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SUMMARY" - .

When o~ andhg—hydroxybén26icLaqids'are‘treated with
bromine in glacial acetic acid,pthe'products of the reaction
are the mono- or dibrob@hydrobeeﬁZoic acid, .depending on
the @mount of bromine used. If the dibromo-acid is .reacted
with bromine in aqueous aceticﬂédid,:cafbon dioxide is

eliminated and tribromophenol is formed.

o * HBr

AfBrz('-oH) (COOH) +. .Brza%zﬁééivSCvOH) + .00
This is apparently an electrophilic displacement of the
carboxy;‘groupvby{bromine. Ce

Although electrOphiiid"éigﬁi%@éﬁeﬁts of ‘aromatic
hydrogen atoms have been sﬁudied”qitégsivgly, comparatively
few‘réactioné'involﬁing*the’di§§1§¢eéén£*of{groups or
atoms other than hydrogen have been studied, The broad
purpose of this study therefore, was to add to the general
fund of informetion relative to such electrophilic dis-
placements., Specifically, the study was directed fowarq :
an elucidation of the mechanism of'bfominative‘decarbdxyla;.
tion by & study of the kineticéﬁof the reactions.

After it was shown that at constant hydrogen ién
and bromide ion concentrations the rate of the reaction

was first order in stoichiometrié,bromine and first order:’




in substrate, the kinetics were studied in detail by meas-
uning‘the’éffect on”the*rétéio% vaf&ing hydrogen -ion and
bromide ion concentratiéﬁs. The rateVWas measured by
stopping portions of the reactlon mlxture w1th potassium
icdide at measured time intervals and determinlng the con-
centration of unused bromine by titration of the liberated
iodine with standard sodium thiocsulfate solution.

From the data collected, apparent integrated bimo-
lecular rate constants were calculated from the equation

. 2.303 a(b-x)

P (p-a)t b(a-x)

in which b is the iniﬁiéi:stoichiometric,bromiqe'qbncen—
tration, & is the initial stdichiometrig\concentration of
hydroxybenzoic acid, t is the time elapsed between the
mixing to the reactants and the stopping of the reaction,
and X is the concentration of either reactant consumed or
the concentration of product.formed at time t.

In order to establish the nature of the reacting
species, it was necessary to study how the change of con-
centration of bromide ion and hydrogen ion affected the
integrated rate constants. This was done by preRaring
aqueous acetic acid solvents containing appropriate amounts
of lithium broﬁide,ihydrqgen‘ermide, and perchloric acid.

The runs made for this‘purpose were all carried out at an
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ionic-streﬁgth of’OWB and at 20.00; The hydrogen ion con-
centration was then held constant at 0.300 M while the
bromide ion concentration was varied, or vice versa, |

Before the data could be considered quantitatively,
the equilibrium constant for the reaction

_ o (Bry ]
Br, + Br == Br, , K| = ————
[Bro J[Br™ ]

had to be evaluated in the variousisolvenfs used. This
wag done spectrophotometrically and Ky (in liters/mole)
was found to be 93 in'8®.0%per“cent acetlc acid, 85 in
75.0 per cent acetic acid, and 83 ip 70.0 per cent acetic
acid. In this discussion, 2 term enclosed iﬁ sQuare
brackets, [], indlcates an actual cbncentration, while a
term enclosed in parentheses, (),,indicates a stoiéhio—
metric concentration.

The rate of bromination eof‘2,6-dibromophenol was
found to be inversely dependent on the first power of the
bromide ion concentration and showed an inverse hydrogen
ion dependence between zerp‘and first power. The data is
consistent with 2 mechanism in which bromine molecules
react with both ionized and un-ionized phenol, or as éi—

pressed in 2 rate eguation,

LI ST

’ Ceas o L 1 (PRoOH)
rate = k [Br < ] [ (PhOH.) + —-———-_‘-_—?——-] .
e [ ]



xiii

This expression can-be related to the apparent rate con-

stant by the expression

..kk'

KappFa (BraloBr™ly .
[Brg 1 C

By plotting F vs. 1/[H?J, a,straigpt'line was obtained

from which it wes determined that k = 169 1./mol.min. .

3

18.11

and k' = 0,207 mol./1, The data for such a plot is given
in Teble I.
Table I
L - - VAL :

(215 (Brg), [Brgl ~— [Br] — 1/[H7] L. F
0.300 0.00406 0.00392 0.296 3.33 9.61 274
0.300 0,00375 0.00356 0,196 3.33 14,7 282
0.300 0.00371 - 0,00334 0,0967 3.33 30.8 306
0,200 0.00373 0,00360 0.296 5.00 11.91 340
0.151 0.00798 0.00770 0,292 . 6.63 © 13,94, - 392
0.101 0.,00369 0.00356 0,296 £ 9.90 516

It was found that the rate of bromination of 3,5 di-

bromo-2-hydroxybenzoic acid was inversely dgpendent on the

hydrogen and bromide ion concentrations and the dependence

in both cases-iS'betweenvfirst_and sééénd powér.

The data

is in agreement with at least two mechanisms. The first is

ag follows?

fast

ArH,

|

ArH™

+ H

(equil. const. = K,)

(1)
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ArH™ + Bry, === ArHBr + Br (2)

APHBr =—= ArBr~ + H  (equil. const. = K,) (3)

and fl:{na'ljly
o slow . ‘
ArBr~ — Ar'Br 002 . o (4)
2.

It can be shown that the rate equation for this mechanism is

k! f{B:fj(A-H ) Kk k.K
ate = L] [Bry I(ArH, (kf = kK K,) (5)

[8" 10 [Br™] + kb/[H D (k) = kK )

and. this can be related tiq;" the apparent second order rate

&

constant by the equation -

k (Bry), [Br lo [H ] . Kk! (6

wl S
[Bry ], . (k /kz)[Br 1 [H]

—

app l

|
<]

If 1/¥ is plottedixg.f[Br“j[H“]ﬁ a straightfline is. obtained
frorﬁ which it can be determined 'tha‘t'k]'_ = 0.42 minT1 and the
reversibility ratio, k__l/k'g = 34.6 1.%/mol.? The data for.
such & plot is given in Table II. The mean deviation of

1/¥ is t 0.27.




XV

Table TI
+ - - 3 '

Kapp BN [Br™ i, [Brgl, (Bry), ¥
0.0142  0.300  0.292 0.008368  0.008368  0.1098
0.0264 0,300 0,193 0,007488  0.007954  0.138
0.0825 0,300 0,093 0.007075  0,007973 * 0.2205
0.215 0.300  0.044 0.006360  0.007996 0,306
0.830, 0.300 , 0.0070 0,002968  0.007932  0.396
1.65 0,300 0,000  0.000 0.007942 0,495
0,0257  0.200 04292 0.007656  0,007964  0,1327
0.0689  0.101  0.292 0,007593  0,007898  0.1801

The second mechenism in- agreement with the data for
dibromosalicylic acid shows that although the course of
brominé ahd'ﬁroﬁide ion ié prbﬁibly unequivocal, other
coﬁfsgs for the h&drogeﬁ:ion are possible, fhgs,if the
reaction were initiated on the un-ionized acids |

k

ArHo, + 'Brg =£;= ArBrE + H + Br~ (7)
: k
K3

and then as previously shown

fast L +
APBrH =—= ATrBr  + W (equil. const. = K.b) (3)
K
ATBr ——=> Ar'Br + C0,.. (4)
slow .

'The rate equation for this mechanism is

.kékS(ArHZ)Em%]

(ké = kZKb) (8)

-

rate = T
+ 1
k_o[H ] [Br‘J * k)
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and thils can be related to the apparent second order rate

constant by the expression

Kl(Brz) [Br® ]0 1 | (9)

(g ug) (B BlBr 1, + 1/

kapp

[BrSJo

A plot of 1/Q vs. (5" 1% Br~ is a straight line from which it
can be determined that Ky = 1.7 1./mol.min. and the reversi-
-bility ratio k_5/ké = 143 l."q’/mol.3 The date for such a
plot can be obtained from TablevII. The mean deviation of
1/Q is t 0.11. .

It was found that the rate of bromination of 3,5-di-
‘bromo-4-~hydroxybenzolc acid was inversely dependent on the
second power of both hydrogenAand'hromide ion concentrations.
This is in accord with & mechenism in which HOBr reacts with
the mono-ionized form of the dcid or a mechanism in which

H,OBr' or Br reacts with the di-ionized form of the acid,

Lig.,
rate = k(HOBr)(ArH™),
rate = k(HZOBr*)(Ar'”),
or rate = k(Br' ) (Ar™7).

Theoretib&I“éoﬁ§ider§tions~seem%to fhﬁioate that a reaction
with H20Br is the more probable of these three.
It-can. also be shown that the mechanlsm expressed
by equations 1-4 for dibromosalicylic acid and culminating

in egquation 6 holds equally well for dibromo-p-hydroxybenzoic
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acid, If 1/¥ 1s plotted ys. [Br J[H' ), a straignt line is

obtained from which it cen be determined that k] = 6.3 minT!
and the reversibility ratio, k_l/kéf= 600,1,2/m01_2 The
data for this plot are given iﬁ Table III. The mean devi-

ation of 1/¥ is t 0,13,

Table III
'* - . bd .
L (2", (Br~ ], [anjo (Br,), ¥
0.0135 0,300 0.292 0,00777 0.00806 0.114
0.0297 0.300 0.192 0.00780 0,00824 - 0,168
0.111 0,300 0,093 0.00732 0,00817 0.321
0.456 0,300 0.043 - 0.00653 0.00813 0.682
(15) 0.300 0.000 0.00000 0.00819 4.5 -
0.0313 0,200 0.292 0.00795 0.00825 0.175
0.120 0.101 0.292 0.00783 0.00812 £ 0,341
0.414 0,054 0.292 0.00786 0.00816 0.666

The data available cannotwdliflngulsh between” mechanisms of

the "two general types given for the para compound Because
of the uncertainty in 1/Y especially near zero bromide and
hydrogen ion concentrations, the value of k—l/ké is only
known to be somewhere between 300 and infinity, It can be
shown that if the first step (equation 2) is at equilibrium
(k-l/ké is a very large number), the fﬁo méchanisms will re-

duce to the same rate equation. _If\k were known more

, app
accurately at low values of [H"][Br~], it might be possible

to distinguish between the two mechanisms,
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Since the ré.te of bromina‘tigén. of both 2,4- and 2,6- |
.dibromophenol was so much faster. than that of the hydroxy-
benzoic acids, a mechanism involving a fastvdisplacement of
the carboxyl group by a proton followed by a rate control-
.1ling bromination of the resulting phbnol was proven to be
unimportant in the brominative decarboxylation of the hy-
droxybenzoic acids., The bromine dependence of the bromina-
tions likewise disproved a rate controlling displacement

of the carboxyl grouﬁ by a profon;




CHAPTER I

INTRODUCTION

Ordinary aromatic substitution is & reaction wherein

an electrophilic reagent displaces a nuclear hydrogen atom

from an aromatic compound, e.g.,

However, aromatic electrophilic‘sﬁbstitutionS‘ape not 1im—)

ited to the displacement of hydrogen atoms. When the com-
pound is suitably activated, other atoms or groups may be
displaced by an electrophile. The particular reactions of
interest in this study are of the latter type, in which =

carboxyl group is displaced by halogen.

When ortho- or para-hydroxybenzolc acid 1s brominated

with excess bromine in glacial abetic acid, the product

formed in almost quantitative yield is the appropriate di-

bromohydroxybenzolec acid. When this dibromo-acid is treated

with bromine in & more polar solvent (comtaining a strong

acid), tribromophenol is formed quantitatively, e.g.,




: + Brg —p
Br Br M

Br

It is the purpose of this study to measure the kinetics of
this reaction under various conditions and to set forth a
mechanism (or mechanisms) for the reaction consistent with

the observed data.



CHAPTER II

SURVEY OF RELATED WORK

Halogenatlon of . hydrovaenzoic acads.——Whlle studying the

‘reactions of sallcyllc acid, Gahours (1) noted that when
salicylic acid was treated wi@q'pnpmine drop -by drop in the
absence of a solvent, he couldwisolate mono-, di-, and tri-
bromosalicylic acia and in addition he noted some bromo-
phenols. The reaction conditions were obviously rather
vigorous,

Similarly, Peltzer (2) noted that when free p-hydroxy-
benzoic acid was subjected to the direct action of chlorine,
especially in the presence of sunlight or at high temperature,
a mixture of chlorinated products were obtained. He prepared
chloro-p-hydroxybenzoic acid by the &ction of chlorine on
the dry silver salt in the absence of heat or light. He
also studied the action of iodine on both p-hydroxybenzoic
acid and its methyl ether, anisic acid. He repertedtthat
when the former was treated with iodine and iodic acid in
boiling water, both 3-iodo- and 3,5-dilodo-4-hydroxybenzoic
were formed;:hoWever,.when anisic acid was treated with the

same reagents at 145—150°&for six hours, only 3-iodo-4-

1. ‘M. A. Cahours, Ann. chim. phys., (3), 13, 87 (1845).

2. R, Peltzer, Ann., 146, 284 (1868).




methoxybenzolo acid resulted. Peltzer did not report that he
observed any decarboxylation of these pompounds by iodine,.

On the other hand, when'Weselsky (3) studied the
iodination of the hydroxybenzoic acids in 90 per cent
alcohol solutions,-he did observe decarboxylation. Using
iodine and mereuric oxide as the reagent he obtained both
the mono- and diiodo~acids from the ortho- and para-hydroxy-
benzoic acids. They were purified and separated by using
boiling water and in:this process both dilodo- and triiodo-
phenol were found. | v

Hubner and~Heinzer;ing'(4) observed that the bromo-
hydroxybénZoic acid obtained from brgﬁbnit:OPenzoic acid by
reduction of the nitro group, followed by di&%ptization and
hydrolysis, was the same as that formed by brbmination of
salicylic acid in carbon disulfide. They therefore deduced
that bromosalicylic acid was a derivative of phénol and
Hubner and Breﬁken (5) were able to prove this by a dry
distillation of bromosalicylic acid, the solid prodﬁgt of
which was monobromophenol. This work was later verified and
extended by Lellmann and Grothmann (6)

In the course of studying the unnsual products that

3. P. Weselsky, Amn., 174, 99 (1874)

4, H, Hubner and ¢, Heinzerling, Zeitschrlft fir
Chemie, 7, 709 (1871).

5. H. Hubner and 0. Brenken, Ber., 6, 170.(1873).

6. E. Lellmann and R. Grothmann, Ber., 17, 2724
(1884).



could be obtalned by the bromination of phenols, Benedikt (7)
observed that when elther p-hydrexybenzoic acid or salicylic

acid was treated in agueous solution with an excess of

- bnomine water, that tribromophenbl bremide was formed in -

good yield. Hefétudied”the'pnggefﬁﬁes"of ﬁhisrcémpouhd ex-
ténsively and noted that %he fourth bromine atom 1s very
labile énd the compound will bfomihate’phendi origniline%-

The bromination and chlorination of the three isomeric
hydrexybenzolc acids was studied extensively by Zinke and .
Walbaum (8) in an attempt to find isomeric products that could
possibly prove the existence oflgekule type lsomers of

benzene. Most of thelr work was done in glacial acetic acid

7. R. Benedikt, Ann., 199, 127 (1879). ‘
8. 'T. Zinke and H. Walbaum, Ann., 261, 208 (1891).

1The exact structure of tribromophenol bromide has
been the subject of mueh controversy and experimentation
since Benedikt's discovery of it. . Benedikt postulated that
the substance was a hypohalite and has been supported in
this view by W. M. Lauer (J. Am. Chem. Soc., 48, 442 (1926)),
I. Suknevich and S. Budnitzkii (J. prakt. Chem., (N.F.) 138,
18 (1933)), and G, Wittig and F. Vidal (Ber., 81, 368 (1948)).

On the other hand, many workers have favored a cyclohexadienome

structure, e.g., J. Thiele and H. Eichwede (ibid., 33, 673
(1900)), J. H. Kastle and R. Speyer (Am. Chem. J., 27, 40
(1902)), J. H. Kastle and A, S. Loevenhart (ibid, 27, 32
(1902)), and J. H. Kastle and J. W. Gilbert (ibid, 27, 43
(1902)). Several workers feel that the two structures are:
only labile tautomers, e.g., L. C. Raiford and A. L. LeRosen
(J. Am. Chem. Soc., 66, 2080 (1944); ibid., 68, 397 (1946)),
and G. H. R. Blston, K. T. Peters, and F. M. Rowe (J. Chem.
Soc., 1948, 367). . 4 _ o
“Tribromophenol bromide has occasionally been involved
in procedures for the determination of phenols and this
problem has been discussed at léngth by S. J, Lloyd (J. Am.
Chem. 3o0c., 27, 7 (1905)), $S. C. J. Olivier (Rec. trav. chim.,
28, %54 (1909)), and I. M. Kolthoff (Pharm, Weekbled, 69,
TT47 (1932)). '




and under such a wide range of cendifions that they were
able to obtain products ranging from the monohalo-acid
to.a penta- and hexahaloketo-acid. They did not, however,
observe a spontaneous displacement of the' carboxyl group
by halogen. They did carry out thermal eliminations of
the carboxyl group of the alkalil salts to obtain certain
desired phenols.

Schunck and Marchlewski (9), while studyihg the brom-
ination of the natural product datiébetin, noticed a
cleavage in which salicylic acid or bromosalicylic acild.
was formed. Since the bromination of datiscetin also gave
bromanil, they reasoned that perhaps salicylic acid might
be the intermediate in the formation of bromenil. This was
confirmed by suspending Saliéylié~ééid in aceéic acid and
adding eicess bromine. A vigorousfreaction eﬁsued‘in whi&h
carbon dioxide was evolved. If the mixture was heated to
iboi}ing‘fé; aAshprtjtimé;‘bromanii’cbula-be isolated. Ul-
tiﬁaté1y~the§ ;epéfted that ani§iQkéﬁa E:h&droxybénzoic gcidé
could alsokbe reacted with brdmine;tolform'groméﬁil with V
the same %acilify.m The term ﬁsaﬁe facility" is fégaraed
skeptidﬁll& bécause due to %hewvigorous nature of thélre-
action éonditions, it-is deubtful.that an accurate comparison

of reactiviﬁy could be.made.

9. E. Schunck and L. Marchlewskl, Ann., 278, 349
(1894). .




" L8ssner (10) chlorinated both salicylic and p-
hydroxybenzoic acid by warming them with antimony penta- n
chloride in the absence of a solvent. He did not report
that he observed any decarboxylétiop; however,’hié research
was directed solely toward the use of antimony pentachloride
as:a reagent for organic chlorination.

The classical method of preparingNdichlorosalicylic
acld was for many yearé the method reported first by Smith
(11). He used glacial acetic acid as the.solvent for the
chlorination as well as for the‘purification"of the product.
Lellriann and Grothmann (6) likewise found glacial acetic
acid to be a suitable solvent for the bromination of  sali-
cylic scid. Earle and Jackson (1é)‘have published procedures

for the preparation of both diehlbro- and dibromosalicylic

acids in glaclal acetic acld. Their procedures are essen-

tially revisions of the methods of Smith (11) and Lellmann

and Grothmann (6). Robertson (13) has given a similar pre-
paration for 3,5-dibromosalicylic acid and in éddition has

also reported a preparation in the same solvent using ilodine

as a catalyst. The advantages of using glacial acetic acid

as a solvent are that dscarboxylation is minimized and the |

monchalo 2c¢id is soluble in the solvent.

10. G, W. L8ssner, J. prakt, Chem., (2), 13, 418 (1876).

11, E. J. Smith, Ber., 11, 1225 (1878).

12. R. B. Barle and H, L. Jackson, J. Am, Chem. SoC., .
28, 104 (19086) .

13, W. Robertson, J. Chem. Soc., 81, 1475 (1902).



Pope and Wood (14) “prepared 3,5-dibromo-4-hydroxy-
benzoic acid by dissolving:géhydroijenéoic aclid in 75 per
cent sulfuric acid cooled to zero degrees and then adding
bromine in a cold glacial acetic acid,solu%ion. The prep-
aration requires one week and results inﬂfhe formation of 'a
small ameunt of tribromeophenol. Pope, and Wood studied the
thermal elimination of carbon dioxide from dibromo-p-hydroxy-
benzoic acid in the’presence of acids, water, and base; but
they .did not study the dl.placement of the carboxyl group by
halogen. ‘

Brenans and Girod (15) have»preparéd’bromeiodbphenols
and chloroiodophenols from 5-bromo- and 5,5-dibromosalicylic
acids and the chlorosalicylic acids by the action of iodine
in-alkaline solutions. o

Fumlng sulfurlc acid was used as solvent in the prep-

aration .of .2 number of ha]ogenated derlvatlves of salicylic

‘o

actd by Farinholt, Stuart, and’ (16). In this medium
there is apparently“hbideéarbéx. on. -They were able to
prepare & tribromo- and a tetrabromosalicyllc acid but

could not chlorinate any higher phan trichlorosalicylic acid.

Théy were also able to prepare monobromotrichloresalicylic acid.

14, F. G. Pope and A, S, Wood, J. Chem. Soc., 161,
1823 (1912).

15: P. Brenans and C:<Girod; Gomp€; rend., 186,
1128 (1928). . , .

16, L. H, Parinholt, A. P. 3tuart and D, Twiss,
J. Am, Chem. Soc., 62, 1237 (1940).




When'5,4,5,6—tetrabromosalicylic acid‘waS'reééted With
bromine in 30. per cent“aceti@ﬂQGid 35,666: 2,3;4,5,6-penta_
bromophenol was formed. In a like mammer 2,3,4,6-tetra-
bromophenol was formed from'tribromosaliecylic acid. The -
chlerosalicylic acids behave analogously.

Kolthoff (17) has studied the bromination of salicylic
acid as a method of analyﬂié for salicylic acid. He' obssrved
that in water, salicylic acld or salieylate ion reascts’with
bromine watér to form=firstvdrﬁromosalicylic acid, then
decarboxylatlion takes place with substitution of a third
bromine atom to form tribromephenol which finally tekes up
a fourth bromine atom to 'yield tribromophencl bromide. The
carbon dioxide is libefate@ quantitatively and may beigbéorbed
in barium hydroxide for volumetric or gravimetric data. This
reaction may be employed for the determination of salicylic’

acid in the presence of other phenols.

o

17. I. M. Kolthoff, Eharm.rwegkblé@,;ﬁg,'&159 (1932).
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Halogenation. of -aminobenzoie agids@4—The qecafboxylapion of

p-aminobenzoic acid by bromine water had been noted as early
ag 1866 by Beilstein and Geitner (18). They observed that
tribromoaniline was formed in the reaction as well as 3,5-
dibromo-4-aminobenzoic acid. Similarly, when Bogert and
Hand (19) prepared 5,B-dibromo-z-éminobenzoic acid.by disf
solving anthrenilic acid in a large volume of dilute hydro-
chloric acid and adding slightly }éss_than an equivalent
amount of bromide-bromate reagent, they.observed that tri-
bromoaniline was one of the products. , » )
When Wheeler and Liddle (20) tried to prepare 3-iodo-
4~ aminobenz01c acid by reacting an aqueous selution of the
potassium salt of Efamlnobenzoic a01d with two atomic pro-
portions of iodine; they obtained" onlngriodoapillne. .They"
were able to prepare the 3-iodo-4-aminobenzoic ecid by
passing one molarﬂproportion ofiIGl vapor into a solutien
of p-aminobenzoic acid in a sméil volume of cold hydrochloric
acid. If, however, the p-aminobenzoic acid was dissolved in
a large amount of dilute hydrochidric acid and one molar
proportion of ICl was added and the solution warmed or concen-
trated, they obtained 3,5-diiodo-4-aminobenzoic acid. When

aqueous solution of the latter was boiled with powdered iodine,

18, F. Beilstein and P. Geitner,*Ann., 139, 1 (1866).

