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The ferric chloride catalyzed bromination of benzene and alkylbenzenes with bromine in nitromethane solu-

tion was investigated at 25°.

experiments by gas-liquid chromatography and infrared spectroscopy.

Relative reactivities and isomer distributions were determined in competitive

The investigated Friedel-Crafts type

brominations involviug a strong electrophile (incipient bromonium ion) show low substrate but high positional

selectivity.

Relative rates show agreement with =- but not with o-complex stabilities of the investigated

alkylbenzenes, thus indicating that the reactions involve a r-complex type transition state in the substrate
selectivity-determining step followed by s-complex type transition states deterniining isomer distribution (posi-

tional selectivity).

Introduction

The bromination of aromatics by electrophilic bromi-
nating agents has been extensively reviewed by De la
Mare and Ridd.?

The rates of bromination of alkylbenzenes and ben-
zene with molecular bromine were investigated by
Robertson and De la Mare? as well as by Brown and
Stock.* These investigations using aqueous acetic
acid solutions of bromine have shown that under the
conditions used the bromination of aromatics shows
high substrate and positional selectivity.

TABLE 1

BROMINATION OF BENZENE AND ALKYLBENZENES WITH
MOLECULAR BROMINE IN 859, ACETIC AcCID SOLUTION AT 25°

Isomer bromoalkylbenzenes,

Do
Aromatic EAr:kbensene 0- m- - Ref.
Benzene 1.0
Toluene 340 31 69 3
605 32.9 0.3 66.8 4a
Ethylbenzene 290 3
Isopropylbenzene 180 3
t-Butylbenzene 110 8 92 3
138 1,20 1.47 97.3 4b
0-Xylene 5,320 4a
m-Xylene 51,400 4a
p-Xylene 2,520 4a

Mesitylene® 18,900,000
s In acetic acid.

“Positive bromine” bromination of benzene and
certain alkylbenzenes was investigated by De la Mare
and co-workers with hypobromous acid in 509, aqueous
dioxane solutions. These brominations, summarized
in Table 1I, show considerable lower substrate selec-

TaBLE 11
“PosSITIVE BROMINE” BROMINATION OF BENZENE AND ALKYL-
BENZENES WITH HYPOBROMOUS AcID IN 509 AQUEOUS DIOXANE
SoLUTION AT 25° (DE LA MARE)

~—Bromoalkylbenzenes, %,—

Aromatic EAr: Rbensene 0- m- - Ref.
Benzene 1.00
Toluene 36.2 70.3 2.3 27 .4 5
t-Butylbenzene 12.0 37.7 7.2 53.2 6

(1) Part XIII: J. Am. Chem. Soc., 84, 3687 (1962).

(2) P. B. D. De 1a Mare and J. H. Ridd, ““Aromatic Substitution, Nitration
and Halogenation,” Academic Press, Inc.,, New York, N. Y., 1959.

(3) P. W. Robertson, P. B, D. De la Mare, and B. E. Swedlund, J. Chem.
Soc., 782 (1953).

(4) (a) H. C. Brown and L. M. Stock, J. Am. Chem. Soc., 79, 1421, 5175
(1957); (b) ibid., 81, 5615 (1959). .

(5) P. B. D. de 1a Mare and J. T. Harvey, J. Chem. Soc., 36 (1956).

(6) P. B. D. de 1a Mare and J. T. Harvey, ibid., 131 (1957).

tivity and at the same time isomer distributions typical
of electrophilic aromatic substitutions. Predominant
ortho—para directing effects were observed with much
higher ortho:para ratios than in molecular bromine
brominations.

A comparison of aromatic bromination with molecu-
lar bromine with aromatic nitration? with NO.* or alkyl-
ation® with incipient alkyl (aralkyl) carbonium ions
(R*) appears impossible upon the assumption that
an incipient Br+ ion is the active halogenating agent.
“Positive bromine’’ formation in aqueous acetic acid
or dioxane solutions is improbable, the positively
polarized species in all probability being protonated
hypobromous acid (H,OBr*) rather than free Br+
ion.® Consequently, in its interaction with aromatic
molecules it acts only as a moderate electrophile.
Therefore, it was considered desirable to reinvestigate
the bromination of benzene and alkylbenzenes in non-
aqueous solutions, under reaction conditions somewhat
similar to those of the previously investigated nitra-
tion and alkylation systems representing strongly
electrophilic reagents.

Brown and McGary reported!® that toluene reacted
with-bromine at 30° in the presence of an equimolar
quantity of aluminum bromide to give an isomer dis-
tribution of 209, o-, 309, m-, and 509}, p-bromotoluene.
Although they have not investigated the possible effect
of isomerization on the isomer distribution, they sug-
gested that, with short reaction times, isomerization
appears improbable. Consequently they concluded
that the high m-isomer ratio observed is due to a high
reactivity, but low selectivity substituttion.!!

