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p-Polyphenyl from Benzene-Lewis Acid Catalyst-Oxidant.
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In the polymerization of benzene by aluminum chloride-cupric chloride, the yield of p-polyphenyl varied in-

versely with the amount of added water.
AlCl1;~CuCl; molar ratio of 2:1.
AlCl;-CuCl complex.
smaller quantities acted as a promoter.

Polymer yield attained a maximum value, almost quantitative, at an
The cuprous chloride formed by reduction of the oxidant is present as a C¢Hg-
Large amounts of added cuprous chloride inhibited the reaction completely, whereas
With cupric halide as oxidant, aluminum chloride, aluminum bromide,
and antimony pentachloride exhibited catalytic activity.

In the presence of aluminum halide catalyst, polym-

erization occurred with the oxidizing agents, cupric chloride, cupric bromide, lead dioxide, manganese dioxide,

nitrogen dioxide, nitrogen trioxide, chloranil, and p-benzoquinone.

by the nitrogen oxides and chloranil.

Recently, it was shown? that the aromatic nucleus
can be polymerized smoothly in the system, aromatic
monomer—Lewis acid catalyst—oxidant. This con-
stituted the first case wherein an aromatic monomer
functioned in a well defined polymerization leading to
homopolymer. For example, benzene was converted
to p-polyphenyl on treatment with aluminum chloride—
cupric chloride under mild conditions.

+ 2aCuCl; AlCly <@>ﬂ + 2nC:+l-.ICI

2nHCI

nCQHs

Also effective for the polymerization of benzene were
molybdenum pentachloride® and ferric chloride.* These
two metal halides apparently assume the dual role of
catalyst and oxidant. Prior to these investigations
Marvel and Hartzell® synthesized impure p-polyphenyl
by the chloranil oxidation of poly-1,3-cyclohexadiene
prepared by Ziegler polymerization.

The purpose of this study was to define the scope of
benzene polymerization in the system, benzene-Lewis
acid catalyst-oxidant. In particular, the reaction
benzene—aluminum chloride—cuprie chloride was ex-
plored, in order to determine the effect of water, cu-
prous chloride, and variation in catalyst-oxidant
ratio. In addition, we were interested in obtaining
information relative to the mechanistic aspects of this
novel reaction.

Results and Discussion

Water Cocatalysis.—Previously, evidence was found
in the benzene—ferric chloride reaction for cocatalysis
by Brgnsted acids, such as water, acetic acid, and
nitroethane.® Subsequently, it was shown that the
polymer yield passed through a maximum at a H.O-
FeCl; molar ratio of 1 for short reaction times. Fur-
thermore, the most rapid rate of hydrogen chloride
evolution was observed at this ratio.” These data

(1) Paper VI, Polymerization of Aromatic Nuclei [undergraduate thesis
of J. Oziomek, Case Institute of Technology, 1963] presented at the 144th
National Meeting of the American Chemical Society, Los Angeles, Calif.,
April. 1963.

(2) P. Kovacic and A. Kyriakis, J. Am. Chem. Soc., 88, 454 (1963).

(3) P. Kovacic and R. M. Lange, J. Org. Chem., 28, 968 (1963).

(4) P. Kovacic and F. W. Koch, tbid., 28, 1864 (1963).

(5) C. 8. Marvel and G. E. Hartzell, J. Am. Chem. Soc., 81, 448 (1959).
(8) P. Kovacic and C. Wu, J. Polymer Sci., 47, 45 (1960).

(7) P. Kovacic, F. W. Koch, and C. E. Stephan, ibid., in press.

There was evidence of chain termination

The theoretical aspects are treated.

indicate that ferric chloride monohydrate is the most
active catalyst—cocatalyst complex.

In view of these results, we undertook an investiga-
tion of water as a potential coecatalyst in the benzene—
aluminum chloride-cupric chloride reaction. The fol-
lowing working hypothesis was used.

