cthanol by cooling to —-15°.  When dried to constant weight
at 100° the crystals pulverized.3?

Anal. Caled. for CeH;BrOSNa: €, 20.36; I, 0.85;
Br, 45.16. Found: C, 20.17; H, 0.87; Br, 45.05.

2,4,6-Tribromophenol (Eastman Practical Grade) was re-
grlyastallizcd four times from ethanol, m.p. 94-95°, 1it. m.p.
N 33

Kinetic Measurements of the Bromodesulfonation Reac-
tion of I.—Measurements were carried out in distilled water
at 24.93 &= 0.02°. The coucentrations of the reactants and
rate constants are given in Tables I and II.  Tle following
reagents were used: sodium perchlorate, Fisher Purified
Grade recrystallized from water; sodium bromide, Mal-
linckrodt Reagent (Grade; perchloric acid, C.p. Grade; and
tlie bromine was a ceuter fraction, b.p. 58°, of refrae-
tionated Merck Reagent Grade. Stock solutions of I
(0.0200 M), standardized perchloric acid and bromine water
(ca. 5 X 1078%) were used in preparing tlie reaction mixtures.
Sodimm perchlorate and sodium broniide were weighed out
separately for each experiment. The reaction mixture was
prepared, at the reaction temuperature, by mixing a solution
(1) containing sodinm perchilorate and I with an equal
volae (250 or H00 ml.) of a wolution (b} containing bromine,
perchiloric acid and sodium bromide.  The rate was followed
by withdrawing aliquots (26.59 1nl.), pipetting eacl aliquot
into 10 ml. of 0.8% aqueous potassimn 1odide, and titrating
the liberated iodine immediately with a standardized sodium
thiosulfate (ca. 0.0027 N) solution measured from a semi-
microburet.  Starch was used as the indicator. The nor-
mality of the sodium thiosulfate solution was determined
periodically by titrating against a standard potassiuni iodate
solution.  Sixteen to twenty poiuts were taken in each ex-
periment. When I was in excess, there was no problem
withh bromine volatility. However, when bromine was in
excess, the loss of bromine became important (as deter-

(32) Analysis was performed hy Schwarzkopf Microanalytical
l.aboratories, Woudside 77, N. Y.

(33) 1. Heilbrou, ef al., "*Dictionary of Orgauic
IV, Iiyre and Spottiswonde Ltd., London, 1833, p.

Cowmpaunds," Vol
551,
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mined by blank determinations) after one-third to one-half
of the solution liad been removed. Therefore, the volume
of the solutions (a) and (b) was increased to 500 ml. and less
than one-half of the mixture was used.

Reaction of 2,4,5-Tribromopheno! with Bromine.--Solu-
tions of 2.00 X 10~* M tribromophencl were prepared by
dissolving 0.0662 g. of the phenol in hot distilled water and
then diluting to oune 1. upon cooling. The desired amnounts
of sodium perchlorate and sodium bromide were dissolved
in a 1neasured amount of tribromophenol solution. Staud-
ardized percliloric acid was added and, after bringing to
24.93 == 0.02°, the solution was then mixed with bromine
water such that the total volume was one liter. Tlie initial
concentration of tribromophenol was calculated from the
volume of 2.00 X 10~* 3/ solution used to prepare the reac-
tion mixture. Tle disappearance of bromine together with
tetrabroinocyclohexadienone III and othier compounds which
with iodide liberate iodine was followed. Aliquots (50 or
26.59 ml.) were withdrawn, added to 10 1wul. of 0.8, potas-
sium iodide solution, and the liberated iodine was titratetl
with standardized sodium thiosulfate solutivi:. The reac-
tion was homogencous throughout the course of the reaction.
The data are given in Table III. When tribromoplienal
was i excess, the values of the first-order rate coustant, £,
were takeu as being equal to the slope of a plot of lu (B) ws.
time, wlere B is the iodine titer in moles/l. Witlt brominc
in excess, k4 was taken as being equatl to the slope of a plot of
In (4o — By + B) vs. time.

Ultraviolet spectra were taken in distilled water on a Cory
recording spectrophotometer, niodel 11.
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The kinetios of the hronandesulfonation of w series of p-snbstititted ammutic sulfoimate salts have been studied in aqueous

ot at O°.
reactinms ]mwcwl hy way of quinonoid intermediates.
(I& methyl (V), and hydroxyl, with m-nitro groups (\ I
in reg(ml to their dependence of rate on (Br—)
frown that required by Bro~ formation.
cannot be accounted for by the Bry~ effect alone (¢f. Table II)

The kinetics br V showed little or 210 additirnal dependence on Br-
However, with T1I, IV and VI it was found that decreases in rate occurred which

Tl results give additional experimental support to the theory that electrophilic aromatic substitution
The following p-substituents were studied:
All four compounds gave second-order kinetics, but they varied

amino (III), methoxy
asisle

The kinetics can be accounted for by a mechanism wherein

broniine and the sulfonate auion undergo a reversibie reaction to give Br-and a steady state’’ concentration of a quinonoid

intermediate.

To complete tlie reaction, the quinonoid interinediate decomposes in a unimolecular step (¢f. eq.

1and 2).

Structural features affecting the stability of quinonoid reaction intermediates are discussed.

In a previous paper the bromodesulfonation of
sodium 3,5-dibromo-4-hydroxy benzenesulfonate
(I) was reported.® Spectral and kinetic data
showed that the formation of a 3,5-cyclohexadien-
l-one (II) as a reaction intermediate took place
immediately upon mixing the reactants, and that
the rate-determining step was the first-order de-
composition of the quinonoid II to give tribromo-

(1) This paper wis presenied in part at a symposiﬁm on aromatic
substitution held by the Division of Organic Chemistry at the 130th
AMeeting of the American Chemical Society, Atlantic City, N. J.,
Sept. 20, 1958,

{2Y Shell Development Co., ISmeryville,
shyandation pust-doctoral fellow, 1935-1956,

(3) L. G. Cannell, THIS JOoURNArL, 79, 2972 (

Calif.  National Seicuee

(1957).

[
H

N
S
Br SO;~ 11

phenol.* Since the broniodesulfonation reactiou
is an example of electrophilic aromatic substitu-
tion,3 this work constitutes a clear example of elec-
trophilic aromatic substitution proceeding by way
of a quinonoid interntediate.

(4} In aqueous solution at 257 the half-life of (lie iutermediate wos

found to he 126 min.



June 5, 1957

This paper reports the investigation of the kinet-
ics and mechanism of the bromodesulfonation of
the aromatic sulfonate salts

\Hg

IT1 SOaN v SO Na v SOaK VI SOg\’

Previous investigators have shown that the prod-
ucts obtained in aqueous solution are, respectively:
2,4,6-tribromoaniline,5¢ 4-bromoanisole,” 1-bromo-
4-methylnaphthalene® and 4-bromeo-2,6-dinitro-
phenol.s—1!

A study of the rates of reaction as a function of
(Br—) shows that bromide ion retards the rate of
product formation with III, IV and VI, but that
the extent of this participation by bromide ion is
dependent on the structure of the sulfonate salt.
These results are explainable in terms of the usual
mechanism for electrophilic substitution when
there is a “‘steady state’ concentration of an inter-
mediate quinonoid, and they therefore constitute,
together with the results of the previous paper,?
strong experimental support for that theory. The
mechanism presented here is similar to that pro-
posed by Grovenstein and Henderson to account
for the decrease in the rate of bromodecarboxyla-
tion of 3,5-dibromo-4-hydroxybenzoic and 3,5-
dibromo-2-hydroxybenzoic acids with added so-
dium bromide.!?

