclic chain, cyclohexane, cyclohexadiene, and aromatic
units 1/167,212,2147218 1t i5 pnoteworthy that the best conver-
sion of poly-1,3-cyclohexadiene to polyphenyl also occurs
when chloranil is used?®*®

Ok

Dehydrogenation with sulphur usually occurs within 1.5~
5 h at 180°-250°. Longer heating is sometimes necess-
ary®?%°. A solvent is used in some cases (quinoline) **»**.
Substituted arylcyclohexenes 8134229222228 | and less fre-
quently cyclic alcohols and h7ydrocarbons, of varying
degrees of unsaturation ®**»**"=?* yndergo aromatisation.
An interesting observation made during the synthesis of
dimethylbiphenyls !3® is that a mixture of sulphur and
palladised charcoal is more effective than either compo-
nent individually: the reaction is more rapid and takes
place at a lower temperature (190°-200°). Dehydrogenation
with sulphur is sometimes complicated by the migration of
a mobile alkyl group: attempts to obtain 3- and 4-t-butyl-
biphenyl failed though migration of the t-butyl group and
formation of a mixture of isomers ™.

__chloranil VRN

x‘ylene, boiling 48 1 —

7

Selenium is often used for the preparation of polyphenyls
especially from aryl substituted cyclohexanes **°7%%¢,
Dehydrogenation occurs at 320°~370°. Other dehydrogena-
ting a§ents are only used in isolated cases, e.g. bromine at
160° 2?58 diphenyl disulphide at 250°-260°%%°  and N-
-bromosuccinimide in carbon tetrachloride**°,

The most frequently used catalyst is probably palladium
on activated charcoal. It has been used for the synthesis
of polyphenyl hydrocarbons containing up to 8 aromatic
rings 7’133,241-249; Pd/Ales 250,251’ Pt/C 230,252’ Pt/Ales 258’
Cr20s/AL:0s °*7%*7 and reduced nickel chromite®*® are also
suitable.

Some general comments can be made on the variation of
the conditions necessary for the dehydrogenation of poly-
cyclic hydroaromatic compounds with their structure.

1. As expected, the greater the number of double bonds
in the initial molecule, the easier its transformation into
an aromatic system. Therefore aryl-substituted cyclo-
hexadienes show the greatest tendency to dehydrogenation.
1,3-Dipehnylcyclohexa-1,3-diene undergoes autooxidation
on standing 2%, its p-isomer loses hydrogen on distillation®*,
and phenylcyclohexadiene hydrogenated with palladised
charcoal at 20° forms, through irreversible catalysis, a
mixture of biphenyl and phenylcyclohexane 2% If the diene
ring contains carboxyl groups, as in the case of 3,6-di-
phenyl-3,6-dihydrophthalic acid®® or of tetracarboxylic
acids of tetrahydro-p-quinguiphenyls **!, simultaneous oxi-
dation and decarboxylation occur on gentle heating with
potassium ferricyanide solution:

R R’
— "\ — KoFe (CN),
DS e
HOOC COOH HOOC  COOH

R N /R'
~ vl LS R

@) R=R'=H: b) R_CH,, R’'=H: ¢)R=H, R'=CH, .
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The increasing difficulty of dehydrogenation with increa-
sing saturation can be traced in several examples. Where~
as 1,4-diphenylcyclohexane-1,4-diol gives p-terphenyl with
selenium at 200°?®?, 2-phenyl-A®-tetrahydrotoluene is not
converted to 2-methylbiphenyl below 270°-300° ?®, and
1,4-dimethyl-2,5-dicyclohexylbenzene only undergoes aro-
matisation at 340°-350° ?%*:

- e - s S e
<,ZH3\ . - CHj L
‘CH_, (IZH:;
O T
CH, CH,

Diarylcyclohexadienes are converted smoothly into
polyphenyls when palladium in boiling cymene {177°) is
used #****™*". however, when p-terphenyl is prepared
from 1-phenyl-4-(cyclohexen-1'-yl)cyclohexane heating has
to be continued for 8 h at 260°—-320° #*8;

TN AN AN
oL D

The role of a double bond conjugated with the phenyl ring
is clearly seen on comparison of the dehydrogenation of
1-phenylcyclohexene and phenylcyclohexane. The former
is converted to biphenyl to the extent of 52% in 4 h using
chloranil **?, whereas the latter gives only 13% of the pro-
duct after 16 h heating with a larger amount of the reagent 2'°.
In the presence of sodium-benzylsodium catalyst, 1-phenyl-
cyclohezene disproportionates almost quantitatively at
200°-220° 2°%;

N (~\\ @Nﬁ—C.H;CHzNa
T Ne== N 200-220°

but the phenylcyclohexane so obtained requires a higher
temperature (above 240°) for dehydrogenation.