H:0 + AICL === H;0 - - - AICl, = H*AICL(OH)~

H’ CeH, —2H
CGHG . :
initiation propagation CuCly
= OA D o
—_—
CuCl,

ete. —H"
—
termination

7\

n

Water was added to the system, CeHe—AlCL-CuCl, =
4:1:1 (2 hr. at 30-32°), in molar ratios of H;O-AlCl;
varying from 0 to 4. The results clearly show that
polymer yield varies inversely with the amount of
added water (Table I). This is in sharp contrast with

TaBLE 1

VARIATION OF WATER. EFFECT 0N PoLYMER YIELD®?

p-Polyphenyl

C-H,
H:0, Yield; A atomic
moles % C H Cl (o} ratio
0 64 92.29 5.03 2.47 1.53
0 66 91.79 5.07 2.29 1.50
0.05 60 93.43 5.05 1.62 1.54
0.05 56 92.21 5.00 2.40 1.54
0.25 29 91.48 504 2.43 0.49 1.51
0.25 30 92.66 5.07 1.79 0.22 1.52
0.5 17 93.32 5.38 1.38 0.31 1.44
0.5 18 92.25 5.05 1.42 1.52
1 8¢ 92.72 5.21 1.87 1.48
1 17 92.51 5.30 2.13 0.30 1.45
1 13 92.56 5.15 2.17 0.32 1.49
1.5 0.8 84,00 4.74 1.95 137 1.47
1.5 3 91.17 5.37 2.01 0.46 1.41
2 0.13°/ 57.46 3.31 4.96 10.80 1.44
2 0.1/ 26.45 2.57 3.07 2.75 0.83
? Benzene, 2 moles; aluminum chloride, 0.5 mole; cupric
chloride, 0.5 mole. 2 hr. at 30-32°. °©17° 925° *¢81°

7 Probably contains a high per cent of contaminants from im-
purities in the metal halides.
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the data already cited for ferric chloride. A plausible
interpretation involves the destruction of aluminum
chloride by hydrolysis, on the assumption that large
amounts of catalyst are required for high yields. It is
evident that hydrolysis does occur at an appreciable
rate under the standard conditions. When 0.25 mole
of water was added, analysis indicated the evolution of
0.38 mole of hydrogen chloride, corresponding to a
polymer yield of 14.4 g. However, only 5.7 g. of
polymer was formed, which is equivalent to only 0.15
mole of hydrogen chloride. Consequently, hydrolysis
must account for the remaining 0.23 mole of hydrogen
chloride. Moreover, hydrogen chloride was generated
when water was stirred with a cold mixture of benzene
and aluminum chloride.

It is conceivable that some water is consumed in a
chain termination reaction, which is in keeping with the
presence of small amounts of oxygen in the polymers.
However, there was no simple correlation which was
apparent entailing oxygen content and the amount of
added water.

Although no evidence was obtained for water co-
catalysis, it is quite possible that small amounts of this
or some other Brgnsted acid are necessary for initiation.
We have not yet investigated the reaction with rigor-
ously purified reagents. The need of a Brgnsted acid
cocatalyst has been unequivocally establishd for
many olefin polymerizations induced by Lewis acids.®®
In certain cases, only trace amounts of cocatalyst are
needed. Furthermore, various studies point to an
optimum quantity, with diminution in the activity of
the catalyst—cocatalyst complex with added amounts of
cocatalyst, presumably due to formation of more highly
solvated entities.®1°

There are other reports which lend credence to these
postulates. The rate curve for isobutylene polymeriza-
tion leveled out at approximately equimolar proportions
of catalyst and cocatalyst, as the amount of stannic
chloride was increased at a fixed water concentration.®
The effect on rate of varying the water concentration
in the polymerization of styrene catalyzed by stannic
chloride was determined by Overberger, Ehrig, and
Marcus.!! In a 30:709, mixture of nitrobenzene and
carbon tetrachloride, the rate increased as the water
concentration increased, reached a maximum at a 1:1
catalyst—cocatalyst molar ratio, and then decreased
upon further addition of water. The system styrene-
boron trifluoride-water is reported to give similar re-
sults.®®

Variation in AlCl;-CuCl,,—In another series of ex-
periments, the effect of variation in the AlCl;-CuCl,
molar ratio was investigated at temperatures of 30-32°
for 2 hr. The yield of polymer rose rapidly with
increasing molar ratio, reached a maximum at a 2:1
ratio and then remained essentially constant (Table
II). It is noteworthy that yields approaching quan-
titative values were readily and reproducibly obtained.
At the optimum ratio and with pulverized cupric
chloride, the rapid polymerization produced p-poly-
phenyl in 989 yield based on the oxidant.

