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Disproportionation (intermolecular isomerization) of fluoro-, chloro-, and bromobenzene was investigated through the
effect of water-promoted aluminum chloride and bromide. Investigations were carried out by the use of a gas-liquid chroma-
tographic analytical method. It was observed that ring-bonded fluorine does not undergo intermolecular migration. The
decreasing order of activity of halobenzenes in isomerization was found to be Br 3> Cl. The reaction mechanism of the
intermolecular isomerization (disproportionation) of halobenzenesin terms of sigma complex type intermediate state formation
is discussed as a consequence of the results obtained. The relative basicity of the halobenzenes determined from spectro-
scopic data is in agreement with this mechanism. Further proof of the suggested mechanism was obtained by using heavy

water as the promoter.
halide-induced isomerization of halobenzenes.
found to be F > Cl > Br,

Halogen exchange and electrophilic arylations by the halobenzenes accompany the aluminum
In these reactions the relative order of activity of the halobenzenes was
To explain the reversed order of activity as compared to that observed in isomerization and to

account for the mechanism, intermediate complexing is suggested through the unshared pairs of the halogens to the acid

catalyst (n-complex formation).

accordance with the proposed complex formation.
exchange occurring between chlorobenzene and AL Clg%.

Five years after Friedel and Crafts had first re-
ported their findings on the action of aluminum
chloride on organic chlorides, Dumreicher! found
that bromobenzene was converted to benzene and
dibromobenzene in the presence of aluminum bro-
mide. A considerable amount of unchanged bromo-
benzene and some tarry material were also ob-
tained. A year later Friedel and Crafts* them-
selves observed the transfer of chlorine during the
methylation of o-dichlorobenzene, using methyl
chloride in the presence of aluminum chloride.
The principal products were hexamethylbenzene
and trichloromesitylene. Simultaneously, an inde-
pendent investigation of Leroy® concerning the
reaction of p-dibromobenzene with aluminum bro-
mide, showed that, although the halogenated ben-
zene was converted mainly into carbonaceous
material, a mixture consisting of bromobenzene,
m- and p-dibromobenzene, and two isomers of tri-
bromobenzene was formed.

Halogen migration under Friedel-Crafts condi-
tions in aromatic compounds was frequently in-
vestigated and a review of earlier work has been
given by Thomas.* It has been shown that alu-
minum chloride may catalyze the migration of a
bromine atom from one aromatic nucleus to an-
other. Thus, tribromophenol heated with benzene
and aluminum chloride gives bromobenzene and
phenol.8 Trichlorophenol fails to react under
similar conditions, indicating that chlorine in the
nucleus does not undergo migration as easily as
bromine.$
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Evidence for n-complexing of fluorobenzenes with aluminum bromide was obtained by
infrared and high resolution nuclear magnetic resonance spectroscopy.
Further proof of the n-complex mechanism was obtained by the chlorine

Conductivity measurements were also in

Fairbrother™ has measured the extent of the dis-
proportionation of bromobenzene in the presence of
aluminum bromide.

Although no quantitative determination of iso-
mers was stated, Fairbrother found that “the iso-
mer formed appears to be chiefly 1,4-dibromoben-
zene.”

Vorozhtsov™ found no isomerization when mono-
fluoronaphthalenes were treated with aluminum
chloride; however, some chloronaphthalenes were
formed.

Besides the isomerizing effect of aluminum hal-
ides on halo- and dihalobenzenes, a limited amount
of information is available on halogen exchange and
arylation taking place under these conditions. The
exchange of radioactive bromine between alu-
minum bromide and bromobenzene, is very slow at
room temperature® and slow even at 100°. It has
been found that, whereas aluminum chloride has
little effect on chlorobenzene,! the action of alu-
minum bromide on chlorobenzene yields bromoben-
zene.® In relation to the arylating effect of halo-
benzenes under Friedel-Crafts conditions, it was
found that bromobenzene reacts with naphthalene
to give a 209, yield of phenylnaphthalene.’® Re-
sorcinol reacts with 2-chloroquinoline to give a
yield of 259, of dihydroxyphenylquinoline.!!
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Results

In order to obtain further information on the
mechanism of aromatic isomerizations under Frie-
del-Crafts conditions, an investigation of the reac-
tion of fluoro-, chloro-, and bromobenzene, was
carried out with water-promoted aluminum chlo-
ride and aluminum bromide.
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aluminum bromide and co-catalyst or with pre-
treated aluminum bromide was kept at 0 or 30°
and small samples of the mixture were withdrawn
at certain intervals and quenched in ice water.
In both cases the mixtures were washed acid-free,
dried, and analyzed by gas-liquid chromatography.
The results are summarized in Table I-X.

The use of water as co-catalyst eliminated the

TasLe I
ErrecT OF WATER-PROMOTED ALUMINUM CHLORIDE ON FLUOROBENZENE
Time, CeH(CIF CsHyCls ——CsHsCeHyF——
Temp. days CsHs CsHsF CeHiCl 0, M=, P= 0-, M-, p- CoHiF: o- -
85 1 0.0 100.0 0.1 0.0 0.0 0.0 0.0 0.0
85 u.v. 1 .0 100.0 24.0 .0 .0 .0 1.1 3.2
150 14 Trace 100.0 32.4 Trace Trace .0 1.8 5.3
160 1 Trace 100.0 25.2 0.0 Trace .0 0.5 1.5
240 1 Trace 100.0 41.1 Trace 0.9 .0 .6 1.

Note: InTablesI to V the amount of each isomerization product is given as the molar percentage of the starting material.

Tasue IT
ErrrecT oF WATER-PROMOTED ALUMINUM BROMIDE ON FLUOROBENZENE
Time, CsH(BrF —CsHsCoH I'—
Temp. days CsHs CeHsF CsHiBr® o- m- - CeHiF, o- P-
85 1 6.8 100.0 2.6 Trace 2.3 1.0 0.0 0.0 0.0
85 u.v. 1 6.9 100.0 6.1 0.7 4.7 1.7 .0 .0 .0
160 1 14.1 100.0 4.9 .6 2.0 0.8 .0 .0 .0
240 1 22.8 100.0 19.6 1.2 3.1 1.9 .0 .3 .8

¢ High degree of disproportionation to benzene, dibromobenzenes, and higher boiling compounds always take place.