/———\ //——\ Pd/C

7 N —
7 o\ —

—_—
260—520°, 8 h

2T N__ T N\L N_ /TN
K e

2. The presence of a substituent in the position o7tho to
the internuclear bond may lead to undesirable side reactions
and requires particular care in the choice of experimental
conditions. Thus 1-methyl-2-phenylcyclohexane treated
with 20% platinised charcoal at 350°~380° or dehydrogena-
ted with selenium gives fluorene as the main product;
simultaneously elimination of the methyl group leads to the
formation of some biphenyl #*!:

rj
N Pt/C(Se)

L CHy Soa I\ 7
[T 1 J LJ'CHJ )
(\ N\

VOVhen :Z-p-tolyl-S-menthene is heated with sulphur at
2%0 -230°, 3,4'-dimethyl-6.-isopropylbiphenyl is formed
with an 85% yield®?°. If the temperature is raised by 100°
however, considerable amounts of 2,6,9,9-tetramethyl- ’
ﬂ'uorene and 2,6,9-trimethylphenanthrene are formed.
Similar condensations may occur in the case of a cyclic
substituent. Dehydrogenation of 1-pheny1-2-cyclohexyl-
cyclohexanol with selenium gives the triphenylene con-

inl
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densed system ***

However, aromatisation of one of the isomeric 1-phenyl-2-
-(cyclohexen-1'-yl)cyclohexanols~-1 (m.p. 58°-59°) using a
Pd/Al.0s catalyst pre-boiled with a 5% solution of K2COs
gives o-terphenyl (yleld 63%) 2%

ﬂ

N

\/ \l
(]

3. In some cases dehydrogenation may be accompanied by
elimination or migration of alkyl and alkenyl substituents.
1,4-Diphenyl-5-vinylcyclohex-1-ene is converted to p-ter~
phenyl (yield 86.5%) over 30% Pd/C at 320°2*!, An example
of the migration of an alkyl group on dehydrogenation with
sulphur has been mentioned above. In the case of an alkyl-
-argjl em -substitution an alkyl group is usually elimina-
ted 239:258,2%5,26 ,pd this has served as a basis for a patented
method of preparation of 4-alkylbiphenyls by dehydrogena-
tion of 1-alkyl-1-phenyl-4-alkylcyclohexanes 2%

Pd/AI O3(K;CO,)
'100—-343

HO/

CH,3 CH,

| Cri0,/ALOs ]

4 \>.__ﬁ< > 120 > 7 \_ ¢
N/ 1CH 435° <-:_> @ |H ’
CH, CH, CH,

4. In isolated instances polyphenyl hydrocarbons can be
prepared from derivatives of hydroaromatic hydrocarbons;
when 4-bromo-4'-cyclohexylbiphenyl is dehydrogenated
with selenium, the bromine atom is replaced by a hydrogen
atom and p-terphenyl is formed?®

Dehydrogenation is the final stage in the synthesis of
polyphenyl hydrocarbons and the polycyclic chain molecule
must be first constructed. Some methods of obtaining the
initial hydroaromatic compound consist in linking separate
cyclic molecules, others involve cyclisation and formation
of new rings. Rings can be linked by the following methods:
organometallic synthesis of the Grignard type, cycloalkyl-
ation of aromatic compounds, reduction of cyclic ketones
to pinacols, and polymerisation of cycloolefines or cyclo-
dienes. The first method is the most general, the number
of rings being increased by interaction of cyclohexanes with
aryllithium or arylmagnesium halide:

@—v + o=r® —_— M, Y = Li, Mg1(Mghr)
R = R R HO

The use of dilithiobiphenyl®'?, cyclohexane-1,4-dione'®’,

and bicyclohexyl-4,4'-dione makes it possible to lengthen
the cyclic chain in two directions at once:

e (o
Tttt Ol ket

+2 0= g
2 o= om0
— (AL

The wide scope of this method is demonstrated by the
synthesis of a whole range of m -dlarylbenzenes based on
3-ethoxycyclohex-2-en-1-one 2422442