(8) ‘'Cationic Polymerization and Related Complexes,” P. H. Plesch,
Ed., W. Heffer and Sons, Ltd., Cambridge, England, 1953.

(9) D. C. Pepper, Quart Rev. (London), 8, 88 (1954).

(10) R. G. W. Norrish and K. E. Russell, Trans. Faraday Soc., 48, 91
(1952).

(11) C. G. Overberger, R. J. Ehrig, and R. A. Marcus, J. Am. Chem. Soc.:
80, 2456 (1958).
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Tasre IT
VariaTioN or AlClL~CuCl; Ratio: ErrFEcT oN POLYMER
YiELp®
———p-Polyphenyl—

C-H,

AlICls~CuCls, Yield, % atomic
molar ratio % C H Cl ratio
0.125:0.5 18 90.69 5.03 1.80 1.50
0.25:0.5 35 91.36 4.95 2.33 1.53
0.25:0.5° 34 89.04  4.74  4.02 1.56
0.5:0.5 64 92.29 5.03 2.47 1.53
0.5:0.5 66 91.79 5.07 2.29 1.50
1.5:1.5%¢ 65 92.90 5.22 2.15 1.48
1.5:1.5%¢ 63 92.31  5.10 2.25 1.51
0.5:0.25° 89 92.09 4.79 2.37 1.60
0.5:0.25 94 90.06 5.06 3.29 1.48
0.5:0.25" 91 91.15 5.00 1.75 1.52
0.5:0.25° 98 91.37 5.12 1.71 1.48
1.5:0.75° 91 92.40 5.28 2.71 1.46
1.5:0.75° 89" 91.75 5.10 1.73 1.50
1.5:0.75%¢ 91 91.24 5.12 2.39 1.48
0.5:0.125 89 91.30 5.03 2.54 1.51
¢ Benzene, 2 moles; 2 hr.; 30-32°; no added water. °® The

aluminum chloride was pulverized in a blender with benzene.
¢ By Richard Lewis, 30-36°; the cupric chloride was pulverized
in a blender with benzene. ¢ Benzene, 6 moles. ¢ 1.5 hr.
7275 hr. 7 Pulverized cupric chloride. * 879, yield of hydro-
gen chloride. ! By Vincent Marchionna.

Why the necessity for large quantities of the catalyst?
In response to this question, we determined the in-
fluence of initially added cuprous chloride. Very
strikingly, essentially no polymerization occurred,
even at the reflux temperature, when cuprous chloride
and aluminum chloride were used in an equimolar ratio.

At a CuCl-AlCY; molar ratio of 1:2, the yield (399)
corresponded closely to that (359%,) obtained with half
this amount of aluminum chloride in the absence of
added cuprous chloride. These findings strongly sup-
port the thesis that cuprous chloride, generated during
the course of the CéHe—AlCl,—~CuCl; reaction, acts as a
powerful inhibitor by associating with aluminum
chloride. The union apparently results in a 1:1
complex which contains the aluminum chloride in
catalytically inactive form.

In further pursuit of this intriguing phenomenon, the
benzene filtrate obtained from one of the reaction
mixtures was examined. Addition of water to the dark
green solution produced an exothermic reaction re-
sulting in evolution of acid fumes and precipitation of
copious amounts of cuprous chloride. Since the salt
itself is very insoluble in benzene, this observation
compellingly argues for the presence of cuprous chloride
in complex form. Confirmation was readily obtained
from solubility experiments (Table III). Although
cuprous chloride and aluminum chloride individually
were only slightly soluble (<39,) in benzene, a mixture
containing equimolar amounts of the two salts dissolved
almost completely at room temperature with formation
of a yellow solution.

TasLe II1
SoLuBILITY OF METAL HALIDES IN BENZENE®
——AlClg—— ———CuCl
g. Mole 2. Mole

16.66 0.125 0
0 12.40 0.125 12.25 0
16.70 0.125 12.40 0.125 1.4 27.1
% Benzene, 0.5 mole.