Though in the course of our investigations the
obtained produect mixtures were analyzed by a
quantitative gas-liquid chromatographic method,
the data obtained give only relative information on
the isomerization processes. This is because a cer-
tain amount of tarry material of unknown composi-
tion was always formed in the aluminum halide-
catalyzed isomerization of halobenzenes (and the
subsequently investigated dihalobenzenes), the
amount of which in certain cases was as high as 309,
of the over-all material balance. All our data are
related only to recovered analyzable material such
as benzene, halobenzenes, dihalobenzenes, and di-
phenyls, neglecting the tarry materials of high
molecular weight. The amounts of the isomeriza-
tion products are given generally either as percent-
age of the amount of unchanged starting haloben-
zene or as a percentage of the sum of combined
dihalobenzene isomers formed. In either case only
relative amounts of products could be determined
due to the varying amount of tarry by-products
formed.

The following general procedure was used: In
the case of fluorobenzene and chlorobenzene (which
react very slowly) the organic material was mixed
with aluminum balide and subsequently the co-
catalyst (water or heavy water) was added to the
mixture. The reaction mixture was refluxed or
heated in an autoclave or in a sealed glass tube for
periods of one day to three weeks.

Isomerization of bromobenzene being much
faster than that of fluoro- or chlorobenzene pro-
ceeded fast even at 0°. Bromobenzene mixed with

TasrLe I1I

IsoMERIZATION OF CHLOROBENZENE WITH WATER-PROMOTED
ALumINUM CHLORIDE

Time, —~——CeHiCl2 CeH(Cly/

Temp. days CsHe CsHsCl o- m- p- CsHsCl
75 14 0.3 100.0 Trace 0.1 Trace 0.001
75 21 .4 100.0 Trace .2 0.1 .003
132 1 .5 100.0 Trace .2 .1 .003
200 2 .3 100.0 Trace .6 .2 .008
200 14 1.7 100.0 0.3 2.4 1.6 .043

necessity of maintaining the systems under rigidly
anhydrous conditions. It was also observed that
water as a co-catalyst had a strong effect on the
reactions. Already Fairbrother and Scott” re-
ported that the disproportionation of bromobenzene
by AlBrg is slow in dilute solutions but traces of
hydrogen bromide are co-catalysts for the reaction.
In our experiments, bromobenzene reacted fast at
30° in the presence of water-promoted Al,Br;, giv-
ing the dibromobenzene isomerization equilibrium
mixture in ten minutes. When the reaction was
carried out with carefully dried reagents in the ab-
sence of moisture forty minutes was needed to
reach the equilibrium. At 0° the reaction time
needed to reach equilibrium was more than six
hours. It is obvious that by the improvement of
the experimental techniques to achieve even drier
reaction conditions, the reaction times could be ex-
pected to increase even further. The reaction may
proceed, however, even in the most carefully dried
system, as there is the possibility of ring halogena-
tion or condensations by aluminum halides, both re-
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TaBLE IV
IsoMERIZATION OF CHLOROBENZENE WITH WATER-PROMOTED ALUMINUM BROMIDE
Time, CeH4Cls CsH(CIBr CesHsCsH.Cl
Temp. days CsHs CsHsCl CeHsBr o- m- - o- m- - o-, p- CsHCls/CsHiCL
85 1 0.25 100.0 Trace 0.0 0.0 0.0 Trace 0.3 0.2 0.0 0.0
132 1 .5 100.0 0.1 Trace Trace Trace Trace .3 .2 .0 .0
132 u.v. 1 .8 100.0 2 Trace Trace Trace Trace .4 Trace .0 .0
240 1 6.3 100.0 18.6 0.5 9.7 0.9 0.2 .9 0.5 .9 Jd1
TABLEV
ISOMERIZATION OF BROMOBENZENE WITH WATER-PROMOTED ALUMINUM CHLORIDE
Time, CsHiBrz
Temp. days CsHe CeH;Cl Ce¢HsBr CoH(Cls o- m- ?-
85 1 16.0 Trace 100.0 0.0 0.6 8.9 3.4
156 1 30.7 1.7 100.0 .8 1.0 7.9 2.9
156 u.v. 1 30.1 1.5 100.0 4 1.1 8.4 3.2
Tasie VI TasrLe VIII

ISOMERIZATION OF BROMOBENZENE WITH WATER-PROMOTED
ALuMINUM BROMIDE AT 30°

Time, —CsH4Bre—— CsH4Bra/

min. Ce¢Hs CeHsBr o- m~ - CsHsBr
0.0 0.0 0.0 0.0 0.0 0.0
.5 87.2 6750 12.1 .8 87.1 .01
1.0 R5.4 3020 9.3 10.3 80.4 .03
1.5 75.9 1370 10.2 17.8 72.0 07
2.0 74.1 738 8.7 27.5 63.8 .13
2.5 77.8 543 7.6 33.0 59.5 .18
3.0 73.4 412 6.1 44.3 49.6 .24
4.0 71.5 295 5.6 52.9 41.5 .33
5.0 71.2 221 4.8 61.4 33.8 .45
10.0 71.0 187 4.3 62.5 33.2 .53

Note: In Tables VI to X the amount of each isomeriza-

tion product is given as the molar percentage of the sum of
the three dibromobenzene isomers formed during the
reaction,