For the dibromo-p~aminobenzenesulfonate III
the reaction scheme is

ll\Ta
OCH; Ha

Il\IH2 +lﬁ:H2
Br\ /Br b Br\l /Br
+Bro 2> | ‘ + Br- (1)
2 \
I AN
SO;~ Br SO;-
VII
+.|\L:H2 \H2
Br\ / Br Br\
|l + 50, (2)
I
Br SOa Br
VII

The SOy is hydrated to give sulfuric acid.

(8) J. J. Sudborough and J. V. Lakhumalanij, J. Chem. Soc., 111,
41 (1917).

(6) O. Heinichen, Ann., 258, 268 (1889),

(7) A. N. Meldrum and M. S. Shah, J. Chem. Soc., 123, 1982 (1923);
M. 8. Shah, et al,, J. Univ. Bombay, 8, 153 (1934), C. A., 29, 4747
(1935).

(8) L. F. Fieser and D. M. Bowen, TH1S JOURNAL, 62, 2103 (1940).

(9) E. Sakellarios, Ber., 65, 2846 (1922): ¢f. R. King, J. Chem. Soc.,
119, 2105 (1921),

(10) M. M. Marqueyrol and P. Carré, Bull. soc. chim, France, 14] 27,
127 (1920).

(11) Because 4-bromo-2,6-dinitrophenol reacts further with bromine
under certain conditions, the products from this reaction are discussed
separately in a later section.

(12) E. Grovenstein, Jr., and U. V. Henderson, Jr., THIS JOURNAL,
78, 569 (1956); E. Grovenstein, Jr., and G. A. Ropp, 4id., 78, 2560
(1956).
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Results

Reaction Kinetics.—The kinetics for the bromo-
desulfonation of II1, IV, V and VI have been de-
termined in waterat —0.10 £ 0.02°. The reaction
rates were followed by removing aliquots, quench-
ing with an iodide solution and titrating the liber-
ated iodine with a known sodium thiosulfate solu-
tion. Starch was used as the indicator. Tables I
and III summarize the findings.

The reactions were carried out essentially at a
constant acidity and bromide concentration, in
most cases, by having an initial concentration of
sodium bromide and perchloric acid large enough
that the amounts of acid and bromide produced in
the reaction were small in comparison. The
equilibrium constant for the formation of Bry~ is
19.6 at 0.0° (equation 3)'%; and, consequently,
very little of the bromide produced during a reac-
tion was converted to Brs~. For example, at 909,
reaction in expt. 11 and 4 the ratios of Br;~ to Brs
are 0.01 and 0.005, respectively.

Second-order Kinetics.—By varying the initial
ratio of the sulfonate salt to bromine by factors of
31, 13,24 and 34 for 111, IV, V and VI, respectively,
the kinetics of these reactions were found to be
second-order, that is, first order in each reactant.

Reactions with the anisole IV were homogeneous
and followed the second-order equation to points
beyond 939, completion when the anisole was in a
fourfold excess but only to 609, completion when it
was in a twofold excess. With the bromine in ex-
cess, the second-order expression was followed to
only 35-409, completion. In all cases, the ap-
parent rate constant for bromination increased
with time, and, therefore, it appeared that p-bro-
moanisole, the reaction product, was undergoing
further bromination. With V, 1-bromo-4-methyl-
naphthalene began to separate as an oil from the
solution after about 25%, reaction. The rate fol-
lowed the second-order expression out to 409, reac-
tion and then the rate constant drifted to a value
6 to 10%, lower presumably because of bromine ad-
sorbed on the product which thereby reduced the
amount of bromine in solution. Reactions with
the amine III gave a precipitation of 2,4,6-tri-
bromoaniline after about 309, reaction, and the
kinetics followed a second-order plot out to 60-70%,
reaction and then the rate decreased by about 109,
apparently because of adsorption of bromine on the
solid. Reactions with the dinitrophenol VI were
homogeneous.

Bromide Dependence.—The kinetics of the re-
actions were studied as a function of bromide
concentration over a change in (Br—), from zero
to 0.15 M. The ionic strength was maintained
constant by adjusting the amount of (NaClOy),.
Upon i mcreasmg (Br—), the rate constants decreased
as shown in Tables I and III.

Ionic Strength.—Changes in the ionic strength
had little effect on the rates.* For example, a
change in ionic strength from 0.132 to 0. 012
(expt. 6 and 10) changed the rate constant for the

(13) G. Jones ard M., L. Hartmann, Trans. Am. Electro. Soc., 80, 295
(1916).

(14) The small salt effect is in line with the Bronsted equation which

would predict no salt effect for the reaction of a neutral molecule, Brs,
with an ion.
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bromodesulfonation of sodium dibromo-p-amino-
benzenesulfonate from 6.02 to 5.91 liters/mole-sec.
Similarly, only a small effect was noted with the
p-methoxybenzenesulfonate IV (expt. 20 and 23).
The essential point of interest is that small changes
in media due to the substitution of one monovalent
ion for another, at constant ionic strength, will not
significantly alter the interpretation of the results
which rely upon changes in rates by factors of 4
to over 1,000.

Effect of Acidity.—Increasing the amount of
(HCIlO4), at constant ionic strength showed that the
rates of bromodesulfonation of III, IV and V are
quite insensitive to acid. The amount of acid was
increased by factors of 43 (expt. 2 and 7), 2 (expt.
11 and 19)% and 4 (expt. 29 and 33) with the sul-
fonate salts: III, IV and V, respectively. With
the dinitro-p-phenolsulfonate VI, however, an in-
crease in acid by a factor of 5 decreased the rate by
a factor of 4.4 (expt. 39 and 44).

Bromination of o-Methoxybenzoic Acid.—The
decrease in rate of bromination of o-methoxy-
benzoic acid accompanying a change in bromide
concentration from 0.0025-0.15 M was found to
be slightly greater than 4 (see Table II).

Calculation of Rate Constants.—The second-
order rate constants, kobs, Were calculated by plot-
ting log (4o — By + B)/B vs. time (see eq. 8),
where 4, is the initial concentration of the aro-
matic sulfonate salt and B is the apparent bromine
concentration (equal to the titer of iodine in mole/1.)
at a specified time. The graphical method was pre-
ferred to the direct calculation of ko for each point
because it gives less weight to the value of B.
The rate constants obtained by using experimental
method 1, where checked, were reproducible to 1
to 3% of the average value. The wider variation

[ T T T T T T l
!
2.0 - .
<
g; " B
2 151 J
: /
|
=
S10F i
— X
+ F 4
E]
< 0.5 i
00F—u 1
0 0.05 0.10 0.15

(Br~), mole/l.
Fig. 1.—Plot of rate constants, corrected for Bry~ effect,
for the bromodesulfonation of sodium 8,5-dibromo-4-amino-
benzenesulfonate vs. (Br~).

(15) Also compare expt, 18 and 24 for an increase in acid by a facior
of 5 but with a change of ionic strength,
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occurred with those experitnents which had shorter
half-lives (¢f. expt. 34 and 31 where the half-life
was 80 sec.). The reproducibility of rate constants
obtained with experimental method 2, where
checked, was found to be ca. £1.5% of an average
value (¢f. expt. 11 and 12). The accuracy of the
data is also indicated by its fit to a second-order
equation as the ratio of the initial concentration of
reactants is varied and, in the case of III and IV,
by the agreement with eq. 13 (see Fig. 1).