Olah and Meyer!? have investigated the aluminum
halide catalyzed isomerization of bromotoluenes at
30°. They found that bromotoluenes isomerize rapidly,
reaching an equilibrium composition of 389, o-, 449
m-, and 189, p-isomers in less than 15 min. This in-
vestigation indicated the difficulty of carrying out
aluminum halide catalyzed bromination—in the ab-
sence of a basic solvent—under nonisomerizing condi-
tions. It must be pointed out, however, that the
activity of an incipient bromonium ion (or carbonium
ion) should be much higher in a hydrocarbon medium
than in a basic solvent (such as nitromethane). It is
unfortunate that hydrocarbon media, providing con-
siderably less ‘‘encumbrance’” of the ionic reagent,

(7) G. A. Otah, S. J, Kuhn, and S. H. Flood, J. Am. Chem. Soc., 83, 4571
(1961).

(8) G. A. Olah, S. J. Kuhn, and S. H. Flood, ¢bid., 84, 1688 (1962).

(9) J. Arotsky and M. C. R. Symons, Quart. Rev. (London), 16, 282 (1962).

(10) H. C. Brown and C. W, McGary, Jr., J. Am. Chem. Soc., 77, 2309
(1955).

(11) H. C. Brown and K. L. Nelson, #bid., 75, 6296 (1953).

(12) G. A. Olah and M. W. Meyer, J. Org. Chem., 37, 3464 (1962).
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generally are also well suited for concurrent or consecu-
tive isomerizations.

Results and Discussion

It is surprising that, although Friedel-Crafts bromi-
nation of aromatics using ferric halides as catalysts is
used extensively as a preparative method, apparently
no detailed mechanistic investigation of the reaction
has been made.

Using the competitive rate determination method,
the reactivity of benzene and alkylbenzenes was comi-
pared in anhydrous ferric chloride catalyzed bromi-
nations by adding neat bromine to a nitromethane
solution of the substrates and catalyst at 25°.

In nitromethane solution ferric chloride displays a
monomeric molecular weight and thus must be in the
form of the 1:1 complex CH;NO;:FeCl;, similar
to the CH;NO.--AICl; system investigated by Schmer-
ling.13

Products were analyzed by gas-liquid chromatog-
raphy and infrared spectroscopy (see Experimental
part). Table III lists the observed relative rate data
and isomer distributions. Competitive bromination of
mesitylene and benzene could not be evaluated, be-
cause of peak interference in the gas-liquid chroma-
tographic analysis. Competitive bromination of mesi-
tylette with toluene could be studied, however. From
these data and the toluene:benzene relative rate the
reactivity of mesitylene with respect to that of benzene
was established.

TagLE 111

FERrRRIC CHLORIDE CATALYZED COMPETITIVE BROMINATION OF
BENZENE AND ALKYLBENZENES IN NITROMETHANE SOLUTION AT
25° (NEAT BROMINE ADDED)

—~Isomer bromoalkylbenzenes, %—

Aromatic karknenzepe o- - b-
Beizele 1.0
Toluene 2.3 64.6 1.8 33.6
Ethylbenzene 2.4 55.8 1.6 42.6
o-Nylene 2.4 68.19¢ 3-Bromo-o-xyvlene
31.9¢¢ 4-Bromo-o-xylene
m-NXylene 2.7 83.1% 4-Bromo-m-xyvlene
168.9%¢ 2-Bromo-m-xvleie
p-Nylene 1.7 100¢¢ 2-Bromo-p-xylene
Mesitvlene 10.2 100%¢ Bromomesitylene

Using neat bromine the difficulty of obtaining a
uniforin distribution of reactants arises, since the re-
actions are so rapid that they take place at the point
of entrance of the reagent, the bromine perhaps not
being properly divided between the competitors.?
Thus if toluene reacts faster than benzene, it would be-
come impoverished in the layer adjacent to the bro-
mine drop. The error thus introduced would usually
make the competitors (toluene-benzene) seem too
nearly equal in speed. However, if the reactivity dif-
ference is not too large, the error probably would be
only slight for these well matched competitors.

11 accordance with the increased possibility of dif-
fusion phenomena playing an inportant role, ' the addi-
tion of neat bromine into the reaction mixture always
resulted in dibromination (see Experimental part)
evelnl when a substantial excess of aromatics was pres-
sent. The amount of dibromination at maximum
amounted to 309 of the monobromo products.

Dibromiination, besides indicative of imperfect
hontogenization of the reaction system, can affect

(13} L. Schmerling, Ind. Eng. Chem., 40, 2072 (1948).

143 A W, Francis, J. Am. Chen. Soc.. 48, 635 (1426).

151 We are gratefid to Professor H. €. Brown for pointing out these
possible etfects and for his useful criticism relating the possibility of diffusion
control in low substrate selectivity substititions.

G. A. Oran, S. J. KvaN, S. H. FLoop, aAND B. A. HARDIE

Vol. 86

both the relative rates and isomer distributions under
the competitive reaction conditions employed if one
of the products is preferentially removed by a substan-
tially faster reaction. The relative rate data may be
affected through a difference between the relative
reactivity of bromobenzene and alkylbromobenzenes
involved in the dibrominations. Since bromotoluenes,
for example, react under the experimental conditions
twice as fast as bromobenzene (see Table IV), dibromi-
nation should lower the kr:kp ratio. Since m-
bromoalkylbenzenes, could be expected to react faster
than either the o- or p-isomers, dibromination may ex-
plain the observed low m-bromotoluene isomer ratio.
To check the above possibility, we measured the rela-
tive rates of bromination of benzene and bromotoluenes
under competitive conditions. The results obtained
are summarized in Table IV.