Tasre VII
ISOMERIZATION OF BROMOBENZENE WITII ALUMINUM
BroMnE AT 30°

Time, CeH4Brs CeHiBr2/
min, Ce¢Hes  CsH:Br o0- m- - CsHsBr
0 0.0 0.0 0.0 0 0.00
1 100.0 25000 Trace .0 Trace .00
3 73.9 4350 14.6 Trace 85.4 02
5 80.2 893  15.9 2.0 82.1 11
7 75.1 726 14.3 4.8 80.9 .14
10 76.4 614 11.6 11.3  77.1 .16
15 77.8 560 9.0 27.4 63.0 .18
20 75.0 439 6.7 45.6 47.7 .23
25 73.6 375 5.5 53.9 40.6 .26
30 70.9 340 5.7 60.1 34.2 .29
40 74.2 294 5.0 63.7 31.3 .34
50 67.5 313 4.6 62.4 33.0 .32
60 72.2 261 4.5 62.8 32.7 .38
90 70.3 263 4.7 61.9 33.4 .38

actions leading to the formation of hydrogen halide
which is known to co-catalyze isomerization.™

Discussion

The experimental results obtained indicate clearly
that the halobenzenes investigated undergo three
different types of reactions in the presence
of promoted aluminum halides: (1) isomerization,
(2) halogen exchange, and (3) Friedel-Crafts
arylation. Consequently, the results and their in-

ISOMERIZATION OF BROMOBENZENE WITH ALUMINUM
BromipE at 0°

Time, CsHBr» CsHuBr:/
min, CsHs  CesHsBr o- me p- CsHsBr
3 80 10,000 14.0 0 8.0 0.0100
4 80 6,200 14,9 (0] 85.1 .0161
5 76.9 2,860 14.3 0 85.7 .0349
6 78.3 2,470 14.6 0 85.4 .0404
8 81.2 1,540 15.1 0 84.9 .0649
10 78.7 1,110 14.5 Trace 85.5 .0900
12 77.1 996 14.2 Trace 85.8 .100
16 83.4 785 14.8 1.8 83.4 L1127

20 75.8 732 11.1 56 833 .137

25 72.6 698 11.9 6.1 82.0 143

30 74.5 637 11.7 7.6 80.7 . 157

35 79.3 610 9.8 10.3 79.9 .164

40 76.7 605 10.2 11.2 78.6 .165

50 80.1 528 8.4 16.5 75.1 .189

60 77.0 545 8.5 20.8 70.7 183
70 77.9 504 7.7 24.1 68.2 .198

80 72.4 502 7.2 23.9 68.9 .199

90 73.5 507 4.9 28.0 67.1 .197

105 76.2 483 6.2 30.2 63.6 .207

120 75.7 510 5.6 36.5 57.9 196

150 74.6 469 6.0 45,3 48.7 .213

180 77.6 444 6.5 B1.5 42.0 .225

360 69.3 418 4.6 60.6 34.8 .239

1 week 065.8 320 4.3 62.2 33.5 .304
Tasre IX

ISOMERIZATION OF BROMOBENZENE WITH ALUMINUM
BroMmipE AT 25° CaTaLYsT MoLE Fracrion 0.005

Time, CeH4Bry CeHsBry/
hr, CsHa CeHiBr o- me D~ CsH;Br
0.5 93.7 6750 14.4 0.0 85.6 0.01
1 92.3 1970 14.8 Trace 85.2 .05
2 83.2 880 12.9 3.1 84.0 11
3 85.6 648 12.0 4,3 83.7 .15
6 68.5 524 10.8 11.5 77.7 .19
72 67.4 488 7.7 28.1 64.2 .21
96 65.9 465 7.9 28.7 63.4 .22
168 50.6 425 7.0 30.1 62.9 .24

terpretation are being treated separately for each
of these reactions.

Isomerization.—It was found that ring-bonded
fluorine did not take part in migration with Al,Cls
or Al,Brs. In the case of fluorobenzene, no trace of
difluorobenzene formed at 150° after fourteen days
or even at 240°. On the other hand, bromobenzene
isomerizes easily. Chlorobenzene shows a lower,
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TasLe X

[SOMERIZATION OF BROMOBENZENE WITH ALUMINUM
BroMipE AT 25° CaTaLysT MoLE Fracrtion 0.002

Time, ———CsHsBrz CsH4Brs/
hr. CsHs CsHsBr  o- m=- - CsH;Br
0.5 90.1 5765 15.1 0.0 84.9 0.02
1.0 87.4 2503 16.3 .0 83.7 .04
2.0 84.8 2308 14.1 Trace 85.9 .04
3.0 84.6 1709 15.4 0.8 83.8 .06
6.0 79.5 1556 16.0 1.0 83.0 .06

24.0 68.2 1413 150 0.9 8&4.1 07

72.0 65.7 1367 13.8 1.0 8.2 .07

168.0 57.0 1105 13.9 1.3 84.8 .09

but still noticeable reactivity. As seen from dats
of Tables ITI-VIII, chlorobenzene disproportion-
ates with promoted aluminum chloride at 200°
after fourteen days to about 4.39,. With alu-
minum bromide at 240° 11.39, disproportionation
was obtained. In contrast, bromobenzene with
promoted aluminum bromide at 30° gave 53.5%
disproportionation after ten minutes. Without
promoter under identical conditions 16.39, isom-
erization was observed at 30° and only 9% at 0°
after ten minutes. The order of reactivity of halo-
gens in the isomerizations effected by aluminum
halides is, therefore, Br > Cl. This is in accord-
ance with the relative stability of positively polar-
ized halogen entities or in limiting case the halon-
ium ijons Br+ > Cl*. The failure of ring-
bonded fluorine to undergo isomerization can best
be interpreted on the basis that fluorine is unable to
form a cation or any positively polarized entity.

Although a large number of data are available on
the basicity of alkylbenzenes, considerably less
data have been published on the basicity of halo-
benzenes.

Attempts were made to correlate the strengths of
donor-acceptors complexes with the ionization
potentials of the donors'? and infrared stretching
frequencies of acids in halobenzenes.!® 4

Based on available data,! the relative order of
basicity of halobenzenes and that of benzene is

CGHB > CBH;)I > CsHaBI‘ > CsHaCl > CﬁHaF

This is in agreement with the generally accepted
fact that in halobenzenes the negative inductive
effect of the halogen is larger than the opposed con-
jugative effect; —1 > +T.

There are, however, no reliable data on the rela-
tive strengths of the opposed inductive and con-
jugative effects.