Discussion

Kinetics of the Second-order Bromodesulfona-
tion Reactions.—The second-order kinetics for the
reaction of bromine with the dibromo-p-amino-
benzenesulfonate (III), p-methoxybenzenesulfonate
(IV) or 4-methylnaphthalenesulfonate (V), suggest
a bimolecular mechanism between bromine and the
aromatic sulfonate salt. Reactions with III, IV
and V were insensitive to changes in acidity; this
is in agreement with the expectations that the sul-
fonic acids would be completely ionized and that
the anion would be the reactant. Further the ob-
served independence of rate on acidity shows that
neither HOBr nor H,OBr+ is the brominating
agent.

A decrease in the rate of bromination as the bro-
mide ion concentration is increased would be ex-
pected because of the decrease in bromine concen-
tration due to tribromide ion forination

Br~ + Brs = Br:~ (3)
for which the equilibrium constant is
o _  (Brs7) ,
K= (Br“) (Bry) (4)
The second-order ratc equation has the form
B By (5)

T T T de

where & is the second-order rate constant, and A is
the comncentration of sulfonate salt, and B is the
sum of bromine and tribromide ion (z.e., the i_odinc
titer of the solution). For a given experiment
(Br—) is essentially coustant, and incorporating
the bromine-tribromide ion equilibrium iuto the
cquation gives
dB k

TE T Kmes) (P
The equation shows that the reaction will follow a
second-order rate law with an observed rate con-
stant, kops, which obeys the relationship

k = kobg [1 + K(Br—)] (7)
Integration gives the rate equation used in finding

obs
1 4o — Bo + B][gs_o] g
thown = 7t 1n [ 4222 2 ®

The correction for reaction 3 has been applied to
the data for the bromination of III, IV, V and o-
methoxybenzoic acid and the corrected constants,
kobs [1 + K(Br—)], are given in Table I. It was
found that ks [1 + K (Br—)] is nearly constant
for the 4-methylnaphthalenesulfonate V and for
o-methoxybenzoic acid. Table II summarizes the
decrease in rate upon increasing (Br—), from 0.0025
to 0.15 M. With a value of K = 19.6,'% eq. 7 pre-

(Bo — )] (6)
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TaBLE [
SECOND-ORDER RATE CONSTANTS FOR BROMODESULFONATION REACTIONS AT —0.10 == 0.02°
SO B Concn, given in moles/liter Liters/mole-sec.
Expt (ArSOpe o (HC1000 (NaBrh (NaCl0)s koba kove [1 + K(Br-)]
Sodium 3,5-dibromo-4-aminobenzenesulfonate

1 25.0 1.92 0.100 0.0500 0 0.734

2 5.00 3.00 .100 .0500 0 .744

3 2.50 5.97 .100 .0500 0 .692

4 5.00 2,74 .0023 0 0.1500 153 153

5 5.00 2.95 .0023 .0025 .1475 26.4 27.7

6 5.00 2.65 .0023 .0100 .1400 6.02 7.20

7 5.00 2.93 .0023 .0500 .1000 0.707 1,40

8 5.00 2.92 .0023 .1000 .0500 .236 0.699

9 5.00 2.99 .0023 .1500 0 .116 0.457
10 5.00 2.87 .0023 .0100 0 5.91

Sodium p-methoxybenzenesulfonate
11 10.0 5.50 0.0100 0.0200 0.0300 0.184
12 10.0 5.45 .0100 .0200 .0300 .189 0.264
13 15.0 5.58 .0100 .0200 .0300 .178
14 20.1 5.53 .0100 .0200 .0300 175
15 2.51 5.13 .0100 .0200 .0300 .177
16 2.20 7.93 .0100 .0200 .0300 .212
17 10.0 5.08 .0100 .0050 .045 .322 .354
18 10.0 5.20 .0100 .0500 0 .0964 .191
19 10.0 4.72 .0200 .0200 .0200 .181
20 5.00 2.83 .0015 .0100 0 .234
21 5.00 2.62 .0023 0 .1500 .434 .434
22 5.00 2.94 .0023 . 0025 .1475 .404 424
23 5.00 2.95 .0023 .0100 . 1400 .286 .342
24 5.00 2.84 .0023 .0500 .1000 . 0086 L1985
25 5.00 2.98 .0023 . 1000 . 0500 .0453 . 134
26 5.00 3.08 .0023 . 1500 0 .0254 .100
Potassium 4-methylnaphthalenesulfonate
27 5.00 2.80 0.0023 0.0025 0.1475 0.134 0.141
28 5.00 2.46 .0023 .0200 . 1300 .0857 .120
29 10.0 2,11 .0023 .0200 . 1300 . 0985 .138
30 12.5 1.04 .0023 . 0200 .1300 .0878
31 2.50 5.08 .0023 .0200 .1300 .0992
32 5.00 3.30 .0023 .1500 0 .0274 .108
33 10.0 2.31 .1023 .0200 .0300 .105
o-Methoxybenzoic acid

34 5.00° 2.73 0.0103 0.0025 0.1475 19.1 20.0
35 5.00 2.50 .0103 .0025 .1475 18.0 18.9
36 5.00 2.95 .0103 . 1500 0 3.70 14.6
37 5.00 2.82 .0103 .1500 0 3.90 15.4
38 5.00 2.55 .0206 0025 .1475 13.0

a (CH,OCHCOH)y X 104,

dicts a decrease by a factor of 3.76. For an in-
crease from zero to 0.15 M (Br—), the factor is
3.94. The observed decrease of 4.5 and 4.8 for the
4-methylnaphthalenesulfonate V and o-methoxy-
benzoic acid, respectively, are in reasonable agree-
ment with the calculated factor of 3.76.1%6 How-
ever, for the p-methoxybenzenesulfonate IV and

(16) It appears that X would not be affected greatly by changes in
ionic strength since this is the case in the closely analogous system for
the formation of I3~ from I and I-. For the latter system, the work
of W. C. Bray and C. M. J. McKay (THIS JOURNAL, 82, 914 (1910))
and L. I, Katzin and E. Gebert (sid., 77, 5814 (1955)) indicates that
the maximum variation in K for changes in the concentrations of KI,
NaClOs and Nal under 0.15 M would be less than 129,. For a 129,
increase in the value of X for the formation of Br;~ from Br- and
Brs, eq. 7 predicts a decrease of 4.2 in rate of bromodesulfonation,
Experiments with p.methoxybenzenesulfonate III wherein (Br~) was
varied from 0.05 to 0.005 at u = 0.06 showed that the large deviations
from eq. 7 were not due to a salt effect on K (see expt. 12, 17 and 18),

dibromo-p-aminobenzenesulfonate III the decreasc
in rate is too great to be accounted for by this cor-
rection for Bry~ formation.