Solid, g.
Undissolved Dissolved

16.00 0.42
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When our studies were essentially complete, Amma
and Turner!? presented their work on this hitherto un-
reported complex. A detailed X-ray analysis revealed
that the compound was formed in the ratio, CeHe-
CuCI-AICL; = 1:1:1, and possessed this structure.

Clg (‘:12
—Cu—Cl—Al—Cl—Cu—Cl—Al—Cl

| !
CGHS CGHG

Cuprous bromide is known'? to form similar complexes,
such as C¢H;CH; CuBr-AlBr;. In related areas,
Brown and Wallace!'* found evidence for the existence
of arenonium-type entities, ArH,*Al,X;~, which were
solvated by the aromatic substrate. Quite thorough
structural analyses have been made of the benzene-
silver perchlorate complex.!

The reactions carried out at 30-32° in the absence of
added water are characterized by induction periods
varying from 15 to 25 min. Much to our surprise, we
observed that cuprous chloride virtually eliminated the
induction period when introduced in the ratio, CuCl-
AlCl; = 1:2. Thus the cuprous chloride may function
both as an inhibitor and a promoter. Although the
precise nature of the promoting action is unknown,
there are several conjectures deemed worthy of con-
sideration. The cuprous chloride might be an efficient
catalyst at some stage in the reaction sequence.
Another possibility is that a cuprous—cupric complex!®
comprises the actual dehydrogenating agent. How-
ever, in one of the solubility experiments cupric chlo-
ride proved to be quite insoluble in benzene containing
the CsHgCuCl-AlCl; complex. It is significant that
cuprous bromide exerts a similar accelerating effect in
the bromination of toluene by cupric bromide."

Essentially identical infrared spectra were exhibited
by preparations of p-polyphenyl obtained under the
various conditions. The C-H atomic ratios fell in
the range, 1.41-1.60, with an average value of 1.50.
These data compare favorably with the limiting ratio
Of 1.5 fOI' <—C6H4—)n.

Gas chromatographic analysis of the benzene filtrate
from the reaction mixture revealed the presence of bi-
phenyl and chlorobenzene in small quantities. Pre-
sumably, biphenyl derives from termination at the
dimer stage of polymerization. Chloro aromatics
might be formed through termination of the growing
carbonium ion by chloride, or by chlorination effected
by cuprie chloride—aluminum chloride.!®

One aspect of the mechanistic scheme? comprises
transformation of dihydrobenzene structures to aro-
matic units. Previously, in investigations with the
model compound, 1,4-cyclohexadiene, it was shown that
benzene was readily formed on treatment with ferric
chloride* or molybdenum pentachloride.® Analogous

(12) E. L. Amma and R. Turner, Abstracts of Papers, 144th National
Meeting of the American Chemical Society, Los Angeles, Calif., April, 1963.
p. 12K.

(13) V. A, Plotnikov and Z. A. Yankelevich, J. Gen. Chem. USSR, 8, 208
(1933): V. A. Plotnikov. Z. A. Yankelevich, and 1. A. Sheka, ihid., 8, 802
(1833).

1?::; H. C. Brown and W. J. Wallace, J. Am. Chem. Sor., T8, 6268 (1953).

(15) H. G. Smith and R. E. Rundle, ibid.; 80, 5075 (1958).

(16) J. K. Kochi. tbid., 77, 5274 (1955): H. McConnell and N. Davidson,
1hid., 72, 3168 (1950).

(17) K. Davis, unpublished work.

{18) J. C. Ware and E. E. Borchert, J. Org. Chem , 26, 2263, 2267
(1961).
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experiments were carried out with the metal halides
present in our system (Table IV). Neither cupric
chloride nor cuprous chloride produced detectable re-
action with 1,4-cyclohexadiene. With aluminum chlo-
ride or aluminum chloride—cupric chloride, polymeriza-
tion of the diene was the preferred route. However,
using toluene as solvent, we found that benzene was
formed with the reagents, aluminum chloride-cuprie
chloride—cuprous chloride and aluminum chloride-
cuprous chloride. These data intimate that the Lewis
acid catalyst participates in dehydrogenation by the
oxidant. A more detailed discussion should be de-
ferred until these preliminary results are expanded by
additional studies. It is significant that 9,10-dihydro-
anthracene is smoothly dehydrogenated by cupric
halides under mild conditions.®