TaBLE IV

RELATIVE RATES OF FERRIC CHLORIDE CATALYZED BROMINATION
OF BENZENE, BROMOTOLUENES, AND BROMOBENZENE AT 25°
IN NITROMETHANE SOLUTION ( NEAT BROMINE ADDED)

kariky
Benzene 1.0
o-Bromotoluene 0.51
m-Broniotoluene .82
p-Broniotoluene .56
Bromobenzene .30

As may be seen from Table IV, although m-bromo-
toluene reacts faster than the o- and p-isomers, the dif-
ferences are not sufficiently large to cause a substantial
deviation in the observed values of isomer distribution
in the bromination of toluene.

To eliminate dibromination due to high local bro-
mine concentrations and to imperfect mixing of re-
actants before reactions and to provide a better
controlled and more dilute reaction system, competi-
tive bromination of benzene and alkylbenzenes was
carried out using the above-described conditions with
the exception that bromine was introduced as its solu-
tion in nitromethane. Under these conditions no di-
or higher brominated products were found in the re-
action mixtures. Data obtained are summarized in
Table V.

TABLE

FERRIC CHLORIDE CATALYZED COMPETITIVE BROMINATION OF
BENZENE AND ALKYLBENZENES IN NITROMETHANE SOLUTION
AT 25° (NITROMETHANE SOLUTION OF BROMINE ADDED)

Isomer bromoalkylbenzenes, ¢{

Aromatic Rar:kbenzene o- m- p-
Benzene 1.0
Toluene 7.1 71.1 1.6 27.3
0-Xvlene 34.3 51.7% 4-Browno-o-xyvlene
38 3% 3-Bromo-o-xylene
m-Xylene 534 69.3%¢ 4-Bromo-m-xylene
30.7% 2-Bromo-m-xvlene
p-Xylene 31.5

Mesitylene > 1000

In evaluating results of bromination obtained in
nitromethane solutions, the effect of the solvent on the
reaction must also be considered.

It was found by Illuminati and Marino that molec-
ular bromine in nitromethane solution is itself a bromi-
nating agent. Consequently, in addition to the Lewis
acid-catalyzed bromination, a second concurrent bro-
mination also can take place, in which the brominating
agent is the complex CH;NO, Br:;. In this complex
the bromine molecule can be only moderately polarized,
as compared with the polarizing effect of the strong

{(16) G. lMuminati and G. Marino, Gazz, chim. ital., 84, 1127 (1954),
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Lewis acid, ferric chloride. Consequently, molecular
bromine in nitromethane is only a weak electrophilic
substituting agent and shows accordingly high positional
selectivity in bromination of benzene and alkylben-
zenes. That this is indeed the case was proved in
competitive bromination in nitromethane solution with
CH;NOs Br; in that Erotuene: Bbenzene Was found to be
>200.

However, the nitromethane promoted bromination
of aromatics is substantially slower than the FeCls-
catalyzed bromination and thus its effect in all prob-
ability is not too substantial except with such reactive
aromatics as m-xylene or mesitylene, where the non-
catalytic bromination may more seriously affect the
rates.

In attempting to minimize the effect of the solvent
on the brominations, we used in subsequent experi-
ments a solution of bromine and ferric chloride in
nitromethane as brominating agent. In this system
at least a part of the bromine must be already com-
plexed by the catalyst.

Table VI summarizes data on competitive bromina-
tions of benzene and methylbenzenes with ferric chlo-
ride and bromine in nitromethane.

TaABLE VI
FERRIC CHLORIDE CATALYZED COMPETITIVE BROMINATION OF
BENZENE AND METHYLBENZENES IN NITROMETHANE SOLUTION
AT 25° (NITROMETHANE SOLUTION OF BROMINE AND FERRIC
CHLORIDE ADDED)

—Isomer bromoalkylbenzene, %—

Aromatic EAr:Ebenzene 0- m- -

Benzene 1.0

Toluene 3.6 68.7 1.8 29.5

0-Xylene 3.9 67 .19, 3-Bromo-o-xylene
32.99, 4-Bromo-o-xvlene

m-Xylene 5.6 79 .89, 4-Bromo-m-xylene
21.29 2.Bromo-m-xylene

p-Xylene 4.3 1009% 2-Bromo-p-xylene

Mesitylene 15.9 1009; Bromomesitylene

No evidence of the formation of di- or higher bromi-
nated products within the limit of the analytical
methods used was observed in brominations using
nitromethane solution of bromine and ferric chloride.
The reactions show low substrate, but high positional
selectivity in close agreement with previously reported
nitration’ and benzylation.®

Owing to the basic nature of the solvent and its com-
plexing ability with the catalyst even using a 2:1
FeCl;: Br, mole ratio, part of the bromine must still
be complexed to the nitromethane, and the bromine:
ferric chloride complex (in limiting case BrtFeCl;Br—)
itself must be substantially solvated.

The effect of solvation on the reaction was observed,
when competitive brominations of toluene and ben-
zene were carried out with increasing dilution of the
nitromethane solution of the brominating agent (FeCl;
+ Br,). Table VII summarizes the data.