Therefore, the simple bimolecular mechanism
scheme must be modified to account for this addi-
tional dependence on bromide ion. The proposed
mechanism scheme is

ky Br
ArSO;~ + Bry === Ar< +Br- (9
kg SOS_

—> ArBr + SO (10)

Br
Ar
<SO; - ks

Ar is an intermediate having a quinonoid structure

SOa -

Br
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which is assumed to be in a ‘‘steady state'’ with re-
spect to the reactants. This mechanism is basi-
cally the same as that proposed earlier for the bro-
modesulfonation of sodium 3,5-dibromo-4-hydroxy-
benzenesulfonate (I); however, the magnitude
of the rate constants are such that in the absence
of bromide ion the bromination step, eq. 9, is now
rate-determining. If a “steady state’’ concentra-
tion is assumed for the quinonoid, Q, the reaction
scheme given by eq. 9 and 10 predicts that

dB Ekakr(Bre)(A)

~ar =BT LB ¥ b
Equation 11 has then the same form as eq. 5, and by
making a similar correction for the formation of
Brs~ (¢f. eq. 6) the following expression is obtained

1 1 [Tk -

b TR T & e )+ 1] ap)
Equation 12 predicts that a plot of (kobs [1 +
K(Br7)])™! against (Br~) will give a straight line.
When the experimental data for the bromination of
the dibromo-p-aminobenzenesulfonate III and 2-
methoxybenesulfonate IV are plotted in this man-
ner, straight line correlations are obtained (see
Fig.1). The agreement further verifies the correct-
ness of the mechanism scheme given by eq. 9 and
10. The intercept at (Br~) = 0 becomes equal to
1/ky; this value can also be determined directly.
The slope is equal to k»/kks, and it is therefore pos-
sible to determine ks/k;. For the anisole IV ky/k;
is equal to 22 1./mole, and for the amine II it is
2,2001./mole. Since the (rate forward/rate reverse)
= ko(Br—)/ks, it follows that when (Br—), is 0.10
M the intermediate quinonoid VII, formed from
the amine, returns to the initial reactants 220 times
for every time it goes on to products.

When ks/k; is small, eq. 12 reduces to eq. 7
(i.e., the bromination step is rate-determining re-
gardless of the bromide ion concentration).

Dibromo-p-aminobenzenesulfonate III. Effect
of Acidity.—As noted above, the rate of bromode-
sulfonation of the amine IIT is unaffected by in-
creasing (HCl1O:), from 0.0023 to 0.100 Af. This
indicates that the concentration of the compound
undergoing bromination is not significantly changed
over this range of acidity. Also, the ultraviolet
spectrum of III, which has maxima at 298 and 253
mu, does not change even though the composition
of the solution is changed from 0.1 3 HC10; to 0.1
M NaOH. Sodium p-aminobenzenesulfonate!” un-
dergoes a 19-fold decrease in absorption at Amax 247
my in acid solution due to protonation of the amine
group. Therefore, the data indicate that the
amine III is so weak a base that it remains unpro-
tonated even in 0.1 M HCl1O;. This behavior is in
line with the expected base strength of III. Gil-
lois and Rumpf®® have shown that the 2,6-dibromo-
anilinium ion has a pKg of 0.35 at 25°; and since
the pKu for the N-protonated p-aminobenzenesul-
fonate ion is 1.35 log units less than that for the
anilinium ion,' the expected pAy for the N-pro-

(11)

(17) For previous work, see, {or example, . Béhine and J. Wagner,
Arch. Pharwn., 280, 255 (1942); . 4., 37, 2517 (1943).

(18) M. Gillois and P. Rumpf, Bull. soc. chim. France, 21, 112
(1954).

(19) R. O. Maclaren and D. F. Swinehar1, TH1S JournaLn, 783,
1822 (1951).
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tonated 3,5-dibromo-4-aminobenzenesulfonate ion
is about —1.0. Therefore, in 0.1 M acid only
about 19, of the amino groups would be protonated.

TasLE 11

DECREASE IN RATE or BROMODESULFONATION ON INCREAS-
ING (Br~—j rrom 0.0025 To 0.1500 3 aT 0.0°

Sodium 3,5-dibromo-4-aminobenzenesulfonate 230
(13003°
Disodium salt of 3,5-dinitro-4-hydroxybenzene-
sulfonic acid 246

Sodium 4-methoxybenzenesulfonate 16

Potassium 4-methylnapthalenesulfonate 1.5
o-Methoxybenzoic acid 4.8
Predicted decrease due to Br; ™~ effect only 3.76

s Experimentally determined for a change from (Br—), =
0to (Br~Y = 0.15 3. This value should be compared to a
predicted decrease for the effect of Br;~ forimation of 3.94.

Destabilization of the Quinon oid State in Phenols
by o-Nitro Groups.—The disodium salt of 4-
hydroxy-3,5-dinitrobenzenesulfonic acid (VI), in
contrast to the salt of dibrom o-p-phenolsulfonic
acid I, gave a very rapid reaction with bromine
even at 0°, and the kinetics showed that the de-
composition of the quinonoid intermediate was not
rate-determining at low bromide concentrations.

The data (see Table III) can be summarized as
follows: (1) the kinetics were second order. (2)
An increase in (Br—) from 0.0025 to 0.1500 M
decreased the reaction rate by a factor of 246; the
rate constant is still decreased by bromide by a fac-
tor of 65 after taking into account the Br;~ effect
(¢f. Table II). The dependence of the rate on
bromide ion was thus very similar to that found for
the dibromo-p-aminobenzenesulfonate (III); the
bromination step is rate-determining at low (Br—)y,
but as (Br—)yisincreased, the desulfonation reaction
begins to become rate-determining. (3) The rate
was inversely dependent on acid (an increase in
acid by a factor of 5 resulted in a 4.4-fold decrease
in rate), and this stands as evidence that it is the
phenoxide anion which undergoes bromination.
The mechanism is comparable to that given in cq.
1 and 2.

The proposed explanation is giveu in the form of
a potential energy curve, Fig. 2, which compares
the bromodesulfonation of I and VI. It is well
known that the introduction of a nitro group ortho
to an OH group greatly increases the acidity of
the phenol. This is attributed largely to the reso-
nance stabilization of the anion.® A similar inter-
action would be expected in the ground state of the
doubly charged anion of VI and, therefore, Fig. 2
shows a lower energy for the ground state of VI
than for I. However, in the transition state, for
the bromination step this interaction is partly lost
because the phenoxide anion is being converted to
a carbonyl group, and the C-C double bouds are
becoming localized in positions unfavorable to
resonance between the phenol oxygen and the
nitro groups. Therefore, in the transition state,
the energy difference between I and VI is consid-
erablv reduced.

It has been shown that quinones become better

(20) G. W. Wheland, '"Resonance in Organic Chemistry," Johu
Wiley and Sons, Inec., New York, N. Y., 1955, p. 346.
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TasLE [II
KiINETIC DATA FOR THE BROMODESULFONATION OF DISODIUM SALT oF 3,5-DINITRO-4-HYDROXYBENZENESULFONIC ACID AT
—0.10 %= 0.02°
Concn. given in moles/liter
(NaOArSO3;Na)o (Bra)n Liters/mole sec.
Expt. X 104 X 104 (HCI104)0 (NaBr)o (NaClO)» obs kobs{l + K{Br -]

39 5.00 2.69 0.0200 0.0025 0.1475 13.1 13.7

40 5.00 2,56 .0200 .0100 . 1400 2.26 2.70

41 1.60 5.56 .0200 .0100 .1400 2.40

42 20.00 1.67 .0200 .0100 . 14060 2.37

43 5.00 2.67 .0200 .0100 .1500 0.0532 0.210

44 5.00 2.70 .100 .0025 L0675 3.00

oxidizing agents when substituted with electro-
negative groups and that the nitro group is partic-
ularly effective in this regard.?! Therefore, the
potential energy of the tribromoquinonoid inter-
mediate is represented in Fig. 2 as being less than
that for the bromodinitroquinonoid intermediate
VIII.

O
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Br S0;- VIII
Finally, in the desulfonation step, as the C—S bond
is broken the C-C double bonds again become delo-
calized and the resonance energy between the
phenoxide anion and the nitro groups can again be
immportant. Consequently, the activation energy
for the desulfonation step for VI is much less than
that for I. The over-all result is that in the ab-
sence of bromide ion the rate of desulfonation is in-
creased to such a great extent that it is now no
longer rate controlling. But the quinonoid has suffi-
cient stability that with bromide ion the reverse re-
action to give starting materials can take place and
the desulfonation step then becomes important as
the rate-determining step.