TasLE IV
DEHYDROGENATION OF 1,4-CYCLOHEXADIENE®
Mole Temp., Time,

AlCls CuCl CuClz °C. min. Results

0.01 O 0 10 ~1  Polymerization

0 0.01 0. 40 5 No reaction

0 0 0.01 40 5 No reaction

001 O 0.01 10 ~1  Polymerization
0.01 0.011* 0 40 5 Benzene formed
0.01 0.011* o0.01° 40 5 Benzene formed®

2 1,4-Cyclohexadiene (1 ml.) in 15 ml of toluene. ° The

toluene—aluminum chloride—cuprous chloride complex was
formed before the addition of 1,4-cyclohexadiene. ¢ Cupric

chloride was added to the C;Hs'CuCl-AlCl; complex before the
1,4-cyclohexadiene. ¢ Hydrogen chloride was evolved.

Although we favor the oxidative cationic mechanism
for the polymerization, alternative possibilities should
also be considered. For example, the high degree of
selectivity for 1,4-polymerization suggests that perhaps
a surface effect involving metal halide plays an im-
portant role.

Benzene-Lewis Acid Catalyst-Oxidant.—A large
number of candidate catalysts and oxidants were
examined in an effort to ascertain the reaction scope.
With cupric halide as the oxidant, polymerization to
p-polyphenyl was accomplished only by those metal
halides which possess rather high Lewis acid strength,
namely, aluminum chloride, aluminum bromide, and
antimony pentachloride (Table V). Ferric chloride*
and molybdenum pentachloride? were previously shown
to be active. It is interesting that antimony penta-
chloride alone, or in conjunction with aluminum
chloride, gave only chlorinated benzenes.® A direct
correlation apparently exists between ease of monomer
polymerization and catalyst strength requirement.
In contrast to the benzene reaction, cationic polymeriza-
tion of olefins proceeds under very mild conditions, at
—100° within a few seconds in the presence of a rela-
tively weak catalyst such as boron trifluoride.

Specificity was evident relative to the nature of the
oxidant. With aluminum halide as catalyst, polymer
was generated by use of the following oxidizing agents:
cupric chloride, cupric bromide, lead dioxide, man-
ganese dioxide, nitrogen trioxide, nitrogen dioxide,
chloranil, and p-benzoquinone (Table V).

Infrared spectral data (Table VI) and elemental
analyses of the polymers were in agreement with a p-

(19) D. C. Nonhebel, J, Chem. Soc., 1216 (1963).
(20) P. Kovacic and A. K. Sparks, J. Am. Chem. Soc., 83, 5740 (1960).
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TaBLE V
PorLYMER FROM BENZENE-CATALYST-OXIDANT®
Polymer
Time, Temp., Yield, A C-(H + halogen),
Catalyst Oxidant hr. °C. . C H Halogen N [e] atomic ratio

AlBr; CuBry® 4.3 25 1.8° 87.77 5.17 6.81 1.39
AlCk MnO; 6 80 7.8/ 6771 3.65 21.10 4.10 1.33

AlCL; PbO, 1 80 9 490 79.58 4.22 14.07 2.00 1.44
AlCl, Chloranil 1 Reflux 8.3%* 76.41  3.3¢  11.31 5.15

AlCk p-Benzoquinone 2 Reflux 1.7 73.15 3.07 4.98 13.3

AlCl; NO;® 1 Reflux 2.5 85.07 4.40 4.55 0.87 1.56

AlCl, N.0O4’ 1 Reflux 1.2 85.09 4.41 4.15 0.84 1.57
ShCl; CuCl, 4 5 1.9 90.40  5.10 3.43 1.45

¢ Benzene, 2 moles; catalyst, 0.5 mole; oxidant, 0.5 mole.