TaeLE VII
EFFECT OF SOLVATION OF THE BROMINATING AGENT IN THE
FERRIC CHLORIDE CATALYZED BROMINATION OF BENZENE AND
TOLUENE IN NITROMETHANE SOLUTION AT 25°

Concn. of brominating

agent (mole/1. CHiNOs2)  Eioluene: ~——Isomer bromotoluene, %——
FeCls Bre Rhenzene o- m- b-

3.0 1.5 3.6 68.7 1.8 29.5
1.0 1.0 5.3 69.5 1.5 29
1.0 0.5 5.4 68.5 1.5 30

0.5 .25 6.5 66.5 1.3 32.2

2 1 25 60.8 ~1 38.2

1 .05 32 58 .4 ~1 40.6

BROMINATION OF BENZENE IN NITROMETHANE
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With increasing solvation the brominating agent
becomes increasingly more selective, giving higher tolu-
ene:benzene rates. The amount of the m-isomer
simultaneously decreases, although in view of the small
amount of this isomer present this observation is dif-
ficult to follow quantitatively. It is, however, sig-
nificant that the ortho:para isomer ratio also changes
depending on the degree of dilution (solvation) of
the brominating agent. On dilution, the ortho: para
isomer ratio decreases with simultaneous significant
increase of the toluene:benzene reactivity ratio
This observation indicates that the nature of the
brominating agent is changing from a predominant in-
cipient bromonium ion to a bulkier and weaker elec-
trophile, which in the limiting case may reach the
character of a polarized covalent complex. The
bromination reaction accordingly also changes from a
bromonium type low substrate selectivity reaction to
a more selective bromination involving increasingly
higher substrate reactivity values. However, the
positional selectivity of the brominations, besides the
steric effect influencing o-substitution, remains un-
changed, all brominations being of high positional
selectivity with only minor amounts of the m-isomer
formed.

The experimental data indicate that the activity of
the brominating agent is dependent on its concentra-
tion and thus the degree of solvation in the solvent
used (nitromethane). That the effect of dilution of the
brominating agent is predominantly that of solvation
and not of simple physical dilution, making higher sub-
strate selectivity possible in a slower reaction system,
was demonstrated by the finding that the isomer dis-
tributions are also dependent on the change of concen-
tration of the solution. Simple dilution without affect-
ing the reactivity of the reagent should have no effect
on the isomer distributions.

If the concentration of the solutions used is con-
sidered (see Experimental part) there is little dif-
ference in results by adding a nitromethane solution
of bromine to a solution of catalyst and substrates in
the same solvent or premixing catalyst and bromine in
the solvent and using this brominating solution.

The competitive method of rate determination,
suited otherwise to follow fast reactions (such as the
present bromination), can be applied only if the re-
activities are dependent on the aromatic substrates.
One of the criticisms raised concerning low substrate
selectivity aromatic substitutions has been whether
they are indeed kinetically controlled processes, or
whether the fast reactions involving strong electro-
philes are diffusion controlled, the entering substituent
reacting rapidly and practically without discrimination
between substrate molecules with which it collides;
i.e., the reactions are statistically controlled by the
relative concentrations of aromatics. In this case
only mixing or diffusion speeds should affect the re-
action rates, and it may be meaningless to discuss
relative reactivities of different substrates. Should
this be the case, it would be expected that not only
would the activation energy differences between dif-
ferent substrate molecules become less and less im-
portant, but the same should also apply for activation
energy differences of individual positions in substituted
benzenes. Accordingly, in the bromination of toluene,
for example, an isomer composition approximating
the statistical distribution (409, ortho, 409, meta,
and 209 para) would be expected, which is contrary
to the observed high positional selectivity.

In order to establish whether the present bromi-
nations indeed involve competition, a fairly wide range
concentration variation of toluene and benzene in
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competitive bromination experiments was investigated
at 25°. If the reactions involve competition between
substrate molecules, then the relative rates should
change according to concentration ratios (taking for
granted that the reactions are first order in aromatics);
however, if the fast reactions are statistically regu-
lated, then the relative rates should be directly pro-
portional to the concentrations. Table VIII shows
the data obtained from the concentration variation of
toluene and benzene, the ratio varying from 9:1
to 1:4, a range more than sufficient to evaluate
the system.

TaBLe VIII

FIRST-ORDER DEPENDENCE OF THE FERRIC CHLORIDE CATALYZED
BROMINATION OF TOLUENE AND BENZENE IN AROMATICS

Ratio of Obsd. relative
toluene:benzene rate kT kB

9:1 36 4.0
4:1 15.2 3.8
2:1 7.0 3.5
1:1 3.6 3.6
1:2 1.8 3.6
1:4 0.85 3.4

Average 3.7

From data of Table VIII, the conclusion must be
drawn that the brominations are indeed dependent
(in the first order) on the aromatic substrates. Thus
the competitive rate determination can be used to
establish the relative reactivities of benzene and alkyl-
benzenes for the present halogenation reaction. It is
hoped that the demonstration of the first-order de-
pendence of this bromination reaction on concentra-
tion is sufficient to discount the possibility of a dif-
fusion controlled process.?’

The observed spread of the relative reactivity values
(4-3.4) is partly a consequernce of the limitation of the
analytical method (caused by substantial differences,
under the used concentration variations, of the rela-
tive amounts of bromotoluenes and bromobenzene).
But it also could indicate further imperfections in
the system, predominantly lack of complete mixing
of the reagents before reaction.