» 19. M. T. Bogert and W. F. Hand, J Am Chem. Soc.,
25, 935 (1903).

20, H. L. Wheeler and L. M. Liddle, Am. Chem. J.,
42, 441 (1909).
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no action was apparent, but when the mixture was heated in
a ‘closed tube at 165° for five hours, a black precipitate

was obtained which was found te be triiodoaniline upon .

purification.

”Ana;ogousvresults'ﬁene observed by Wﬁeeler and Johns
(21) when they ﬁriedAtofﬁfép;;é~5;5—dii0dé-2—aminobenzoicm
acid. When they added iodine* to an aqueous solution of the
potassium salt of 5-iodoanthranilic acid, only triiodoaniline
was obtained. They found, however, that the»@iiodoapthranilic
acid could be prepared by lodinatilon .of either 5-iodoanthra-
nilic acid or anthranilic ac¢id in & solutien of about 5 per.
cent hydrochloric acid. This procedure cut the yield of
triiodoaniline to less than 10 per ¢ent. .

. Ullmenn and.Kopetschni (22) similarly discovered that
they could prepare 3,5-dibromoanthranilic acid by brominating
anthranilic acid in an acidic aqueous solution. They noted
that- it is soluble in concentrated hydrochloric acid and
is :transformed into tribremoaniline by bromine water, but
that the carboxyl group 1s not displaced in strong fuming
gulfuric acid. ,

.When Wheeler and.Oates (23).brominated"anthrapilic
acid in cold glacial acetic acid (near the freezing point

of the mixture) théy found that two thirds of the product

- s

21. H. L. Wheeler and G. 0. Johns, . Am. Chem. J.,
43, 398 (1910).

22. F. Ullmann and E. Kopetschni, Ber., 44, 425 (1911).

23. A. S. Wheeler and W, M. Oates, J. Am. Chem. Soc.,
32, 770 (1910).
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consisted of 5-bromoanthranilic.acid and one third of the
dibromo-acid. When they brominated anthranilic acid in
near boiling glaeial acetic acid, the results were reversed,
giving two thirds of the B,S—dibromoanthranilic(acid. The
two acids are readily sepafated by boiling water in which

the dibromoanthranilic acid is nearly inseoluble. They re-

- port that a little tribromqani¥ine was found”after bromipating

in cold acetic acid. . One ﬁéuld}have eXpedtad that tribromo--

aniline would more likely be found after braminating in-hot
acetic acid. |

Sudborough and Lakhuralani (24), contrary to other -
workers, claim to have observed extensive degarbOXylation
of aminobenzoic acids in glacial acetic.acid. They reported
that when a glacial acetic écid solution of 3,5-dibromo-2-
aminobenzolic acid was treated with an acetic acid solution’
of chlorine, a mixture ofjdhlorobromoanilines was.‘obtained,
In the same solvent it was obéerved that 3,5-dibromo-4-
a@inobenzoic acid yielded 9®Aper"cent tribromoaniline when
treated with bromine, but when treated with chlorine no
products could be isolated. Since other workers almost
unanimously report that dgcarb@xylation is minimized in
glacial acetlic acid, it seems likely that these workers were

not really using anhydrous acetic acid.

o4. J. J. Sudborough and J. V. Lekhumeleni, .J..Chem.
Soc., 111, 41 (1917). -

.
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A practical application of thé deéarboxylation
reaction has been reported by Wells (25). The Association
of .0fficial Agriculture Ghemists method for the determin-
ation of procaine (and similar compounds) depends on the
quantitative bromination in aqueous solvent of the p-amino-
benzoic acid formed by hydrolysis to tribromoaniline.  With
p-aminobenzoic acid, guantitative bromination was obtained
when 140 per cent excess of bromine was used and two hours
were allowed for the reaction to reach completion. The
time required varied inversely with the excess of bromine

used,

5. E. H. Wells, J. Asso. Official Agr. Cheém., 25,
537 (1942).
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Survey of:the mechanisms of related haipgepatibhireacﬁions.--
A considerable amount of work on the mechaﬁismland rate of
bromination was done by Franbis and co-workers (26). He

was primarily concerned with using bromination as an ana-
lytical device for the estimation of the amount of meta iso-
mer present in mixtures of monosubstituted anilines,.phenols,
and nitro compounds., A difficulty in.the method was the
displacement of -CO0H, -CHO, and -S0zH by bromlne when

these are present. He found that if the reaction. mixture

" was cooled below 0° C., that displacement was halted. The-

brominations were done in aqueous solutlons with enough
alcohol added to prevent the precipitétion of the dibromo-
compound, and if carried out at 20° C. or above, d13p1ace-
meﬁt of the group is quantitati%e in almost every case.

The determination of the relative rates of bromin-.

ation of certain ortho-, meté-, andwgara- igqmers of mono-
substituted phenols and anilines was undertaken by Francis
(27, 28). He found that bromination by free bromine in

water is too rapid to study in: the case of aniline or

26, A. W, Francis and A, J. Hill, J. Am. Chem. Soc.,
46, 2498 (1924).

27. A, W, Francis, A, J, Hill, and J. Johnston,
J. Am. Chem, Soc., 47, 2211 (1925)

28, A. W. Francls, J. Am, Chem. Soc., 48, 1631 (1926).
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phenol, and if bromide-bremate,réagent is used, the rate
observed is that of the formation of molecular bromine, .
which is slower than that of the bromination of aromatic
compounds with an amino or hydroxyl group. By means of

competition experiments using two different compounds at

a time with 2 limited amount of bromine and a8 determination .

of the relative amounts of -each product formed, he was
able to determine the~relative rates of entrance of the
first, second; and third bromine atoms into & number of
compounds and the relative réates of bromination of the
different compounds. His observed ratios are practically
independent of concentration and temperature, and probably
catalysts, but they vary greatly Wlth changes in the al-~
cohol or acid concentratlon, since the competltor which is
brought nearer to saturation by the change in medium is -
favored in the competition for-bromine. Phenols and
anilines should not be compared due to the- -different effect
by acid. \

As a result of his studies on the relative rates of

bromination, Francis became interested in dlscoverlng which

.

speciles actually constituted the actlve agent in brominatlon

(29). He . found that m-nitrophenol was brominated by free
bromlne water nearly 1000 times as rapldly as by an equlval—

ent concentratlon of HOBr from Wthh the concentration of

29, A, W, Francis, J. Am., Chem. Soc., éZ: 2340
(1925).
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free bromine had been reduced to an extremel& small value
by -silver sulfate. The ratio is approkimately that of the
equilibrium concentration Of'free bromine in the solution
ag -calculated from the hydrolysis constant of bromine and
the solubilities of silver bromide and silver sulfate.
Based on' the products formed by the addition of bromine
and HOBr to olefins in- agqueous solutibﬁégénd'infthe presence
of salts and strong acids, Francis concluded thaf-the»active
species is the same in both cases and 1s probably a posi-
tively charged bromine atom.

Soper and Smith (30) have studied the halogenation
of phenols in agueous alkaliné‘media using HOC1l as the .
reagent. For the simple phenols, kinetic data could not
distinguish between the reaction being between phenel and
hypochlorite ion or between phenokide ion and HOCl. By
studying instead the reactlion between salieyl¥e acid and
HOG1l in different hydroxide ion c_éncentratiohs; they found
that only the wvelocity constant calculated from & reagtion
between the doubly ionized salicylic acid and un-ionized
HOCL was independent of the hydroxide concentration of the
medium. | ‘

Soper and Smith have shown that the ratio of the
ionization constant of Cls to tgatlofwﬁbgl (¢1* being the

pesitive ion in edch case) is equal ﬁowthb iénﬁproduct

1926, 1582. )
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constant of watgr‘divided into the ﬁydrolysis constant of
chlorine and is equél to 4.5 x 1010 to one. If C1¥ is the
active agent in each case, Clg would be expected to chlor-
inate 4.5 xrlOlQ faster than HOCl. The corresponding values
for Br2 and I, and their hypohalous acids are 5 x 10° and
30 to 1 respectively., Thus while HOCl woeuld have little
chlorinating effect in comparison with‘frée chlorine, we
would expect thg effects of Ip and HIG to be of the samé
order of magnitude.

In order to test the. theory of halogenation by pos-
itive halogen ion, the chlorin&tioh of phenols has been -
studied by Soper and Smith, using HOCl &nd Cl, -as chlor-
inating.agents. The much greater stability of HOC1l: (as
compared with HOBr and HIO) has allowed a sharp differén-
tiation between the me chanisms of éubstiputiongof;phenqls
by these two chlorinating agents.* In thé chlorination of
phenols and phenolic ethers byvﬁeggq'the presence of a
small amount of HCl has a great éf}e;t (increase) on the
rate of interaction of HOC1 and:a phenol. The rate is
independent of the concehtration‘and nature of the phenol -
and is dependent on the concentration of HOC1l and the square
of the concentration of HG1l, thus it is obvious that the
rate megasured is that of the f§rmation of chlorine from
HC1 and HOCl, the chlorine reacting immedistely with the

phenolic substance present. HOCL does not resct with
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phenolic ethers, since they do not form & phenoxide Lon,
but Cly reacts easily with both phenols and ethers. It
is probable, however, that the interaction of -Cls and
phenol involves both the highly reactive phenoxide ion
and the un-ionized phenol.

It is the opinion of Sop?ruand Smith that the theory
of the reactivity of phenoxide ion with un-ionized HOC1
that they have demonstrated for the intefaction of HOC1
and phenols also &applies to the similaer reactions involving
HOBr and HOI. They found, for example, that the rate of
iodination is deereased in strpngtalkaiine‘solution;~Which
is explained by the great decrease din the,cqﬁéentrationmof
un-ionized HOI, i

Bradfield, Jones &nd Orton (31) found that in 50 per
cent aqueous acetic acid (by volume), HBr ei@hef~added or
formed during the course of the reaction, causes marked
retardation in the brominetion of phenol ethers with bromine.
Assuming that only the "free" bromine is active in bromination,
the appropriate kinetic expression applied to the:bromination
of phenolic ethers in experiments in which 5 or 10 molecular
proportions of HBr were present at the start, gave bimolec-
ular éonstants (the expression wanfirst power in bromine
and in ether) which showed a slight downward drift as the

reaction progressed. With smaller original amounts of HBr,

1. A. E. Bradfield, B. Jones, and K. J. Orton,
J. Chem. Soc., 1929, 2810,
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the drift in constants begomeé'more marked. The appropriate
lexpression mentioned above 1s ‘one that accounts for that
part of the: bromine originally added which is cenverted to
Br5
of NaBr has the same effect as HBr, however the addition of

by the bromide lon present or being formed. The addition

beta-naphthalene sulfonic a@id produced no change in rate,
Although the work of Bradfield and co-workers on the
phenol ethers indicated that Brz'was a very poor brominating
agent, Alexander (32) found evidence that showed otherwise.
By laying down p-hexadecylphenol as & monomolecular film on
water, -he was able to measure the rate of bromination by’
dilute bromine wdte£. jThe;kinefiq$ oflthe ﬁéaction were
pseudo-unimoleculear, The adéitioﬁ of potassium bromide
caused a pronounced:dncreééé:iﬂ%veloCify,‘Whidﬁ increase he
assumed must be ascribed to the formation of tribromide ions.
From the rates of reaction with bromine water and varying
amounts of bromide ion, and ﬁith'HOBr, he has calculated
that Brz is four times as effective as the HOBr molecule,
and in & like manner that Clz is 10° more active than HOC1.
In contrast, Bradfield and Jones (33) found that in

the reaction between phenolic ethers and chlorine in 99 per

cent acetic acid, the reaction is bimolecular and the amount
ofﬁHGl present has little effect. It does not appear, there-

fonggmthat in this medium the trichloride ion plays any

32+ A; E. Alexander; J,. Chem.-Soc., 1938, 729.-

23. A. E. Bradfield and B. Jones, J. Chem. Soc.,
1928, 1006.
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slgnificant part in the L J.ze.;a'qtion, or indeeéi, that any mechan-
ism other than a direct interaction between chlorine and
other comes into play, Theﬂgate is, however, very sensitive
to the amount of water in the medium, the speed of chlorin-
ation of prchloroanisole being increased by about 66 per ‘cent
as the amount of water in the medium is increased from one
per cent to two per cent.u |

In this ‘same paper, Bradfield and Jones feport that
in the investigation of the rate of chlorination of several
ethers of E-hydrbxybenZoic acld, evidence was sought for the
possible displacement of the carboxyl group by chlorine in
the ratio 'of 1:l, there was some slight evidence (which was
_within‘the experimental error, however) for this aiSplacement.
When the proportion of ether to chlorine is made 3:1 or
greater, the disturbance in theirate constants disappears,
indicating that there 1is no significant displacement of the
carboxyl group. .

Shilov and Kanyaev (54}:measured-the rate of bromine-
tion of anisole m-sulfonic &cid by HOBr (it should be recalled
that Soper and Smith:(30) claimed that phenol ethers could not
be chlorinated with HOGl). ' Updn:varying the hydrogen ion

cpnqehtration, they fbuﬁdﬁthat the rate of§¢he”réaction"was

pﬁéﬁértionglgto;ﬁhe*éohcen}ﬁ‘ dﬁ' f thé~aﬁi3016’tiﬁes the

Tt

54.' E. Shilov and N, Kanyaev, Compt. ;ehd:macadb sci,
URSS, 24, 890 (1939}); Chemical Abstracts, 34, 4062 (1940).
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concentration of the HOBr times the concentration of the
hydrogen ion. They suggested that the product of the HOBr
and the hydrogen ion concentrations was a measure of the
formation of Br' or Hy0Br". They have assigned the various
breminating-species the following relative rate constantss
HOBr, 0.12; Br,, 803 Brel, 45,000; and Br’, 110,000.
Robertson, dé la Mare, and Johnston (35) report that
in the bromination of acetanilide, aceto—gfpoluidide, mesity-
lene, anisole, and Ertol&l methyl ether in acetic acid at
room temperature in the concentration region. of M/40, third

‘order kinetics are observed, I@iétrgaqtion,?whigpvhag a

low heat of activation, changes @%érito a bimolecularﬁre— -

action at lower concentrations. Additiop of water to the
solvent favors a bimdiecﬁlar 6haﬁg§, apd‘additien of chloro-
form or carbon tetrachloride“céuges the initiation of chain
reactions, with reaction order greater than third. They
believe that the termolecular reactions in concentrated
solutions must be due to the formation of (Brg)g in pure .-
acetic acid. | E

Wilson and Soper (36) have reinvestigated the bromin-
ation of grnitroanisole wixh‘brominelwateg;and HOBr, and in
addition have studied the bromination of bénzene under the

same conditions. They have observed that preciselwork/on

35. P. W. Robertson, P. B. D. de la Mare, snd W. T. G.
Johnston, J. Chem. Soc., 1943, 276.

36. W. J. Wilson and F. G. Soper, J. Chem. Soc., 1949,

3376.
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the réactivity of’équeousﬁEOBf iéﬁ;ﬁdfééﬁpéd‘by its decom-
position into HBrO, and HBr, the latter reactingmwith HOBr
to producé Brg, and that this inStability necessitates a ,
careful selection of reactions so that the speed of the
reaction, while not too rapid for examination, is suffic-
iently fast to avoid complications by appreciable decomposi-
tion of the HOBr. Reactions of HOBr with o-ritroanisole
and benzene have been found satisfactory in this respect.
In the study of the bromination of the o-nitro-
anlsole with bromine water and varying the concentrations
of bromide ion and hydrogen ion, they found that the rate

was not effected by hydrogeﬁlion but was retarded by in-

‘creasing concentrations of bromide lon. Rate constants

were found to be constant when ﬁhey were calculated on the

'basis of the free bromine present (that not complexed into

Brz by the added Br™). Hydrolysis of the Bry, to HOBr was
reduced to negligible extent“iﬁﬁﬁﬁégé‘studies by the
addition of hydrogen ion aS‘weii as by the bromide ion
present. Since hydrogen ion was found to have no effect on
the rate of bromination by bromine water, the*brbmination
cannot be due to the prgséncé of equilibrium HOBr per se.

The fact that the specific rate constants, after correction

3
fold change in the gohcéﬁtfation of bromide ion, further

for the presence of;inacﬁive=Br , are unaffecﬁéd by a 100

indicates that the activity of molecular bromine is not
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due to the presence of small amounts of Br' formed by the
ionization of Brg, for this ionization would be greatly
affected by the increase in bromide ien concentration.

A comparison of the effect of the hydrogen ion
concentration on the rate of bromination by HOBr and bro-
mine was demonstrated by the.fact that when the hydrogen
ion concentration is increased six fold, the specific rate
of bromination by HOBr increases six fold also“whil§ th§h
specific rate of brOminatioﬁ by brgmine water is upchanged
over a thirty fold chenge of hydrogen ion concentration.
This effect 1s observed with both o-nitroanisole and with
benzene. In neither case can the ‘effect be attributed to

change in reactivity of the éubsﬁénce undergoing substitu-

tion, and must, therefore, be assoclated with the ionization

of -HOBr, causing an increasgd concentration of active Br+,
Qr“mofe likely, HééBr}. »

Wilson and Soper heve also observed that Wéék'acid
buffers catalyze bromination: of grnitroanisole and benzene

by HOBr, but at a pH of 2.74 they exhibit no effect on the

bromination of these compounds bﬁwﬁromine water. Evidently, -

inappreciable amounts of acyl hypobromites are formed in

such acid solutions.

De la Mare, Hughes, and Vgrhon (37) have found thor—

ination by HOCl in the presence of sulfuric or perchloric

s

37, P. B. D. de la Mere, E. D, Hughes, and C. A.
Vernon, Research (London), 3, 192 (1950).
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acids to be analogoﬁs to nitration in some cases. For
adequate concentrations of}fairly reactive compounds, the
kinetically fundamental précess is the heterolysis of -the

C1-0 bond. Under conditions which effect a rapid enough

removal of the chlorine cation (Cl*), the rate 1s independent’

of the concentration of the aromatic substance. With less
reactive compounds, or insﬁfficient concentrations of com-
pounds, so that the chlorine cation is allowed to approach
a stationary concentrationi the rate bécomes~dependent,on
the concentration of the aﬁomatickﬁompound. B

In studying the bromination of phenolic ethers in
75 per cent acetic acid, Bradfield, Davies, and Long (38)
have found kinetic evidence that the rate expression can
best be represented by the sum of two terms,

dx/dt = ky(E) (Brg) + ki(E)(Brg)Z. .

They found that HOBr 1is a pﬁwerful brominating agent for
ethers in this medium but they were unable to reconc;le
bromination by HOBr as causing the termolecular term.
\They feel that a contribution by'(BpZYZ, as -suggested by
Robertson and co-workers (35), satisfactorily explains,this
term, »

Berliner (39) has studied the kinetics of the iodin-~

ation of aniline with iodine in aqueous solution. He has

) i -
38, A, E. Bradfield, G. I. Davies, and E. Long,
J. Chem. Soec., 1949, 1389. \

39. E. Berliner, J. Am. Chem. Soc., 72, 4005 (1950).
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found that the rate is independent of the hydrogen ion con-
centration for pH!'s greater than 5.4 and invérsely propor-
tional fo the square of the lodide ion concentration, and
to.show general bhase catalysis. The kineties of the re-
action are not compatible with iodination of aniline by
17, Iz, Iy, HOI, or OI". The kinetics are compatible with
lodination-of aniline by the ledine cation. However, the
same kinetics are also in agreement with a reaction between
hypoiodous acid and the anilinium ion. Kinetically, the two
reactions are indistinguishable; however, the latter can be
excluded on chemical grounds, since the anilinium ion is a |
strong met& director and aamigimum;yield-of 64 per cent
p-iodoaniline was 1solated.frmg ﬁhe reaptgpn mixtufe.
Furthermore, at the pH at which the bonceﬂtfation of ani-
linium ion becomes appreciable the rate falls, off gpd would
presumably reach zero when all free aniline is converted to
the anilinium ion. Berliner feels that it is highly un-
likeiy that these results can be generalized to ineclude
Br' or C1' as the active agents for Brg.and Clg in the
abﬁence‘of‘ascatalyst; “ : . | |
‘Berliﬁer (40) has éléoiétudiéd‘the kineties of'the
iodinétion of phenol under*thersame“%onditions that he
studied the iodination of aniline (39) and has attempted
to coﬁpare the two reactions theoretiéally. It seems prob-

able frqmwhis.reéults that thelphénoxide ion is the reactive

40. E. Berliner, J. Am. Chem. Soc., 73, 4307 (1951).




26

species and the kinetlcs are compatible with a general acid
catalyzed lodination by HOI on the phenoxide ion. From
this consideration, he has reevaluated his ideas on the
iodination of anilin? and has decided that perhaps the
correct kinetic expression involves éniline, hypoiodous
acid, and a proton (in a general acid catalyzéd reaction)
and in which the term (HOI)(E') is merely the hydrated
iodine cation. The function of the acid is to weaken the
0-I bond. “
Painter and Soper (41) have studied the iodination
of .phenols by iodine in solutions buffered by weak acids.
They found that theé speed of iodination varied aiégéply“
as the concentration of phengl and inversely as the square
of the iodide concentration. . They élso’féuq&“fhat the speed
varies directly as‘the concentration of the buffer acid.
They therefore concluded that jodination 1s by HOI on phenol
and AcOI on phenoxide lon or by 1* on phenoxide ion and AcOI
on phenoxide ion. These y@sults should be compared with
those ‘of Wilson and Soper (36), who found that in acid
solutions weak acids did not catalyze bromination of o-
nitroanisole and benzene by bromine water. 'This indicates
that bromine is not hydrolyzed to an appreciable extent and
inéppreciable amounts of acylhypobromites are formed in such

acid solutions. This difference was also predicted by Soper

41, B. S. Painter and F. G. Soper, J. Chem., Soc.,
1947, 342,
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and Smith (30) on the basis of the ionization and hydrolysis

.constants of the halogens.
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Survey of, electrophilic displacement of groups other “than

hydrOE_‘"—-A few of the electrophllic d13p1acements of

gfoups other than hydrogen haveé been studied rather ‘ex-

tensively. Some of these will be reviewed in this section

following which a number of typicéi reactions will be 1listed.
Kuivila and Esterbrook (42) have studied the following

reaction:
ArB(OH), + Br, + H,0—>ArBr + HzBOz + HBr

They have found that the reaction in agqueous acetic acid is
first order with respect to bromine (the stoichiometric
bromihe concentration must be corrected for that which is
converted to tribromide ion by bromide ion) and first order &
with respect to the benzene boronic acid. The'reaction 1s
accelerated by salts of atrong acids and salts of weak acids
exert pronounced catalytic effects, The rate of the reaction

cdn be satisfactorily expressed by:

ax/dt = [k + ke(base) I[ArB(OH) g 1[Brgly po g

Kuivila and Hendricksbn (43) have studied the seme reaction

with substituted boronic acids. From this study they have
concluded that cleavage of the C-~B bond .is not Important in |

42, H, G. Kuivila and E, K. Esterbrook, J, Am, Chem. E
oc., 73, 4629 (1951). | | i

4%, H. G. Kuivila and A, R. Hendrickson, J. Am. Chen.
Soc., 74, 5068 (1952).
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the rate determining step and that the critical step is the

formation of the pictured intermediate.