» Water cocatalyst, 0.025 mole; the assistance of F. J. Kohl is grate-

fully acknowledged. ¢ Run at half-scale. ¢ By A. Kyriakig. ¢ Benzene, 1 mole; water, 1 ml. /d-Spacings: 4.22 and 9.30 A., from
X-ray powder pattern. ¢ d-Spacings; 2.67, 4.35, and 7.75 A., from X-ray powder pattern. " After exhaustive extraction with boiling

ethanol.

i The gas (undetermined amount) was introduced below the surface of the mixture.

i Also CeHaCl, CeH4Clz, and CeHaCls.

TasLE VI
INFRARED SPECTRAL DATA FOR THE POLYMERsS

Absorption maxima, cm.™!

p-Polyphenyl para
p-Terphenyl® 837 746
p-Quaterphenyl® 825 752
p-Quinquephenyl® 818 757
p-Sexiphenyl® 811 756
C¢H~AICl;-N,0;° 807 760
Ce¢He—AICL;-NO,° 806 762
CH—AICl;—chloranil® 805 765
CeH—~AlICL—CuCl, 803 763
Ce¢Hs~AlBr;—CuBr, 803 760
C¢Hs—SbCl;-CuCl, 802 758

@ Data from A. Kyriakis. ? Data from R. M. Lange.

1213, and 933 cm. %

polyphenyl structure, with the possible exception of the
products derived from p-benzoquinone and chloranil.
The dark polymer obtained from p-benzoquinone gave
an ill-defined spectrum which, nevertheless, was sug-
gestive of p-polyphenyl. In the case of chloranil, the
product spectrum exhibited many absorption bands in
addition to those characteristic of p-polyphenyl.
It is conceivable that copolymers are formed from the
benzene—quinone—aluminum chloride reactions. Ni-
trogen dioxide and nitrogen trioxide yielded polymers
which were very similar to each other.

Examination of the infrared spectral data leads to
the conclusion that the polymers prepared with the
nitrogen oxides and chloranil possess lower molecular
weights than the others. An approximate indication
of relative molecular weights in the p-polyphenyl
series may be obtained from the ratio, intensity (para
band)-intensity (mono bands). The characteristic
absorption maxima fall in the regions, 802-807 (para),
758-765 (mono), and 690-697 em.—! (mono). As the
molecular weight increases, this ratio becomes larger.
The values for the polymers obtained with AICly—
CuCl;, AlBr;—CuBr;, and SbCle—CuCl, lie in the range
4.5-8.4, as compared with 0.6-1.3 for the products
from AlClL,-NO;, AlCl-N;O; and AlCly—chloranil.

The inference can be drawn that the nitrogen oxides
and chloranil also function as chain terminators.
Brown and Mathieson?®' found that p-benzoquinone re-
tarded or completely inhibited the cationic polymeriza-
tion of styrene. Furthermore, the molecular weight of
the polystyrene was decreased in proportion to the

(21) C. P. Brown and A. R. Mathieson, J. Chem. Soc., 3612 (1957).

————mong————

¢ Additional band at 1592 cm, ~1.

Peak height ratios,
para-(mono1 -+ monos)

687 1:(1.12+1.0) = 0.47
687 1:(1.04 + 0.87) = 0.52
688 1:(1.0 + 0.79) = 0.56
682 1:(1.06 + 0.41) = 0.68
696 1:(0.83 +0.75) = 0.63
697 1:(0.62 + 0.49) = 0.90
695 1:(0.51 + 0.25) = 1.32
693 1:(0.18 + 0.04) = 4.55
690 1:(0.14 4+ 0.02) = 6.25
690 1:(0.09 4 0.03) = 8.35
a

quinone concentration, which suggests interaction of
quinone with the propagating carbonium ion. The
0.87% nitrogen in the p-polyphenyls generated with
nitrogen oxides is most likely incorporated in nitro
groups. On the assumption that one such group is
present per molecule through chain termination, an
average chain length of ca. eighteen benzene rings would
apply. The position of the mono bands in the infra-
red spectrum points to a p-polyphenyl containing a
para substituent. It may be that some nitro groups
are situated along the backbone of the chain.