Cycloalkylation has been used repeatedly for the prepa-
ration of intermediate products in the synthesxs of p-poly-
phenyl hydrocarbons 7°,23!,232,237,248,256,26 Dihydroter-
penes or dihydroterpene alcohols in the presence of HF
have been recommended for the alkylation of benzene to
yield 4-alkylbiphenyls **%:

c}mwfvﬂ—~<jgcz%m
CH{

CH,4
|

—_— N,/ H

— = |

CHg

Alkylation of p-xylene with cyclohexene in the presence
of AlCl; gives 2!5'-dimethyl-p-terphenyl ?*

p CH,
/7N < > ( Pd/C, 280—290°
CAL ™M i e Q’@‘D (Se, 340—350°)

|
CH,

CH,
)4
— O
CH,
Condensation of benzene with cyclohexyl bromide has

been used for the preparation of p-terphenyl®’. The use
of cyclohexylidenecyclohexanone for the synthesis of p-ter-

phenyls is of interest **¢;
OO o e O

st

/
QQQ OO o0— -

CHs CH;

In some cases successful alkylation is achieved by the
cyclohexyl ester of p-toluenesulphonic acid?®

Much has been published on the cycloalkylation reaction,
usually in connection with the use of dehydrogenation to
prove the structure of the products obtained. Only inisola-
ted cases are these products important as starting materials
for polyphenyl synthesis. The same apphes to polymerisa-
tion of unsaturated cyclic compounds *****®, The reduction
of cyclohexanones to pinacols has been used successfully
for the preparation of symmetrical biphenyls %

~—+CH3~<:/\— & NCH, —>» H,C— /

Any other type of construction of a polynuclear chain is
based primarily on the diene synthesis and the Michael
reaction in which new rings are formed by cocyclisation of
the aliphatic parts of the initial molecules to form a contin-
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uous chain with the already existing rings. The diene syn-
thesis is very convenient for the preparation of polyphenyl
hydrocarbons, but sometimes difficulties are encountered
due to the relative unavailability of the starting materials;
various polyphenyls have been synthesised ey this method
up to and including quinquiphenyls 41,249,260,261,263,267
p-quinquiphenyl, for example, being prepared as follows:
CH—CH.

C—COOC,H;

+ 1) 0-C,H,Cl.
C—~COOC;Hy ——

H,C;;OOC' (‘200C2H5 H,CQOO(iI (IZOOCgHz,
K,Fe(CN),

(o AL —

KOOC COOK KOOC COOK

The Michael condensation has been used for the prepara-
tion of isomeric trimethyl-m -terphenyls *°

CHs (\]
e /\/
C,H COC.H, Qb Na, moist ether
yleld 60—70%, yleld 959,

CHC

7N —CO—-
L ,—CHCCO

CH,COCH,COOC, H,
yield 20%

7N\
CH, <—*;>

N
\ Pd/C 300—320° / CH,
eld o w/
L/‘ yield s HC OH
CH, cn3
/ _ pwc
CH, yield T4%

HO CH,4

CH Mgl

CHy,
.—}/—< W — o yield 959

Condensation of a-benzylidene-a'-phenylacetone with
malonic ester gives compounds of the p-terphenyl group 238,
Formation of hydroaromatic ketones as intermediates
permits further lengthening of the chain by means of orga-
nometallic reagents; this forms the basis of a method for

the preparation of m -terphenyl ®

0}

77 b
¢ D_CH=CH-—-CO—CH, + CHj (COOC;Hy); — </____>— / C_—‘l.
HCl;
N \OH
o
CyH,MgBr
—

aa
S B
1

o )

Another method of forming a bicyclic molecule consists
of cyclisation of 1-phenylhexa-1,3,5-triene over Al:O; at

672

=000

350° %°°:

@—CH:CH—CH:CH——CH:CH, e S

III. SYNTHESES WITHOUT ALTERATION OF THE
AROMATIC CARBON SKELETON

1. Alkylation

The alkylation of biphenyl is the cheapest method for
the preparatlon of many potentially useful industrial
compounds ***»***?_  Bjphenyl reacts with olefines and
alkyl halides in the presence of AlCl; usually giving a
misture of mono-_; di-, and sometimes even trialkylbi-
phenyls 288,269,274,275 2 ,4,4-Trimethylpent-2-ene taken in
equimolar proportmn at 70°=75° gives a 32.5% yield of
alkyl derivatives with 52.6% mono-, 29.9% di-, and 17.5%
tris-2,4,4-trimethylpent-2-yl-biphenyls 26, Condensation
with n-hexyl bromide in hexane yields mono- and di-
-hexylbiphenyls with an overall yield of 80% 275,