Experiments designed to show the effect of mixing
on the reactions using various type of mechanical,
magnetic, and vibrational stirrers, as well as rapid
flow systems (with reaction times as short as 0.001 sec.,
mixing the solutions of the reagents fed from synchro-
nously driven high speed burets in a capillary mixing
tube) showed only slight increase of the toluene:ben-
zene relative rates. However, it must be considered
that in none of these experiments was it possible to
obtain direct evidence of complete mixing before
reaction. Any change of the relative rates indicates
that mixing has some effect on the reaction. It is
thought, however, that this effect, which certainly
must be considered in the case of any fast reaction,
is not decisive under the competitive reaction condi-
tions, adding the brominating agent to a large excess
of the substrates, as the difference in reactivity of
benzene and toluene is not large. The availability of
better mixing methods in fast reactions would allow a
more detailed investigation of this factor. It was
found in these experiments that mixing had a larger
effect only in cases where the concentration of the
solutions was also changed simultaneously. Thus,
although in more dilute solutions it should be expected

(17) Preliminary kinetic measurements in flow systems indicate the reaction
velocity of the bromination of benzerie and toluene have a half-time in the

order of 10 “¢ sec. Thus even if the reactions are fast, they are many orders
of magnitude apart from the velocity of a diffusion controlled reaction.
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that a better mixing of the reagents before reaction is
possible, this effect could not be unambiguously proved,
as the effect of dilution (solvation) of the brominating
agent was found itself to influence the reactions (see
previous discussion).

Mechanism.—A comparison of the relative reactivi-
ties for Friedel-Crafts bromination of benzene and
alkylbenzenes with the relative stabilities of known
m-complexes of the same substrates (and with pre-
viously investigated NO,*BF,~ and C¢H;CH,Cl-Al-
Cl;-CH;3NO, substitution rates) shows good agreement
as summarized in Table IX. On the other hand, no
correlation seems to exist with HF 4 BF; complex
stabilities (c-complexes). Consequently, it is sug-
gested that this bromination system, involving a strong
electrophile (incipient if not necessarily free bromo-
nium ion) in an organic solvent (nitromethane), shows
substrate reactivities of benzene and alkylbenzenes
corresponding to w- and nof o-complex stabilities,
Friedel-Crafts bromination therefore shows significant
differences from previously investigated molecular or
“positive bromine’’ brominations, carried out in
aqueous acetic acid or dioxane solutions. In these
solutions either a considerably more solvated, and there-
fore less electrophilic and more selective halogenating
agent, is present, producing brominations through a
o-complex type activated state or, even more plausibly,
the bromonium species as such is not present except
in the form of a weakly electrophilic precursor, which
then interacts with the aromatic in a highly selective
reaction.

The observed isomer distributions very much repre-
sent the nonisomerized distributions obtained in ki-
netically controlled substitutions. The low meta and
high ortho content substantiates this view, in compari-
son with our previous investigations®® of the Friedel-
Crafts isomerization of halotoluenes. The presence of
the basic solvent prevents ring protonation by the
acids and eliminates isomerizing conditions.

Kinetic Isotope Effect.—Deuterium isotope effects of
the order of four have been found previously in aromatic
iodinations.'® They were, however, either absent2?
or considerably smaller in aromatic brominations.??
Berliner and Schueller? for example recently found an
isotope effect of ku:kp = 1.15 in the bromination
of 4,4'-dideuteribiphenyl.  All of these investi-
gations were, however, carried out in aqueous solutions
(e.g., 509, acetic acid) where obviously highly selec-
tive bromination takes place.

In order to determine whether electrophilic aromatic
bromination in the present nonaqueous system shows
a kinetic isotope effect, the previously described com-
petitive method was used. Competitive bromination
of benzene and benzene-ds with Br, 4+ FeC(l; in nitro-
methane could not be used, since mass-spectroscopic
investigations showed extensive hydrogen-deuterium
exchange. Anhydrous AgClO; + Br, in nitromethane
provided, however, a bromination system which
caused only slight hydrogen exchange and could there-
fore be used. At 25° a very small secondary isotope
effect, bu:kp = 1.08 + 0.03, was observed which was
only slightly larger than the error of determination.
The reasons for small secondary isotope effects in elec-

(18) G. A. Olah and M. W. Meyer, J. Org. Chem., 27, 3464 (1862).

(19) E. Grovenstein, Jr., and D. C. Kilby, J. Am. Chem. Soc., 79, 2972
(1957); A. Grimison and J. H. Ridd, Proc. Chem. Soc., 256 (1958); J. Chem.
Soc., 3019 (1939); E. Shilov and F. Weinstein, Nafure, 182, 1300 (1958);
E. Berliner, Chem. Ind. (London), 177 (1460).

(20) (a) L. Melander, Arkiy Kems, 2, 213 (1950); P. B. 1). De la Mare,
T. M. Dunn, and J. T. Harvey, J. Chem. Soc., 923 (1957); (b) H. Zollinger,
Experientia, 12, 165 (1936); P. G. Farrell and S. . Mason, Nafyre, 188,
250 (1959); E. Berliner, ref. 11.