<<:::::>2B(OH)3

Schubert and Gerdner (44) have studied the decar-
boxylation of 2,4,6- trlhydroxybenzoic acid over a wide
range of acid concentratjon (O to" 58. 5 per cent perchloric
acid). The reaction was followed Spectrophotometrlcally ’
(u. v.) which had the ‘adysrntage of enzbling the workers to
determine the actual concentrations of RCOOH and RCO0™ in
the reaction medium. In water at 10™4 molar, the acid wes
found to be practieally completely ionized to its anion
and no decarboxylation was observed, hence thg rate of the
unimolecular decompositionﬂéf RCO5~ is negligible if not
zero. They found no évidence of an acid catalysis of the
type suggested for the decarboxylation of the alkyl benzoic
ecids, i.e., decarboxylation by way of the conjugate acid.
The data which they found are consistéent with a mechanism
of either an SNi type unimolecular rearrangement of undis-~

sociated RGOzﬂ,

44, W M. Schubert and J.' l. Gardner, J. Am, Chem.
Soc., 75, 1401 (1953).

; lThis reaction has also been studied by H. Schenkel
and M. Schenkel-Rudin, Helvetica Chimica Acta, 31, 514
(1948), and by B. R. Brown, W, W. Elliot and D. L. Hammick,
J. Chem, Soc., 1951, 1384.




30

RCOH—> RH + COg,

or a bimolecular transfer of a proton from the solutionm to
the carboxylic acid anion to give the products in either s

concerted displacement or akmultiplemstep reéction.
RCO, + H (from the solution) —> RH + GO,

Scﬁubert, bdhohﬁew”énd Gardner (45, 46) have studied
the kinetics of the decarboxylation of trialkylbeﬁzoic
acids in 82-100 per cent sulfuric acid. The rate was
measured by the evolution of carbon dioxide. The rate
was found to go'thrdugh a maximum,at‘ssvper cent sulfuric
acid. lhey‘have also mesasured Spectrophotométrically the
concentrationé‘of and the eqﬁilibria between the un-ionized
aromatic acid and its conjugate acla énd between the con-
jugate acid and the écyloniﬁm ion, Their data indicate
that the reaction does notkproceed by‘the Hammett uni-
molecular mechanism; il.e., a‘ﬁnimolecﬁlar decomposition of
the cénjugate acid into the products. They believe that
catalysis by molecular sulfuric ‘acid is the predominant
process in greater ‘than 80 per cent sulfuric acid, but

that general acid catalysis cannot be ruled out, since

45. W. M. Schubert, J. Am. Chem. Soc., 71, 2639 (1949).

46. ‘W, M, Schubert, J, D, Gardner and J..Donohue,
J. Am, Chem. Soc., 76, (1954) ‘
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below 80 per cept éﬁlfuric acid, %he*participat;on §f
oxonium ion catalysis appears to‘be discernible. From
the work of Stevens, Pepper, and Lounsbury (47)5‘iﬁ'seems
that the rate deterhining step is in the breéking of the
C-C bond. This is demanded because of the 3-4 per‘cent
isotope effect (between 12 and dlS) that they”observed
in the decarboxylation of mesitolc acid.

Stevens, Pepper, snd Lounsbury (47) have studied
the decarboxylation of anthranilic acid and found that
the aqueous decomposition can be acid catalyzed but that
when the concentration of mineral acid appréachqgﬂthatpgf
the anthranilic acid, the rgte is decreased Antnrani}ic
acid with 1% in the carboxyl group was found to decompose
at ‘the same rate as that with 012 in the carboxyl group by
a mass spectrograph analysis of the carbon diox1de that
was evolved., They interpret the mechanism of this decar-
boxylation as beling a bimolecg;gr electrophilic substi-
tution, with the attack éf a pfoton, probably on the o

carbon of the 2zwitter ion, for the rate controlling step.

4%, W. H., Stevens, J. M. Pepper and M. Lounsbury,
Cangdien Journal of Chemistry, 30, 529 (1952).




Electrophilic displacements by halogen:
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48. R. Wegschleider, Monatsh., 18, 329 (1897).

. 49, L. Clarke and R. H. Patch, J. Am. Chém. Soc., 34,
912 (1912).

50. G. J. Esselen and L, Glarke, ibid, 36, 308 (1914).
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(51)

(52)

(27)

(53)

51.. H. Fischer, P. Halblg and B. Welach, Ann., 452,
268 (1927). '

52. R. Stoermer and G. Calov, Ber., 34, 770 (1901).
53, H. Fischer and R. Baflmler, Ann., 468, 58 (1929).
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Electrophilic displacements by hydrogen:

I _ ;
_Sn~-HE1 (54)
NOg | NHg
CH, CHy
SOH -
Sn-HO1 (54)
NOg NH,, ~ NHp NHp
CHy ) CHz
8u
H.C \ CH H:C CHz
3 3 =3 3
H,S0 ‘
2°V4 g::) (55)
: . CH
CHg 3

Cl

1 , : (56)
1 Q-Hg-</ Ny + HoAe—»Gl Q Hghc
GHzy -
S12CH, + HC1 -51—5—0*‘\"—» (57)
X CHg

CHz
c1-silcEs
CHz

54. M. J. J. Blanksms, Ree..trav. chim., 24, 320
(1905). BB

55. W. M., Schubert and R. B. Zahler, J. Am. Ghem.
Soc., 76, 1 (1954).

56, A, H, Gorwin and M. A. Naylor, J. Am. Chem, So¢.,
69, 1004 (1947).

57. R. A, Bénkeser and A, Tork;lson, J.ﬁ&h. Chem.
Soc., 76, 1252 (1954). |
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Electrophilic d;§plécements by a nitro group:

o1 - a
CHz CHz
. +  HNOy, —> (58)
HOoC \/ 05N
OH OH
O\ o lie //0, COole
B0, | '%.E%—’ H6{_ (59)
0 CO,H 0 NO,
CO_H | . OH
NOg

MeO© | Me
(61)

Me® CMe
VA

58. I. R. Gibbs and P, W. Robertson, J. Chem. Soc.,.
105, 1885 (1914). :

59. V. I. Harding, J. Ghem. Soc., 99, 1585 (1911).

60. D. Nightingale, Chem. Rev., 40, 117 (1947).

6l. V. J. Harding and C. Weizmann, J. Chemnm, Sbew,
97, 1126 (1910). . .
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@Me OMe
Me© ' MeO
L&)
_HNe, (62)
HOAc
" N02
NOo,
Br _8l. HOAc o Br
\ +  HNOp (63)
. Nog
- Ho HOAG HO 0H
_ + HNoéﬁ gl, c, +
Br Br Br
Br
HO / (0] &1
(64)
Br NOo
\ CH A2
3 ‘ CH
HNO S ey
) __i.;.. _ ( 65')’—)'
Br N02 Br ) 1
QH . OH

62. H. Thomas and W. Siebeling, Ber., 44, 2115 (1911):

63. T.-, Zinke, Jo Prakto ?hemo, (2), 6,,",'1'.‘, 561 (1900) .

64. G. Dahmer, Ann., 333, 546 (1904).

65. P. W. Robertson and 'H, V. Briscoe, J. Chem. S0C.,
101, 19684 (1912).




37

Me Me Me
| o,
Hﬁosjv * + + (60)
{-Pr CO H CO H
Me Me
NO, -
+ S+ + +
N02 i-Pr
Ve
02N  NO,,
i~-Pr
OH
+ Ph-N,c1 —2ie soin., (66,67)
Me

66. E, Marder and I. W. Rudermen, J. Am. Chem. SoC.,
73, 5475 (1951). 1

67. E. Ziegler and G. Zigeuner, Monatsh, 79, 42
(1948).
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CHAPTER TII

SOURCE, PREPARATION, AND PURIFICATION OF MATERIALS

Acetic acid.--The acetic acid use€d for all preparations and
for kinetic Runs 6-10 was DuPontig ¢, P. glacial acetic acid
used without further purification.

The acetic acid used in the solvents for Runs 11l-17,
acetic acid-(a), was prepared by first distilling the glacial
acetic acid and collecting the fraetion boiling between 115~
116.8°., The freezing point of this mixture was observed to
be 15.2° (corr.) indicating thaéxthé solution was ca. 0.368
molal in water. Sixty five milliliters of 97 per cent acetic
anhydride (95. 0.68 moles) was added to 3500 ml. (3670 g.)

of the distillate and the mixture was refluxed for four hours.

The corrected freezing point of this mikture was observed to
be 16.,2° indicating a solution ca. 0.105 molal in water.

The acetic 2cid for 2ll other kinetic rﬁns, acetic
acid-(b), was purified by the method of Bradfield and Orton
(68). Four liters of the DuPont acetic acid was refluxed for
two hours over 80:g. of chromium trioxide. The solution was
then distilled through a three foot, 1 3/8 inch bore,

vac&um.gackeqedmgolumnfpaqked with é/}6‘in¢h glass helices,

~ 68. A. E. Bradfield and K. J. Orton, J. Chem. Soc.,
1924, 960. '
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and the fraction boiling between 116-117° was collected

(ca. 3 liters). The solution was then analyzed for water

éontent by titration with Karl Fischer Reagent (69). The

Karl Fischer Reagent was run from & bottom filling buret
having &n extended tip and equipped with & reservoir so
arranged that only air which had been passed through a
Drierite and silica gel trap could be admittéd into the
system. The 20 ml, samples of acétic acid were titrated
in 100 ml. volumetric flasks to an end point intermediate
between the\dark browh iodiﬁe'color and the canary yellow
of the agqueous solution, . It was observed that acetic acid
gave a false end point upon the addition of léss than 1 ml.
of réagent. This end point disappeared upon the addition
of more reagent and the true end point then appeared. All
acetic &cid prepared by this method contained less than 1
per cent water and the amount of water was known to within
0.01 per cent (the variation in conecentration that would
result from an uncertainty of 0.5 ml. of Karl Fischer

Reagent).

Acetic anhydride.--Acetic enhydride of unknown purity and

source was used without further purification.

Acetonitrile,--Bastman Kodak, Whité Label, acetonitrile was
used without further purification.

N

69. J. Mitchell, Jr. and D. M. Smith, Aquametry,
New York, Interscience Publishers, 1848,

-
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lﬁBarium hy@réxide;——Baker'sfAnalyZed G.P. barium hydroxide

octahydrate was used to prepsre all solutions. To prepare
the standard base, 253 grams of the barium hydroxide was
dissolved in 4 liters of hot distilled water. The barium
carbonate formed in the process was filteredwand the clear
solution poured into & polythene bottle which had been pre- .
viously flushed with nitrogen and was equipped with a soda
1ime trap. The base was standardized against standard

hydrochloric acid.

Bromine;—JMGrek; Reagent Grade,“bromine was ﬁééd for all
preparations and for Runs 1-12 without further purification.
For kinetic Runs 13-44, Baker's Analyzed G.P. bromine
was used without further purification. _For all‘othér
kinetic runs, ﬁhis bromine was pprified byvthe folloﬁing

1, Six hundred milliliters of bromine was mixed

procedure
with 60 g. of potassium bromide.%ﬁd‘refluxed for three
hours., The mixture was then disgilled, the first 100 ml.

of distillate was rejected, and the next 350 ml. of bromine,
boiling between 57-58°, was collected and used without

further purification.

Chloroacetic acid.¥4Matheson chlonQCetic acid was used

without further purification.

;2-2- Kuivila and Esterbrook (42).
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Ch;oreform.--Commercial chlbfofofm was used without further

purification.

Chromium trioxide.--Merck's chromic aecid (ohromium trioxide)

‘was used in the purification of acetic acid.

3 ,5-Dibromo-4-hydroxybenzoic acid (DBPHBA)

Preparation,--Twenty five.gfams (181 m. moles) of p-hydroxy-

benzoic acid was suspended in 175 ml. of glacial acetic
acid, heated on a steam bath, and 50 ml. (0.94 moles) of
bromine was added drbpwise. The product eommenoed precip~
itating*ﬁhen about halfioﬁ”theybromine had been added.
Heating was contlnued for two hours, after which the mix-
ture was cooled and fi]tered " The crude DBPHBA was trans-

ferred to a 500 ml. flask'and dissolved in 290 ml. of re-

fluxing glacial acetic acid and the solution filtered through

& heated sintered glass funnel, TUpon cooling to room tem-
perature, the DBPHBA crystallized out in fine white crys-
tals. These were filtered and{&éshed with two 20 ml. por-
tions of glacial acetic acid, sucked almost dry,‘and finally
dried in & vacuum oven for six hours at 50°. The yield was
29.3 grams (55 per cent) of a product melting at 275-276° 1

A neutralization equivalent‘of about 150 (theoretical wvsalue

148) at a pH of 11 was obtained in & dioxane-water solveht,

lUnless otherwise stated, all melting points were
obtained from an Anschutz thermometer in an electrically
heated Thiele type melting point apparatus.
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indicating - that both of th@;abid hydrogens were neutralized
at.the same time. The accuracy of the determination was
limited by instrumentation difficulties.

Puri:icatioﬁ'Method 4 .--Dibromo-p-hydroxybenzoic acid

purified by this method will be designated as DEPHBA .

Ten grams of DBPHBA (ca. 34 m, moles) were dissolved in

ca, 350 ml. of ether. Te this mixture .20 ml. of aniline
(ca. 200 m. moles) and 5501ml. of normal pentane were

added., Upon shaking the mixture, 2 voluminous precipitate
formed. The mixture was cooled in ice water, then filtered,
and the precipitate washéd with four 25 ml.'porfions of a
1l:4 ether?pentane mixture, The Erude anilide thus formed

was treated with ca. 55 ml. of 6 N sulfuric acid followed

by 25 ml. of water: ‘ The white'yaste thus obtained was

filtered with difficulty and’then washed with 100 ml. of
ice water, The precipitate (still. strongly 2cid) was”then

dissol¥ed ‘in 100 ml. offéthérf The water phase which sep-

arated was removed. ‘The ether phase was washed withfthree;H

10 ml. portions of water to remove any sulfuric acid. The

ether was allowed to evaporate and the DBPHBA recovered

(8.8 g.). This DBPHBA was then recrystallized once from

65 ml., of glacial acetic acid and then from 65 ml. of
acetonitrile. The crystals of DBPHBA, were dried in a
vacuum oven a2t 50° for eight hours. The final yield was

4 g. of a product melting at 275°, The melting point
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indicated no impfovement of product. A sample was sent

away for analﬁsisl with the following results:

Found . =~ . Calculated (for C,,H,0 Brz)
Carbon 29.18% , 28.4 %
Hydrogen 1.82 1.35
Bromine 52.98 \ 54,1

Loss of weight on drying - 1.53%

Purification:Method B.—?Dibroﬁe-gfhydroxybenzoic acid

purified by this method will be designated as DEPHBA,.
Eleven grams of DBPHBA was dlssolved in 500 ml. of 1 N
sodium hydroxide solution and refluxed for four hours to
saponify any acetate esters present. The soiution we.s
then acidified with 70 ml. of 85wpervcent ﬁhOSphopic acid '
aﬁd the'selution filtered while th. The precipitate was
washed several times with water until it no longer smelled
of phenoi. The precipitated DBPHBA was then shaken succes-
sively with 80 ml. and 40 ml, portioﬂs*bf h—pentane to
remove anj residual phenol. The DBPHBA was then suspended
in 100 ml. of water and neutralized to 8 pherolphthalein
end p01nt with about 250 ml, of a ca. 0.1 N solution of
baniqm hydnoxlde. fThe b%riqmqudnox1de thus formed by
the neutralization of'boéhjacié hydrogen ions of DBPHBA
waékpreeiﬁitated byfﬁné*aadftion of 1000 ml. of 95 per cent
ethanol. The salt was filtered and washed with 50 ml. of

ethanol. The dry berium salt was dissolved in 400 ml. of

lo1lark Microanalytical Laboratory, Urbana, -Illinois.
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warm water and:DBPHBA was precipitated'by the addition of
5 ml. of 12 N hydrochloric acid.  The precipitate weas
filtered and washed and finally dried‘in a’vacuum oven
for four hours at 50°. The yield of DBPHBA was 6.7 g.

The DBPHBA was recrystallized from 200 ml. of acetonitrile.

The yield was 4.6 g. As the final step in the purification,

2.0 g. of DBPHBA was recrystallized from 1 liter of chloro-
form. It was necessary to cool the chloroform solution on
dry ice to obtain a satisfactory yield. The yield of
DEPHBAY, was 1,46 g. of & product melting at 275-276°,

Since the very high melting pqipt=of the compound make the

melting point a poor index of purity, a sample was anaiyzedl

with the following results:

_ Found . . Galculated (for 07H405Br2)
Bromine - - 54,34% . .. 7 54.1%

Loss of weight ‘on drylng - none 0
This is apparently an improvement of the product purlfled

by Method A.

3, 5-Dibromo-2-hydroxybenzoic Acid (DBSA)

Preparation.--3, S—Dibromosallcylic acid was prepared by the

method of Earle and Jackseon (12). In & typical preparation,
25,0 g. (181 m. moles) of salicylic acid was suspended in
125 ml. of glacial acetic acid in a 250 ml. round bottom

1

flask equipped with a reflux condenser which was in turn

lClark Microanalytical Laboratory, Urbana, Illinois.
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attached to & vapor absorption spray. Fifty milliliters

of bramine (0.94 moles) were added and the mixture heated
on-a steam bath for three hours. The mixture was allowed
to-cool and Ehs;resylting crystals were -removed by vacuum
filtration iﬁ é sintgred glass funﬁel.f The crystals were

. wasﬁédfﬁ3§p~p@§%§q mi; pbrtidnsfof,gracigl acétic”gcid‘and
then reérystallizeaffrom 100 ml. of boiling.giacial agetic-
acid. The yield was 39.97 g. (74.6-per cent yield) of

DBSA melting.at 226—22700 The product was then dissolved
in 75 ml. of boiling glacial acetlic acid and filtered througﬁ
a heated sintered glass funnel. Cooling ofﬂthe filtréte
to.room temperature caused crysta%}ization of DBSA, The
crystals were filtered, washed once with 10 ml, of glacial
acetic acid, sucked dfy, and finally dried for six hours .
in a vacuum oven &t 50°. A pH titration of DBSA was not
too successful because of instruﬁentation difficulties,
however only one neutralization equivalent, in the vicinity
of 290 (theoretical value 296), could be obtained.
Purification Method A.--Some of the DBSA was further

purified by. the following process and is designated by
 DBSA,. -Thirty grams of DBSA were refluxed for four hours
in 1500 ml.. of- 1 N potassium hydroxide to saponify any ‘
phenol acetates that might have been formed}inﬂthe brom-
inatigp:gtéﬁ; The mixture was neutralized with 200 ml., of

85 per cent phosphoric acid and filtered while hot. The
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precipitate of DBSA was washed seyeéral times with wafer,
sueked dry, and then shaken successively with 100 ml, and
50 ml. portions of n-penteane to(gxtract any phenol present.
The dried DBSA was suspended in 300-ml. of water and titra-
ted to a phenolphthalein end point with barium hydroxide
solution. A new s6lid was formed ih this process which

was indicated by the titer of base to be theﬂpapium'sa1t¢
formed by the néﬁt;élization §fxbne acid.hydrogen)peé_mol-
ecule of DBSA, The?fériwm salt suspension was filtefed and
washed with water, then triturated with a mixtﬁré of 20 ml.
of 12 N hydrochloric acid and 100 ml, of water. The DBSA
thus regenerated was filtered, washed three times with water
and allowed to dry in air. The next step in the purifi-
cation was a fecrystéllization from 100 ml, of acetonitrile.
To aid in the crystallization of the product, the solupion
in acetonitrile was chilled on dry ice, whereupon 18 g. of
DBSA was recovered. The DBSA wasg finally dried under vacuum
in an Abderhalden apparatus containing phosphorous pentoxide
and heated by.refluxingiacetone.“‘The'melting point of the
final product was 228-230°. It is believed that the pro-
cedure involving refluxing with potassium hydroxide and
formation of the barium salt could probsably have been -

omitted without altering the purity of the product.

2,4-Dibromophénol (2,4—DBP).——Ten grans of 2,4-dibromo-

: o
phenol (Eastman Kodak, White Label, m.p. 32.5-36 ) wes
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digsolved in 10 mlw of chloroforﬁ‘and recrystallized-atm
-40°, The -yield was 6.1 grams of product melting at 35.5-
36.5°. One moren crystallization ef the 2y 4—)BP from chleor-
oform at -40° gave & product melting at 36, 2 37° (recorded
m.p. 40° (70)). :

2,6-Dibromophenbi“(2,6-95?);-¢Thirtéen grams of 2,6-di-

bromophenol (Eastman Kodek, White Label, m.p. 54-56°)
wasg distilled at 18 mm. pressure.‘ The distillate was
dissolved in 50 ml. of chloroform and cooled in a dry

ice-acetone bath until,Z,G-DBP crystallized out. Four

) grams of 2,6-DBP was obtained after filtration and drying

under vacuum &t room temperature. The melting point of

the product was 56-57° (recorded m.p. 56-57° (70)).

Dioxene.--Dioxane from an unknOWn‘cemmereial source was
purified aceording to the method described in Fieser's

Leb Manual (71).

Hydrogen bromide.--Matheson's C.P. hydrogen bromide was

passed into distilled water to form & solution of ca.
1.5 N. The exact concentraticn of the solution was deter—

mined by titration with standard barium hydroxide solution.

70. I. M. Heilbron and H. M. Bunbury, Dictionary of

" organic’ Compounds, New York, Oxford University Press, 1943.

. 71. L. F. Fleger, Experiments in Organic Chemistry,
Part II, 2nd Edition, Boston, Mass., D. C. Heath and Co.,
1941, p368.
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This titration has been checked by titrating the bromide
ion with standard silver nitrate solution using eosin

v indicator.

p-Eydroxybenzole acid.--Hatheson snd Eastmen Kodak, White
Lébél_g;hydroxﬁbenzéic acid (m.p. 213-214°) was:recrystalT
~1iz§d from boiling water to.give a product melting at 213.5-
214 ,5° (recorded m.p. 213-214° (70)).

" Karl Fischer Beagent.—;SargentPs Karl Fischer Reagent was
used for all water in acetic acid determinatioﬁs. Eimer

andhAmend's Karl Fischer Reagent was not éatisféctory be-
cause it contained a red dye that obscured the visual end

point.

Lithium bromide.--Lithium bromide solutions were prepared

from Coleman and Bell's C.P. lithium bromide and distilled
water. The exact concentration of the solutions was ob-.
tained by titration of the bromide ion with standard silver
nitrate solution .and eosin indicator as per procedure in

Kolthoff and Sandell (72a).

Methanol .--Anhydrous methanol was prepared by allowing
10 g. of magnesium to react with 1500 ml. of methanol,

refluxing .for twg hours, then distilling theAmixtpre and

: ‘wea, I. M. Kolthoff and E, B, Sandell, Textbook of
- Quantitative Inorganic Analysis, (3rd Edition), New York,,
‘The Macmillan Company, 1952, p. 544.
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collecting the distillate bolling at 63°.

A standard water in metﬁahol.solution was prepared
by weighing 3.9555 g. of dlstilled water at 20.0° into
enough anhydrous methanol to make 250 ml, of solution at
20.0°.

Methyl ztéjdibréﬁoﬁﬁeﬁyf‘é%herﬁeﬁTﬂefether was prepared

accordlng to the procedure recorded in chklnbottem (73)
for the preparation of phenetole. Flfty grams of freshly
distilled 2,4~-dibromophenol was mixed with a solution of
sodium methoxide which had been prepared by dissolving

4,3 g. of sodium in 75 ml, of methanol. Ten milliliters
of methyl iodide was then added and the solution refluxed.
After about twenty minutes, 10 ml, more of methyl iodide
was added and the solution refluxed until neutral to
litmas (about four hours). The solvent methanol was dis-
tilled from the solution and the residue dissolved in 50 ml.
of ether and 25 ml. of water, The water phase, containing
the sodium lodide was separated and discarded. The ether
phase was washed with two 20 ml. portions of a 10 per cent

sodium carbonate solution and with a 20 ml., portion of

water., The combined water and sodium carbonate extracts*' «;;r

3.
pounds, (2nd. Edltion)
1948’ po 91.
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bined with the main ether phase. The combined ether phases
were dried over Drierite, decanted into an evaporating

dish, and the ether allowed to evaporate. The yield was
51.3 g. (97 per cent). The crude ether was recrystallized
from 60 ml. of methanol, yielding 44.7 g. of material )
melting at 62-63° (corr.), (recorded value 61.3° (14)).