It should be noted that this change is brought
about not by replacing one activating group by
another but by micdifying it through ortho sub-
stituents. The activation is clearly due to a com-
bination1 of the phenoxide anion and the nitro
groups and can be described as a resonance inter-
actiort. This is shown by the observation that
potassium 4-methoxy-3-nitrobenzenesulionate gives
a much slower reaction with bromine than does
sodiuni 4-methoxybenzenesulfonate (IV). The de-
activating effect that introducing a nitro group has
on the rate of bromination of sodium p-methoxy-
benzenesulfonate IV thus illustrates the effect
which is usually observed: the nitro group retards
electrophilic aromatic substitution by an inductive
effect. In the bromination of the dinitrophenol
VI the nitro groups must also deactivate the ring
by an inductive effect, but this is completely hid-
den by the resonance interaction. The difference
in the kinetics of bromination of the dibromophenol
I and the dinitrophenol VI demonstrates that the
rate-determining step in aromatic electrophilic
substitution can be changed by the modification of
substituents.

Dinitro-p-phenolsulfonate  VI. Products.-—

i21) 1., 18 Tieser, Tmis Joornat, 52, 4204 (1D30); 61, 3101 {1020).

Potential cnergy.

Initial state Final state

Reaction codrdinate.

Fig. 2.—Bromodesulfonation of v (le v
—— Y is Br, (I)
------ Y is NOy, (VI) \% \l,/
N
SO;Na

Sakellarios reports that the reaction of VI with an
equal molar amount of bromine water at 24-30°
gives a 939 yield of 4-bromo-2,6-dinitrophenol
before recrystallization.® Marqueyrol and Carré
report that VI with an equal molar amount of
bromine in water gives a crude product which con-
tains 31.79, bromine (a broniodinitrophenol has
30.49,) wherein the main product is 4-bromo-2,6-
dinitrophenol.’® With excess bromine at room
temperature they reported that the crude product
contained 459, bromine (549, required for a di-
bromonitrophenol) from which the chief product
isolated was 2-bromo-4,6-dinitrophenol®? and a
smaller amount of 2,4-dibromo-6-nitrophenol.
They further showed by titration data that VI re-
acted with more than a molar amount of bromine.
The replacement of a nitro group on 4-bromo-2,6-
dinitrophenol by bromine is not surprising in view
of other work which shows that picric acid will
brominate in aqueous solution at room temperature
to give 2-bromo-4,6-dinitrophenol.?

Dinitro-p-phenolsulfonate VI. Side Reactions.—
The reaction rate measurements, reported in this

(22) Marqueyro! and Carré suggest that 4-bromo-2,6-dinitrophenol,
the initial reaction product, isomerizes in the presence of excess bro-
mine into 2-bromo-4,6-dinitrophenol (¢f.,, H. E. Armstrong, J. Clem.
Soc., 18, 520 (1875); H. Gorden, Chem. News, 68, 221 (1891)).

(23) j. Castets, J. pharm. chim., 18, 44 (1918); C. A., 10, 4%
(1916): cf. H. E. Armstrong, Ber., 6, 649 (1873).



2938

paper, also show that the dinitrophenolsulfonate
VI will react with more than one mole of bromine.
The reaction of VI with excess bromine followed a
second-order rate law (having the same value of
k as that obtained when bromine was not in excess,
see Table III) until 0.5 mole of bromine had been
taken up for each mole of VI initially present. The
apparent rate constant then began to increase and
bromination continued at a rapid rate until ca. 1.5
moles of bromine had disappeared and the reaction
finally approached the stoichiometry of two moles
of bromine consumed per mole of VI. These data
suggest that, as reported by Marqueyrol and Carré,
2,4-dibromo-6-nitrophenol was a reaction product.

When the dinitrophenolsulfonate VI was in ex-
cess, the reaction followed a second-order rate to
70-75% completion after which the rate began to
slow down with a very pronounced decrease occur-
ring after 859, completion. Even though the
initial ratio of VI to bromine was changed from 2
to 12, the decrease in the rate constant occurred at
closely the same point in the reaction. This in-
dicated that the reaction responsible for the de-
crease in rate did not involve VI but was evidently
between bromine and the reaction product, 4-
bromo-2,6-dinitrophenol.

In summary, it may be said that the initial reac-
tion product is 4-bromo-2-6-dinitrophenol but that
secondary bromination reactions become kinetically
important after 50 to 759, reaction. It appears
that 4-bromo-2,6-dinitrophenol brominates to give
a reaction product, or intermediate, which slows
down the rate of disappearance of bromine by tying
up sonie of the bromine in a way such that it is less
effective as a brominating agent but will, in the
analytical method, still react with iodide to give io-
dine. With excess bromine, however, bromination
occurs to give 2,4-dibromo-6-nitrophenol. In con-
sidering possible secondary bromination products
it is interesting to note that 4-bromo-2,6-dinitro-
phenol might be expected to give the cyclohexadic-
none (IX) just as tribromophenol gives 2,4,4,6-
tetrabroio-2,5-cyclohiexadien-1-one.?* However,

O

I

OzN\O/NO2
| |

N

Br Br IX
appareutly phenols containing a nitro group ortho
or para to the OH group have not given isolable
cyclohexadienones. This is not surprising since,
as noted above, hydroquinones which are substi-
tuted with nitro groups become more difficult to
oxidize to the corresponding quinones.

Comparison of the Bromodesulfonation Reac-
tions.—The kinetics of the bromodesulfonation of I,
III, IV and V, together with the spectral data,
can be used to divide these compounds according
to the stability of the intermediate quinonoid:
(1) Bromination of sodium 3,5-dibromo-4-hydroxy-
benzenesulfonate (I) gives zero-order kinetics
for the reactant (bromiine or I) present in excess,
and first-order kinetics for the other. The most

(24) See ref. 3 for discussion and also refs. 22-26 of that paper.
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evident explanation of the kinetics requires that
the phenolsulfonic acid upon mixing with bromine
is immediately transformed into a quinonoid inter-
mediate II and demands that the intermediate be
present tn large concentration. This was verified
by ultraviolet absorption spectra of the aqueous
solution in this case. The rate-determining step
is then the decomposition of the intermediate.
Other phenols of closely similar structure would be
expected to behave analogously.®

(2) By contrast, the kinetics for the bromination
of potassium 4-methylnaphthalene-1-sulfonate (V)
indicate a bimolecular mechanism between the sul-
fonate anion and Bry; the reaction follows second-
order kinetics which are first-order with respect to
each reactant. The kinetics require only a fransi-
tion state, and it is not necessary to propose that
there is a reaction intermediate. The decrease in
rate of bromodesulfonation as bromide ion concen-
tration is increased can be satisfactorily accounted
for by assuming that the equilibrium for the for-
mation of Br;~ from bromine is independent of the
bromodesulfonation reaction and that Br;~ is in-
ert as a brominating agent.

These kinetics are not distinguishable from the
usual bromodeprotonation reactions as is illustrated
in the present work by the bromination of o-
methoxybenzoic acid. Other workers have found
similar results with bromodeprotonation reactions.
Wilson and Soper? reported similar kinetics for
the bromination of ¢-nitroanisole in water and so
have Grovenstein and Henderson'? for the bro-
mination of 2,6-dibromophenol.