In accordance with the relative basicity of the
halobenzenes, it is to be expected that bromo-
benzene will possess a higher degree of activity than
chlorobenzene (or flucrobenzene) in a mechanism
involving protonation of the ring to a sigma com-
plex and subsequent positively polarized halogen

(12) K. Watenable, J. Chem. Phys., 26, 542 (1957).

(13) M. L. Josien and G. Sourisseau, ‘‘Hydrogen Bonding,” Ed. D.
Hadzi, Pergamon Press, New York, N. Y., 1959, p. 135.

(14) G. A. Olah, 8. J. Kuhn, and 8. H. Flood, J. Am. Chem. Soc.,
83, 4581 (1961),

Orag, Torayesi, AND DEar

Vou. 27

elimination from the sigma complex by nucleophilic
replacement by a second molecule of halobenzene.

Br H Br

@ + HYAIBrOH =

H Br Br Br Br
Q0= Q-0
H Br Br

As can be seen in Table VI-VIII the formation of
dibromobenzene in the disproportionation reaction
follows a practically pure electrophilic bromoben-
zene bromination pattern at first with about
859, p- and 159, o-dibromobenzene isomers
found and no trace of m-dibromobenzene present.?
This intermolecular reaction is kinetically con-
trolled while the formation of m-dibromobenzene,
starts only after a longer period of time (five min-
utes at 30° and fifteen minutes at 0° in theabsence of
co-catalyst) and increases slowly to the equilibrium
concentration of 629,.% This second intramo-
lecular stage of the isomerization is thermodynami-
cally controlled.

The kinetically controlled fast intermolecular
isomerization step can be separated from the ther-
modynamically controlled intramolecular isomeri-
zation even better if the action of aluminum bro-
mide on bromobenzene is investigated with very
low catalyst concentrations, similarly to the work
of Fairbrother.” Data of quantitative determina-
tion of the amount of benzene and dibromoben-
zenes formed, together with the determination of
the isomer ratios, are summarized in Tables IX and
X. The para-ortho directing effect of bromine is
obvious in the dibromobenzenes formed. Although
some isomerization occurred under the experimental
conditions (as shown in the increasing amount of
meta isomer formed with time), it has not approxi-
mated the thermodynamic equilibrium obtained
when higher catalyst concentrations were used.

If the intermolecular isomerization proceeded
according to a mechanism not involving any posi-
tive halogen species, fluorobenzene might be ex-
pected to isomerize as well. The differences in the
basicity of the various halobenzenes alone are not
large enough to warrant any qualitative differences
among the halobenzenes. The o-complex mecha-
nism, however, represents only the limiting struc-
ture for the reaction path. The primary interaction
of the acid catalyst and the halobenzene involves
only a weaker interaction at first in the form of an
oriented w-complex (or outer complex). This more

AlBr;OH "~

(15) Electrophilic bromination of halobenzenes with what is be-
lieved a positive bromine species is being reported in a forthcoming
paper of our investigations on aromatic substitution.

(16) For the equilibrium data of dibromobenzenes see subsequent
paper, J. Org. Chem., 87, 3435 (1962).
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labile intermediate then passes to the o-complex
stage somewhere during the reaction path. The
elimination of the halonium ion again proceeds
through an oriented w-complex (or outer complex).
Unlike the case of alkylbenzenes there has been no
direct proof until now for the existence of o-com-
plexes of halobenzenes. Owing to the low basicity
of the halobenzenes as compared with that of the
alkylbenzenes, isolation of intermediate o-com-
plexes is not generally possible, as interaction be-
tween the acid catalyst and the halobenzene does
not occur at low temperatures suitable for complex
isolations.” Recently, however, a stable benzen-
onium ion (s-complex) was isolated from fluoro-
benzene, hydrogen fluoride, and antimony penta-
fluoride,

CsH:F + HF 4 SbF; ——= C¢HeF *SbFe~

N.m.r. investigation in sulfur dioxide solution has
shown that protonation takes place preferentially in
the para position. Thus the benzenonium complex
is stabilized by the conjugative effect of the fluorine
atom affecting the para position.

F

H H

We suppose that the stability of the CeH¢F +ShFe—
complex is due mainly to the stabilizing effect of
conjugation by the unshared electron pairs of
fluorine in the para position. Consequently it does
not mean & higher r-basicity for fluorobenzene itself,
only an increased stabilization of the once-formed
complex. As from previous data fluorobenzene
seems to be the least basic among the halobenzenes,
this result could be interpreted as proof for the fact
that halobenzenes, similarly to alkylbenzenes, can
he protonated by suitable strong acids to e-complex
type intermediates, even if the isolation of these
proves to be difficult due to the lack of sufficiently
strong conjugative effects.

In order to obtain further evidence for the sug-
gested o-complex mechanism involving primary ring
protonation with subsequent halonium ion elimina-
tion, heavy water was used as a promoter in some
experiments.

A vacuum technique similar to that used by
Pines'? in the case of the isomerization of n-butane
was employed in our study of the effect of heavy
water upon the isomerization of halobenzenes.

The following two methods were used: (1)
Aluminum chloride or bromide was treated with
varying amounts of heavy water. The mixtures

(17) G. A. Olah and 8. J. Kuhn, J. Am. Chem. Soc. 80, 6535, 6541
(1958).

(18) G. A, Olah, Abstracts of Papers. 138th ACS Meeting, New
York, September, 1960; G. A. Olah, E. B, Baker, and W, 8. Tolgyesi,
unpublished results.

(19) R. C. Wackher and H. Pines, J. Am. Chem. Noc., 68, 1642
(1946).
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were heated in vacuum and the liberated deuterium
halide was pumped off. The resulting pretreated
catalyst, freed of uncombined deuterium halide,
was then used in the isomerization of halobenzenes.
(2) Aluminum halide, halobenzene, and heavy water
were mixed without previous removal of deuterium
halide.

Pretreated catalysts, with complete removal of
liberated deuterium halide, gave results similar to
the experiments in which heavy water was added to
the halobenzene—aluminum halide mixture without
the removal of deuterium halide. Pretreated alu-
minum bromide was generally more active than
pretreated aluminum chloride.