This meterial was then further purified by recrystallization
from 120 ml. of n-hexane. The yield from this step was

35.4 g. (69 per cent overall yield) of meterial melting at

62.6-63.6° (corr.).

Methyl iodide.--Eastmén Kodak, White Label, methyl lodide

was used without further purification.

Perchloric acid.--Merck'!s Reagent 70 per cent perchloric

acid was used without further purification. The exact
concentration at various times was determined by titration

against a standard base.

Phenol.--Merck's U.S.P. phenol was used without further

purification..

Phosphoric acid.--Baker's N.F. 85 per cent phosphoric acid

. was used,

Potassium bromate.--Merck's Reagent potassium bromate was

used without further purification.
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Potéssium bromidé.F-Merck"s Reagent potassium bromide was

used without further purification.

Potassium dichrométe.-—Fifty grams of Baker and Ademson's

Reagent potassium dichromate was recrystellized from 100
ml, of boiiing water, The crystals 6btained were then re-
crystallized again from 50 ml. of boiling Water and dried
under vacuum in an Abderhalden apparatus contalining phos-
phorous pentoxide and heated by refluxing bromobenzene.

| This procedure was used after Run 43 when it was
di;scove;r'ed that the dichromate that had been used pre-
viously was sddium’a@d not potassiim. An error was ini-
tially suspected when some sodium tpiosulfate solution
that had been standardized%ag@iném,the“dichrpmate we.s
used by a colledgue, Arthur M. Dowell, in a tit}ation
against some standard sodium thiocresylatdt The error
was confirmed when & stendard sodium bromate solution
~was prepared and used td standardize the thiosulfate.
The concentration thus indicated for the thiosulfate was
almost 10 per cent greater than that previously used.
This would be the result if the thiosulfate had been
standardized with sodium dichromate and calculations made
on the basis of potassium dichromate. The error was
finally confirméd~by a flame test on the suspect dichro-
mate and sample of known potassium dichromate, The former

gave a very positive sodium test. The original source of
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this sodium dichromate is not knoWn. The concentrations
of all sodium thiosulfate solutions were then corrected
and the results of all kinetie runs recalculated. A

marked improvement in the kinetic data was then noted.

Potassium hydroxidele-Baker's Analyzed Reagent potassium

hydroxide was used.

Potassium iodide.--Mérck's Reagent potassium lodide was

used without further purification.

.potassium pepthoréte.--Four grams of potassium-hydroxide

was dissolved in 30 ml. of distilled.water and neutralized .
with 8 ml. of 11.7 M perchloric acid. The white precip-
itate was removed by filtration, washed with distilled
water until neutral to litmus, and dried over phosphorous

pentoxide.

!

Sédium Thiosulfate.--A stock 0.1 N solution was prepared

ag per Kolthoff and Sandell (72b), using Merck's Reagent
sodium thiosulfate decahydrate. Th@ solution was diluted
to 35.4O.Oé N before using and was %hgn gtandardizediwith
a standard potassiﬁm dichromate solution. In a .typieal
standardization, 10.00 ml. of”b.dégé'N'botaééium dichro-

mate solution, 10 ml, of water, 2 ml: of concentratéd‘G;P.

72b. I. M. Kolthoff end E. B. Sandell, op. cit.,
p. 592.
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hydrochloric acid, and 4 ml. of l*ﬂ poteesium iodide were
~titrated with the thiosulfate solution to the complete
disappearance of the yellow tint due to iodine. .No starch
indicator was found necessary to obtain reproducibie re-

sults.

Salieylie acid;--Metheson's saiieylic acid (m.p.e157-159°)
was recrystallized from boiling”rater to give & product
melting at 157 .5-159° (recorded mapgA159° (70)). sSalicylic
acid will slowiyédeeerboxylate,in_boiling water, conse-

quently, thi%yﬁeéhod of purificéfioh must‘be used ceutiously.

R

2, 4,6-Tribromophenel (TBP) --Tribromophenol was prepared

. according to the method of ‘Adkins, McElvain, and Klein (74)

Ten grams of phenol weas dissolvediin 500 ml., of water and :
bromine vapor was drawn into the solution by means of a
water aspirator until precipitation ceaged and the solution
became slightly yellow (ca. 17.gl.'ef bromine was required).
The precipitate was filtered and washed with an acidified
solution of sodium sulfite to rémove any unreacted bromine,
then washed with water, The precipitate was dissolved in
750 ml. of alcohol at reflux and tribromophenol was precip-
{tated from the solution by the addition of 1500 ml. of
water. The TBP was filteredfand_dried yielding 20.35 g.

of product melting at 92-93° (recorded m.p. 94° (70)).

74. H. Adkins, S. M, McElvain, and M. W. Klein,
Practice of Organic Chemistry, 3rd Edition, New York,
McGraw-Hill Book Company, Inc., 1940, p. 81.
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CHAPTER IV
EXPERIMENTAL TEGHNIQBES FOR KINETIC MEASUREMENTS
Bromine Consumption Method

General.--It was initially assumed that the'réaétion under
investigation was first order in bromine and first order
in hydroxybenz&ic acid and integrgted second order rate
constants were calculated on this basis. The rate“equé-

tion used was the conventional second order equation
dx/dt = kKgpy(a-x)(b-x) -

in which a is the initial molar concentration of substrate,
b‘is the initial molaf concentration of bromine (stoichio-
metric concentration), and x is molar concentration of
substance reacted (or product formed) at time t. The
integrated form of this equatlon that was used to caleu-
late the integrated rate’ constants is

BT 2,303 a(b— )

app T”“"T" “TE'ET

The units of kpyy are (1iter) (mole™l) (minute™l) or
(1./mol.min.). All of the rate constants cited in the

table's were calculated on this basis,
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Throughout the course of the experimental work,
two general techniques for measuring the kinetics of the
reactions were used. In Runs i-lotand Run 46, the reactions
were carried out in a singlg'flask:and aliguots were with-
drawn at noted times and‘the uhcopéﬂmed bromine titrated
after stopping the reaction. In the remainder of the runs,
the reaction was run concurrently in & number of flasks.

The reactioﬁ was then Sﬁoppéd‘in individual flasks at
noted timeS’#nd the contents anaiyzed for unconsumed bromine.

In all cases, analysis'fof bromine was by reaction
with potassium lodide followed by titration with standard
sodiun thiosulfate solution of approximately 0.02 W.
Initially, chloroform was used ‘s an indicator in this
reaction but it was soon found that no indicator was neces-
sary, and that the disappearance of the yellow icdine color
could be observed reproducibly in all. of the solvents used.
In most cases, & 50 ml. buret was used to deliver the sodium
thiosulfate solutiony however,.in cases where the titer
was less than ten milliliters, 'a 10 ml. buret was generally
used,

For those reactions carried out at temperatures less
than 10°C., the, solutions were thermostated in an "Aminco'
1ow‘temperatﬁrevbath capable of mainfaining a temperature
to within 0.5°C. All other runs were thermostated in a
Sargent Constant Temperature Water Bath, S-84805, equipped

with a Ssargent Mercurial Thermoregulator having a sensi-
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tivity‘ofwiQ.OlQG. The thermoregulator was satisfactory in,

the winter months when the humidity was comparatively low,
however in warm weather and periods of high humidity, it
haa & very @nnoying tendency to collect condensate and
cease functioning. For Runs 64 and f@llowing, the Sargent
thermoregulator was replaced by an H, B, Instrument Company
hermetically sealed, hydrogen filled mercurial thermoregu—
lator having-a Sensitivity of +0.001°C.. The temperature
was observed on & 0-100°C. thermometer calibrated in tenths
" of a degree:a ThéWtﬁerﬁométeriﬁas;chéﬁkeﬁ'agé;nst'a Bﬁfgau
of Standards thermometer at 20.0°C. and no aiséfeﬁanwy.could
be noted. The bath temperature was observed to stay constant

within 0.02°.

Sample withdrawal method.--Runs l§4:in dioxane-water solu-

tion, Run 5 in ethenol-water sdlution, and Runs 6-10 in
acetic acid-water solution were all run by this technique.
In a typical run of this type, 80 ml, of alsdlution of DBSA
in the desired solvent {mixed by volume per cent unless
otherwise stated) was placed in & low sactinic 100 ml, volu-
metric flask which was then thermostated at the desired
temperature. Twenty milliliters of & bromine solution in
the same sélvent was theﬁ added, the time noted, and the
flask shaken vigorously. The initial bromine concentration
(as well'aswany possible side reaction with the solvent)

- was determined by adding 20.0 ml. of the bromine solution
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to 80.0 ml.. of the same solvent, aﬁd titrating the bromine
in aliquots withdrdwn from the solution. To follow the
reection, aliquoté of 10.0 or 15.0 ml. were withdrawn at
noted times and ‘placed in flask containing 2 ml. of 1 N
potassium iodide and 10 ml. of distilled water. - The mix-
ﬁure wag then titrated with stanaard sodium thiosulfate

solution.
2Na28205 + 12 —» 2Nal + Naz(s406)

Multiple flask method.--In general, in this method a stock

solution of the desired solvent Céélculated as weight per
cent unless otherwise stated) was prepared and with this
solvent 250 ml. of a stock solutibp of the compound being
brominated was prepared. In Runs 11-50, 20.0 ml. of the
solution was pleced in each of & ﬁumber of 50 ml. volu- ;
metric flasks, and in the remaining;runsv40.0 ml. of the
solution ﬁas_plaeed in each of & number of 100 ml. volu-
metric flasks., & like volume ofAthe*solvent was also placed
in each of several volumetric flasks to serve as blanké. In
order to avoid any poSSiblé photo-catalysis of the rééction,
the solutions were always‘placed in either“black painted
flasks or réd low actinic glassware. 7

Two different methods ofipreparing a bromine solution
were used. The fifst méthod, used on Runs 11-17, consisted

of filrst preparing & saturated bromine wateér solution and
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mixing this with distilled water and glacial acetic acid to

. prepare & bromine; solution of the: same solvent: concentration

as that being used in the reactien, The second, and .more

.

accurate method, consisted of p“ @tting a small volume. of. ..

L. x} _

Jliquid bromlne 1nto some 'of the stock golvent solution pre-

viously prepared. It was found, for.example, that if 0.2
ml, of bromineLwere added to'lOO\ml. of solvent, the re-
sulting'solutién,was'gg. 0.04 M iﬁ brOmiﬁe; The bromine
concentration in the reacétion could thus be regulated with
reasonable accuracy. When the bromlne solution had been
prepared in either case, then 5.0 or 10.0 ml., of it was
added at noted times to each flask that had been previously
prepared so as.to make respectively‘zs or 50 ml, of reaction
mixture.

The method of stopping the reaction varied’somewhat

as experience showed to be neeessary; On Runs 11-36, at

" the proper time the reactionrmikture was poured into an:

Erlenmeyer flask containing about 10 ml, of water and 4 ml..
of 1N potassium iodide solution. The reaction flask was
then rinsed with & 0.05 N KI solution. On the remaining-
runs, the potaseium iodide was injécted into .the reaction

flask with a syringe because it was felt.that this action

could be timed with more preeision and the force of the

injected stream would cause more rapid‘mixing and quicker

stopping of the reaction. It was feared that a slow mixing
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of the potassium iodide golution mighi,mémentarily speed up
the bromination reaction by increasing the watér concentra-
tion since this_has been shown to greatly accelerate the
speed of the bromination,

"It was observed, very early that the acidified acetic

acid solvents.used caused & very rapid oxidation of-iodide

‘lon'to iodine and &s a result it wa, almost impossible to .

=

obtain an,énd poiﬁt'iﬂ thé?titrétibﬁ; Mcbﬁééquéntly, it .

was decided to neutralize most of the acid in these solu-
tions with potassium hydroxide solution as soon &s possibleA
after the potassium iodide had been added. In Runs 12-38
this was done. by pouring l0-ml; of 4 N potassium hydroxide
solution into the titration flask as soon as possible after
the reaction had been stopped. There was &4 considerable
time lag in this technique;xthereﬁére, in order to minimiée
the oxidation of iodide ion to iodine, on Runs 39 and all
following, 10 ml., of 4 N'pdtassium hydroxide was injected
into the reaction flask by means of & syringe immediately -
following the injection of the”pdtassium iodide solution.
The mixture was then.poured into 10 ml, of distilled water
in . an Erlenmeyer flask, the reaction flask rinsed with
water, and the solution titrated with sodium thiosulfate
solution. h

It seemed possible that the iodine (or triiodide

ion) formed in stopping fthe reaction might itself continue
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to react.with the remaining hydroxybenzoic acid in the solu-
tion. In order to test this hypothesis, Run 38 was made in
which the stopped reaction mixtures were allewed to stand
for varying periods of time before titration. As shown in
Table 1, thisahadxno significant effect on theutiter of
thiosulfate required, indicating that iodine (or tfi—iodide

ion) did not react under the conditions of the experiment.

T T o i SN o -
volut $on method ~-1t: was’ found experimen-

Cafbon»diOXidQQ

tally that if 80 per cent acetic acid solvent was saturated
with carbon dioxide,‘any carbon dioxide liberated by a .
“reaction taking place in this solvent could be discharged
from the solution 1f the mixture was shaken vigorously

enough., A system was devised, as follows, to measure .the

" earbon dioxide evolved from DBEHBAxby-the action of bromine:

The reaction was carried out in a 500 ml.""aﬁgle
type", standard taper three neck flask, In ordet to flush
the system with carbon dioxide,.oﬁe of the side necks was
fitted with a fritted glass gas dispersion tube reaching
to the bottom center of the‘flask and equipped with 2 stop-
cock. The center neck was fitted with an adapter tube to
carry the carbon dioxide past a manometer and into a thermo-
stated gas buret. The other side neck was fitted with a
device, Fig. 1, built with the help of John'A: Brown,
arranged to permit a weighed capsule of bromine to be ad-

mitted and broken at the preper'time.
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Table'l
Bffect of Standlng upon Accuracy of Tltratlon

Beig,

(DBPHBA) o 065595 Bl

;gNa25593)"- 0,0182 W
(Br,)o = 0, @07&98 1’ )

25.0 ml, of reaction mixture per flask

Elapsed Titér

Titration’ “Rate Per cent
time (min,) (ml.) delay (min,) constant reaction
10,2 19.57 28 8*93@ g;%
38,6 lT;iS 30 0;275 22.7
h1,2 17423 Q.. O;SZM' 2h,2

7346 15,52 25* 04857 3545 .
7562 15.148 0 .0.857 36.8
%fé.a 12.77 0 0.828 56.3
12,0 11,11 0 0.813 68,1
1108,1 9e31L .0 ©0.797 8l.2
Ff7 o2 8436 0 0,812 88,0
8130 6.28 0 103

*Mhis sample was allowed to stand under a nitrogen

atmosphere,
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The reaction fl ask was qlamped.fo a ring stand-and
placed in the thermostat so that it was about half immersed
in the water. The flask was shaken (75) by means of a
"Mix-Master" motor clamped to the same ring stand. The
motor was equipped with a 140 gram‘weight mounted eccen-
tricélly on one of its shafts. Bj:vérying the speed of
the motor and the distance between the flask and the motor,
the frequency andeagnitude bf théishéking motion could be
varied., Extremely fast and vigorous shsking could be ob-
tained in this masnmer. It wag necessary to bolt the ring
stend to the desk top to prevent it. from walking" while
the shaker was in operatlon.

In conducting a run with thls equipment 300 ml., of
DBPHBA solutlon is placed 1n the’ flask and carbon dlox1de
passed through the system for 45 minutes while the shaker
is in opergtion. The carbon dioxide is turned off and
sheking continued until the manometer level indicated
that equilibrium has been obtained and no more gas is coming
out of solution. The shaker is then turned off, Part B (as
shown) is withdrawn from Part A, a thin walled glass capsulé

containing a weighed quentity of brominel is dropped into

" Part A (which is in a side neck of the fla§k)'and Part B

is inserted forcibly to crush the bromine capsule and at

75. c.f. E. J. Corey, J. Am, Chem., Soc., 74, 5897
(1952). E -

1It was shown experimentally that the concentration
of bromine could be accurately determined by weighing.
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the same tiﬁé to close the opening in the neck. The manom-
eter is leveled by manipulating the mercury level in the
buret, the shaker is. turhed on, and the time noted. The

volumejpf gas diSplgced at given time intervals is then

. determined bj‘méanghof the buret.
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CHAPTER V'
PRELIMINARY EXPERIMENTS IN AQUEOUS DIOXANE AND ETHANOL

The first kinetic run made &as on the rate of brom-
ination of DBSA in agueous dioxane at 25.006. The aqueous
dioxane solution was prepared by'miiing 40.0 ml. of dioxane
with 50 ml. of a water solution Gonﬁaining 0.004 moles of
sodium chloroacetate and 0.00l,méles of chloroacetic acid.
The reaction was siarted by adding 10.0 ml. of saturated
bromine water to & solution 6f 0,296 grams (0.001 moles)
of DBSA in the dbove mentioned:solvent. Ten milliliters
of bromine water was also addéd to & like volume of the
identical solvent., The reactlon was followed by the with-
drawal of 10.0 ml. portions as previously described. .The
results are shown in Table 2i“”“¢. | ”

s

The formation of & precipitate was noted in the

.réadﬁron flask during thé’initiéﬁ;additionnof'bromine,

‘After all of the aliquots had been withdrawn, 0.20 grams

of a light yellow solid melting at 135-136° (with decom-
position) was recovered by filtration of the contents of
the reaction flask. This compound was identified as :
tribromophenol bromide (TBPB) by the following data:

1. The observed melting point was reasonably close
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Table 2

Run 1, DBSA in Aqueous Dioxane, 25. 0°
(DBSA), = 0,010 M “ J (NaOSZOB) = 0. ozou N

(Br = 0.,0170 M

2)0 :
10,0 ml, aliquots withdrawn

Time ‘ f Titer S Per cent
elapsed (sec.’) o \(ml.) ’ reaction
blank 16, 66 0
75 8.25f B9
155 2010 Ihb
261 5,16 | 18
588 1470 - 153
1213 2410 . lgg

L osl: 1,40 15

11896 S 1 - S -
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to that reported by Irvine and Smith (76) of 146—1410 with
decomposition., The melting point has been reported as low
as. 118° (11) apparently because of the extreme instability
of the compound and the resulting difficulty of purifica-
tion. )

2. Tribromophenol was substituted for DBSA and
reacted with bromine under conditions identical with those
previously given and a similar rate'pfvbromine_cqnsumption
was observed and a yellow solid mélting at about 135°. was

obtained. The results are shown in Table 3.

3. The bromine content of thiSHSubstance wes deter—‘

mined according to the method of Umhoeffer (77) and titra-
tion with standard silver nitrape’and 0.1 per cent eosin
as an indicator. The substence wééyfbﬁhd to be_VV,Z per
cent bromine (caleculated bromine for.TBPB 1s 78.02 éer
cent ). | o .

4. The tests reported by Lloyd (78) based on the
reaction of TBPB with organie bases such as aniline, ben-
zidine, etc. gave positive results.

Since TBP was not the final product of the reaction

. 76. F. M. Irvine and J. . Smith, J. Chem. Soc.,
1927, 75.

%7. R. R. Umhoeffer, Ind. # Eng. Chem., Anal. Ed.,
15, 383 (1943). ‘

78. 8. J. Lloyd, J. Am. Chem. Soc., 27, 7 (1905).
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Table 3

- Bun 2, TBP in Aqueous Dlotanc, 25 0°,
(TBP), = 0,0100 M  (NapSp03) = 0,020k N

(Brp)y = 0,0181m -

10,0 ml.:alig§qts withdrawn

Time . Titer Per cent
elapsed (min.) . = (ml.}. . .reaction
i' (blank) 16,66
Loli5 33
7 25 (blank) 16:h0
8.k (blank) 16,28 -
18475 8ali5 9L
31, 9 (blank) 4 16412
3340 (84809 90
37 .75 (blank) - 16510

8.0 , ‘ 7825 . ¢ (106)

The anomolies observe, must be attributed to. the.
heter@geneous nature ‘of the 7 aétlon, i, Ces TBFB pr601p¢—
tates out and occasmonally was. withdrawn with the allquoto,
and to the observed loss of bromine from: “the solvent, either
by volitilization or reaction with the solvent,
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in the kinetic run, it is-unaéfstandable why more than
100 per cent reaction was observed. TribromOphenol was
apparently formed almost ihstantly and in turﬁ reacted at
a finite rate with the remaining bromine in the' solution
to form TBPB. The several anomalies appearing in the
table are explained by thé fact that some of the precipi-

tated TBPB was withdrawn with an dliquot. The fourth bro-

mine atom on TBPB is labile enough to be at least partially

titratable. o
It Was\found by experiment that if the dioxane-

. watér-DBSA- BrOmlne mixture was made. about O 1 N in per-
chloric acid, no TBPB. would be preclpltated from the mix—‘
ture. Run 3 was made_under“these conditions. (Table 4).
The DBSA solution was prepared by dissol%iné 0.2955 grams
of DBSA (0.001 mole) in 40,0 ml., of dioxane, 40.0 ml. of
distilled water and 0.85 ml. of 70 per cent perchloric
acid (to give a pH of 1). A blank solution was also pre-
pared in the same manner. The bromine solution was pre-
pared by diluting 50 ml. of saturated broﬁine water with

25 ml. of distilled water (to prevent the accidental in-
clusion of any undissolved bromine). At recorded times,
20,0 ml. of the bromine solution was added to both the
DBSA solution and the blank and the rate of the reaction
was followed by the sample withdrawal technique No pre-

cipitate was observed in the reaction flask until the un-




70

Table .- -

Run 3, DBSA in Aqueous Dioxane, 25.,0°, .
(DBSA), = 0,010 M (NayS503) = 0,0207 N
(Brs), = 0,@196 M
(HCloA) = 0,110

10,0 mi}ialiqudts withdrawn

Time - Titer Per. cent
elapsed (sec.) o Amle) 1 ... reaction

61,5 _ 7400 119
13h 742 121
35k T2l o 121,
962 7.12 122
2316 7.02. N R F=X
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used reaction mixture was diluted with watér, whereupon TBP
precipitated in 50 per cent yield. This should be compared
with the fact that using thg chloroacetic acid buffer (pH
of 3.4), TBPB was recovered from the reaction mixture. The
reason for obtaining greater than 100 per cent consumption
of bromine -in this case is not clear. It may . be due to an
inaceurate determination of the initial brbmine concentra-
tion, & loss of bromine .from volatilizéfion‘or reaction
with the solvent, or the partLal formation of TBPB It
appears that the formation of * TBPB is deflnitely retarded
by strong acids. _ " -

Run 5 was made in éhe iden£id§1’digkéﬁé;ﬁéﬁgr-per-
chloric acid solvent at -0.8°C, Even at this low tempera-
ture, 100 per cent reaction waé observed in the first few
minutes followed by a slow drop in the titer. It was im-
possible to slow the reaction by cooling because it was
found that the mixture was frozen at -7°C., Furthermore,
dioxsne was found to form an insoluble addition compound
with bromine. It was therefore decided that dioxane was
an unsatisfactory solvent for the study of the kinetics
of the brominative decarboxylation.