When biphenyl is alkylated with but-2-ene in the pres-
ence of BFs. HsPO, catalyst in the molar ratio biphenyl:
:but-2-ene: catalyst =1-4:1:0.2-0.3 at 50~100°, the
main products are monobutylbiphenyls ?®. Their yield is
58-60% and they constitute 92% of the alkylate. Above 70°
but-2-ene undergoes isomerisation and the product is
therefore a mixture of p-s- and p-t-butylbiphenyl whose
relative amounts depend on the reaction conditions.

Biphenyl can also be alkylated by the saturated hydro-
carbon 2,2,4-trimethylpentane in the presence of AlCl; to
give mono-t-butylphenyls from which the p-isomer can be
isolated by freezing out in 27% yield *"”

CH CH
— — | HC\ Vash /e
NN 2 — 7T\ N
<__> Nt HCPC-CHCH i —CHy+HC(CHy).
5C \CH, \CH,

When alcohols, in excess, act on biphenyl 1n the pres-
ence of HsPO, catalyst with heating for 10-20 h®"®, the
main products are p-monoalkylbiphenyls (yield up to 60%).
The optimum temperature is determined by the structure
of the alcohol; it is 120°-~125° for pentanols and 90°-110°
for butanols. The rate of reaction increases from normal
to tertiary alcohols. When iso-alcohols are used, isome-
risation leads to the formation of t-alkylbiphenyls. When
BF3 catalzst is used, the reaction takes places in two
stages (1) a molecular compound 2ROH . BFs is
formed when the cooled alcohol is saturated with boron
fluoride, and (2) biphenyl is alkylated by the 2ROH . BFs
complex at 162°~170°. Under normal pressure, monosub-
stitution in the p-position predominates, but at 25-30 atm
the amount of p!p'-dialkyl derivatives increases up to
46-50%. The total yield of alkylbiphenyls is 80-98%.
Longer heating and a larger excess of alcohol are necess~
ary when BF.H PO, is used, but the yield does not exceed
65%. The authors postulate intermediate formation of un-
saturated hydrocarbons, or of carbonium ions directly, e.g.
by dissociation of the molecular compound of a normal
alcohol with BFs.

Interesting examples of alkylation are the preparation of
ethylbiphenyls by heating biphenyl and diethylbenzene with
AlCl, at 80°-110°2* and the formation of p-t-butylbiphenyl
in attempted acylation of biphenyl with trimethylacetyl
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chloride 2%
CH,
AT TN (CHOCOCL AISL N N |
P N S 1T <ﬁ Qe $ —Chs.
CH,

2. Preparation by way of Aliphatic-Aromatic Ketones

Alkyl substituted polyphenyls can be prepared by reduc-
tion of aliphatic-aromatic ketones, e.g. p—alkylbipherg;ls
containing upto 18 carbon atoms in the side chain %4,2%!,283 287
4-alkyl-m -terphenyls ®*®, and 4-butyl-o-terphenyl®®. The
reduction is effected by the Clemmensen method with zinc
amalgam and hydrochloric acid ?®,2%,2%8,287,28 ' hydrazine
hydrate and alkali“a, hydroxylamine and metalic potass-
ium®®, or with hydriodic acid®*®. Sometimes it is desi-
rable or even necessary to obtain first the corresponding
carbinol, dehydration of which also permits the synthesis
of pol;fphenyl hydrocarbons with an unsaturated side
chain*®+**°,  For example, when 2!2'-diacetylbiphenyl is
reduced by the Clemmensen method, the product is anoma-
lous *® and the diactyl compound is therefore first conver-
ted ‘¥ith lithium aluminiumhydride to the glycol, which is
then dehydrated to 2,2'-divinylbiphenyl which, in turn, is
hydrogenated to 2,2'-diethylbiphenyl.