Concerning the nature of the pretreated catalysts,
is is difficult to express any final opinion at present.
Pines?® suggested AlBr.OD as structure for the
heavy water pretreated aluminum bromide cat-
alyst. Although our analytical data are in accord-
ance with the composition of A1X,0D (X = CI, Br)
and infrared spectra point to the presence of O—D
bands, there is no evidence that a uniform com-
pound was obtained.

Bromobenzene was treated with deuteriumn oxide-
promoted aluminum bromide and with pretreated
catalyst obtained by pumping off any deuterium
bromide formed by the interaction of aluminum
bromide with deuterium oxide. The isomerization
products from both reactions (benzene, dibromo-
benzenes, and unchanged bromobenzene) were
analyzed by spectroscopic methods. It was found
that the benzene formed contained a considerable
amount of d-benzene (as proved by the C—D
stretching frequency in the infrared spectrum and
mass spectroscopy). The recovered bromobenzene
also contained ring deuteration but only in small
amounts. The dibromobenzenes formed were
practically frce from ring deuteration. Conse-
quently, to account for this finding, a primary ring
deuteration involving a sigma-complex type inter-
mediate seems to be most probable.

Br D Br

o ,
+ D'AIBr,0 ¥
O)F DYAIBLOD" Y

—
—_—

AlBr,O”
AlBr,OD™

D Br Br D Br Br
Q-0—0-O-0r

H Br Br
Halogen Exchange.-—As may be observed from
the experimental data, aluminum chloride and bro-
mide have a marked effect on halobenzenes besides
that of isomerization, »7z., a marked halogen ex-
change and electrophilic arylation giving halodi-
phenyls. It was observed that fluorobenzene is

considerably more reactive in halogen exchange
with aluminum halides than either chloro- or bromo-



3446

benzene. In order to be able to compare the rela-
tive reactivity of halobenzenes with aluminum
halides in the halogen exchange reaction, the reac-
tion of fluoro-, chloro-, and bromobenzene with alu-
minum chloride was investigated under identical
reaction conditions.. In the case of fluorobenzene
and bromobenzene the degree of exchange reaction
was easily followed by analyzing the formed chloro-
benzene. In the case of chlorobenzene it was neces-
sary to use Cl*-labeled aluminum chloride in order
to be able to determine the extent of halogen ex-
change. Treating the halobenzenes with water-
promoted aluminum chloride in sealed tubes at 160°
for twenty-four hours and analyzing the degree of
halogen exchange by the amount of chlorobenzene
formed from fluorobenzene and bromobenzene by
gas-liquid chromatography, or in the case of chloro-
benzene by determining the percentage of radio-
active CI%* introduced into chlorobenzene by the
exchange reaction, the following percentages of ex-
change were obtained.

Halobenzene % exchange

Fluorobenzene 25.2
Chlorobenzene 7.8
Bromobenzene 1.7

Thus the decreasing order of reactivity of halo-
benzenes in the halogen exchange reaction with
aluminum chloride is F > Cl > Br.

A similar exchange reaction takes place with
aluminum bromide, but due to the strong dispro-
portionation of the bromobenzene formed with the
catalyst at the necessary reaction temperatures, no
quantitative evaluation of the data is possible.
However, it was quite obvious from the experimen-
tal data that fluorobenzene exchanges much faster
then chlorobenzene. The exchange reaction of
bromobenzene with Br#2 aluminum bromide was
investigated earlier by Fairbrother® who found it
fairly slow even at 100°. Thus an identical rela-
tive order of reactivity of halobenzenes is also valid
for the aluminum bromide exchange reaction.

To explain the reverse order of activity of halo-
benzenes in the exchange reaction and to account
for the exchange reaction itself, & mechanism in-
volving the complexing of the aluminum halide
through the unshared pair of ring halogens (n-
complexing) must be considered.

The term n- (or onium) donor base was intro-
duced by Mulliken.%2 Consequently, it is sug-
gested that the term “n-complexes” be used to
designate intermediates formed by the complexing
of halogen atoms in halobenzenes (n-bases) with
the acceptors (being the vacant orbital acceptors of
the AlX; type in our case), in order to differentiate
from =- and o-complexing involving the w-electron
system of the aromatic ring as donor center.

Aromatic hydrocarbons, as well as unsaturated
aliphatics, are among the best known types of =~

(20) R. 8. Mulliken, J. Chem. Phys., 86, 801 (1952).
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bases. Halobenzenes have the ability to act both
as = or n-bases. This was demonstrated in the
case of halogens which can combine either with
7 or n-bases.?! Hydrogen halides, although they
are strong acids in the Bronsted sense, act as weak
Lewis acids somewhat like halogens in many cases.
The Lewis acid character of halogens and hydrogen
halides is attributed to the incompletely satisfied
electronegativity of the halogen atoms. Since the
acquisition of a negative charge by a halogen can
take place only concurrently with a pronounced
loosening of a covalent binding, these and similar
Lewis acids, e.g. alkyl halides, are designated by
Mulliken®? as d-acids (dissociate acids).

The unshared electron pairs of halogens can act
as n-donors themselves in the presence of a suffi-
ciently strong acceptor acid.

In interpretation of the mechanism of the halogen
exchange reaction of fluorobenzene with aluminum
bromide, this results in the loosening of the aro-
matic carbon-halogen bond. The negatively polar-
ized halogen is then extracted by the strong acid
(e.g. aluminum bromide or H+AlBr,~ in our experi-
ments). The aluminum-fluorine bond calculated
from available thermochemical data is considerably
stronger than the corresponding aluminum-chlorine
or aluminum-bromine bond. Bond energies in
keal./mole, are: Al—F 110.0, Al—Cl 90.5, Al—Br
78.0, and Al—I 65.5. This helps to overcome the
larger bond dissociation energy of the C—F bond
in fluorobenzene. The C-halogen bond dissociation
energies in the halobenzenes according to Smith??
are the following (in keal./mole) C¢H;—I 115,
CeHa—Cl 86, CsH5—BI‘ 71, CeHs'—‘I 57. Tluorine
will thus be retained by the aluminum and the in-
termediate complex decomposes with halogen ex-
change taking place with simultaneous formation
of aluminum fluoride. The mechanism could be
accordingly written in terms of an n-complex inter-
mediate as follows:

..
@-E 4 % AlBr, === @’LEJAle
@Br +  RAIF, + Y%ALBr

Evidence for the suggested n-complex mechanism
was obtained from the infrared and high resolution
nuclear magnetic proton and fluorine resonance
spectroscopic investigation of the fluorobenzene-
aluminum bromide complex.