A solvent was prepared from 40.0 ml, of ethanol,
40,0 ml. of distilled water, and 0.85 ml., of 70 per cent
perchloric acid. This solvent was used to dissolve 0.30

grams (0.001 mole) of DBSA. A bromine solution was pre-
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pared from'50;0 ml, of saturatéa bromine water and 50.0 ml.
of ethanol. A kinetic ruﬁ wag then ‘made at -6°¢. The run.
wag gtarted by'addingv20.0'ml.'of;the bromine solﬁtion to
the DBSA solution and to a like wvolume of the solvent.
The rate was, followed by the withdrawal of 10 ml. aliquots
as previously described. The dafavobserved is feqorded in
Table 5. \ ‘

The data from this run is‘inyﬁof quaiitative value.,
The electrlic stop watch was iﬁadﬁérﬁently stopped for a
very short period of an unknown nﬁmber of seconds between
the fourth and fifth points, hence én unknown error was
introduced in the rate constants. It is also obvious from
the blanks that bromine has reacted with the solvent. This
factor introduces further error in the rate constants. No

more runs were made in this solvent.
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Table 5

Run 5, DBSA in Aqueous Ethanol, -6°, .

(DBSA), = 0,010 M~
(Br,), = 0.0055 M*
(HC10)) = 0.1 M

(Néés2o3)“= o?ozué N

10.0 ml, aliqudts withdrawn

Time g Titer

elapsed (min.) (mle)

Rate constant Per cent
l,/mol,min, reaction -

1.2 (blank)  Li

13 . 3el1
5e8 (Blank)  lpll
S e | 2el12
12,0 (blank)  L.LoO

10.3 . 1,32
23,1 (blank) L.36
21.72 0,be
27.% (blank) h.26
- 25, \ Oe2l
"~ 58.0 (blank) .23
., 5841 , 0,08

i)

_ 2231 _ ?u

EETXE b6
8.8 | n
16;6 ' 87

(18.8) 95

(2.4 98

lThis'cdnpentration_was obtained by extrapolating
the value of the blank titer to zero time.
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CHAPTER VI | \
\\.

KINETIC MEASUREMENTS. IN AQUEOUS ACETIG ACID

When dioxane and ethanol proved to be unsatisfactory
solvents for the study of the brominative decarbéxylation,~
agqueous acetic acid seemed to be & reasoneble next choice.
Because the compounds were soluble in acetic acid and since
tribromophenol 1s formed very slowly from DBSA and DBPHBA
in glacial acetic acid, it was felt that a sultable acetic
acid;%ater mixturel could be found in which the reaction

would proceed at a reasonable rate.

5,5-Dibrom¢—2—hydroxybenébic hcid (DBSA).-—A 50-50 (volume
per cent) mixture of acetic acid and water, 0.1 N in per-
chloric acid, was prepared and used as the solvent in Runs
6 and 7 at -8°C. ‘The raté was followed by withdrawing
10.0 ml. portions of the ‘reaction mixture. The data ob-
tained from Run 7 is shown in Table 6. The reaction was
rather fast for sccuréte results and suggested that a less
aqueous solvent might be more desirable from a kinetic

viewpoint.

1Unless otherwise stated, all solvents are.referred
to by the per cent of acetic acid by weight. In Runs 7-17
the solvents are made up by volume per cent, with no correc-
tion béing made for any water in the glacial acetic acid or
perchloric acid.
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, rable 6
Run 7, DBSA in 50 per cent (by Vol,) Acetic Acid, -8°,
(DBSA), = 0.00500 M . » (NapS,03) = 0‘02&5 .
(Bry), = 0.00576 i
(HC10,) = 0.1

1040 ml, aliqliots withdrawn

Time ' Titer Rate constant Per cent

elapsed (min,) (mnl.) (1./mol.min,) reaction
blank’ 67" | 0
1a5 3475 370 22
2.9 342 : 31.] : 35
lLe3 2.95 29, L3
5e 2473 27.1 118
11, 2.11 23.2 63
16,5 1,80 22.l 71
23.8 | 1115 23.0 80
3.2 1;1% 2.8 87
52.5 , 0,86 (50.5) 98

“Where only one blank titer is given, that is the
average of two or more blanks taken durling the course of
a reaction in which no significant change in blank titer
was noted.
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ertherﬁexpéfiments indicated that the rate of the
reaction of DBSA with bromine could be followed satisfac-
torily in 75 per cent.acetic acid‘at\zoo. A solution of
DBSA was prepared by dissolving 0.1480 grams of DBSA 15
80,0 ml. of solvent prepared by mixing 150.0 ml. of gla-
cial acetic aéid, 50.0 ml, of distilled water, and 1.70 ml.
of 70 per cent perchloric acid. A bromine solution wes
prepared by mixiﬁg 75.0 ml. of glacial acetic acid, 15.0
ml. of saturated bromine water, and 10.0 ml. of distilled
water. Run 10 was started by adding 20.0 ml. of the bro-
mine solution to the DBSA. The initial concentratioén of
the bromine was determined from & blenk solution. The
rate was followed by the withdrewal of 15.0 ml. aliquots.
The data obtained from Run 10 are shown in Table 7.

The sample withdrawal technique of following this
reaction hadvthe;inheﬁent disadventages that it was d4if-
ficult to know exietly 'when the resction in ény aliquot
portion was stopped and that,wit@!ﬁhe withdfawal of each
aliquot, the volume of ai}gaﬁove the liqui& ﬁasﬁihéreased
and thus bromine may have escaped'from the liguid phase,
For these reasocns it seemed desirable to change to the
technique which has been described in Chapter IV, whereby
for any one run, & number of reactions were run concurrently
in separate flasks.,

It also seemed desirable to prepare the solvent with
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Table T

Run 10, DBSA in 75 per cent (by Vol.) dcetic Acid, 20,09,
(DBSA),. = 0.,00500 X - (Nap8p03) = 0.,0247 N
(Brp), = 0.00760 M
HC10, ) = 0.1 M
(mo10) )

o il o :
15,0.ml, aliquots withdrawn

Time .Q, - T Piter Rate congtant. Per cent

elapsed (mln.) T {ml.) (l./mol.mln.) . reaction |
1.9 9.00 2. 80 R 3.8
9.0 8.20 2.95 17.0
19.0 7430 2.98 ?1,8
32.1 6.50 : 2.9 és,o
55.9 5.52 . 2e 98 _ l.2
85.7 .73 o 7h.2
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greatérrﬁrecisian and with a .more reproducible techniéue so
that the exact concentrations of the components could be
determined. Run 12 shows the results of this first attempt
at standardization. The solvent was prepared by mixing
375.0 ml. of glacial acetic acid-(a), 125 ml. of distilled
water, and 4.25 ml. of 70 per cent perchloric acid. The
acetic acid and water were measured at 20° and the mix-
ture was thermostated at 20°., After mixing end equili-
brating, the total volume of the mixture was found to be
487.33mla TThiswsolvent was then used for the preparation
of the DBSA solution and the blanks. The brominating solu-
tion was prepared by mixing QOJQ#ml.~6f bromine water aﬁd
60.0 ml. of glacial éééticiagiaﬁﬁﬁrl;'mhe,BBSA solution |
was prépared by dissoiving 0.6133 .grams of DBSA in 325;0 ml.
of the solvent. Twenty milliliters of the DBSA solutidn
was placed in each of eight 50 ml. volumetric flasks.
Twenty milliliters of the solvent@wés also placed in eéch
of three 50 ml., volumetric flﬁékélto be used as blanks.
The reactions were started by adding 5.0 ml. of the bromine
solution to each flask at a recorded time. The rate was
then followed by the technigue that has been previously )
described. The results 6f Run 12 are recorded in Table 8.
It is apparent from the blanks that were run in
Run 12, that there was a pronounced side reaction in the

solvent. This side reaction does not significantly affect
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Table 8

Run 12, DBSA in 75 per cent (by Voi.) Acetie Acid-(a), 20.00,
(DBSA), = 0.00510 M (NapS5,03) = 0.0230 N
(Brp), = 0.00630 1 | |

(HClOA) = 0.0822 U

25,0 ml, of reac?ion'miiture per flask .

Time " Titer Rate constant Péf‘csht
elapsed (min,) (mle ) (L. /mol.mln.) reaction

5.8 (blank) 13,63 _ B
1.7 11, 20 ‘ “3.05

23.5
28.3 g . 3.12 38.2
5.0 87 2.50 u;;g
2.1 7.38 . 3.08. 59.1
63.3 (blank) - 13,07 7 . o
39.9 “ .25 3.06 69.8
120.1 - ' 5.0 R 3,11 77.8
150.2 e u.é% : .37, 8.9
180.0 li,O 3.78 "90.5

180.8 (blank) ;1~1i:82
0.0 (blank)™™ 13.42

*pssuming a reaction of:the bromine . w1th the solvent,
the initial bromine concentration was "determined by extrapo-
latlng the bromine tlters back to zero times The rate i
constants were cdlculated on the basis of this extrapolated
bromine concentration.

- ‘Thls blank was a 5.0, ml. portion of stock bromin-
atlng solution which was titrated for bromine after the fun
had been completed,
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Atheirate céns%ahts§ﬁﬁtilith@‘ﬁriﬁqipal reaction has been
greatly slowed down by tﬂe depletion of the concentration
of the DBSA.

Runs 13-17 were meade in order to track down the
source of the side reaction which:had been obgerved. - In
Run 13, the source of bromine was changed, in Run 14 the
concentration of bromine was halved, in Run 15 sulfuric
acid was substituted for perthbfic acid, in Run 16 the
concentration of DBSA was doubled, and in Run 17 the cbpr
centration of DBSA was halved. In other than these respects
Run 12-17 were identical. Tables 9-13 show the results of
these runs,

It should be noted that Runs 12-17 all have a mini-
mum rate constant in the middle of the reaction. Since
the blanks showed a considgra@lé fall in titer in all of
the runs, 1t must be assumed that there is a brominatable
impurity in the acetic acid. The fall in rate constant
that was generally observed at the beginning of a fun is
probably due to the deactivation of the bromine by the bro-
mide ions that are formed dufing;;-‘the resctionl. This
troublesome reaction between bromine and bromide ions to

form tribromide ions has been :considered extensively by

T ) _ — -

Since the solvent was 0.10 N in perchloric acld, the
small increase in (H ) with reaction must have produced only
a relatively small drop in rate constant.
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Table 9

 Run 13, DBSA in 75 per cent (by Vol.) Acetic Acid-(a), 20,0%

(DBSA)b = 0,005209 M (Naeseo3) = 0,0230 N
(Brp), = 0,00L97 W*
(HC10)) = 0,0822 N

25.0 ml. of reaction mixture per flask

Tlme R Titer : Rate COnstant ’ Peﬁ“cent

elapsed (mln.ﬂ' : ”(ml ) (l /mol.mln.) s reaction
2e1 (blank) i

15,0 é3 320 20.1

2949 3.21 32.0
Ls.0 E 2;29 1242

60,2 ‘ 5 5 2,97 18,7
- 600 (blank) 10,11 ‘

90.5 .30 3.008 60,2
120.1 3.52 3.11 67.5
15043 2,87 . 3.32 730
180.1 2,31 98.7
180.3 (blank) 99"

*Galeulated from values of blank titers extrapolated
to zero time.
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Table 10

Run 14, DBSA in 75 per cent (by Vol,) Acetic Aeid-(a), 20.0%
(DBSA), = 0.005209 M  (WaySp03) & 040230 1,
(Br,), = 0,0022 I |
(HClOL) = 0.0822 M

25,0 ml, of reaction mixture per flask

Time ) Titer Rate: constant Per cent
elapsed (mins) (mle) (1s/molemin,) reaction
1.1 (blank) 527, e S
20.0 3¢5l LeldT 3246
Lo.x T 26T 3.73 - 9.2
88.3. CLaTT 2490 66.1
88.2 (blank)  L.17 . : _
113.2 1:26 3.15 76.0
128,3 0498 3438 81.%
3.3 0480 3.46 Bly.
;Baﬁ Q3683 o

(blank)
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Table 11.

Run 15, DBSA in 75‘per~céht (by Voi.) Acetic Acid-(a), 20.0°.
(DBSA), = 0.002733 M (Na,8,04) = 0,0230 N
(Br,), "= 0;60567 M

(stoﬁ)-= 0.05l) 1

25,0 ml, of reasction mixture per flask

Time Titer Rate constant Per cernt

elapsed (min.) (ml.) (1./mol.min.) reaction

1.0 (blank) 12.33 .
10.0 11.08 o k38 20.8
20.0 10.29 I i 3L .l
30.0 9.61 la13 L5,
50.7 (blank) 11.70 R :
60.0 - 8.21 k39 69.2
80.0 7.57 . %:22. ugoii

102.0 ‘ 7403 o 5,60 89.4

120,0 ‘g,7o - 6.0 9l..8

120.0 (blank) 11.00
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Table 12

Run 16, DBSA in 75 per cent (by Vol.) Acetic Acid-(a), 20.0%.
(DBSA)O'= 0.0101L M (Nay5,04) = 0.0226 N

(Br = 0.00580 M

(HC10) ) = 0.0822 N
25.6 ml, of reaction mixture per flask

'
i

Time .. Titer Rate‘consfént Per cent

elapsed (min,) (mle ). (1./mol.min.) ~ reaction
0.6 (blank) . ' 12,82 ) -
a-n ' 10.92 3405 1.8
11.7 9.32 S 2.95 27y
1.1 8,88 2.86 io,z
25.2 7.00 2,70 5.
26.6 (blank) 12,10 _ ,
3%,6 5.98 2.65 53.5
6.8 A.Zh 2456 61.6
10.6 . 3,60 2,36 72,0
90.6 _ o 2.62 2.0k 79.1
9.2 (blank) 11.72 . .
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Table 13

Run 17, DBSA in 75 per cent (by Vol.) Acetic Acid;(a), 20,0°,
(DBSA), = 0.0025) M - (Nap8,03) = 0.0226 ¥
(Bry), = 0.00481 M

(HClOﬁ) = 0,0822 M

25.0 ml, of reactidnnmixture‘per flask

T
Time | - Titer ~ Rate constant Per cent

elapsed (min.) (ml, ) (1 o/mol.min, ) reaction
N.1 {blank) - 10.62
%;% * 10.0 .13 9.9
12. 9.5 3.95 19.3
25.0 8.72 3.89 - 34.3
%0.1 8.00 3.87 . %;.3
50,1 29 3.99 . 59,
72;3 5;63 i;&g 70.5
100.0 6.15 1.6 80.0
119.2 5.72 5.27 87.9

122,2 (blank) . . 9.26°.° ..
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Wilson and Soper (36), Bradfield, Jones, and Orton (31), -
and by Kuivila and Esterbrook (42) end will be dealt with
at length later in this work. The generai trend of the
rate constants in Runs 12-17 can then be explained by the
assumption that initially the dominating reaction 1is the
bromination of the DBSA, which reacticn is greatly slowed

by formation of bromide ilon. As the DBSA is consumed the

reaction with solvent becomes more important end ultimately

is proceeding at & greater rate than the DBSA reaction;
this would cause an apparent inerease in rate constant.
Since’ commerciai acetic acid was not purified suf-
ficiently by merely distilling, it was purified in the )
menner described in Ohepter IIT to meke acetic acidr(bi;
Assumiﬁg water to be tﬁe only impuritj and knowing the
water content of this acetic acid, its density.couid be"

obtained from the International Critical Tables (79a).

From this density and the known densities of water (79b)
and of 70 per cent perchloric acid (79¢), a solvent 75
per cent acetic acid by weight was prepared as described
in the appendlx.

‘ Runs 18. and. 19 vere made .in this ‘type. selvent and :

are recorded in Tables 14 and 15 These data show 8, con—ib

ra

p. 123.
'79b. Ibido, P 250

79c. Ibid., p. 54.

n9a. Internationsl Oritical Tables, st Ed., Vol.ITI,
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Table 1l

Run 18, DBSA in 75.0 per cent Acetic Acid-(b), 20.0°
(DBSA), =’Q;oosoq6 M | (Na,S,03) = 0,0211

(Bry), = 0.00376l I

(HC10)) = 0.100"1

25.0 ril, of reaction mixture per flask

Time Titer Rate Gonstant Per cent
elapsed (min.) (ml.) (1./mol.min. ) reaction
(blank) 8.92 e 0.0

5?§, 8.20 3.%0 8.1
15.L 7.30 2,80 18.1
30;2 5.98 3.00 32.9

5. 5.1l 2.95 120

2 = kB

. 3.50 L7l o
125.9 2.81 2.59 68.5
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Table 15

Run l9! DBSA in 75.0 per cent Agétic Acig=-(b), 20,0°
(DBSA), = 0.005006 M (Na,8,05) = 0.0211 N
(Brp), = 0.007495 M
(HC10)) = 0.100 M

- 25,0'ml, of reaction-mixture per flask

Time " Titer Rate congtant Per cent

elapsed {(min.) (m1i.) (1./molemin,) - reaction
(blank) | 17.76 ‘ 0.0
5.5 12;30 3.36 12.3
15.0h 11;..50 - 3.10 27.5
30,2 12.65 2.99 3.1
é;.l 11.5 2,81 52.8
0.8 10.36 2.90 62;%
8l.7 g;hS E;ZO 69.
105.3 .65 2.65 75.1
185 L , 8.21 2, 253 gfg
165,5 N 2.18 3
l86¢2 7 a}.l,.g 20)-‘,.—7 85'6
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sistent downward driftﬂih the rate eonétantsvwhich wasg
assumed to be due to thelaeCumulation of”bromiae'ion. Run
20, Table 16, confirms thls aeeumption. In this run,
0.0624 grams (0.524 millimoles) of potéssium bromide'was
dissolved in enough DBSA solution to make 100 ml., It is
seen that the rate constant was depressed‘but not"as.much
as one-mightwexpect when one compares the amount of bromide
ion added w1th the amount that is liberated in® the reaction.
It was suspected that the addition of pota331um bromide
caused a p031tive ‘salt effeot which partlally masked the
negative effect of the- bromide jon. This was demohetrateo
to be true in Run 2l,fTable 17, in which potassium per- .
chlorate was added to the DBSA solution. The data shows
a slight increase in the rate constant but nothing really
striking. / 0

The deecrease ih rateTby'bromide ion is shown most
markedly in Run 28, Table lé.' The solvent in this run was
made 0.1 N in lithium bromide (as described in the sppendix)
and was calculated to be 75.2 per cent acetic acid by
welght. | o

"In order to determine; the quehtitative effect of
bromide ion on the rate of thelreaction of bromine with
DBSA, & series of runs wes made in 75 per cent acetic aoid
in which’ the hydrogen ion concentration was held constant

at 0,300 M, the ionic strength was held constant at 0.3 and
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Table 16

Run 20, DBSA in 75.0 per cent Acetic Acid-(b), 20.0°

(DBSA), = 0,005006 M _ (Wa,$,0,) = 0,0211 ¥

(Br,)
O .
(kBr) = 0,004,195 M-

= o.og7u36 M

(HQlOE) = 0,100 M

25.0 ml, of reaction mixture per Tlask

Time o Titer - Rate constant Per cent
elapsed (min,) C{ml.) (1l./mol,min, ) reaction
(blanl) 1g0 p) ~ 0.0

Te2 16.06 2,79 13.2
15.8 1).78 2,55 2110
23.6 13.85 2.8 il;B
33.7 12,72 2.53 4l.3
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‘Table 17

Run 21, DBSA in 75.0 per cent Acetic Acid-(b), 20.0°
(DBSA), = 0,005079 M (Na,8,03) = 0,0211 N
(Bry), = 0,004857 M.

(KCIOA) = 0,004,013 M~
(Hclou) = 0,100 M

25.0 ml., of reaction mixture per flask

Time Titer Rate constant Per cent
elapsed (min.) (ml.) (lo/mol . ming.) _ reaction
(blank) 11.51 0.0

5-3- 10.1}-1 3.33 9-6
15.3 9.1l 3,11 . 20.6
25.8 . 8.11 , 3.1% . 29.5

- 3.0 | 38.3

38.9 7.10




Table 18

Run 28, DBSA in 75.2 per cent Acetic Acid-(b), 20.0°
(DBSA)_ = 0.005032 M - (NapSp05) = 0,0223 N
(Bry), = 0.003925 M
(LiBr) =-0,102, M
(HC10,) = 0.100 I -

25.0 ml. of redction mixture per flask

Time ‘ Titer Rate constant Per cent

elapsed (min.) (ml.) (1./mol.min.) reaction

blank 8,80 " 0.0
( 330 : 6,00 0.268 31.8

olg 1..61 0.255 %7;6
1260 3;12 0.2l1 olialy
166 2.5 0.233 70.9
207 2.11 0.230 76 .0
2796 1.55 0.229 82.l
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the bromide ibn:concentration was ﬁaried betweenfzera and
0.300 M. The resﬁ;ts of these runs are shown in Tables
19-25.

-In arsimi%ar'manner,'tb determinawthe effect of
.hydrbéényiﬁn‘Qqqqentfﬁtion onft?§ ;%%é% a:ségies of runs
was made in which the bromide ion cbnﬁentration ﬁas-held
constant at:0.300: M, the ionic strength was held constant
at..0.3, and the hydrogen ion concentration was varied be-
tween 0.100 and 0.300 M. The results of these runs are
shown in Tables 22, 26, and 27.

To demonstrate that the reactibn:was indeed pro-
ceeding as supposed, a 23 per;cené yie;d (O;GS,g.) of
tribromophenol was iseclated from 60 ml. of solution that
was initially 0.0065.M in DBSA and 6;0066 M in‘brominef,
and in the solvent of-Run 77, Table‘27.‘ The mixture had
been allowed to stand:for four dayéfat‘gé. 40°, The melt-
ing point of the crude'proauct WasﬁSSO. The low yield was
due primarily to mechanical losses in the small amount of
material hendled.