When aliphatic-aromatic ketones react with Grignard
reagents, tertiary alcohols and polyphenyls with branched
side chains are formed. This method has been suggested
for the preparation of p-isopropenyl- ***=%% and p, p'-diiso-
propenylbiphenyl *** used as monomears for polymer syn-
theses. Similarly, (1-butyloctadecyl)biphenyl has been
prepared from stearoylbiphenyl and butylmagnesium chio-
ride®®”. The alcohols and glycols are dehydrated by the
usual methods taking into account the tendency of the ole-

fines formed to polymerise *™:26!,287,201=208

3. Grignard Synthesis from Polyphenyl Halides

The reactions of polyphenylmagnesium halides with
aliphatic aldehydes and ketones give a variety of
alkyl- and alkenyl-polyphenyls, in particular alkyl-
biphenyls 762547 81,201°203,209-304 io method has been
used for the preparation of o-substituted biphenyls with
large unsaturated substituents3°>**  which it would be dif-
ficult or impossible to prepare by any other method.

If the carbonyl compound is replaced by an allyl halide,
it is possible to introduce a double bond into the 8-position
of the side chain®%:

_-_"od t.CH,: -CH—CH,Br

S

yield 609 V
MgBr CH,CH=CH,

Ethylene oxide provides further possibilities302;.

e N, H.C—CH, N\ 7T\ Vi N\ RCOR”
ORI — OO = (DD ==

| |
Mgl CH,CH,OH CH.CH,MgBr
H.C—CH,
Y

K> |
: ;
—

|

CH=CH, =N\ p——
g>—@ — etc.
CH,CH,CH,CH,0H

Moreover, organometallic compounds undergo direct
alkylation: the reaction between CHsHSO¢ and 4—lithio-£-
-terphenyl gives a 67% yield of 4-methyl-p-terphenyl **,
and biphenyl-2-yl magnesium iodide and diethyl sulphate
give 42% of 2-ethylbiphenyl®**.

4. Preparation by Elimination of Functional Groups

Polyphenyl hydrocarbons can be prepared by decarboxy-
lation of aromatic acids; o-terphenyl is formed on dry dis-
tillation of the silver salt of o-terphenyl-2-carboxylic
acid'®. The anhydride of p-quaterphenyl-2!3'-dicarboxylic
acid gives a hydrocarbon when heated with basic copper
carbonate in quinoline?®’. The polymer obtained by deami-
nation of 4,4'-diaminobiphenyl-3,3'~dicarboxylic acid at an
elevated temperature is, apparently, converted to poly-
phenyl 98~100,

77NN (TN
=~ \:_!/\ _CO;(\:/)"
COOH COOH/,, ‘

Fission of various carbonyl compounds has been used
for the preparation of 3!6'-dimethyl-*® and unsubstituted
o-terphenyl 28,

The hydroxyl and methoxy gﬁroups can be removed by
distillation with zinc dust3%® Another way of converting
phenols into hydrocarbons is by reduction of the correspon-
ding phosphates sor, diethyl-p-biphenyl phosphate is reduced
by alkali metal in liquid ammonia to biphenyl with a yield of
75-80%. Deamination is also achieved by the usual
methods **®:  diazotised o-tolidine is reduced by 30%hypo-
phosphorous acid to 3,3'-dimethylbiphenyl 3%:

V4 N TN\ N TN Ny BORTLFO, 020
HLN—7 ~NH; — CIN,— —7 - NaCl ey
- \:rf\r::/ - - <!—:/ e yield 76—827

! ]
i, CH, CHy CH,

, N —
Ny 4 A

s 7 — ‘.
S N

\l J
CH, CH,

2,3'-Dimethylbenzidine is first converted to the correspon-
ding hydrazine derivative which is oxidised by distillation
with copper acetate to 2,3'-dimethylbiphenyl **’. The latter
can also be prepared from hypophosphorous acid and 4-
-amino-2!3-dimethylbiphenyl *'°:

S TN Y NI o N
HoN \;>-\ — S—NH, ——> CIN, 7,\:/\_\::/»‘1\12«:1 s
|
CH; CHj CH; CHy
. }{2NHN—<:>«<:>—NHNH

| |
CH, CH,

Cu(OCOCH;):
I

P . HPO, N T
o — Sy

| | .
CHy,  CH, CH,  CH

The diazonium salt of 4-amino-p-terphenyl forms p-ter-
phenyl when reduced by sodium stannite in an alkaline
medium*"!. Benzidine yields biphenyl when it is diazotised
and treated either with Cu:0 in H2S0,~CHsCOOH **?, or with
hypophosphorous acid, or boiling ethyl alcohol **® (yield
23-80%). -
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There are also isolated examples of dehalogenation ®,
elimination of selenium®®, elimination of silicon-containing
groups *'*, etc.