(21) E. Berliner and K. E. Schueller, Chem. I'nd. (L.ondon), 1444 (1960)
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TasLE IX

COMPARISON OF RELATIVE STABILITIES OF COMPLEXES OF ALKYLBENZENES (- XYLENE

Benzene ring

substituents Ag* HC1 Br:

H 0.98 0.61 0.46
CH; 1.04 0.92 0.64
C.H; 0.86 1.06

0-(CHj)e 1.26 1.13 1.01
m-(CHy)s 1.19 1.26 0.96
p-(CHj)e 1.00 1.00 1.00
1,3,5-(CHjy)s 0.70 1.59

trophilic aromatic substitutions have been discussed
previously.”*

Conclusions

The electrophilic aromatic brominations described
using anhydrous conditions and a strong electrophile
(such as the system Br, + FeCl;) have shown low sub-
strate but high positional selectivity substitution.
The isomer distributions seem to be characteristic
for electrophilic aromatic substitution involving only
small steric effects (incipient Br* as compared with
Br, which displays a substantial steric effect).

There seems to be no direct correlation between
substrate and positional selectivity from the obtained
data. Calculation of partial rate factors and selec-
tivity factors cannot be applied. (Values for m; may
be considerably smaller than 1.)

It is suggested that this bromination system repre-
sents a further example of electrophilic aromatic sub-
stitution of alkylbenzenes with strong electrophiles,
similar to the previously discussed nitration and alkyla-
tion systems, where low substrate, but high positional
selectivity, is observed in accordance with a mecha-
nism involving a w-complex type transition state in
the low substrate selectivity rate-determining step,
followed by lower energy level transition states of
o-complex nature, determining positional selectivity.

Experimental

The purity of the alkylbenzenes employed was similar to that
of those used in previous investigations. Anhydrous ferric
chloride (purified, sublimed Fisher reagent) and pure bromine
(99.99%, The Dow Chemical Co.) were used without further
purification.

Nitromethane was purified according to Winstein and Smith.2?
Nitromethane (Eastman Kodak spectroscopic grade) was washed
three times with a solution containing 25 g. of NaHCO; and 25 g.
of NaHSO; per liter of water, then with water, 59 sulfuric acid,
water, and aqueous NaHCQO;, dried overnight over Drierite with
shaking, and then passed through a 2-ft. column of 1/4¢ in. Type
4A Linde Molecular Sieves. It was then fractionated at 160 mmni.
and 58° from a small amount of molecular sieve powder to yield
solvent neutral to bromphenol blue in ethanol and dry to Karl
Fischer reagent; »%p 1.3790. Benzene-ds was obtained from
Ciba A.g. Basel, Switzerland.

Competitive Bromination of Benzene and Alkylbenzenes. (a)
Neat Bromine Added.—Benzene (0.25 mole), 0.25 mole of alkyl-
benzene, and 20 g. (0.13 mole) of FeCl; were dissolved in 50 g. of
nitromethane. The filtered solution was placed in a reaction
flask in a constant teniperature bath and 2.4 g. (0.015 mole) of
bromine was added to the vigorously stirred mixture (generally
in the course of 10 min.). The temperature of the mixture
was kept at 25 %= 0.5° during the reaction.

After the addition of the bromine the reaction mixture was
stirred for an additional 5 min., then washed with 200 ml. of 5%
HCl-water solution, subsequently with 100 ml. of water, dried
over CaCly, and analyzed by gas-liquid chromatography.

A typical preparative material balance of a competitive bro-
mination mixture of toluene and benzene (based on separation of
components by preparative gas-liquid chromatography) gave the
following distribution of products (mole 9): bromobenzene,
26.39,; dibromobenzene, 3.89;; bromotoluene, 549 dibromo-
toluenes, 159,.. No higher brominated products could be identi-

(22) Method used in Department of Chemistry, University of California,
Los Angeles, Calif. Above method is an improvement of that of B! B. Smith
and J. E. Leffler, J. Am. Chem. Soc., 77, 1700 (1955), and of C. J. Thompson,
M., J. Coleman, and R. V. Helm, ibid., 76, 3445 (1954).
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= 1) wiTH BROMINATION RATES
Picric Br: + FeCls

Is acid C2(CN)s in CHsNO: HF + BF,
48 0.70 0.26 0.23

52 .84 0.49 0.83 0.01
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.87 1.03 0.91 0.91 2.0
.00 0.98 0.79 1.30 20.0
.00 1.00 1.00 1.00 1.00
.65 1.12 2.22 3.70 2800.0

fied and the residue contained only the excess of the starting aro-
matic hydrocarbons.

(b) Nitromethane Solution of Bromine Added.—Benzene
(0.25 niole), 0.25 mole of alkylbenzene, and 5 g. (0.03 mole) of
FeCl; were dissolved in 50 g. of nitromethane. The filtered solu-
tion was placed in a reaction flask in a constant temperature bath
at 25 4 0.5° and 0.05 mole of Bry dissolved in 30 g. of nitrometh-
ane was added to the rapidly stirred solution over a 10-min.
period. The reaction temperature was kept at 25°, After addi-
tion of the bromine solution, the mixture was stirred for an addi-
tional 5 min., then quenched with 200 ml. of ice-water. The
organic layer was separated, washed with 150 ml. of water, dried
over CaCly, and analyzed by gas-liquid chromatography.