The final serie&;pﬁi?ﬂ@é}éﬂ4DBSA was made in order
to determine the effecﬁgéf fﬁé concentr&tion of water in
the solvent. Runs were made in 70, 75, and 80 per cent
acetic acid, 2ll 0.300 M in hydrogen bromide. The marked
effect of the variation in solvent is shown in Tebles 22,
28, and 29. A change in conbentration of water by 10 per

cent causes almost a 50 fold change in rate!
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Table 19

Run 79, DBSA, in 75.0 per cent Acetic Acid-(b), 20.0°
(DBSA), = 0.004157 W (Na,S,05) = 0.02138 W

(Br = 0.,007996 1

2)0
(HBr)O

i

0.0500 M
(HC1Q),) = 0,250 M

50,0 ml, of reactibn mixture per flask

Time Titer Rate constant  Per cent
elapsed (min.) (ml.) - (1,/mol.min.) reaction
(blank) %37;10 ‘ 0.0

51.5 55 0,205 8.0
1115 | 3& 38 0. 197 15.5
2l 32.80 (Oa 1% 23,6
b1 " 29.30 b1.7
57l - 2750 o 18@ 50.9

115 - 23.58 . 0.175 71,1
Rate constant extrapolated to zero time (kapp) = 0,215
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Table 20 B

Run 73, DBSAa in 75.0 per cent Acetic Acid-(b), 20.00
(DBSA), = 0,00:313 M - (Nay8,045) = 0,02138 N
(Br,), = 0.,007973 M
(IBr), = 0.100 M
(HCth) = 0,200 M

50.0 ml., of reaction mixture per flask

Time Titer Rate constant Per cent
e;apsed}(min.)‘ \ %(ml.) (1s/mol.min.,) reaction
(blank) 37 29 0.0.
61.5 36,35 (0.0988) Lot
180. 35,15 0. 0804 , 10,

1181 32.h0 . 0.,0779. 2&.3
113l 28.h5 ©,. 0.,0738 - 13,8
- 1907 S 252 . O 0723 ' 58.8
8351 S0 188 . 0 0.0728 o 9kt

‘Rate constant extrapolated to”éerb”témé‘(ﬁappq
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Table 21

Run %4, DBSA, in 75.0 per cent Acetic Acid-(b), 20.0°
(DBSA) ‘= 0.004196 M (NapS505) = 0.02138 W
(Br,), = 05007945 M
(HBr), = 0,200 M
(HClOA)“= 04100 M

50,0 ml, of reaction mixture per flask

Time ‘ Titer . Rate congtant Pericent
elapsed (min.) (mla) (2% ./mok.ming ) reaction
(blank) 3% 16 o 0.0
332 35,80 (04 ozgg) 6.9.
Zog 33.89 . 0,02 16.7
10h6 . 31.80 0.,026) - 273
2331 ©30.19 0.0260 35.5
3283 28,30 0.0262 | Wy .7
1,368 26,67 . - 0.0265 53.5

Average value of rate constant (lgyp) = 0,026l ¢ 0%
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Table Zég | »

Run 75, DBSA, in 75.0 per cent Acetic Acid-(b), 20,0°
(DBSA), = 0.004313 o (Na,S,03) = 0.02138 W
(Br,), = 0.008368 I P
(#Br), = 0.300 M

‘50,0 ml., of reaction mixture per Tflask

Time = Ti ter Rate constant Per cent

elapsed (min,) (ml,) .~ (l./molemin.) , reaction
(blanlk) . 39.1l L 0.0
7Z6 32;32 0.0148 9.0
1160 © 36,07 030141 - 15,2
2812 337 , 0.01L2 2637
11118 32.08 0.013 35.0
266 (30.30) (0.0120) Eé-g

7709 . 28,38 0,011

Average value of rate constant (kapp) = 0.012 ¢ 1.5% .
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Table 23

Run 81, DBSAé in 75.0 per cent Acetic Acid-(b), 20.0°
(DBSA) - Qloou317 i (Na,8,03) = 0,02138 N
(Brp)e = 0.007821 I
(HBr), = o}Qloo M
umu£)=o¢gom_'

50,0 ml. of reaction mixture per flask

H

- Time. ] Titér ~ Rate constant = Per cent
elapsed (min,)  ~ (mil.). ~° (l./mol,min.) .  reaction
(blank) 36..58 S 0.0

35.6 . 33.56 0,611 15.0
68.9 ” 3L.12 0.638 27.1
131.2. 27,61 0,667 Ll
225.3 2,71 0.620 58.8
- 363,2 22,01 0,606 T72.2

Average value of rate constant (kapp) = 0,63 + 3.0%
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Table 2l

Run 83, DBSA, in 75.0 per cent Acetic Acid=(b), 20.,0°
(DBSA), = 0.004349 M | (Na,S,503) # 0.02135 N
(Brp)o = 0.007932 M |
(HBr), = 0,0100 M
(HCIO&) = 0,290 M

50,0 ml, of reaction mixture per flask

Time Titer Rate constant Per cent
elapsed (min.) . (ml,) (1le/mol.ming) . reaction
(blank) 37.15 040
20.5 - - 3L.87 0.758 11,2
3.1 33.43 0.727 18,?.
62.8 31,58 ‘ 0.700 27 oL
117.2 28,58 0.078 2,2
121;6 25.80 - 0.658 55.8
263.8 2l 00 ‘ 0.638 6lL.7

Rate constant extrapolated to zero time (kapp) = 0,830
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Table 25

Run 82, DBSA, in 75.0 per cent Acetic Acid-(b), 20,0°
(DBSA), = 0.00199 M ' (FWapSp04) = 0.02135 I
(Bry), = 0.007942 1
(HC10)) = 0.300 M

50.0 ml, of reaction mixture per flask

Time ’ Titer . Rate constant Per cent
elapsed (min,)  {(ml,) (1./mol.min,) reaction
(blank) ., 37+20 ) o 0.0

5,0 . "35;95 - {1.58) 5.9
l 3_05 ‘3 K-Q;’)l . 1-39 1}""2
30,0 32,00 1.29 2%,7
55,0 29.01 : 1.29 38.9
50.0 26,15 1,20 51.0
18.3 23.30 1.9 65.9

1
]
o~

7

Rate constant extrapolated to' zero time (kapp

3
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Table 26

Run 76, DBSA, in 75{6 per cent Acetic Acid~(b), 20.0°
(DBSA), = 0.00238 M : (NapS503) = 0.02138 W
(Bro)g = 0.00796l M
(HBr), = 0.200 M
(LiBr) ='0,100 M _

50,0 ml, of reaction mixture per flask

'

Time  ~ - Titer Rate constant Per cent
elapsed (min.) (ml,) -(1lo/mol.min. ) reaction
(blank) 37 25 . 040

) ge . @@ 0292) ToT
1027 o 0. 0255 C18.2 .
1665 ;31,90 - 040257 27..0

- 2917. : 20,18 - 0.025 o7
3825 - 27451 - 0;0262 19,1
5271 25.68 : 0.0257 58.0

Average value of rate constant (k ) = 0;0257 + 0.6%

app
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Run 77, DBoA in 75.0 per cent Acetic Acid=(b), 204 OO

(DBSA), = O. oouoéo M-

(NapS504) & 0,02138 N

(Bro)e = 0.007898 M
(HBr), = 0,100 M
(LiBr) = 0.200 M
S0.0‘ml. of reaction mixture per flask
Time Titer Rate constant Per cent
elapsed (min..) (ml,) (1, /mol.mln ) reaction
(blank) 36.9h 0.0
19% 3500 0.0726 1042
30,00 04060k 36,6
1362 28.10 0.067 6.6
1765 26.50 0.0688 5540
2375 211,81 0.0681 63;2
3225 .23 15 0.0670 72.6

Average value of rate constant (kapp

) = 0.0689 & 2.0%
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Table 28

Run 80,“DBSAa in 70.0 per cent Acetic Acid-(b), 20,0°
(DBSA), = 0.004388 M | (Na,S503) = 0,02138 N
(Br,)o, = 0.008120 M
(HBr), = 0,300 M

© . B0.0 nl. of reaction mixture per flask

'
i t

~ Time Titer 7 Rate constant .. Per cent
elapsed (min,) (ml,) (le/mol.min, ) reaction
(blank) o 37.98 o 0.0
375 3415 0,0715 18,
980 : 29,96 040707 39,1
1437 27479 0,0697 9.6
, 2805 - 23405 0.0692 9.8
15329 17457 - - 99.6

Average value of rate constant (kg ;) = 0.0709 & 1.7%
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Table 29

Run 78, DBSA, in 8040 per cent Acetic Acid-(b), 20,0°
(DBSA), = O.0043L5 M (Ta,8303) = 0.02138 N
(Bro)y = 0.007866 I
(HBr), = 0.300 M

50,0 ml, of reaction mixture per flask

Time Titer _ ,Bate'QQmSﬁ&ﬁt g?er cent

elapsed (min.) (ml. ). (l,/mol.min..) reaction
(blank) 36.79 B | 0.0
1327 36,28 © - (0.002,3) 2.5
715 35.52 ' 10.,00176 6.3
10652 3,08 . 0.,00178 - 13.3
20036 32..25 0.0017h 22.6
30110 30.50 0.0017! %é‘?

39h56, 29.00 . 0.0017G ., - .

Average value oflraté constant (képp) = 0.00176 ‘4 0.9%
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3,5-Dibromo-4-hydroxybenzoic acid (DBPHBA).--The first

study made on DBPHBA was in 75 per cent acetic acid and
the data obtalned are recorded in Table 30, It is seen
that in this solvent the reactlon‘is extremely rapid -in,
fact too-rapid for accurate meaburement by the technigue
being used. The next run'wes#iazgéwper cent aoetio acid,
Table 31, and while the rate of the reaction had been
s8lowed considerably, it was still too fast for accurate
measurement . ‘

It was discovered that a very convenlent rate was
obtained if the reaotion mixture was made 0 .1l M in bromide
ion, ' This was done by preparing a lithium bromide solution
in water and using this in preparation of the solvent ksee
appendix). Runs 26-47 were run in solvent that was ac:
tually 80.2 per cent acetic acid by, weight. - -

Some of the results obtained in this solvent are
shown in Tables 32-35. Run 35 using freshly prebéred
DBPHBA was made to determine whether freshly prepared 7
DBPHBA reacted at the same rate as DBPHBA that was 7 months
old. The results shown in Table 36 were very inconclusive
in this respect. The EBPHBA used through Run 35 hed only
been purified by recrystallization from acetic acid. The
effect of further recrystallization from acetonitrile was
tested in Run 36, The results shown in Table 37 are incon~

clusive. Run 37, Table 38, was made primarily for the
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Table 30

Run 22, DBPHBA in 75.0 per cent Acetic Acid-(b), 20.0°
(DBPEBA), = 0,00500l M ~ (Nay803) = 0,0211 N
(Bry), 7 ©.90579& M
(HC10)) = 0.100 M

: Coa 1 .
- s .. 5 il b e -
25.0°ml, .of reaction:mixture per flagk -
' Tl A S

Time ' Titer Rate constant Per cent
elapsed (min.) (ml.) . {1./mol.min,) reaction
(blank) 13 13 . 0.0
1.1 ~ 9.15 9.8 22,0
2.0 7.10 - 109;2 55.9
?.l 5,88 96, 66.2

.75 1. 70 96.3 76.1
63 107 oly23 8115
8.7 3 %8 gl;o 86;%
13.0 8.6 91,
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Table 31

Run123,yDBEHBA in 30,0 per cent Acétic'Apid-(b), 20.00
(DBPHBA), = 0.005012 N (Na23203) = 00,0211 ¥
(Br,), = 0,005815 1
(H01q5) = 0,100 M

25,0 mls of reaction mixture per flask

Time ’ Titer Rate constant Per cent

elapsed (min.) (ml,) oo(1. /mol.min,) reaction

tblank) 13,78 . 0.0
1.1 11.58 35.0 18.5
2.6 9,60 32.5 35.5.
1.7 §.03 3242 8.t
8 6'25 30.7 63.1
11, % 5.61 29,0 68.
15. [L.90 27 7.8
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Table 32

Run. 26, DBPHBA in 80.2 per cent Acetic Acid-(b), 20.0°
(DBPHBA) = 0.00L97l W (NapSp03) = 0.0223 W
(Br,), = 0.003822 M
(LiBr) = 0.1032 M
(HC10)) = 0,100 I .

B

25.0 ml, of reaction mixture per flask

O O T
Time Titer Rate constant Per cent
elapsed (min.) (ml,) -~ (l,/mol.min.) =~ réadx;Oﬁ‘
(blank) 8,57 o 0.0
1740 8.12 (0.,6118) 5.i
5.3 g;hz 0.675 13.
7l.0 .78 o;.,.69z 20.9
112.0 6,05 0.69€ 29.01
17611, E;zo, . 0.689 32.g
236.5 1.58 0.675 u .
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Table 33

Run 27, DBPHBA in 80,2 per cent Acetic Acid-(b), 20,0°
(DBPHBA), = 0.00L97l M e (NapSp03) = 0.,0223 N
(LiBr)

0.004170 M :

10,1032 N
(HClo&)"é 0.100 i

25,0 ml. of feéctioh mixture per flask

Time Titer . Rate constant Per cent-
elapsed’ (mine) - {ml.) (Le /mol.mln.) reaction

(blank) Z o .
126 0 0,710
210 5i25 0.708
345 L2 0.673
522 3.12 0.667
1110- 1463 0,637

0 OMNAT=W
WD ©
ONORON0 OO

e e &
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TdﬂeBh

Run 29, .DBPHBA in 80.2°'per cent Acetic Acid-éb);?ZO.Qo
(DBPHBA), = 0,005053 I © (NapSp03) =-0.0223 W
(Brp)o =0.008117 M
(LiBr) =wo.102§ M
(HC10)) = 0.100 M

25.0 ml, .of reaction nmixture per flask |

Time Titer - Rate constant Per cent

elapsed (min.) . (ml.) © (l./riol.min.) reaction
(blank) 18.20 0.0
78 1U.38 0.735 33.7
198 11,60 0;627 58.3
321 1041l 0.603 71.1
1386 7225 (0:583) %.




b

(LiBr) = 0.,0998 M

(HClOu)’= 0.100 M

(DBPHBA), = 0.00635) M

(Bry), = 0.005900 M

‘Table 35
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Run 3l, DBPHBA in 80.2 per cent Acetic Acid-(b), 20,0°

(NaZSZOB) = 0,0200 N

25.0 ml. of reaction mixture per flagsk

I
|

Rate constant Per”cenﬁ )

Time Titer
elapsed (min.) (ml,.) (1. /mol.mln.) reaction
(blanP) .75 0.0
11 i%;BO (o 982) 6g%m_:
29 12,60 - ~o 932. C1hi6
55 11.20 : 29‘ 2.1
122 B2 - O -8L19 o9
208 6.9l 0.820 52,1
279 5.93 04799 06.8
| 3611 5 05 0.780 73.5-
ﬁSB .31 0.776 79.1
1050 2.20 95.0

- (0.718)
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FRE

Run 35, DEEHBA ip'BOﬂé per:cent.Acetic_Acid-(b), 20;00'
(DBPHBA), = 0.006691 M (Nap8,03) = 0,0200 N
(Bry), = 0,00SSQS\M
(LiBr) = 0.0951 M
(HC10)) = 0.100 M

25.0 ml, of reggtﬁdﬁﬁmixture per flask

Time ' Tit?r Rate constant Per cent

elapsed (min,) (ml,) . (1l./mol.min,’) reaction
(blank) 13.92 C- 0.0
10.6 13,10 0.886 5;2
2l .7 12,17 0,861 12.¢
48, 10.87 0.839 21.9
3. 9.72 0,850 30.2
109.1 8.53 0.823 38.7
148.6 Z.SS{ ‘ 0.79l 5.8
194.2 .55 0;79% 52.9
2.9 5.75 0.778 58.7
313.5 L‘L;".Z?, 0.751 6.3
61,2 3.08 0.740 73.6
Slli.7 3.18 0.73L 77.2
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Run 36, DBPHBA in 80.2 per cent Atetic Acid-(b), 20,0°

(DBPHBA ) o °

0.00667l M

(BI.Z)O = 00005395 M

(LiBr) = 0.0951 M
(HGIOE) ='0,100 M

(Nay8,03) = 040201 N

2540 ml, of ;9ac£ion mixture per flask

Per cent

Time Tifér -+ Rate constant
" elapsed (min.) - (mla) - (1 /ol gmin, ) - reaction

lar 1 h2 o 0.0
® ink) 15 55 0.938 6.5

11.0 . 8

30 3 11.39 - 0,866+ 15,1,

% 10.60 0.8)2 2%.0

90:¢ L 0-800 2
127.3 i o\ .
170.: .80. 0.786 hz.s
222, 5,87$ o,?gS g‘.g
273.5 ‘ 5 15 0.767 01.8
331.2 . 1.50 0,760 .5
396.0 3 93 0.751 707
532.3 2.90 0.761 78.14
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Table 38

Run 37, DBPHBA in 80.2 per cent Acetic Acid-(b), 20.0°
(DBPHBA), = 0.005L.29 M (NapS,03) = 0,0201 N
(Brp), = 0.008060 M

(LiBr) = 0.0951 M

(HC10y) = 0.100 M

25.0 mle. of reaction mixture per flasi«:

Time . Titer Rate constant Per cent
elepsed (min.) (ml.) (1./mol.min,) ... reaction
(blank) 20.05 - 0.0
10.L 19.00 1.006 7.8
27 .2 1 71 0.925 1747 !
gs:2 1) 0*%?2 06 5
81. ll. 5 0,8l . |
12;.5 Z 0.815 L7.6 . |
1611 12 L7 0.807 . 56.1
209.9 . 11.55 0.799 . 62.9
258.3 10.80 0,789 68.5
317.5 10.22 0,751 72.8
352.1 9.80 0.763 75,3
[105.7 2.32 0.765 79.4
253, 6,50 100.L
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purpose'of obtaining the infinity.titer as an index to the
purity of the DBPHBA. The 0.4 per cent excess reaction in-
dicated is probebly due in the main to the aggumulation,of
experimental errors. The indication is that the DBPHBA is
essentially pure. N “

Run. 39, Table 39, was ’me;ée' £o test the result of
purifying DBPHBA by Method A, Although a commercial anal- |
ysis indicated & trace of impurity in DBPHBA thls would
be hard. to confirmﬁby the kinetic ddata, There is possibly
evidence of a slight amount of non-brominatable sgbstance
(from the infinity titer), although the slight deviation
from 100 is ﬁfobably w&thin the e%peri%entél error.

Table 40 shows- the kinetic data obtained from DBPHBA
purifled by Method B.r Kinetically, very little dlfference
is noted from DBPHBAa, however the results of a commercial
ana1y51s for bromine were more sat;sfactary, so DBPHBAb was
used for the remainder of the runs.

It would heve Been extremely ﬁseful to measure the
rate of>carbon dioxide evblut;on from DBPHBA in the  redc-
tion and t0'cdmpare~itfﬁith tﬁ@ rate of bromine consumption.
Apparatus was designed and built to do this and the results
are shown in Table 41. iUhfprtunately, the results are very
inconclusive. The rate constants measured are slightly
lower in magnitude and unlike the bromine consumption con-

stants, they go through a meximum. This may have been due
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Table 39
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Run 39, DBPHBA, in 80.2 per cent Acetié Acid-(b), 20,0°

(DBPHBA)Q,é 0.005657 M

(Brp), = 0.007980 M

(LiBr) = 0,1037 M
(Hcloﬁ) = 0,100 M

.. 25,0 ml, of reaction mixture per flask

(Na,8,03) = 0,0200 N

Time Titer Rate constant Per cent
elapsed {(min,) (mle) (1./molumin.) reaction
(blank) 12.95 o 0.0
15.6 1816 0.9§i 10.5
7745 m‘.{% 0.8 go .1
2%‘ 10.70 0.770 5.%
381 2,12 O.ZL- 76.
1217 .58 0.63 9%;5
7.5 hrs. 6.00 98.6

5.88 99.5

3.2
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Table 1O

Run 13, DBPHBA, in 80.2 per cent Acetic Acid-(b), 20.0°
(DBPHBA), = 0.00L5L0 M (NapS,03) = 0,0202 N
(Bry), = 0.008565 I ‘

(LiBr) = 0.1l0l1 I
(HClb&) = 0.100. M

25.0 ml.. of reaction mixture per flask

Time = =~ = Titer Rate constant Per cent
elapsed (min.) (ml.) ) l /mol.mln ) reaction
(blank) - 721,20 . 0,0
16.5 20,00 0.820 10.7
118.0 18.20 04817 2607
1.5 15.38 0,717 51.8
190.,0 1..bo 0.709 60;&
248.0 13,18 0.777 71,
299,0 12.90 0. goz,u 73,2
1196.0 11.58 85.
1225 10.20 97.9
99.7

69,5 hrs. 10.00 h .
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Table 11

Run I, DBPHBA, in 80.2 per cent Acetic Acid-(b), 20,0°
(DBPHBA), = 0.01176 I

(Brz)o = 0L01303 M

(LiBr) = 0,1041 ®
(HCth) = 0,100 M

19] dlsplaced frmn 300 ml, of reaction mixture

2
Time ' Volume of Rate constant™ Per cent
elapsed (ming) 002 ?t S?P (Ls/moleming ) reaction
. ml .
19 12,0~ 04507 15.2.
3; 2142 0.517 2»6?8
5l 30,1 0‘.-57E 13&,.1
11 38,2 04580 18.3
105 5.2 0,580 272
139 51.5 0.575 b5.1
16; 5547, 0:591 70.5
21 0.5 04565 76.5
271 6l,.7 0.555 81.8
1380 76.5 97.0,,
1380 99.0,
16 hrs, 99.2

K

“pep cent reaction measured by. titrating a portion
of the reaction mixture for bromine,
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to a tendency of carbon dioxide to supersaturate the solu-
tion. |

Hun 47, Tabie 4é,fwas ruq~tordetefmine something
of the effect Qf.hydrogen'ion concentration on the rate:
of the reaction. It was noted tﬁat the rate of the reac-
tion was almost doubled by halving the hydrogen ion con-
céentration. »

In Runs 48-53, Tables 45—4é; hydrogen bromide was
used in the solvent to supply hydrogen ion and bromide

ion in place of using lithium bromide and perchloric acid.

While Run 51 was made in a solvent cbmputed to be 79. 8% 'r';

% *

perﬁcent‘acefic acid, the average value of the rate con-
‘stent 1s not much greater than would have been predicted
for 80.0 per cent acetic acid;fﬁ;pﬁngh‘a 0.2 per cent in-
crease in water concentrationkqprméliy gave about 100 pér
cent increase in rate. ‘

The most precise:- and valuablewwork on DBPHBA is
recorded in Tables 49—b9¢ This precision is due probably
to two factors: 1. The runs are all mede at the same
ionic strength (0.3). 2. The solvents used in these runs
were prepared in such & way that the concentrations of the
various ingredients could be known with‘greéter precision.
In Tables 49-53, the results are shown of series of rins
in which the bromide ion concentration was held constant
©at 0,300 M and the hydrogen ion concentration varied be-

tween 0,300 M and 0,05 M. In Tables 49, 54-57, the results
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Table lj2

Run h?, DBPHBAb in 80,2 per cent Acetic Acid- (b), 20.0°
(DBPHBA) = 0.004606 M . (Na2s203) = 0.0201 N
(Br,),= 0.007871 M
(LiBr) = 0.1041 M
(HClOA) = 0,05005 1

25.0 ml. of reaction mixture per flask

i

Time ' Titér ‘Rate constant ° Per. cent.

elapsed (min.) (ml,) (1./mol.min.) reaction

(blank) 19.58 : 0.0
9.0 18,27 1,77% 11.ly
15.5 17.29 1.9k 20.0
31,0 15.60 1.971 ﬁha?
50.5 11,30 1.841 6.1
78.5 . 12.87 1.800 58.6
105.0 11.98 1,702 66.3
133.0 11.21 1.736 73.1
180.0 10. é 1;208 80.6
21,0.0! 9‘6, 1,662 86.6
315,0° %;08 91.6
1400 - .8.22 99.2
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Table 3

Run 18, DBPHBA, in 80.0 per cent Acetic Acid-(b), 20.0°
(DBPHBA) , = 0.004911 M (NapS503) = 0,0202 N
(Brp), = 0:008019 1.