The main carbon-fluorine infrared stretching
absorption in fluorobenzene is at 1217 cm.™? (vs).
In the fluorobenzene: aluminum bromide complex

(21) H, A. Benesi and J. H. Hildebrand, J. 4m. Chem. Soc. 70,
2832 (1948); 71, 2703 (1949); T. M. Cromwell and R. L. Scott.
tbid., 72, 3825 (1950); R. M. Keefer and L. J. Andrews, ibid., 73,
4677, 5170 (1950); 78, 462 (1951); R. S. Mulliken, ibid., 72, 600 (1950);
J. Walkley, D. N. Glew, and J. H. Hildebrand, J. Chem. Phys., 883,
621 (1960).

(22) P.Smith, ibid., 29, 681 (1958).
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(509, solution of aluminum bromide in fluoro-
benzene), the C—F stretching frequency is shifted
to 1192 em.~! (s). The shift of 25 ecm.~! is attrib-
uted to n-complexing of the C—F bond (CeH:F|) ~—
AlBry). The intensity of the shifted band was
found to be dependent on the concentration of the
complex in the fluorobenzene solution. The spectra
were obtained on a Perkin-Elmer Model 221-G
double beam grating spectrophotometer equipped
with sodium chloride opties.

The high resolution fluorine magnetic resonance
spectrum of the fluorobenzene: aluminum bromide
complex (obtained on the modified n.m.r. spectro-
graph of Baker? at 56.457 Mc., using trifluoro-
acetic acid as external reference) shows the dis-
appearance of the original many line spectrum?* of
fluorobenzene and the appearance of a broad line
(about 25 ¢.p.s., not as broad as the original fluoro-
benzene spectrum) with considerably lower shield-
ing. The observed shifts to lower shielding were
for a 129, solution, 37 ¢.p.s; for a 259, solution, 58
c.p.s.; and for a 509, solution, 91 ¢.p.s. The shift
to lower shielding indicates electron donation by the
fluorine atom. The proton resonance (obtained at
60.008 Mec., using water as external reference) of the
many line fluorobenzene spectrum changes in the
fluorobenzene: aluminum bromide complex (12.5%
solution in fluorobenzene) into a broad peak (100
c.p.s. wide), with a marked shift (~ 40 c.p.s.), to a
higher shielding, which could not be in accordance
with the ring r-electron system acting as donor in
the complex formation.

Conductivity measurements of solutions of Al
Brgin fluorobenzene were carried out under exclusion
of moisture. Purified fluorobenzene with a specific
conductivity of 4.5 X 10~% mho/cm. and three
times resublimed aluminum bromide were used.
All materials were handled under vacuum condi-
tions, the solutions being made up by dilution tech-
nique. The equivalent conductivity of the solu-
tions was found to vary linearly with the concen-
tration of Al,Brs in fluorobenzene as illustrated in
Fig. 1.

Although it is difficult to come to a conclusion
from conductivity data obtained in organic sol-
vents, the linear correlation of the equivalent con-
ductivity with the Al;Brs concentration in fluoro-
benzene seems to be in accordance with the sug-
gested n-complex formation giving rise to a con-
ducting, highly polarized entity. Aluminum bro-
mide, should it be dissolved without complex
formation, or should it be only w-complexed by the
ring itself, could hardly explain the observed con-
ductivity data. Solutions of Al:Brs in benzene
have practically no conductivity.?® The specific
conductivity of a 209, AlLBr; solution in benzene
(specific conductivity = 1 X 10—'8 mhos/cm.) was

(23) E. B, Baker and L. W. Burd, Rev, Sct. Inatr., 28, 313 (1957).
(24) H. S. Gutowsky, C. H. Holm, A. Saika, and G, A. Williams, J.

Am. Chem. Soc. 79, 4596 (1957).
(25) V. A, Plotnikov, J. Russ. Phys. Chem. Soc., 40, 391 (1908).
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Fig. 1.—Conductivity of the C¢H:F: AlBr; system.

found by Wertyporoch® to be lower than 3 X 10-°
mhos/cm. For a similar 209, Al,Brs solution in
fluorobenzene, the specific conductivity was found
to be 2.26 X 10—% mhos/ecm, 7-Complexing of Als-
Brs must be stronger in benzene, which is consider-
ably more basic, than in fluorobenzene. The
values obtained can be explained in accordance
with the suggested n-complex formation, which ac-
counts for a much stronger complex formation with
fluorobenzene.

The marked effect of ultraviolet irradiation ob-
served on the halogen exchange reaction is in ac-
cordance with previous observations® on metal
fluorides and with observations on the effect of ul-
traviolet irradiation in different Friedel-Crafts
reactions. In the ultraviolet irradiation of fluoro-
benzene with aluminum bromide at 85°, for exam-
ple, the results obtained were almost identical with
those carried out without irradiation at 160°.
Thus, it seems possible to furnish a part of the
necessary activation energy by means of irradia-
tion instead of heat even in an obviously ionic
reaction. Probably the effect is not so much that of
loosening the C-halogen bond (the ultraviolet ab-
sorption of which is low) but effecting dissociation
of the aluminum halide dimer, and thus facilitating
the formation of the monomeric AlX; needed for
the n-complex formation. This, of course, also ex-
plains why the aluminum bromide reactions were
so much more affected by ultraviolet light than the
aluminum chloride ones.

It is also interesting to note that in experiments
using boron tribromide, which is monomeric, ultra-
violet irradiation had no effect.