(3) The bromination of sodium p-methoxyben-
zenesulfonate (IV) and sodium 3,5-dibromo-4-
aminobenzenesulfonate (III) also follows second-
order kinetics, but here it was found necessary to
postulate a steady state concentration of a reaction
intermediate in order to account for the dependence
of rate on (Br~). When the observed rate con-
stant was corrected for Br;~ formation, the decreasc
in rate is only partly accounted for (see Table 1I).
The magnitude of this additional decrease depends
on the structure of the compound; the factor is 4
for sodium p-methoxybenzenesulfonate and 57 for
sodium 3,5-dibromo-4-aminobenzenesulfonate upou
changing the (Br—), from 0.0025 to 0.1500 M.
This additional decrease in rate can be accounted
for by a mechanism (eq. 9 and 10) which includes
the reaction of bromide ion with a quinonoid inter-
mediate to regenerate the starting sulfonate anion
and Br.. The rate-determining step is the attack
of bromine on the sulfonate anion at low bromide
concentrations but, as the concentration of bro-
mide is increased, the step involving the elimination
of SO; becomes rate-determining.

The substituent stabilizes the quinonoid struc-
ture by double bond formation with the benzenc
ring. The dibromo-p-phenolsulfonate I eliminates

(25) Sodium 3,5-dichloro-4-hydroxybenzenesulfonate in aqueous
solution upon mixing with an equal molar amount of bromine waler
was found to give an immediate disappearance of the bromine color
and a new absorption peak at 271-272 mu of ¢ = 12,400. This be-
havior is closely similar to 1hai for 1lie dibronioplienolsulfonate I and
indicares that bromodesulfonation is by an ideniical mechanisni.

(26) W. J. Wilson and F, G. Soper, J. Chem. Soc.. 3376 (141,
see also D. H. Derbyshire and W, A. Waters, ¢bid., 564 (1950).
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a proton from the OH group to give an intermediate
quinonoid with a carbonyl group (II); the experi-

CH; H CH,
| v
o L
Y ‘ ' Br\ /Br
X
|
Br S0O;- X XIBr 80;- XII 8SO;Na

ments show that this structural change (of those
considered in this paper) is the most effective way
of stabilizing a quinonoid.” With the dibromo-
p-aminobenzenesulfonate III and the p-methoxy-
benzenesulfonate IV, double bond formation in the
quinonoid can be brought about by forming an
imine salt VII and oxonium cation X, respec-
tively. For the methylnaphthalenesulfonate V a
double bonded structure cannot be drawn but
rather the transition state can be written as a reso-
nance hybrid of various structures, one of which is
the hyperconjugation structure XI.

Sodium 3,5-dibromo-4-methoxybenzenesulfonate
(XII), in contrast to IV, was found to undergo no
appreciable reaction with bromine at 25°, and even
at 98° the reaction was slow. This fact can be ex-
plained by noting that, because of steric repulsion,
the bromine atoms keep the methyl group from
being planar with the ring, and therefore, the
oxygen can form only a partial double bond with
the ring. Much of the activating effect of the
oxygen is then lost and XII is relatively unreac-
tive.%

Structural Features which Favor the Formation
of Stable Quinonoid Intermediates.—The de-
composition of a quinonoid intermediate may be
written as

X
Ar< — > AfV + X (13)
Y
where X is the group being replaced, VY is the group
which became bonded to Ar in the initial step of the

substitution reaction, and Ar<xis the reaction
Y

intermediate with a quinonoid structure. It is ap-
parent that an additional means of increasing the
stability of a quinonoid is to increase the activation
energy for the decomposition step (i.e., choose X
such that the energy of activation for breaking the
C-X bond is raised). The experimental work dis-
cussed above showed that, for bromodesulfona-
tion at least, the OH group is more effective in
stabilizing a quinonoid structure than any of a
variety of other substituents. Therefore, for com-
parison purposes a series of phenols will be chosen
wherein X is varied. Ar is chosen to be the 3,5-
dibromo-4-hydroxyphenyl group; X is —-CO:,

(27) When the solvent is such that the phenol does not ionize
appreciably, the stabilizing effect is not forthcoming. This is illus-
trated by the work of A. A, Yasnikov and E. A, Shilov (Doklady
Akad. Nouk S.5.5.R., 78, 925 (1951); C. A., 46, 5009 (1952)) who
report that 2,4,8-tribromopheno! in anhydrous acetic acid will not
brominate to give XV but that a small amount of water is necessary

as a proton acceptor to bring about the reaction.
(28) Cf. ref. 20, pp. 157-160 and 238-243.
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-S0;™, Br {or Cl) or -CH;; and Y is Br (i.e., the
intermediates were derived by bromination of
ArX). The various intermediates or stable com-
pounds are XIV, II, XV and XVI, respectively,
for the above-named substituents.

The relative stabilities of these quinonoids will
now be compared. The work reported in this
paper shows that in aqueous solution at 0° the

I 1 1
|
Br\ : /Br Br\ /Br Br\ /Br
N
Br H Br CO;~ Br 80;-
XIII X1V II
(ﬁ I
B B
Br\ /Br r\ / r
Br Br Br CH;
XV XVI

bromodecarboxylation of 3,5-dibromo-4-hydroxy-
benzoic acid was so rapid that the reaction was
practically finished after 7 sec.?® The intermediate
II at 25° has a half-life of 126 min. Bromination
of tribromophenol with aqueous bromine leads to
the formation of the isolable 2,4,4,6-tetrabromo-
2,5-cyclohexadien-1-one (XV).* Bromination of
2,6-dibromo-4-methylphenol leads to the cyclo-
hexadien-1-one XVI which Fries and Oehmke have
isolated and characterized.?3!

The increase of the stability of the intermediates
where X is Br or CH; over those where X is ~CO,~
or —SO;~ can be attributed to the higher energy of
activation necessary for the breaking of the C-Br
or C-CH; bond in the cyclohexadienones, XV and
XVI, respectively, as indicated in reaction 13.
The greater stability of the intermediate IT where
X is =SO0s™ over that where X is —CO,~ can be ex-
plained in a similar manner. The case where X is
hydrogen was studied by Grovenstein and Hender-
son'? who found that the rate of bromination was
ca. 200 times faster than that for X = -CQO;, and
since in the latter case they demonstrated that the
bromination reaction is reversible with bromide
ion, whereas the former reaction showed little or no
tendency for reversal, it would appear that the rup-
ture of the C-CO;~ bond of the intermediate XIV
requires a higher activation energy than does the

(29) XIV can be referred to here as a reaction intermedlate because
Grovenstein and Henderson have shown, as previously cited, that in
809, acetic acid—water 209, the kinetics of this bromodecarboxy-
{ation reaction require a ‘‘steady state’ intermediate,1?

(30) K. Fries and G. Oehmke, Ann,, 462, 8 and 16 (1928); TFries
and co-workers assigned this and many other closely related compounds
a cyclohexadienone structure on the basis of chemical evidence (see
K. Fries and E, Brandes, Ann., 542, 48 (1939); K. Fries and H. Engel,
ibid., 489, 232 (1924)). In support of this view, G. M. Coppinger and
T. W, Campbell (THIS JoURNAL, 78, 734 (1953)) have assigned a
compound formed by the bromination of 2,6.di-f-butyl-4-methyl-
phenol as 4-bromo-2,6-di-i-butyl-4-methyl.2,5-cyclohexadien-l-one
by means of its infrared spectrum.