5. Preparation from Heterocyclic Compounds

The molecules of some heterocyclic compounds with
five-membered rings contain polyphenyl hydrocarbon skele-
tons. Dibenzothiophene can be regarded as biphenyl with
a sulphur bridge in the 2,2'~position; on treatment with
Raney nickel in boiling alcohol, an atom of sulphur is re-
placed by 2 atoms of hydrogen and biphenyl is formed in
97.5% yield ***:

LO—070.

Dibenzoselenophene under these conditions gives a low
yield of biphenyl but if the reaction is carried out in 10-20%
solution of alcohol in benzene with nickel (approximately 20
times the weight of the sample), the yield rises to 87% *'°.
Dibenzoselenophene oxide and dichloride give 72% biphenyl.

When dibenzothiophene is boiled with lithium (molar ratio
1:2.2) in dioxane, 30.5% is converted to biphenyl *°.
Dibenzofuran gives only o-hydroxybiphenyl when treated
with lithium.

Elimination of sulphur by nickel may be accompanied by
replacement of functional groups in the initial compound by
hydrogen. Simultaneous dehalogenation causes 2-bromo-
dibenzothiophene to yield approximately 35% of biphenyl *'°.
An interesting series of conversions, which includes the
preparation of a heterocyclic compound followed by elimina-~-
tion of sulphur to give m -terphenyl, illustrates this*'":

—CH=CH_ N LIASH,
1) et Forraad
s AN Yo
[V )

—-.

IV. SYNTHESES WITH ISOMERISATION AND FISSION OF
THE CYCLIC CARBON SKELETON

Se. 310-315%
.
yield 46.5%

U

These reactions are used only in exceptional cases.
o-Terphenyl under%oes isomerisation under the influence
of traces of AlCl; *®, forming first m -terphenyl which then
gradually changes to the p-isomer. Further reactions
occur simultaneously and become more important the higher
the temperature and the larger the amount of AlCls. The
main product of heating with molten A1Cls—NaCl at 130° is
p-terphenyl, but at 200° the predominant products arethose
of condensation from which triphenylene has been isolated:

o O NG (traces) O O O TS

4 AlCi3(small amount)¢® ]

N, 1 |
@
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No triphenylene is formed on pyrolysis of o-terphenyl with-
out AlCl;.

Examples of ring fission of cyclic molecules are the
preparation of 4,5'-dimethyl-m -terphenyl by heating 2,4-
-diphenylbicyclo(3,3,1]-non-2-en-9-one with a mixture of

NaOH and KOH in vacuo *'%,
CM&‘@'C«H“, '
) *
cH;
CH;

and the preparation of biphenyl by thermal fission of
phenanthrenequinone with Ba(OH), 319,

O\ /O

/—> \ Ba(OH), /—-4\ —
(O s T

Biphenyls can also be formed by catalytic dehydrogena-
tion of bicyclic compounds containing a seven-membered
ring 320,321

220-250*/2 mm, 1 h
KOH,N:OH .yield 58%

V. SYNTHESES WITH FORMATION OF INDIVIDUAL
UNITS OF THE POLYPHENYL CHAIN (DEHYDRO-
CYCLISATION)

The side chain of aliphatic aromatic compounds which
contains not less than 6 carbon atoms can be cyclised on a
chromium-aluminium catalyst into a further aromatic ring
which is not condensed with the already existing rings in
the initial molecule ¥*7°*®  This process can be applied to
oxygen containing compounds (glycols, tetrahydrofurans,
alcohols) as well as to hydrocarbons. The water which is
split out during the reaction does not hinder the aromatisa-
tion.

CHs CH, CHs
] ) i
CH;CHCH,CH,CHCH, CoHy—C—C=C—CH=CH,
|
oH
CH CH
[ P p it
CyHy—C—C=C—C—CH.
A o | | CHy—C—CH -CH—CH=CH,
OH OH
N\ OH
—_— ] —
CH, CH; 7
| | l CoH;
CeHs—C—CH=CH—C—CHj | .
an éH \\l/ CBH,—Cl—-'CHz—CHZ—CHg—cHs
CH, OH
CH, CH,
| | —_—
C;Hy— C—CHy=CH,--C—CH, N
| I CeHs /N0 /:CHs
OH OH HC CH

3

The best yield of 4-methylbiphenyl from the various sub-
stances shown above using an MgO/Cr;0s/ALOs (2 : 18:80)
catalyst is obtained with 2,2,5-trimethyl-5-phenyltetra-
hydrofuran (550°, 0.36 kg of catalyst per litre per hour)*?.
Under other conditions (HF or H2SO,) the latter is cyclised
to a mixture of 1,2 4-trimethylnaphthalene and 1,1,4-tri-
methyl-1,2,3,4-tetrahydronaphthalene ®?.