(¢) Nitromethane Solution of Bromine and Ferric Chloride
Added.—Benzene (0.25 mole) and 0.25 mole of alkvlbenzene was
dissolved in 50 g. of nitromethane. The reaction flask was
placed in a constant temperature bath at 25°. A filtered solution
of 0.1 mole of ferric chloride and 0.05 mole of bromine in 30 g. of
nitromethane was then added to the vigorously stirred aromatic
solution in the course of 15 min. The reaction temperature was
kept at 25°. The reaction mixture was then quenched with 200
ml. of ice-water. The organic layer was separated, washed
twice with 150 ml. of water, dried over CaCly, and analyzed by
g.l.c.

Quantitative analyses of the reaction ixtures (by gas-liquid
chroinatography and by mass spectroscopy) revealed no dibro-
minated or other higher molecular weight products. It was
possible to account for more than 989, of the material as un-
changed aromatics and the corresponding monobrominated prod-
ucts.

Competitive Bromination with Varying Concentrations of the
Brominating Agent.—Benzene (0.1 mole) and 0.1 niole of toluene
were dissolved in 100 ml. of nitromethane. The reaction flask
was placed in a constant temiperature bath at 25°. A filtered
solution of bromine and ferric chloride in 50 ml. of nitromethane,
according to concentrations shown in Table VII, was added to
the vigorously stirred solution of the aromatics in the course of
15 min. The reaction niixture was then quenched with 200 ml.
of water. The organic layver was separated, washed with dilute
caustic solution, and water. After drying over calcium chloride
it was analyzed by gas-liquid chromatography. The data ob-
tained are suminarized in Table VII.

Determination of Kinetic Isotope Effect.—Benzene (0.1 mole)
and 0.1 mole of benzene-ds and 0.02 miole of AgClO, were dis-
solved in 10 g. of nitromethane. Bromine (0.02 mole) dissolved
in 10 g. of nitromethane was added dropwise to the vigorously
stirred solution. After the bromine addition was complete, the
mixture was stirred for another 5 min.; AgBr was then filtered
off, the organic layer washed twice with 50 ml. of water, dried
over CaCls, and analyzed by mass spectroscopy.

Analysis of Reaction Mixtures.—Relative rates and isomer dis-
tributions were determined by gas-liquid chromatography, car-
ried out on Perkin-Ehner Model 154-C and Model 154-D vapor
fractometers using thermistor and hydrogen flaiie ionization de-
tectors, respectively. Peak areas were establislied with tlie use
of Perkin-Elnier Model 194 and Infotronics Model CRS-1 iute-
grators. A 4-m. by 0.25 in. stainless steel packed column with
polvpropylene glveol (UCON LB 550-X) supported on diato-
maceous earth, and polypropylene glyeol couted 150 ft. by 0.01
in. Golay capillary columns were used. Tlie column temnperature
on the packed column was 150°. Approximately 50 ml. of
hydrogen per minute was used as carrier gas. Saniple sizes in-
jected were between 50 and 100 xl. The column teniperature of
the capillary Golay column was 100°. Helium was used as the
carrier gas at a pressure of 10 p.s.i. Samples of 10 ul. were gen-
erally injected.

Relative response data were determined by running known
solutions of the various alkylbromobenzenes with broniobenzene
in excess benzene, in approximately those proportions occurring
in the reaction mixtures.

The isomers of bromo-o- and -m-xvlenes did not separate on the
packed column and were analyzed on the Golay capillary column.

The isomeric bromotoluenes and bromoethylbenzenes were not
separated sufficiently well with the above-described capillary
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TaBLE X
RETENTION TIMES OF RETENTION TIMES OF
MONOBROMOALKYL- MONOBROMOALKYL-

BENZENES ON GOLAY
CAPILLARY COLUMN

BENZENES ON PACKED
Corumy (CoLuMN

ToMPERATURE 150°) (100°)
Reten- Reten-
tion time, tion time,

Compound min Compound min.
Bromnobenzene 6 Broniobenzene 18
Bromnotoluenes 10 o-Bromotoluelre 26
o-Bromoethylbenzene 12 p-Bromrotoluene 27
p-Bromoethylbenzene 14 3-Bromo-o-xylene 51
Bromno-o-xylenes 18 4-Bromo-o-xylene 53
Bronio-m-xylenes 17 2.Bromo-m-xylene 42
Bromo- p-xyiene 16 4-Bromo-m-xyvlene 43
Brouioniesitylene 26 Bromo-p-xylene 42
Bromoinesitylene 75

column altliough it was possible to separate the ortho from the
combined meta and para isomers.

In order to separate the isomeric bromnotoluenies, use was made
of a high sensitivity Perkin-Elmer Model 226 vapor fractometer
using a hydrogeu flame ionization detector and a 150 ft. X 0.01 in.
bifilar spiral Golay capillary column. The liquid phase was made
up of 809 m-bis-(m-phenoxyphenoxy)-benzene and 209, Apiezon
L. The column temperature was 60°. Helium was used as the
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carrier gas at a pressure of 20 p.s.i.; 2-ul. saniples were injected.
The isomeric bromotoluenes were separated witli the following
retention times: o-bromotoluene, 45 min.; p-bromotoluene, 48
min.; and m-bromotoluene, 48.5 min.