(31) For examples showing the use of substituting agents other than
bromine see: M. S, Newman and A. G. Pinkus, J, Org. Chem., 19,

978 (1954); L. E, Forman and W. C. Sears, THIS JoUrNAL, 76, 4977
(1954); H. E. Albert and W. C. Sears, ibid., T6, 4979 (1954).
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rupture of the C~H bond in XIII to give tribromo-
phenol.

The unique feature of the intermediate II is that
it is stable enough to be formed in large concentra-
tions yet unstable enough that it will decompose at
a conveniently measurable rate in a manner typical
of substitution reactions (eq. 13). Thus, it is an
ideal case for kinetic investigation.

Naphthols would be expected to give more stable
quinonoids than phenols. An example pertinent
to this paper, because it could be considered as a
desulfonation reaction occurring in two steps, is
given in the work of Rowe and co-workers. They
showed that the reaction of aryldiazonium salts in
aqueous solution with 2-hydroxynaphthalenesul-
fonic acid leads to compounds having the quino-
noid structure XVIIL.3? The salts of these com-
pounds have been isolated and are referred to as
“stabilized diazonium salts”” since with strong
mineral acid they decompose to give the same com-
pound as that obtained from B-naphthol and the
aryldiazonium salt.

ArN, SO;Na

A0
’// 1 T
PN XVII
Experimental

Sodium 3,5-Dibromo-4¢-aminobenzenesulfonate (III).—
An aqueous solution of tlie salt was prepared by treating an
aqueous solution of sulfanilic acid (Mallinckrodt Analytical
Reagent) with sodium bromate and hydrobromic acid ac-
cording to the directions of Heinichen.! The sodium salt
was isolated by evaporation of the solution after neutralizing
with sodium hydroxide and recrystallized twice from water
and twice from 909 ethanol to give fine needles. The salt
was dried at 200°.38

Anal. Caled. for CeH(Br:NOsSNa: C, 20.42; H, 1.14;
Br, 45.28. Found: C, 20.69; H, 1.28; Br, 45.21.

Sodium p-methoxybenzenesulfonate (IV) was prepared
by the method of Moody3* by sulfonating anisole (Eastman
White Label). The salt was recrystallized twice from water,
twice from 909, ethanol and dried at 100°.

Anal. Caled. for C;H,S0,: C, 40.00; H, 3.36; S, 15.25.
Found: C, 40.23; H, 3.32; S, 15.01.

Potassium 4-methylnaphthalene-1-sulfonate (V) was pre-
pared by the method of Fieser and Bowen.® The salt was
recrystallized three times from water and twice from ethanol-
water and dried at 100°, m.p. of p-toluidine salt 227-229°
(lit.® m,p. 228-230°).

Sodium 3,5-dibromo-4-methoxybenzenesulfonate (XII)
was prepared by treating I with a twofold excess of dimethyl
sulfate in aqueous sodium hydroxide. Upon reducing the
volume of the solution, XII separated out and was recrys-
tallized twice from aqueous sodium hydroxide and once from
water and dried at 200°. The product showed no violet
coloration upon treating with aqueous ferric chloride.

Anal. Caled. for CH;Br,O,SNa: C, 22.84; H, 1.37;
Br, 43.43. Fouund: C, 23.00, 23.13; H, 1.24, 1.47; Br,
43.31.

Disodium Salt of 3,5-Dinitro-4-hydroxybenzenesulfonate
(VI).—By the substitution of sodium for potassium salts,
the monosodium salt of the dinitrophenolsulfonic acid was
prepared by the method given by Friedlaender.® The mono-
sodinm salt was recrystallized from water and converted

(32) F. M. Rowe, E. Levin, A. C. Burns, J. S. H. Davis and W.
‘Tepper, J. Chem. Soc., 690 (1926); F. M. Rowe, E. Levin and A. T.
Peters, ibid., 1065 (1931).

(33) Analyses were performed by Schwarzkopf Microanalytical Lab.,
Woodside 77, N. Y., unless otherwise noted.

(34) G. T. Moody, Chem. News, 68, 247 (1892).

(35) P. Friedlaendet, ""Fortschritte der Teerfarbes Fabrikation,”
Vol. I, Tulltly ¥pringer, Betlin, 1888, p, 884,
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into the disodium salt by the addition of sodium carbonate.
No more carbonate was added than that required to neu-
tralize the acid as was indicated by the effervescence of car-
bon dioxide. The disodium sait was reerystallized three
times from water and dried to constant weight at 120°.%

Anal. Caled. for CeHpNoOsSNa.: C, 23.38; H, 0.65;
N, 9.09. Found: C,23.30; H, 0.68; N,9.04.

Potassium 4-Methoxy-3-nitrobenzenesulfonate .—o-Ni-
troanisole (Matheson-Coleman and Bell) was sulfonated
with chlorosulfonic acid by the method of Gnelun and
Knecht.3” The potassitun salt was prepared from the acid
and purified by recrystallization from water, 11.p. of the
sulfony! chloride derivative 65.5~66.5° (lit.37 in.p. 66°).

o-Methoxybenzoic acid was prepared by treating sodiumn
salicylate with dimethyl sulfate in aqueous base. The prod-
uct was recrystallized several times from ethauol, m.p. 101
101.5° (1it.* m.p. 100-101°).

Sodium 3,5-dichloro-4-hydroxybenzenesulfonate was pre-
pared from sodium p-plienolsulfonate (Eastinan White
Label) by chlorination with NaClO;/HC! in a procedure
similar to that used for the preparation of sodimm dibromo-
p-phenol sulfonate by bromination.?

3,5-Dibromo-4-hydroxybenzoic acid was prepared by the
bromination of p-hydroxybenzoic acid (Eastman White
Label) in aqueous solution by a hydrobromic acid-sodium
bromate mixture. The acid was recrystallized three times
frorxcl chloroform, m.p. 271.5~272.5° (cor.), }it.*® m.p. 267
268°.

Measurement of the Bromodesulfonation Reaction.—The
kinetics of the bromodesulfonation of the amine II, anisole
III, methylnaphthalene IV and dinitrophenol V1 were
measured at —0.10 &= 0.02°. The data are summarized
in Tables [ and III. Distilled water was used as the solveut.
The reagents were the same as previously described.?
Solutions of the reactants were prepared by mixing at the
reaction temperature equal volumes of solution (a) which
contained the aromatic sulfonate salt aud sodium perchlo-
rate witli solution (b) which contained bromine, sodium
bromide and perchloric acid. In the case of VI, the per-
chloric acid was equally divided between (a) and (b}. The
acid was added to prevent hydrolysis of the bromine and
also to determine the effect of acidity on rates. Solutions of
the sulfonate salts (0.0200 M), standardized percliloric acid
and bromine water (ca. 5 X 10~3 34) were used in preparing
the reaction mixtures. Sodium perchlorate and sodium
bromide were weighed out separately for each experiment.

Two methods of mixing the reactants were emploved.
Method 1 consisted of miixing separate 25.0-1ul. portions of
solutions (a) and {b) for each point taken. Method I was
used for the faster reactions and for those in which the reac-
tion product began to separate from solution before reaction
was complete. The (Bry)o was deteriined by using saples
of solution (b) as blanks both at the time the experiment was
started and also toward the conclusion of the experiment.
It was thus shown that the loss of bromine by ihe volatiliza-
tion was small over the time interval necessary to conduct
an experiment. All reactiotis were carried out in glass
stoppered flasks.