(HBr), = :0.1072 U

‘«ZS;Qfmiu;ofirpacﬂi@ﬁfmi%ﬁqbe”per:f;ask

Time Titer Rate constant Per cent

elapsed (min.) ~ (ml.) - (Te/molemins, ) reaction
(blank) 19,85 L , 0.0
17.0 19.23 . (0.388) SR -t ]
33.5 18.51 0.4h9. 11.0 .
59.5 17 .69 O.h3l 1748
90-‘0 16477 ) Oo}-‘l!—t?- 25 «3
122,0 15,98 0,432 31.8
150.0 %§g38 .. 0Qal13 36.8.
182,5 1,065 0.8 11248
227.0 1).,00 Hoggﬁs [i8.1
258.5 13.,8 O.hh2 52.L
286.5 13.20 1031 c Bha7
360.0 12,58 omhgz 59.8
807.0 9,81 0.116 82,6
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Table'ug

Run L9, DBPIBA;, in 80.0 per cent Acetic Acid-(b), 20.,0°
(DBPHBA), = 0,004,972 M (Nap8p03) = 0,0201L N
(Br,), = 0,008016 M
(HBr), = 0.1073 U

.25,0-ml. of reaction-mixture per flask

Time Titer Rate constant Per cent .

elapsed (min.) (ml,) (1s/molemin, ) reaction
(blank) 19.90 o 0.0
56.0° 17.80 0.li1 1740
2h1.5 13,95 0.h13 48.2
301.0 13.10 0.418 55.1
361.5 12,45 . 0.415 601
Lal.5 11.70 0.h3lL 661
" 53l.0 11.02 o;ulz T1.9
623.5 10.68 0.39 Tha?
75l.,0 10.02 0.,03 80.0
1389 8.60 i 0.386 3%.2

2880 7.90

. .
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‘Table 1|5

Run 51, DBPHBA, in 79.8 per cent Acetic Acid-(b), 20.0°
(DBPHBA), = 0,004798 M o (Ifa,S503) - 0.02199 N
(Brolo = 0.008836 i |
(HBr), = 0,1083 U

50.0 ml. of reaction mixture per Tlask

|

Time Titer Rate constant Per cent
elapsed (min.) (ml,) -, (le/molemin,) . reaction

" (blank) 1,0.18 - 040

65 35,110 0.1159 21.9

123 32.32 0.li62 6.0

205 29.35 - 0.4h9 196

228 27.00 0.1410 Ouly

659 22,08 EHIE 83.0

1025 20,56 (0.397) 90.0
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Table'hé
Run 50, DBPHBA, in 80.0 per cent Apotic Acid-(b), 20,0°
(DBPHBA) = 0.0051L) M | (Na;8,03) = 0.02199 N
(Brp)o = 0.008070 M
(HBr), = 0.2221 M

25,0 ml. of reaction mixture per flask

Time Titer Rate constant Per cent
elapsed (min.) , (ml,) - (1s/molemin,) .. Treaction
(blank) - 18.)0 . 0.0

31.0 18.20 . (0.0681) 1.7

- 9l.5 18,02 : ‘0,003l 3.2
380'5 1Z'03 , . 0.0485 11.7
1132 15.11 10.0399 28.1
1380 .72 - 0.0380 31

- 2055 13.51 7 0.0383 [1.7
- 2783 12,62 -~ 0.0371 %9,3
‘ L7?2’ 10.58 . 0.0389 0.7
é3+8 " .01 " 0.0365 79.8

120 hrs. @ .60 100.5

L,o°
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Table L7

Run 52, DBPHBA, in 60,0 per cent'Acetic Acid-(b), 20.0°

(DBPHBA), = 0.00517%7 U (Na,$,05) = 0,02197 N

(Bry), = 02008052 M ..
(HBr), = 0,2221 M
l 50,0 ml., of reaction mixture per flask
Time ' Tifer Rate éonstant | Per cent
elapsed (min.) (mlo) . . (Le/molemin,). ~ reaction
(blank) 36.65 ' 0.0
321 3@.%2 0.0396 , Z;S
62& 32,68 ©0.0382 16.8
1060 30.80° . 0.0365 2.8
1341 29.32 ©0.0387 31,1
2079 20,85 7 0.0379 RNy
3607 23.05 ., .0.0383 577
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in BO.inar"ceﬁﬁfAce?ic AqidF(b);lEOgQO

(DBPHBA), = 0,098@3u=Mf

(Bry), = 0.005100 M

(HBr), = 0.2225 M

(Na252®3) £ 0,02197 N'

50,0 ml., of reaction mixture per flask

., Time | “Titer Rate constant Per cent
elapsed (ming) (mly) { 1é/moleming ) reaction
(blank) 23421 | | 00
- L9 20402 0,038l 13.8
1255 15490 o;o3g5 31.5
173 1«10 : 040368 3943
282 10,82 0,0369 534
299 8.01 0,0362 0545
577 3.82 0.0352 8345
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Table L9

g .

iBA, in 80.0 per cent Acetic Aeid-(b), 20.0°

Run 56,. DBP:

(DBPHBA), = 0,0050l7 M 2 (Nap8503) = 0,02195 N
(Br,), = 0.008062 N |
(EBr), = 0.300 U
50.0 mi. of reaction mixture per flask
Time ‘ Titer Rate constant Per cent
elapsed (min,) (ml,.) (le/mol.min,) reaction
(blank) 36..73 L 0.0
371 35.76 0.0147 .2
113 33.58 0.0135 13.7
2888 30.96 0.0135 2541
321 29,01 . 0.0133 3&;6
973 20.05 0.,0133 1641
10117 23,80 - 04,0129 56.2

2]

Average rate constant (k ) =§050135 + 3.0%

app
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Run 5, DBPHBA, in 80,0 per cent Acetic Acidr(b),'20.0°

(DBPHBA), = 0.004515 If
(Br,), = 0.008252 u
(HBr), = 0.200 M

(LiBr)O = 0,100 M

(Nap8,03) = 0,02190 XN

50,0 ml, of reaction mixture per flask

Time ~H} ~Titér Baée coﬂstaﬂ%. fenwgent
elapsed (min.) (ml,) (l./mol.min. ) redetion;
(01a) 37.68 olosas 1“829
0 , 35.60 ' .032 .
1175‘ | 32,60 0.031 2.7
188¢ 304140 ..+ 0.0313 35,3
26353 . 28,%3 0.0312 +9
_%311 , 25,60 - 0.,0305 58.3
81 21..36 79.0

. 0.0302

Average rate constant (kapp) = 0.0313'1 1.9%
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Table 51,‘

Run 55, DBPHBA, in 80.0 per cent Acetic Acid-(b), 20.0°
(DBPHBA) ;-o.oquusa‘m . » (Fap8503) = 0.02190 N

(Br,), = 0.0081L2 M

(HBr), = 0.200 M
(KBr) = 0.100 M

50,0 ml, of reaction mixture per flask

Time Titér . Ratedconétaht Per cent
elapsed (min,) (ml,) " (Y./riol.min., ) reaction
(blank) 37.18 o 0.0

L .76 3ol 0.0355 12.5
158% 31.1g | 0;0329 gg.é
1895 29.28 . - 0.0357 8.
2926 22;66 : 0;036% 51;§
11593 239 . .0.035 Bl
7735 21.03 - - 0.0350 7941

= 0,0359 & L

PN

| Average rate c@nétgnf‘(kapp)
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' Table 52

Run 57, DBPHBA, in 80.0 per cont Acetic Acid-(b), 20,0°

(DBPHBA), = 0,001,199 M _ (NapSp03) = 0.02195 N
(Br,), = 0.008119 M
(HBr), = 0,100 U
(LiBr) = 0.200 M
50,0 mle. of reaction mixture per flask
.. RS :‘,_?._.if{E‘. = e l‘*‘*. s I 4 . RS . .. L. ;~.:“ ] T
. Time . ° - Titer . : Rate -constant Per cent
elapsed (min.) (ml.) 7 (Le/molemin. ) ~ rgaction
(blank) 30.99 | 0.0
129 3lL.55 0.125 11.9
282 32.27 - 0.122 23.0
163 30,13 04120 3345
638 28, 38 0.121 L2.0
1296 2li.25 0,117 62,1
1809 22,27 0.11 71.8

Average rate constant <ka ) = 0,120 ¢ 2.1%

Pp
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Run 58, DBPHBA, in 80.0 per cent Acetic Acid-(b), 20.0°

(DBPHBA), = 0.00l)181 M

(BPZ)O-

(HBI')O“

(LiBr)

50.0 ml, of reéction mixture per flask

0.0500 M
0.250 M

0.,008157 M

(Na23203) = 0,02195 N

STime- . o

Titer

+ Rate constant .-

Per cent

elapsed (mine ) ‘m¥:1% ' ﬁhjxig/mb%'min”):f,;-‘feaﬁpion
(blank) N3%;1§wpmw; T 0.0
26.0 3550 ‘., 0.4.08 8.1
63.5 3340 0.4.16 18.h
120.5 30.69 ... 0.1129 31;g
192,5 28..27 0.lp22 43,
A7l 0 23,10 04397 66.9
o1z 16.95 o 98.9
Average rate constant (kap§)7§¥6:hlhu¢ 2.&%
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Table Sl

Run 63, DBPHBA, in 80,0 per cent Acetic Acid-(b), 20.0°
(DBPHBA), = 0.005128 M ~ (NayS,03) = 0,02185 W
(Bry), = 0.00820 M
(HBr), = 0.200 M
(HC10) )= 0,100 M

50,0 ml. of reaction mixture per flask

af

Time Titer - Rate constant Per cent
elapsed (min,) (mls )  (l./molemin.,) .- reaction
(blank) 3771 : . 040
o2 3501 . 0,0307 9.8
1269 31.92 0.0296 C2ha7
2922 27428 0.0290 -u%;u
39¢ 236 0.0295 56.9
o1l 21.82 . 0.0311 0747
Tl 21.00 © 0.0285 71e2

Averagé rafe constant (k ) = 0102é7”t 2.1%

app
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Table 55

Run 62, DBPHBA, in 80.0 per cent Acetic Acid-(b), 20,0°
(DBPHBA), = 0.004301 M (NapSp03) = 0,02185 N
(Bry)o = 0.008168 M

(HBr), ;*0,100 M

(HClO&) = 0.200 M

50.0 ml. of reaetion mixture per flask

Time Titer “Rate constant Per cent.

elapsed (min, ) (ml,) (l./mol.min, ), reaction
(blank) 37..38 ' 0,0
108.5 © 35.57 0.110 9.1
260.5 33,00 0.111 19.9
896'0 31,85 04,109 277
72 29.30 0,108 0,5

2906 . 21,20 ) 0.099 -

'j'_._."' .- 20 G;
app) = 04107  2.97

Average rate constant (k
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Table Sg

Run 61, DBPHBA, in 80,0 per cent Acetic Acid-(b), 20,0°
(DBPHBA), = 0,004470 I . (WapS503) = 0,02185 W

(BP2)0
(HBr),

0;098128 M

0.0500 M
(HCth) = 0,250 M

50,0 ml, of reaction mixture per flask

Time Titer Rate constant Per cent
elapsed (min,) (ml,) (1,/mol.min,) reaction
(blank) 37.20 0.0

11.0 . 3%;30 (o 512 Lol
0.0 3l.58 7 - v s 0,436 12.8
7.5 32.21 .. Ou2s 2.l

139,0 25 - 0.1110 - 31,0
286.0 .50 R 0,38l .52.3
u76;5 | 23,60 ‘ga»-ﬁgo 363 . 66.5

Rate constant extrapolated to 'zero tine (kapp) = 0 u 6
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- Table 57 .. -

Run 6O,LDBPHBA5 in 8040 per cent Acetic “Acid-(b), 20,0° » !
(DBPHBA), = 04004163 N ‘ (NapS03) £ 0.02195 N
(Brp), = 0.008187 u
(HClOA) = 0,300 M

50.0 ml., of reaction mixture per flask

Time Ti ter Rate . constant Per cent

" elapsed (min,) (ml, ) : (I./molﬂmin.) reaction
(blank) 37.30 g - 0.0
9.8 26.35 13,04 5747
2342 25427 11,32 79.2
B8 ¢5 18:70 _ 98,1
2612 18.21 : 100.6

Rate constant extrapolated to zero time (kabp) 2 15
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are given of a series of runs in whiph thé'hydrogen ion
concentration was held constant at 0,300 M and the bromide
lon concentration was varied between zero and 0,300 M.

To demonstrate that TBP is indeed one of the pro- . -
ducts of the reaction, a solution 0,0066 M in DBPHBA and
" 0.0066 M in bromine in the’solvent of Run 56, Table 48,
was allowed to react for six days at 40°, Frbm this mix-
ture, 0.05 g. of TBP (55‘p¢r'cent yield) was isolated.

The TBP was identified by the melting point of the crude
product, 88-90°, and by a mixed melting point with the
product isoféted from a DBSA reaction. , ‘

Finally, in Tgbles 49, 58 and 59, the results are
recorded of the runs in which the effect of water concen-
tnatio@lof the solvent was demonstrated., It is seen from
these runs that a 10 per_cént increase in the concentration

of water will increase the rate constant 50 fold.

Phenols.--In order to comﬁgre1th§ rate of bromination of
DBSA with its parent phenol, 2,4-dibrom0phenol was brom-
inated in 5.2 per cent acetic acid, 0.100° M in.-bromide

' fon and 0.100 M in hydrogen. ion. The results of this run
are shown in Teble .60. This phenol was also brominated in
80.2 per cent acetic acid in Run 40 as shown in Teble 61.
When the methyl ether,of 2,4-dibromophénol was subjectedﬂ
to the same conditions of bromination as those of Run 40,

an initial reaction indicating bromination of about 2 per
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" Table 58

Run 71, DBPEBA_ in 75.0 per cent Acetic hcid-(b), 20.0°

" (DBPHBA), = 0,004/)10 M ’ (Nap8503) = 0.02136 N

(Brs), = o,ooSouz’M

(HBr), = 0,300 M
50.0 ml. of reaction mixture per flask
Time Titer Rate constant Per cent
elapsed (min,) (ml.) . (1./mol.min.) reaction
(blank) 37.65" L 0.0
79.5 36,12 0.123 , Z;%
198.0 ' 3. 20 0.120 16.
37940 31.8L 0.117 26.0
5Lh7.5 ' 30.05 04117 36.6
823.0 2712 0,118 50.7
1266 25,07 . 0.115 60.5

Average rate constant (k. ) = 0,118 & 1.8%

app
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“Table 59

Run 72, DBPHBAb in 70.0 per cent Acetic Acid-(b), 20.0°
(DBPHBA), = 0.00LJdi1 I (Way$,05) = 0.02136 N

(Br,), = 0,007508 i
(HBr), = 0,300 M

50.0 ml, of ‘reaction mixture per flask

Time Titer Rate constant Pér cent

elapsed (min.) (ml.) - (1./mol.min.): reaction
(blank) 35.15 : : 0.0
12.1 33.52 o (O;Zl") 748
22 0 32.97 0.69 10;5
40 9 31.33 " 0.701 18.)
Jp 28.88 o.gos 30.2
é 25.01 0,692 118.8
é 22.90 . 0.689 “58,9

Average rate constant (lc‘a D= 0.696,1,0.7%
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Table 60

Run 33, 2,L-DBP in 75.2 per cent Acetic Acid-(b), 20.0°

(DBP), = 9f004878 M _ ',ﬁl R (Na28203) = 0,0202 g
(Br,), = 0.,003770 M . | “
(LiBr) = 0,100 M

(HC1Q,) = 0.100 M -

25,0 mbk, of reaction mixture per flask

Time : Titer ‘Rate constant . Per cent
elapsed (min,) (ml,) "(1./mol,.min, ) reaction
(blank) 10.30 . 0.0

6.8 hoos = - 30.25 . -Slgg
13.6 3.11 30,00 - 69,
29.7 1.56 28.22 8ug?
55.5 0.78 25.83 92,1
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Table 61

Run AO, 2,h—DBP in 80.2 per cent Acetic Acid-(b), 20..0°
10.00512) I (a,S505) = 0,0200 N

0.007472 M

(DBP),

(Br,),

(LiBr) = 0.1037 M
(HC10p,) = 0,100 M . |

ZS.O?mI; of reaction mixﬁuré per flask

Time ’ Titer Réte constant © 'Per cent
elapsed (min.) | (ml.) (lq/mol.minwpfi _ reaction
(blank) 18,68 040
8.5 12.52 - 12.80 48,1
10.8 11.67 ~ 12.70 5h.7
19.8 9.62 12.15 70.7
3.2 8.02 - 11.70 83.2
62.0 6.92 10.37 91.8
730.0 6.27 96.9
160.0 hrs. 6.22 97.3.
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cent of the ether was observed éﬁd this was followed by a
virtually constant titer. The same results were observed
in 50 per cent acetic acid having the same hydrogen and
bromide ion concentraficns. The results of these runs -
are shown in Table 62.

A series of runs similér to those made on DBSA and

DBPHBA, in which the effect of hydrogen ion concentration

and bromide lon concentration was determined, was also made

on 2,6-DBP (the parent phencl of DBPHBA). Tables 63-65

show the results of holding the hydrogen ion concentration

constant at 0.300 M and varying the bromide ion concentra—‘

tion between 0.100 M and 0.300 M. Tables 63 and 66-68
show the results of holding the bromide ion constent at
0.300 M. and varying the concentration of hydrogen ion ?e—
tween 0,100 M and 0.300 M. ‘V - -
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Table 62

Run L1, Methyl-(2,l-DBP) ethe? in 80.2 per cent
Acetic Acld-(b), 20.0°

Run 12, Methyl=(2,4-DBP) ether in 50.2 per cent
Acetic'Acid-(b) .20, OO

(Ether)_ = 0. 005400 1 (Bun 41) (Na2 204) = 0,0200 W
(Ether), = 0.,005026 M (Run l2)

'(LiBr) = 0,1037 M
(HCloh) = 0.100 1

25.0 ml. ofvreadtioﬁﬁmﬁxture“per flask

-
Run nl o  Rm 2

. Time Tlter~"¢ - Time . Titér
elapsed (min.) (ml. )_A elapsed (min. ) N (ml.,)
blank 1 "(blank) 19,28
¢ an ) 13.g8 -1 « 19.05
26 19.62 . . 32 . 19.05
97 19.58 - .. 121 18.90
220 9.9 256 19.00
681 19.50 _ T 1hbo 19,05

11,10 19.58

ot
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Table 63
Run 65, :2,6-DBP in 80.0 per cent Acetic Acid-(b), 20,0°
(DBP), = 0.002605 M (Na25203) = 0,02131 N
(Brp), = 0.004060 M
(HBr), = 0.300 M
. 50,0 ml. of reaction1mix#ureiﬁef flask
. -Time Titer Rate constant Per cent !
elapsed {(min.). (ml.) (l./mol.mih.)} reaction T
(blank) 19,05 . 0.0
8.95 15,68 9.81 27.6
15.0 14,18 9T 39.8
25,2 12,440 9.72 sl
16,8 10.33 9437 71.l
j20.0 98.5

T.01

Average rate constant (kxﬁﬁin; 9.61;1¢a,o% . _
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Table -6l

Run 66, 2,6-DBP in 80.0 per cent Acetic Acid-(b), 20.0°
(DBP)O = 07992617 M T (Na23203) = 0.02131 N
(Brp), = 0.003753°m -~ . T 7 B
(EBr), = 0.200'H .

(HC10,) = 0.100 M .

56.0 ml, of reddﬁfoﬁﬂmixture per flask’

Time . Titér Rate constant Per cent

elapsed (min.) (ml.) (l./molemin.) ° reaction

(blank) 17, 63 ' 2 0.0

3.00 15,92 (13. 76) 13.8
5.00% .83 ' -

5.00 1@ 90 L. % 22.1

10.07 12.99. , 6 Z.é

1%.03 11.88 1& 75 i .g
10.90 1.7l Sly.

Average rate constant (k pp)‘— 1 .66 & 0.6%

*This sample was allébwed to stand 10 mlnutes before
the l1odine was tltrated (ca. 30 seconds to 1 mlnute is the
normal delay). The small drop in titer.probably ‘indicates
reaction of iodine with the phenol, however, this reaction .
is obviously too slow to influence significantly the accuracy

of the titrations.
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Table 65

Run 67, 2,6-DBP in 80.0 per cent Acetic Acld-(b), 20.0°
(DBP), = 0.0025}} M (NayS,04) = 0.02131 W
(Br,), = 0.0037UL M-

(HBr),

10.100 M
(HC10) ) = 0.200 1

50.0 ml, of reaction mixture per flask

Time Titer . Rate’ constant +  Per cent
elapsed (mln. )J h Aml,) = ; (‘lf.‘;/mol JMlrie Yoo ~reaction
(blank) 17.3 . 0.0
3.15 .12 < 0 7. 30.93 27.7
2.52 28 . 32 15
8.17 11.22 - 30.72 52.0
11.23 10.08 31,08 61.6
13.75 9.3 30.73 67..0
17.42 , 8.72 - 30.20 73.0

Average rate constant (kapp) = 30.82 & 0.8%
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Table 66°
Run 68, 2,6-DBP in 80.0 per cent Acetic Acid-(b), 20,0°
(DBP), = 0.002577 M ; | (Ha28203) = 0,02131 N
(Bry), = 0.003729 M
(HBr), = 0,200 M
(LiBr) =-0.100 U
- 50.0, ml, of reggf \pymig@urﬁipernflask;

Time Titer . Rate constant . Fer cent
elapsed (min.) = . (mI.) _ ' {1./mol.min.) reaction
(blank) 17.50 0.0

11,90 15.22 12.30 18.9
10,00 13.57 12,03 iz,s
15.00 12,38 11.82 42.3
20.03 11.39 11.90 50.5
30.00 10,0l 11.067 61.7
lyo.00 9.0l . 11,77 70.0

Average rate constant (k

) = 11.91 4 1.L%

“app
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Table 67

Run 70, 2,6-DBP in 80.0 per cent Acetic Acid-(b), 20.0°

g
V3]
e

o}
I

= 0.002557 I (Na,S,03) = 0,02136 N

= 0.007982 i

o
5
Mo
o}
1

(EBr). = 0.150 M
(LiBr),-= 0,150 I

50.0 ml, of reaction mixture per flask

Time Titer Rate constant Per cent
elapsed (min,) (ml,) (1./mol.min,) reaction
(blank) 37.37 0.0
3,00 33.L7 (17.45) . 32.6
5.00 32.57 13.81 0.1
8.00 30.75 1. 06 55.3
11,00 29011 1., 30 66.5
14,00 28.01 13,80 73.2
18.10 27.70 13.74 80.8

Avenagé rate constant (k

;

) = 13,90 ¢ 1.4%
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Table 68

Run 69, 2,6-DBP in 80.0 per cent Acetic Acid-(b), 20.0°

(DBP), = 0.002636 M (NayS,04) = 0,02131 W
(Brp), = 0.003687 M J
(EBr), = 0.100 M
; (LiBr) = 0.200 U \
50.0 ml, of reaction mixture per flask
Time - Titer Rate constant Per cent
elapsed (min.) (ml.) (1./mol . min, ) reaction
(blank) 1;.3@ 0.0
3,0 15.0 , © 19,1 17.9
5.0 1,.03 18.52 zg.@
8.0 12.80 17 97 fé_k
11.0 11.80 di.5
| 18,0 10.12 | 17 5 , 58.0
§ Average rate constant ( app) ﬂmlB 11 ¢ 2. 87
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CHAPTER VII
‘THE,MEGHANISM OF BROMINATION

5,S—Dibromo-4khydroxyben;oié acid (DBPHBA).——Tﬁe ﬁate con~-

stants that have been tabulated in Chapter VI have all
been calculated on the basis of'a second order reaction,
first ordér in broming andvrirst order in DBPHBA. This‘
is. justified on the grounds thét at constaﬁt hydrogen ion
and bromide ion'cOncentratidns the magnitude of the rate
constant is comparatively independent.of the varigtions

in concentration of the DEPHBA and the bromine, e.g., see
Tables 33, 34, and 40. That there are variations between
runs 1s quite true, but it is these variations with hydro-
gen ioﬁ and bromide ion concentrations which are indicative
of the true mechanisﬁ.. »

The variation in &ny Qne run is due to three: fac-
torss the first is that if there is an error in the ini-
tial concentration of either reagent, the integrated rate
constants will deviate from constancy; the second is that
dueto the equilibrium

the bromide ion liberated in the reaction is continually

altering the concentration of the brominating species;
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and the third is that‘hydpogén ion is also being liberated
in the reaction and the reaction 1s known to be retarded
by increasing the hydrogén ion concentration.