As the separation of isonieric bromotoluenes (and bromoethvl-
benzenes) represented difficulties even with the use of lighly
efficient capillary columns, they were also analvzed by infrared
spectroscopy, reference being made to the characteristic out-of-
plane hydrogen deformation absorption bauds in the 12-14 [
region. Samples were weighed into carbon disulfide at two cou-
centratious (109 and 29 wt./vol.) so that both weak and strong
absorption bands could be measured accurately. The solutions
were scanned on a double beam infrared spectrometer with
sodium chloride optics. Analyses were carried out by tlie stand-
ard base line technique witli suitable corrections made for the in-
terference of any isomer on the others by use of an electronic
computer. The following analytical wave lengths (u) were used
for the analyses: o-bromotoluene, 13.42; m-bromotoluene, 13.0:
p-bromotoluene, 12.48; o-bromoethylbenzene, 13.4: m-bromo-
ethylbenzene, 12.96; p-bromoethylbenzene, 12.22,

It was found advantageous for the infrared analyses to sepa-
rate the combined broniotoluene or bromoethylbenzene fractions
by preparative scale vapor phase chromatography, tlius eliminat-
ing solvent and other aromatic interferences. Accuracv of the
isonier ratios is within =3 relative ¢, as checked with inixtures
of known composition.

Acknowledgment.—Dr. D. S. Erlev and L. B. West-
over, Chemical Physics Research Laboratory, The Dow
Chemical Co., Midland, Mich., are thanked for the in-
frared and mass spectroscopic analyses.
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Aromatic Substitution.

XV.! Ferric Chloride Catalyzed Bromination of Halobenzenes in

Nitromethane Solution

By GEORGE A. OLAH, STEPHEN J. KUHN, SyLvia H. FLooDp, AND BARBARA A. HARDIE
RECEIVED AUucUST 10, 1962

The ferric chloride catalyzed bromination of benzene and halobenzenes with broinine in nitromethane solution

was investigated at 25°.
nents by gas-liquid chromnatography.

Introduction

The electrophilic bromination of halobenzenes has
been investigated in detail by Hollemann,> De la
Mare,? Ferguson,* and one of us® in previous work.
De la Mare and Ridd® have recently reviewed the field.

Results

Our investigations on the bromination of benzene
and alkylbenzenes' have now been extended to the
competitive bromination of benzene and halobenzenes.
Brominations were carried out using anhydrous ferric
chloride as catalyst in nitromethane solution, under
conditions identical with those reported previously
for the bromination of alkylbenzenes.!

Table I and II summarize data for the competitive
bromination of benzene and halobenzenes, together
with the corresponding isomer distributions, using neat
bromine as brominating agent. (Analyses were carried
out with gas-liquid chromatography, as described in
the Experimental part.)

As in the related bromination of alkylbenzenes,!
use of neat bromine presents difficulties in that local
excesses of bromine promote dibromination to a certain
degree, and it is consequently advisable to use nitro-
methane solutions of bromine instead of neat bromine.
The data obtained are suinmarized in Table II.

(1> Part XIV: J. Am. Chem. Soc., 86, 1039 (1964).

(23 A. F. Hollemann, Chem. Rev., 1, 187 (1925).

(31 P. B. ). Dela Mare, J. Chemn. Sor., $150 (1954).

(#) L. N. Ferguson, A. Y. Garner, and J. 8. Mack, J. Am. Chem. Soc., 76,
1230 (1954).

(3) (+. Olah, A Pavlath, and G. Varsanvi, J. Chem. Soc., 1823 (1957).

(6) P.B. 1. Dela Mareand J. H. Ridd, ""Aromatic Substitution, Nitration
and Halogenation,”' Academic Press, Inc., New York, N. V., 1959,

Relative reactivities and isomer distributions were determined in competitive experi-

TaBLE I

FERRIC CHLORIDE CATALYZED COMPETITIVE BROMINATION OF
BENZENE AND HALOBENZENES IN NITROMETHANE SOLUTION AT
25° (NEAT BROMINE ADDED)

Aromatic, ~~=~lsomer bromohalobenzene, ¢;~—

benzene khalobenzene : Bbenzene 0- m- -

Benzene 1.0 10.5

Fluoro- 0.69 10.5 <(.2 89.5

Chloro- .35 20.3 < .2 9.7

Bromo- .30 23.6 < .2 76.4
TABLE [1

FeERR1C CHLORIDE CATALYZED COMPETITIVE BROMINATION OF
BENZENE AND HALOBENZENE3S IN NITROMETHANE SOLUTION AT
25° (CH;3;NO, So..utioN OF Br, ADDED)

Aromatic, Ehnlobenzene ! —lsomer bromohalubenzene, 9,—
benzene Roenzene o- m- p-
Benzene 1.0

Fluoro- 0.27 10.5 <0.2 89.5
Chloro- .12 221 < .2 7.9
Bromo- .10 26.0 < .2 4.0

As nitromethane itself is capable of promoting high
selectivity brominations, the bromination of benzene
and halobenzenes was carried out using a nitromethane
solution of bromine and excess ferric chloride in order
to minimize the effect of solvent. Table III summa-
rizes data from competitive brominations with this
system.

The competitive method of relative rate determi-
nation could be used conveniently in these investiga-
tions, since the concentration variation of benzene
and halobenzenes, as investigated in the case of chlore-