The presence of chlorofluorobenzene and bromo-
fluorobenzene isomers obtained by the interaction
of Al,Cls or Al,Brg on fluorobenzene (as shown in
Tables T and II), can be easily explained by the
fact, that as a consequence of halogen exchange
chloro- and bromobenzene are formed in the system.
During disproportionation of these in the reaction
mixture, the formed positive halogen ion is trapped
by excess fluorobenzene.

(26) A. Wohl and E. Wertyporoch, Ber., 64, 1364 (1931).

(27) G. A, Olah and A. Pavlath, Acta Chim. Acad. Sci. Hung., 8,
191 (1953); G. A. Olah, A. Pavlath, and G. Hosszang, ibid., 8, 41
(1956).
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Friedel-Crafts Arylation.®—When the reaction
of aluminum chloride and bromide with fluoro-
benzene was investigated at 160 and 240°, as well
as under the effect of ultraviolet radiation, a small
amount of fluorobiphenyl (less than 109,) was al-
ways obtained (Tables I and II). On analysis by
gas chromatography, it was found to have a com-
position of 75.29, 4-fluorobiphenyl and 24.89, 2-
fluorobiphenyl with no trace of the 3-isomer being
present. This proves that an electrophilic type of
arylation of the fluorobenzene takes place, because
in a radical type of reaction, a substantial amount
of the meta isomer should also be formed.2* In
order to account for the electrophilic Friedel-
Crafts type arylation, a mechanism similar
to that of Brown® for the electrophilic Friedel-
Crafts alkylation with primary alkyl halides is
suggested.

Fluorobenzene and aluminum bromide form an
n-complex (similar in nature to the primary alkyl
halide-Lewis acid complex) and a second molecule
of fluorobenzene (or other aromatic) displaces the
complex in a concerted termolecular step.

— it 8
@E' + 1/{2 AIQBI\; :@—_F}*AIBFU + ©_F

F + %AlF; + %AlLBrs + HBr

Results similar to these but with considerably
lower yields (less than 19;), were obtained with
chlorobenzene at 240°. No biphenyl formation was
observed at lower temperatures. In the case of
bromobenzene, no bromobiphenyls were detected,
although the higher molecular weight residues ob-
viously contain products formed by similar aryla-
tion. Easy disproportionation of bromo aromatic
compounds may be the cause of difficulty in ob-
serving the formation of bromobiphenyls. The
relative order of activity of the halobenzenes in
electrophilic arylation is, thus,

CeHsF > CeHsCl > CeHsBI‘

which is similar to the order observed in the alkyla-
tion activity of alkyl halides in Friedel-Crafts
reactions.?!

Experimental

Materials.—The halobenzenes used were commercially
available chemicals of highest purity, which were purified by
fractional distillation on an Aldershaw column rated at 50
theoretical plates. Purity of these materials as determined

(28) See also G. A. Olah, Abstracts of paper, 140th ACS Meeting,
Chicago, September, 1961, 12-M.

(29) G. A. Olah and W. 8. Tolgyesi, J. Org. Chem., 26, 2053 (1961).

(30) H. C. Brown and M. Grayson, J. Am. Chem. Soc., T8, 6285
(1953); L. Schmerling, Ind. Eng. Chem., 45, 1447 (1953); H. C. Brown
and H. Jungk, J. Am. Chem. Soc., TT, 5584 (1955); H. Jungk, C. R.
Smooth, and H. C. Brown, ibid., 78, 2185 (1956); C. R. Smoot and
H. C. Brown, 1bid., T8, 6249 (1956).

(31) N. O, Calloway, J. Am. Chem. Soc., §9, 1474 (1937).
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by gas chromatography was 99.5%, or higher. Aluminum
chloride and bromide were Fisher reagent grade materials
purified by repeated vacuum sublimation.

Al Cl% was obtained from the Volk Radiochemical Co.,
Chicago, Illinois.

Reactions of Halobenzenes with Aluminum Halides.
(1) Fluoro- and Chlorobenzene.—Aluminum halide (0.05
mole) was added to 0.5 mole of halobenzene which had been
weighed into a round-bottomed flask. Water (0.05 mole)
was then added and the mixture was refluxed or heated for a
period of 24 hr. at the given temperature. After cooling,
the reaction mixture was poured on crushed ice. The
quenched produet was filtered, washed with water to re-
move last traces of acid, and the organic layer was separated.
After drying over calcium chloride, the products were ana-
Iyzed by gas chromatography.

High temperature, superatmospheric experiments were
carried out either in sealed Pyrex glass tubes heated in an
oven or in a glass-lined autoclave (1.5 in. i.d. X 20-in. long).
The autoclave was kept at the appropriate temperature with
continuous efficient shaking of the contents. At the end of
that time, the reaction mixture was worked up as before.

Experiments involving ultraviolet radiation of the re-
actions by means of a 700-w. Hanovia lamp, were carried out
in quartz apparatus. Irradiation was continued for 24 hr.
followed by working up of the mixtures as before.

(2) Bromobenzene.—Aluminum halide (0.5 mole) was
added to 0.5 mole of bromobenzene and 0.05 mole of water
in a flask which was equipped with a magnetic stirrer and
was kept in a constant temperature bath. Samples of 1-2
ml. were withdrawn from the constantly stirred mixture in
certain intervals and quenched with ice water. The samples
after dilution with ether were worked up as before.

Exchange of Chlorobenzene with Al;Cls%*.—Chlorobenzene
was treated with aluminum chloride, containing a known
amount of C1% tracer under the same conditions as described
previously. Reactions were carried out in sealed glass tubes
at 160° for 24 hr. 'The reaction mixture was quenched with
water, the organic (chlorobenzene) layer was extracted with
toluene and washed acid-free with water. The col eeted
washing water and organic layer was handled carefully to
avoid losses. Radioactivity of the washing water (con-
taining CI* from unchanged Al Cls¥) and organic layer
(toluene solution of isomerization and exchange products of
chlorobenzene containing C1% from halogen exchange) was
analyzed for radioactivity using liquid scintillation radio-
assay with TriCarb L.S. spectrometer. Toluene scintillator
solutions were used for the organic layer (toluene solution of
chlorobenzene®), and the data were extrapolated to zero
concentration to compensate for quenching. Toluene/alco-
hol scintillator was used for the water washes. Packard
sealed standard of C13 was used to standardize procedure for
the toluene solution. Radiochlorine found in the tolvene
layer (from chlorobenzene-C1%) was expressed as percentage
of unchanged radiochlorine from the aqueous layer.