Since water is most likely generated in the nitrogen
oxide systems, it is reasonable to consider a nitrogen-
containing Brgnsted acid as a possible terminator, in
addition to the free nitrogen oxides. Of pertinence in
this connection is the conversion of an alkyl halide to
nitroalkane and nitrite ester by reaction with a nitrite
salt.?? By analogy, termination also could occur with
formation of nitrite ester .end groups which subse-
quently would be subjected to hydrolytic conditions.
The literature contains evidence for retardation and
inhibition of cationic polymerization by nitro bodies,
such as nitrobenzene.3?!

Titov, who previously examined the benzene-nitro-
gen dioxide-aluminum chloride reaction under some-
what different conditions, was concerned primarily
with aromatic nitration.?® Good yields of simple
nitrated products were reported from benzene, toluene,
and chlorobenzene, with nitrosyl chloride?* as a by-

(22) L. F. Fieser and M. Fieser, ‘‘Advanced Organic Chemistry,”’ Rein-
hold Publishing Corp., New York, N. Y., 1961 p. 128,

(23) A. L Titav, J. Gen. Chem. USSR, T, 591 (1937).

(24) J. D. Archambault, H. H. Sisler, and G. E. Ryschkewitsch; J.
Inorg. Nucl. Chem., 17,130 (1961).
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product. Nitration of aromatic nuclei also has been
accomplished with boron trifluoride complexes® of
dinitrogen tetroxide and nitrogen trioxide. In general,
we did not investigate the low molecular weight frac-
tion of the reaction mixtures.

Whereas the polyphenyl from cupric chloride con-
tained only small amounts of chlorine (about 29),
halogenation was much more extensive (14-219) with
manganese dioxide and lead dioxide. Since these
oxides readily oxidize hydrogen chloride,® subsequent
catalytic chlorination of the p-polyphenyl most likely
mvolves the generated chlorine. Hydrolysis of alumi-
num chloride, by water formed during polymerization,
would serve as a plausible source of hydrogen chloride.
The corresponding metal tetrahalides? might also arise
in situ as reactive intermediates. In the case of the
polymers (49, chlorine) synthesized with nitrogen
oxides, nitrosyl chloride may be the halogenating species
in view of its ability to chlorinate the aromatic nucleus.?

Experimental?

Benzene—Aluminum Chloride—Cupric Chloride. General Pro-
cedure.—A mixture of dry, thiophene-free benzene (2 moles)
and anhydrous aluminum chloride (0.5 mole) was covered with
an atmosphere of dry nitrogen. When water was used, addition
was made dropwise to the stirred mixture at 6-10°. Then
anhydrous cupric chloride (0.5 mole,.dried at 120°) was added,
and the mixture was heated to 30-32°. After an induction
period of about 25 min., the contents assumed a purple-black
color, and acid gas was evolved, which, in most cases, was
followed by titration with standard caustic.

The reaction was allowed to proceed with efficient stirring for
2 hr. from the time of initiation. The mixture was then cooled
to 15° and was either (1) added to 1.4 1. of ice-cold 189 hydro-
chloric acid, or (2) filtered, followed by addition of the residue to
acid solution. The mixture of crude polymer and aqueous acid
was heated at the boil, filtered, and the residue washed with
water. After the solid was pulverized briefly in a blender with
water, it was triturated with boiling 18% hydrochloric acid until
the filtrate was colorless. Washing with boiling distilled water
was continued until the test (silver nitrate) for chloride ion was
negative. The product, dried at 120°, was a finely divided,
light brown solid. Care was taken to avoid contamination.

A similar procedure was used with other catalyst-oxidant
gystems.

Average values for duplicate analyses are recorded in the
tables. Maximum deviations were C, £ 0.2; H, =0.15;
Cl, +£0.2. OQccasionally, an erratic analysis was obtained which
was discarded after appropriate checking. Polymer yields
(%) are based on cupric chloride.

Reaction Products. A. Cuprous Chloride.—The reaction
mixture from benzene (2 moles)-aluminum chloride (0.5 mole)-
cupric chloride (0.5 mole), 2 hr. at 31-32°, was filtered directly.
Water was slowly added with stirring to the dark green filtrate
until no further reaction occurred. After filtration, the white
solid was washed under nitrogen with dilute hydrochloric acid
and then with water. Drying was accomplished in vacuo at
100° to yield 21.8 g.

Anal. Caled. for CuCl: Cu, 64.2.