Terphenyls can be synthesised from diaryl-substituted
compounds with sufficiently long aliphatic side chains *2%*%°:
2,5-diphenyl-hexa-2,4-diene and 2,5-dimethyl-2,5-diphenyl-
tetrahydrofuran undergo aromatisation at 530° with the
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same catalyst to give p-terphenyl in 45-50% yield:

Y y
0 0

| 7N e N4

|
C-H_Ar
CHym CoeCHCH—C—CHy —— et

X > cH,  th

The limits of application of catalytic dehydrocyclisation
to polyphenyl synthesis are at present difficult to establish
as the reactions cited are among the first examples repor-
ted. When higher paraffins and olefines, or alkylbenzenes
with shorter side chains, undergo this reaction, the pro-
ducts consist of condensed systems. The reaction has been
studied in greater detail in these cases.
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POLYMERISATION OF UNCONJUGATED
DIENES

G.S.Kolesnikov and S.L.Davydova

Ring closure during the polymerisation of compounds
containing isolated double bonds was first proposed by
Simpson® to explain the structure of the soluble poly(di-
allyl o -phthalate), obtained at lowdegree of polymerisation.
A year later Howard2? demonstrated the “intramolecular
cross-linking” of some of this ester, during peroxide-
-induced polymerisation, giving an eleven-membered ring,
and possibly some of the ten- and twelve-membered ring

compounds:
o 0—CH, —w\ o
co 0—CH, —cn/ 2

N0 —=0— CHl~CH =Ciy
i
CO~0-— (Hrrku) rH,
CH,R

Later, Simpson and Holt s investigated the polymerisa-
tion, under the same conditions, of the diallyl and di-3-
-methylallyl esters of oxalic, malonic, succinic, glutaric,
adipic, azelaic, sebacic, carbonic, and the three phthalic
acids.

Polymers from such esters have recently been shown to
be typical of many polymers from compounds containing two
isolated double bonds, being abnormally soluble in organic
solvents and showing little unsaturation. Many such poly-
mers turn into equally soluble transparent plastics at high
temperature and pressure.

Butler and his coworkers ™2 investigated the free-radical
polymerisation of many allyl and methylallyl derivatives of

quaternary ammonium salts, with the initial purpose of
making strongly basic ion-exchange resins. Monoallyl de-
rivatives did not polymerise at all, tri- and tetraallyl de-
rivates gave insoluble three-dimensional polymers, but the
polymers from diallyl derivatives dissolved readily in water
and ethanol!®~'2, This refuted the general assumption that
polymers from monomers with one double bond are relatively
soluble, while those from monomers with two or more
double bonds are sparingly soluble or insoluble!®., The
effects of the initiator type and concentration, the nature of
the anion, the amount of solvent, and the presence of oxy-
gen, etc., on the polymerisation of compounds containing
two double bonds, and the hydrogenation of polymers, were
also studied®71%. Molecular-weight determination was
complicated by the polyelectrolyte nature of the polymers.
Butler and Angelo!! found that polymerisation is most effi-
cient if initiated by 2—-2 wt.% of t-butyl peroxide or an azo
compound, and continued for 48 h at about 60°. They con-
cluded that free radicals initiate polymerisation of the
diallyl derivatives to soluble products of relatively low
molecular weight and a low degree of unsaturation, the
mechanism they suggested involves radical chain propaga-
tion by a succession of intra- and intermolecular steps.
Methylene and 3,5-disubstituted piperidinium groups alter-
nate in the saturated, unbranched chain of the product,
five- and six-membered rings being preferentially formed:
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Butler!? explained the strong tendency of 1,6-dienes to
polymerise, in comparison with compounds containing only
one double bond, in terms of mesomerism:

cHy ¢ Hzﬂ
| “’“0 I
ny O U,z .

In order to establish the structures of the polymers, Butler
et al.?® investigated the degradation products of poly(di-
allylammonium bromide) and poly(diallyldimethylammonium

bromide):
CHs— —CHa— I —CHy—, -
NdOH I NaOH
N K MnOg
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