Analysis.—The dried products were analyzed by gas-
liquid chromatography using a Perkin-Elmer 154C Vapor
Fractometer. The instrument was fitted with a stainless
steel column (4 m. X 1/4 in.) containing polypropylene
glycol (UCON 1B-550-X) supported on diatomaceous earth
and operated generally at 195°, although temperatures as
low as 80° were required for the resolution of benzene, fluoro-
benzene and difluorobenzene isomers. Hydrogen (or helium)
flowing at 60 cc./min. was utilized as carrier gas. Samples
(100 wl.) were injected.

From the areas of individual peaks, mole 9, figures were
calculated for each product after determining relative re-
sponse data following the method of Messner, Rosie, and
Argabright.®? The method was calibrated using known
mixtures and the error present in these analyses was found
to be smaller than 3 relative per cent.

(32) A. E. Messner, D. M. Rosie, and P. A. Argabright, A4nal.
Chem., 81 (2), 230 (1959).



OcTOBER, 1962

Individual peaks were identified by the retention times of
pure halobenzenes and dihalobenzene isomers. Identifica-
tion of separated fractions in a number of preparative scale
runs was made by infrared spectroscopy. Components were
separated from the reaction mixture using & 3 m. X 1 in.
aluminum preparative-scale column packed with polypro-
pylene glycol supported on diatomaceous earth. Samples
of up to 5 ml. were separated by this method.
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The water-promoted, aluminum chloride-catalyzed isomerization of chlorofluorobenzenes takes place by an intramolecular

1,2-shift of the chlorine substituent.
chlorofluorobenzene,
(because of the ortho deactivating effect of fluorine).

isomerization, go that equilibrium cannot be reached from the ortho isomer.
place by a predominantly intramolecular 1,2-ghift mechanism (disproportionation is generally less than 19,).
rium mixture for dichlorobenzene was found to contain 89 ortho, 609, meta, and 329 para isomer.
Halogen exchange and eleetrophilic arylation are the only reactions taking
The mechanism of the investigated reactions is discussed based on the obtained experimental data.

unable to undergo Friedel-Crafts isomerization.
place.

The chlorination of benzene and chlorobenzene
in the presence of Friedel-Crafts type metal halide
catalysts always resulted in the formation of di-
chlorobenzenes containing besides larger amounts of
the ortho and para isomers also some meta-di-
chlorobenzene. The extent and the cause of the
meta substitution has not been agreed upon for a
long time. Holleman and van der Linden? noticed
in 1910 that the proportion of the meta isomer in-
creased with increasing reaction time in the alu-
minum chloride-catalyzed chlorination of chloro-
benzene. More recent patent literature contains
data on optimum conditions to carry out isomeriza-
tion of dichlorobenzenes with aluminum chloride
and related catalysts.? The most detailed investi-
gation so far in the literature on the isomerization of
dichlorobenzenes is that of Spryskov and Erykalov.*
They found that the equilibrium mixture of dichlo-
robenzenes obtained by heating any of the three
isomers with aluminum chloride above 100°, con-
tains about 169 ortho, 549, meta, and 309, para
isomer. Analysis of the isomers was carried out by
the use of a freezing point method. No data are
available to date concerning the Friedel-Crafts
isomerization of chlorofluorobenzenes or on the
effect of aluminum halides on difluorobenzenes.

(1) Part I, J. Org. Chem., 27, 3441 (1962).

(2) A. F. Holleman and T. van der Linden, Chem. Zentr., 1910 II,
640, T. van der Linden, Rec. trav. chim., 80, 328 (1911).

(3) J. T. Fitzpatrik, U. 8. Patent 2,666,085; Brit. Patent 699,153.
L. A. Mattano, U. 8. Patent 2,727,075, J. W. Angelkorte, U. 8. Patent
2,920,109; Can. Patent 541,673; Brit. Patent 723,592.

(4) A. A. Spryskov and Yu. G. Erykalov, J. Gen, Chem. USSR,
88, 1637 (1058); 29, 2798 (1959).

The equilibrium isomer mixture is composed of 4%, ortho, 649, meta, and 329, para-
Isomerization of ortho-chlorofluorobenzene is much slower than that of the meta and para isomers
Halogen exchange and electrophilic arylation in this case overtake

Isomerization of dichlorobenzenes also takes
The equilib-
Difluorobenzenes are

In continuation of previous work on the isomeri-
zation of halobenzenes! it was felt of some interest
to reinvestigate the isomerization of dichloroben-
zenes and to extend the investigations also to the
chlorofluorobenzenes and difluorobenzenes. The
availability of gas-liquid chromatographic analysis
for the determination of the isomer ratios not only
facilitated the investigations, but also allowed to
obtain reliable quantitative data, not always ob-
tainable by analytical methods used in previous
work.

Results and Discussion

Difluorobenzenes.—The treatment of the iso-
meric (ortho, meta, and para) difluorobenzenes
with water-promoted aluminum chloride under con-
ditions similar to those described previously for
the isomerization of halobenzenes,! yielded only
isomeric chlorofluorobenzenes and dichlorobenzenes
besides unidentified tarry materials. Gas-liquid
chromatography, which under our experimental
conditions had a sensitivity of 1 part per 1000 for
isomeric difluorobenzenes, was unable to detect
any isomerization of the three difluorobenzenes
even after severe treatments (reaction times as
long as fourteen days and temperatures up to 240°),
converting up to 909, of the starting materials.

The isomeric chlorofluorobenzenes and dichloro-
benzenes present in the reaction mixtures were ob-
viously formed by halogen exchange between di-
fluorobenzenes and aluminum chloride (similar to