The X-ray diffraction pattern® gave the d-spacings, .

Found: Cu, 63.39.
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1.90, 1.625, 0.891, and 0.861.
identical d-spacings.
for cuprous chloride.

B. Organic By-products.—The benzene solution from part A
was separated from the aqueous portion, washed first with dilute
acid and then with water, and dried over sodium sulfate. After
distillation of the benzene through a helices-packed column, the
residue was subjected to gas chromatography. Characterization
was accomplished by retention times, infrared spectrum (for
chlorobenzene product, identical with that of authentic material),
and the ultraviolet spectrum (for biphenyl, Amgx 248 muy, lit.s?
Amax 248 mu).

Benzene-Aluminum Chloride-Cupric Chloride-Cuprous Chlo-
ride. A.—After the addition of cupric chloride (0.25 mole) to a
mixture of benzene (1 mole), aluminum chloride (0.25 mole)
and cuprous chloride (0.25 mole) under nitrogen, stirring was
maintained for 1 hr. at 31-32° and for 1 hr. at reflux. Work-up
yielded only a trace of polymer.

B.—Cupric chloride (0.25 mole) was added to a mixture of
benzene (1 mole), aluminum chloride (0.25 mole), and cuprous
chloride (0.125 mole) at 25° with stirring under nitrogen. The
reaction mixture immediately became dark and hydrogen chloride
was evolved in a few seconds.  After 2 hr. at 31-32°, the polymer
was isolated by the usual procedure, 2.4 g. (39%).

Anal. Found: C, 90.72; H, 4.84; Cl, 3.37. Therefore,
C-H = 1.56.

Solubility of Metal Halides in Benzene. A.—A mixture of
the metal halide {aluminum chloride (0.125 mole), cuprous chlo-
ride (0.125 mole), or aluminum chloride (0.125 mole)—cuprous
chloride (0.125 mole)] and benzene (0.5 mole) was stirred at
reflux under nitrogen for 30 min. The mixture was allowed to
cool to 25° and filtered. The amounts of undissolved and dis-
solved material were determined by vacuum drying of the solid
at 80°, and by evaporation of the benzene filtrate in vacuo
followed by drying of the residue. The results are summarized
in Table I1I.

B.—A solution of the CsHe-CuCl-AlCl; complex was formed
from benzene (1 mole), cuprous chloride (0.137 mole), and alu-
minum chloride (0.125 mole) by vigorous shaking for 5 min.
After filtration from a small amount of undissolved solid, cupric
chloride (8.40 g., 0.0625 mole) was added to the clear light-yellow
filtrate. The mixture was shaken well, filtered, and the solid
washed with benzene. The recovered material, which was dried
at 110°, weighed 8.35 g.

Dehydrogenation of 1,4-Cyclohexadiene.—To a cooled mixture
of toluene and the appropriate metal halides was added 1 ml. of
1,4-cyclohexadiene. If no noticeable reaction occurred, the
mixture was warmed in a water bath at 40° for 5 min. with
stirring. For those systems containing metal halides in solution,
dilute hydrochloric acid was added to destroy the complex before
gas chromatography. The other reaction mixtures were chroma-
tographed directly after the metal salts had settled out.

In a control experiment with toluene and aluminum chloride,
there was no evidence for the formation of benzene.

Benzene-Catalyst-Oxidant. No p-Polyphenyl.—Essentially
no polymer was obtained from benzene-aluminum chloride at
the reflux temperature with the following candidate oxidants
(AlCl;~oxidant ratio was usually 1): cuprous chloride, mercuric
chloride, mercurous chloride, phosphorus pentachloride, nitro-
benzene, nitromethane, sulfur, nitric oxide, antimony penta-
chloride, barium peroxide, and air.

The following catalyst—oxidant combinations (usually 1:1
molar ratio) failed to produce polymer with benzene at reflux:
zinc chloride, titanium tetrachloride, stannic chloride, sulfuric
acid, or boron trifluoride with cupric chloride; sulfuric acid, hydro-
gen chloride, phosphoric acid, or phosphorus pentoxide with
manganese dloxide; hydrogen chloride-lead dioxide.

Authentic cuprous chloride gave
Essentially the same pattern is reported
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