Method 2, which was used for the slower completely
liomogeneous reactions, cousisted of mixing equal volumes
of solutions (a) and (b), usually 250 ml. each, and then
following the reaction by witlhdrawing a sample (26.59 ml.}
by pipet. Between operations, the pipet was cooled at tle
bath temperature. The reaction time was taken as thot
from the mixing of the solutious until one-half of the pipet
was emptied. Tlie initial bromine concentration was de-
termined by removing an aliquot immediately after mixing
or by removing an aliquot from solution (b) in whieh case a
compensating volume was taken from (a) also and discarded.
Method 2 was used in expt. 11 to 29 inclusive; all other
experiments in Tables I and III followed the procedure of
method 1.

About 16 points were taken in each experiment. With
a fast reaction, the first point was taken after 4 sec. The
reaction was stopped by mixing eacli sample with 10 wl. of
0.8% aqueous potassium iodide in method 1 or by pipetting

(86) Analysis was by Elek Micro Analytical Lab., T.os Angeles 16,
Calif.

(37) R. Gnehm and O. Knecht, J, prakt. Chem., T4, 92 (190y).

(88) 1. Heilbron, e¢ al., '*Dictionary of Organic Compounds,” Vol.
J1I, Eyre and Spottiswoode Ltd., London, 1853, v. 281,

(39) Reference 38, Vol, 7T, p. 61,
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an aliquot into aqueous potassium iodide in method 2. The
sample was then analyzed immediately for the amount of
iodine liberated by titrating against a standardized sodium
thiosulfate solution measured from a semimicroburet.
Starch was used as an indicator.

A reaction mixture which was 6.7 X 10~% }{ in potassium
4-methoxy-3-nitrobenzenesulfonate and 4.3 X 1073 M in
bromine was kept at 50°; it was found that slightly less than
half of the bromine disappeared after 17 hr. Sodium 3,5-
dibromo-4-methoxybenzenesulfonate (XII) with bromine
gave no appreciable reaction at 25°; but when a reaction
mixture containing 6.7 X 10~3 M XII and 4.6 X 10™3 M/
bromine was heated in a sealed tube at 98°, the amount of
bromine decreased to 2.4 X 1073 M after 1.5 hr.

Bromodecarboxylation of 3,5-Dibromo-4-hydroxybenzoic
Acid.—The procedure was similar to method 1 discussed
above for the bromodesulfonation experiments. Solution
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(a) was prepared by dissolving 1.00 X 10~?% mole of the di-
bromohydroxybenzoic acid with 1.65 X 10~ mole of NaOH
in onel. of water. Solution (b) contained 4.84 X 10~ ¢mole/l1.
of Brs; 25 ml. of each solution were mixed at 0°. The re-
action was so rapid that with a time of 7 sec. it was over
909, complete.

Ultraviolet spectra were taken in aqueous solution on a
Cary spectrophotometer, model 11.
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The conversion of 2,4-dinitrotritiobenzene to 2,4-dinitrobipheny! by treatment with benzoyl peroxide proceeds with the
displacement of just one-half of the tritium. This proves that the product-determining step does not involve breaking

the tritium- (or hydrogen—) carbon bond.

Two mechanisms have been advanced for free
radical substitution in the benzene ring. One?
involves initial hydrogen abstraction followed by
coupling of two radicals.

CeHj;-

CeHs- + ArH — CeHGH 4 Ar ——> ArCeH; (1)
The other involves initial addition to the aromatic
nucleus, followed by hydrogen abstraction.?.8
C5H5

R-
—— RH + ArCgH;
H (2)

In order to obtain more unequivocal evidence,
we have studied the phenylation of 2,4-dinitro-
tritiobenzene, since mechanism 1 should show a
substantial isotope effect while mechanism 2 would
have little or none.

Ce¢H;- + ArH — | Ar

Experimental

2,4-Dinitrotritiobenzene was prepared by dissolving 2,4-
dinitrobenzoic acid (5 g.) in § ml. of tritiated water (20 mc./
10 ml.) heated at 125°, followed by decarboxylation of 5 g.
of the tritiated acid by heating to 240° in 25 ml. of quinoline
with 0.02 g. of copper chromite catalyst. After thorough
washing of an ether solution, evaporation and recrystalliza-
tion from 959, ethanol, 1.5 g. (389%,) of tritiated m-dinitro-
benzene, m.p. 108-108.8°, was obtained. This sample
was mixed with 40 g. of unlabeled material and recrystal-
lized once more from ethanol. One sample prepared in this
way assayed? for 51.7 == 1.6 muc./mg. of hydrogen, a second
for 22.8 = 0.7 muc./mg. of hydrogen.

2,4-Dinitrobiphenyl.—A mixture of 4.3 g. of benzoyl per-

(1) Research carried out in part under the auspices of the U. S.
Atomic Energy Commission.

(2) (a) W. A, Waters, J. Chem. Soc., 727 (1948); (b) H. Lobel, G.
Stein and ). Weiss, ¢bid., 2704 (1950).

(8) C. C. Price, '"Reactions at the Carbon~Carbon Double Bond,”
Interscience Publishers, Inc., New York, N. Y., 1946; D. H, Hey, A.
Nechvatal and T. S. Robinson, J. Chem. Soc., 2892 (1951).

(4) Tritium assay was performed at Brpookhaven by Dr. D. R.
Christman.

oxide (0.02 mole) and 29.6 g. of tritiated m-dinitrobenzene
(0.2 mole) was heated, gradually increasing the temperature
from 75 to 100° over a period of § hr. After dissolving in
400 ml. of ether, the product was washed with five 50-ml.
portions of 109 sodium bicarbonate, with three 50-ml. por-
tions of 159, hydrochloric acid and three 50-ml. portions of
water. Drying and evaporation left a solid residue which
was distilled at 0.4 mm. to remove most of the excess m-di-
nitrobenzene (b.p. 98° (0.4 mm.)). The still residue was
extracted with 150 ml. of boiling methanol. After cooling
to room temperature and evaporation to 10 ml., the precipi-
tate was collected and recrystallized four times from meth-
anol to yield 0.7 g. (16%) of 2,4-dinitrobipheny!. Before
assay, 0.1 g. of this material in 5 ml. of benzene was put
through a column of magnesium oxide.® After development
with additional benzene, elution of the purple band with ben-
zene, followed by evaporation of the benzene and recrystalli-
zation from methanol gave material melting at 109.3-110°.
The results of tritium assay are summarized in Table I.

TABLE I

TRITIUM CONTENT OF #-DINITROBENZENE AND 2,4-DINITRO-
BIPHENYL (MuC./MG. oF HYDROGEN)

CeHsCeH ;-

CeHy(NO2)2 CeHsCeH; (N Os)s (NO2)2

Sample (exptl.) (exptl.) (caled.)®
1 51,7+ 1.6 13.2+0.4 12.9+0.4
2 22.8 0.7 5.54 4= 0.17 5.7+0.2

@ Calculated assuming starting material is exclusively
2,4-isomer and that replacement of hydrogen and tritium
occur at identical rates.

An authentic sample of 2,4-dinitrobiphenyl was prepared
by mixed Ullmann coupling of 2,4-dinitrochlorobenzene and
iodobenzene in 3.5%, vield,8 m.p. 109.3-110°.7 This showed
no depression of melting point when admixed with the pre-
ceding sample.

Anal. Caled. for CpHsN:04: C, 59.01; H, 3.26; N,
11.47. Found: C, 58.96; H, 3.25; N, 11.39.

Discussion

The agreement of the tritium content of. the

(5) K. Cruse and R, Mittag, Z. anal. Chem., 181, 273 (1950).

(6) By the procedure of N. Kornblum and D. L. Kendall, TH1S
JournaL, T4, 5182 (1952),

(7) H. C. Gull and E. E. Turner, J. Chem. Soc., 496 (1929).