Since the error in the initial concentrations is
subject to only limited control (the technique and accuracy
of the experimenter) and is not easily measurable, it must
for the most part be ignored. It should be stated that
the probable error of all conéentrations except bromine is
not greater than 0.5 per cent. The bromine concentration
is determined by thiosulfate titration of the equivalent
iodine and the end point is probably not known to‘within
any better than 0.05 ml. and the total error in buret
reading may amount to as much as 0.10 ml. Hepée if a titer
of 30 ml. is obtained; the error in bromine concentration
would be roughly the same as“that of fhe other compounds,
however with smaller titers, the efrof maﬁ become somewhat
1a§ger. n js | o |

Since it was shown very quickly (Table 32) that the
ratefis gréatiy'élqwed byfaddéd‘ﬁfomidevion; it is obvious
that any rate constant calculated by using a stoiéﬁiometric
bromine concentration and ignoring the bromide iqn concen-
tration is really only an gggggégg rate constaﬁt. When the
bromide ion dependency was measured in the runs recorded in
Tables 49 and 54-57, it was found that to a first approx-

imation, the product of the apparent rate constant for a run
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(the average of those,obtainéd'excépt in’theigases where  the
‘initial bromide ion wes less than 0.1 M, in which cases the
constant was found by extrapolating to zero time) and the
square of the stoichiometric initial bromide ion concentra-
tionvis constant. This is shown in Table 69.

It was demonstrated that the rate of the reaction
is dependent on the hydrogen ion concentration in Run 47,
Table 42. It was shown quantitatively in Runs 54-58, |
Tables 49-53,jthat‘the product of the square of the ini-
tial hydrogen ion concéntration“times‘the apparent rate
constant is a constent. The - self’ ionization of acetic écid
makes it rather difficult to knbw ﬁhe_exéct hydrogen ion
Hconcentration when only & smal}:amqunt of mineral ac&d has
been added. Bymarbitrarilﬁ é;éﬁhiﬁgrthét;the ionization |
constant for 80 per cent acetic écid is half that of 2 dilute
acetic acidkébiutién,‘appréximafé'éOrrections have been made
on the initial hydrogen ion éoqgéntratiOns of the less
acidic solvents. The hydrogen ion data are shown in Teble
70. | A

The problem:now badamesfoﬁ9f¢f inc6rporating the bro-
mide ion dependency and the;hydroéen ion dependency into a
rate equation and then canﬂideriﬂg.various mechanisms which
would give rise tb the derived equation.

Since é'dependency an”the square of the bromide ion

has been observed, it seems proper to assign part of this
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Table 69

Effect of Bromide Ion Concentration on Reaction Rate
of DBPHBA

All runs were made in 80.0 per cent acetic acid,
0,300 M in hydrogen ion, at an ionic strength of 0.3 and at
20,00, '

| - 2 | |
Kapp (Br™) Kopp x (Br~)g nggieto
(1./mol.min,) ' (mol./1,min, )
(15) 0,000

‘ SZ
0.l156 0.050 040011l 5
T0.111 - 0.100 0.00111 5&
0.0297 0,200 0.00119 E
0.0135 0.300 0.00122 19
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Table 70

Effect of Hydrogen Ilon Concentratlon on Reactlon Rate
of DBPHBA

411 runs were made in 80.0 per cent acetlc acid |
0.300 M in bromlde ion (stoichiometric), at an ionic strength |
of 0.3 and at 20.0°.

) o+ 2 .Vm- .. i
LI B: N kapp x {55 Rgfg{ to |
(1./mol.min.) (mol /1.min ) able |
0. 0155 ”l? 0300 .. . 0{00122 a9 .
‘0.0313 - . . 0,200 s 0500125 ; 50
0.120 0,100 + 0.001% 0.00123 ' 52

0.414 0,050 + 0,004 0.,00121 53

8Approximate hydrogen ion contribution from acetic
acid,.




154

to the equilibrium of bromine and bromide with tribromide.
Where it is desirable to distinguish between the stoichio-
metric concentration of‘a_species and the actuwal concen-
tration, the stolchiometric concentration will be desig-
nated by enclosure in parenfheses,,(), and.the actual con-

centration by enclosure in square brackets []. Thus,

€ ‘ FOR l
- Kl : N RERERTEE [B 3] e .
Br, + Br == Br s UK 1
2 5 4 1 [Brz][Br ] ( )
and hencei
) | [Br]
[Bryl = ——20 |
' Ky [Br™ ]

If one considers the possible hydrolysis of bromine in an
aqueoue medium, a reason for the second power of bromide
lon can be seen, 1.c.,

K :
Bry, + 2H50 :§:=“HOBr + H50+ + Br

ve

[HOBr } [0 1(Br™ ]

Ky = — (2)
2 012
- [Brg 1[H0]
i + KS ‘ + :
HOBr + H.0 =——> H,0Br + H,0 (3)
3 2 2
Ky
or Brp + Hg0 == Hp0Br' + Br~ (4)

1The equilibrium constants defined in this chapter
are not thermodynamic equilibrium constants but are con-
stants expressed in concentrations.
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» _ KplBrg1{H01° .
Then [HOBr] = X, (B~ 2[H,07 ] ° (31)
KzKg [Brz 1[Hg0 ]
[Ho0Br' ] = ' (at)
2 Kqp [Br™ 12
Ky [Br3][Hy0] -
or [HzoBr+] = 2 SV; g i (4M)
Ky [Br™ ]

Thus it is seen that the'concentnétion of eixﬁer'ﬁOBr or%ﬁ”
H2©Bf+ ig inversely proportional td the square of the bfq—
mide ion conecentration. Since it 1s very difficult to dis-~
tinguish HyOBr' from Br', the latter mist also be included
as, a possibiiity. Because the exﬁression for [HOBr] is in-
vergely proportiopél to the hydrogen ion concentrétion, the
hydrogen ion dependency of the reaction must be examined
before a choice of mechanism can be made. )

Table 70'shows a dependence of the rate on the
square of the hydrogen ion 6mﬂcé#tration. Since DEPHBA is
a dibasic acid, one or both of the acid hydrogen ions might
be ionized in the reactive species, causing a first or

second-power=hydrogen,ioanepepdencéf?espegtively;.l.g.,“

ArH, =—= ArE + H, v.w[ArH 1= 1 (5)
Kg - KglarH,) |
and ArH, F= Ar™" + oHY, [Arc—] = —— 5 - (6)

(]
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Since both Kz and Kg are small, ﬁhe actual concentration of
the un-ionized acid, ArHy, can be replaced by the stolchiom
metric concentration.

Since the rate of the reaztion; dx/dt, is independent
of the equation used to calculaﬁe the rate constant, the
following equations show how the apparent second order rate
constant calculated on the basis of the stoichiometric bro-
mine and stoichiometric DBPHBA concentrations can be related
to actual rate constants which are dependent on the concen-
trations of elther HOlr,‘HQOBr+, or Br', and an ionized
species of DBPHBA. |

rate (Aer)(Brz) (7)

app

and if also * rate kact[EZOBr“][Ar"] ' (8)
then from (6) and (4") above,

kactK4[Br5][H 0]K6(ArH2) kéct[BrSJ(ArHé)

rate =

K [Br” BIE 2 EylBes o
Then- since
| kb o [Brg (Arp)
te = ArHp) (Brg) = —2E—3 ,
rate = kapplArp) (Bra Ky [Br" 12 [H 12
4 K-k___[Br—14(Br,) [H' ]2 -
Koy = =2 : » (9

[Brz ]
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In a similar way,.thls expression (equation 9) can be shown

to hold for
rate = kéct[HbBr][ArH—]‘, (10)

and since Br' 1s not readily distinguished from H,0Br',

equation 9 holds eqgually for

rate = k ,[BI‘+ 1A~ ] . (11)

act

The expreésion for klot caﬂ be"evéluated if one knows Kq
(equation 1). This has been evaluated (see appendix) and
the results of equation 9 are shown in Table 71.

Although distinction between bromination by HOBr
and HzoBr+cannot be made in this case, in other cases
studied under similar condltions, the evidence is that
HzoBr+ (or Br') is the reactive species. Bromihation by
HOBr can be distinguished from brominatlion by H20Br+
(or Br') in ﬁhose cases where iéﬂizatioh of the 'substrate
is not involved in the hydrogen ion dependency of the rat;
(see equations 3' and 4%"), It has been shown that in
aqueous acidic .golutions bé@%ena (36), o-nitroanisole (36),
sodium anisole m-sulfonate (34), sodium“toluene—g~sulfoﬁaté
and benzoic acid (80) are indeed brominated by Hy0Br' (or
Br'). The latter two were found not to react wifh vacuum

distilled, bromide free hypobromous acid at a pH of 5.18.

80. D. N, Derbyshire and W. A, Waters, J. Chem. Soc.,
1950, 564,
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Table 7Lf.. " - ©
Bvaluation of kiot frqh lgpp Tor DBPHBA

2 2
oo kappKl[Br ] (Brzm[H ]
act

[Br 1

K, =93 (in 80 per cent acetic acid)

All runs were made in 80,0 per ecent acetic acid, at
an ionic strength of 0.3 and at 20.0°.

- - ' o+ - . ‘
[Br™ i, [Brgl, [ ] k kl.t Refer.

(Br o app
. Table

2)0

0.00806 0,292  0.00777
0,00825 0,292 0,00795

0,0135 0,00101 70
0.0313  0.00103 70
' 1 0,120 0.00095 170
~0,00816 0.292 0,00786 0,054  0.414  0.00101 70
0.00824 0,192 0.00780 0,300  0.0297 0.00097 69
0.00817 0,093 0,00732 0,300 0,111  0,00089 69
0.00813 0,043 0.00653 0,300 0,456  0,00089 69
0.00819 0,000 0,000 0.300 (18) ca.0.0012 69’

SThis value was computed by assuming thet the effec-
tive bromide ion concentration in the first 50 per éent of
the reaction was constant and corresponded to the average
stoichiometric bromide concentration of 0.001 M.
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When the niixture was brought %quH 2 by perchloric acid, a
reaction that was first order with respect to each reactant
took place. It does not: seem likely that a change in sol-
vent from water to 80 per cent acetic acld would cause a
significant change in the basieity of HOBr, and hence in
the concentration of its conjugate aeid, HoOBr*. It is of
course possible that some specific property of DBPHBA would
favor bromination by HOBr, but this dlso seems rather un-
likely. !

Althongh} it is’ &i.ffigg;_t to qi"éting?aish between Br* .
and H,0Br*, thermodyramic caleulations by Bell snd Gelles
(81) of the equilibrium constaq%;for the reactions in water

vt

at 259,

Br, + H,0T—= H,0Br' + Br~; K= 1020

Br, = Br*. + Br~ 3 K= 10750,

suggest that the hydrated form of the"brOmonium ion is much
more probable,

One disturbing factog is that in mgst of*the other
brominations that have'beeﬁrrepofted in which molecular
bromine was used as the reagent, either in water, or acetic
acid or in mixtures of the two, the kinstic evidence has
always beeﬁ'thgt the brominating agent was Bro and the re-

action may or may not have been complicated by the formation

81. R. P. Bell and E. Gelles, J. Chem. Soc., 1951,

2734.
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of Brg or (Br2)2 (31, 35, 36, 38, &nd 80). A considera-
tion of a mechanism involving Brg which is also compatible
with all of the kinetic data will be consideréd following
the discussion of the kinetics of the reaction involving
DBSA.

s/

What can be definitely concluded from the present

kinetic study is that for finite bromide ion concentrations

the transition state complex for the slowest step of the
reaction contains the elements of Br' and the di-ionized

form of DBPHBA.

2,6-Dibromophenol (2,6-BBP).--The possibility was consid-

ered that the brominative decarboxylation reaction occurred

by way of a preliminary fast displacement of the carboxyl

group by a hydrogen ion to give §?“ip§q@6ph§ngiJ*‘If this

were the ‘case, the rate of brbmiﬁatioﬁ measured for the
hydroxybénzoic acidmwould_bé‘theusame as the rate of brom-
ination of its correspondihg dibromophenol. By comparing

the data in Tables 63 and 49 and in Tables 60 and 18 it is

_seen that in both cases the phenol is brominated over 100

times faster than the corresponding hydroxybenzoic acid.
This evidence, and~the evidence recorded in Table 41 in
which it is shown that the rate of evolution of .carbon di-
oxide from DBPHBA is very nearly the same as its rate of .
bromine consumption, clearly disprove that the carboxyl

group is displaced in & fast step by a hydrogen ioﬁ,
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The possibility of fhe?cérboxyl‘greup-being:displaced
in a slow rate determining step by hydrogen ion is 2lso dis-
proved by the fact that the reactions all show 2 kinetic
dependence on the conoentratlon of" brcmine.’ \

In order to comp&re the mechanism of the displace-
ment of the carboxyl group by brcmine with the displace-
ment of a hydrogen ion by bromine, the hydrogen ion and
bromide ion dependenCe of the rate“cf bromination of 2,6-
DBP were determined. The information obtained is tabulated
in Tables 72 and 73.

Table 72 shows that the hydrogen ion dependence s
scmewhere in betweenhzero and first power., Since the hy-
drogen ion depenqence of a phenol would reasonably be ex-
pected to be related to its icnizationlto phenoxide ion,
the interpretation of this datakis"that both phenol and
phenoxide lon are being brominated, |

Table 73 shows that to a neaeonebly close approx-
imation, the rate is inversely dépendent on the first power
of the stoichiometric bromide 1cn ccncentretion. This
would then indicate that Brg is the breminating_agent since
the actual concentration of Bry is 8 function of the bromlde
ion concentration. |

These data can then be expressed by the rate equation

.

rate = k[Bry)[(PHOH) + ""] , (12)
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Effect of Hydrogen Ion Goncentration oh ‘the Rate of i

Bromlnation of 2, 6-DBP

A1l runs were made in 80.0 per cent acetic acid,
0.300 M in bromide ion (stoichiometric), at an ioniec strength
of 0.3 and at 20.0°. :

+

k (] , x. [H ], Refer to
ap . - o app .
(1./molaRiny) (oin.~1) Table
9.61 0..300 2.883 63
11.91 0.200 2.382 66
13,94 0,150 + 0O, 001a 2.104 67
18.11 1.829 68

0,100 + 0,001%

2Approximate correction for

acid to hydrogen ion concentration.

contribution of acetic
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Table 73

Effect of Bromide Ton Cqﬁcentration on the Rate of
Bromination of 2,6-DBP

A1l runs were made in 80,0 per cent acetic acid,
0,300 M in hydrogen ion, at an ionic strength of 0.3 and at
20,0°,

- T -2
| kapp _(Br )o kapp X (?r )o 'kapp x (Br ?o T?gié
(1./mol.min,) : (min. —) (mol./l.min,)
9,61 0.300  2.88 0.861 63
1l .7 0,200 2.9% - 0.588 ol
30.8 0,100~ 3.0 - 0.308 65




. 164

and equating thls to equation 7 and incorporating equation

1,
| [ k! (PhOH)
k. . Ki(Bro) [Br~] * kk! '
Then 2pp 1 ¢?fuﬁ —= K 4 ———= R, ‘ (13)

By plotting F ys. 1/[H' ] and evaluating by the method of
least sqﬁares, it 1s possible to evaluate k and k', Tab;é
74 shows the values of F and the plot is shown in Fig. 2.
From this plot it 1s found that k! = 0.207 mol./l. gnd
k = 169 1./mol.min, The mean deviation of F is * 9, The
distribution of ﬁbinﬁs~atﬁt@é?hjdrdg$n~iqn concentration of
0.300 M is probebly due to salt effects, since salt effects
are expected to bersomewggfxspeCific in 80 per cent acetic
ecid at high ionic strength. o |

It is of interest to compaééwfhese observations on
the bromination of phenol with those of Robertson, de la
Mare, and Swedlund (82). They found that in glacial acetic
acid at 259, a solution 0.00100 M in phenol and 0.00100 M
in bromine showed no alteration in rate of reaction upon
making the solution 0,0074 M in sulfuric acid, They also
report that phenol is brominated 100 times as fast as anisole.

Both of these‘observations appear contrary to what has been

82. P. W. Robertson, P. B, de la Mare, and B. E.
Swedlund, J. Chem. Soc., 1953, 782,




Table 74

, Evaluation of E

app

Kl(BIQ) [Br ]

: [Brs]ohw
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All runs- were made in 80, ® per cent acetlc acid at
an ionic strength of O 3 and at 20,0°,

[5* ],

1/[H" ]

(Brg), [Brzl, [BrTl, F_ . Refer to
Table
0.300 0.00406 0.00392 0,296 3.33 274 73
0,300 0,00375 0,00356 = 0.196 - 3,33 282 73
0,300 0,00371 0.00334 0,0967 3,33 306 73
0.200 0,00373 0,00360 0.296 5.00 340 72
0,151 0.00798 0.00770 0.292 6.63 392 72
0.101 0,296 9.90 516 72

0.00369

0.00356
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Fig. 2, 2,6-Dibromophenol
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observed iﬁ this study. If this same ratio is used to com-
pare methyl 2,4-dibromophenyl ether with 2,4—dibrbm0phenol,
-the concluslon would be that the ether should have been bro-
minated at the same rate as DBSA, however it was appafently
not brominated at all,

Robertson claims that phenol 1s too weak &n 2cid to
-be lonized measurably in acetlc-acld, and thus discounts the
greatyreactivity of phenoxide lon as the reason for the dif-
ference in rate between 2nisole and phenol. He explains the

difference on the basis of the hypérconjugation possible in

phenol which is not possible in anisole, e.g.,

It is poééibiéféﬁat‘by“théfihaﬁcéivé7effect of the two bro-
mine étoms gubstituted in?ﬁPf(eipher 2,4 or 2;6), that the
acidity of the phemol is iﬂéreéséd‘éufficiently'fdp it to
be measurably ionized, especially in aqueoﬁs acetic acid.
If this is the case, the reactivity of the dibromophenol
would be increased relative to that of the methyl dibromoj
phenyl ether. The reactive intermediate in the bromination

of 2,6-DBP. is probably

‘Br

ranyy

Br

(&)
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Rather than a hgpercbnjugation effect, it seems more pleas-
ing to suggest that the un-ionized phenol is brominated in

a concerted reaction, &.g.,

BI' " ’ ' o ’

T NS | &+ o

- Y e T ..

Br--.Br/—@ B ‘GHZ — (4).
Transition State

' The redSon for the unreactivity of the phenol ether is not

entirely clear, especially since many phenol ethe#s are
readily brominated and have been studied (31, 38, 82).
Although substituted halogens do‘inérease the acidity of
phenols by their inductive effect, and thus increase their
reactivity, this same effect opposes the desired electromerkc
effect in the absence of an lonizable proton, resulting in
a net deactivation. It is not felﬁ that steric effects can
be importent, especially in the case of the ether of 2,4-
DBP because in assumlng the aquinoidal transitlon state, the
methyl group is not prohibited from lying in the plane of

the ring.

3, 5-Dibromo-2-hydroxybenzoic acid (DBSA).--The hydrogen ion

dependence and the bromide ion dependence of the rate of
bromination of DBSA are shown respectively in Tables 75 and

76, Empirically it is seen that the dependence is somewhere
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between the fipst and second poﬁgrs of the concentrations
of both ions. It was hoped that DBSA and DBPHBA would both
- show the same dépendence and cduld‘thus both be assumed to
react with bromine by the same mechanism. It was not sur-
prising that the hjdrogen ion dependence might be different
due to the possibility of hydrogen bonding between the hy-
droxyl group and the carbonyl group, but the different bro-
mide ion dependence was unexpected. B _

The fact that the dependence of bromide ion is a
non-integral power suggests that the bromide ion is in-
volved in & reversible step. . Thg fgllowing mechanism has

been postuléted to account for thissg

fast oo - :
ArH, === ArH" + E' . (equil. censt. = K,) (14)
‘ Cky .
ArH™ +. Bry === ApHBr % “Br~ - (15)
1, :

APHBP ——— ArBr— + H+ (equil. ‘const.= Kb) (16)
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Table 75

Effect of Hydrogenylon Goncentraﬁion on the Rate of
Bromination of DBSA

All runs were made’ in 75,0 per cent acetic acid
0.300 M in bromide ion (stoichiometric) at an ionic strength
of 0.3 and at 20.0°.

Kapp (5], Kapp x [HfJO Kapp x [Hf]o Regzglgo
(1./mol.min.) (min."1) (mol./l.min.)
0,0142  0.300  0.00426 0.001278 22
0.0257 0o200a . 0.00514 0.001028 - 26
0.0689 0.101 0.00696 0.000704 27

®hcetic acid is assumed to contribute about 0,001 M
to the total hydrogen ion concentration.
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,MTgble've_

.

Effect of Bromide Ion Concentration on -the Rate of
Bromination of DBSA

 All runs were made in 75.0 per cent acetic acid,
0.300 M in hydrogen ion, at an ionic strength of 0.3 and
at 20,0°.

— e
- Kopp ‘Br )o Kopp * (B?')o kapp...,x (Br7)g ng{é
(1./mol.mins)  (min.~1) (mol./1.min,)
00142 03300 0.00426 ' .0.00128 22
0.0264 0.200 0.00528 0300106 - 21
0.0825 04100 0.00825 .0.000825 20
0.215 0.050 0.0108 0.000538 19
0.830 0.0100 0.00830 0.000083' 24

1.65° . 0.000 - 25
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where ArHBr is the reactive intermédiate with the struecture

) . )
arBr —Z2+ ArtBrT 4+ GO, (17)
slow

Assume that ArHBr is formed in low concentration relative

to ArH,, then on the basis of the steady state approximation

: —ri 1 (ArHy) ‘
kq [ArH ][Brz] = ki _TEfE_ (Br 1 s (k - kK, )
= ks-l [Br"][Arr 1+ k2 [A7Br™ ]
= %,i;gf?J[ArHBr] + ki Lé?§§§l ;
5= )
(ArE ) k)
[ApHBr ] = 2 2 e

(1} [Bry, ) o/ (k L IBrT] +
[H ] ,

+ 3

1It is of interest to compare ‘this intermediate with
the compound stated to have been isolated by G. M. Coppinger
and T, W. Campbell, J. Am. Chem. Soc., 75, 734 (1953).

t=Bu .
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ipie (e 1(ArH,) |
(B 1B(k_ [Br1 + ké/fﬂf]i ]

rate =

kapb(Brz)(Aer)

kapp(BrZ) klk!

| 251 |
[Br, ] [H*]g(k;lfBr‘] * ké/[HT])

-

‘Substituting for [BréJ~from equation 2 and rearranging,

kappKiiﬁfz)[Br-]¢Hf]~: M =y (18)
[Bry ] o kglETiET] o+ 1
X5
1k, 4 1
L TE el e — (19]
¥ klk! R

A tabulation of the values of ¥ and the related hydrogen |
and bromide ion concentrations is shown in Table 77. A
plot of 1/¥ vs. [Br~1[H ] was made and then evaluéted by
the method of least squares and is shown in Fig. 3. The
slope of the line is k_j/kik! = 82.2 1.%min./mol® The
intercept at [Br~ I(H') equal zero is l/ki and from this
k! = 0,42 min.”l From this thén is obtained k_1/k) =
34,6 l.z/mol.2 which is an index of the reversipility of
the reaction. The mean deviation of 1/¥ is t 0.27.

It might be suggested that perhaps a mixed mech-
anism of the fypé ‘ '

rate.=wkl(ArE:)(Br+) - ko(ArH") (Brg)
+ kg (ArTT)(BrY)  +7 k(A7) (Bry) (20)
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'Lfaﬁief77
Evaluation of ¥ for DBSA

v kgppka (Bro) o [Br I, (5" ]

fBrs]

K1 = é5
All runs were made in 75.0 per ‘cernt acetic .acid at
an ionic strength of O. 3 and at 20,0°

+

k [E] [Br”] [Br? | (Br_) Y .~ Refer to f

app o) o . 370 2’0 . Table V

e g - g " ~ ‘
0,0142 0,300 0%292 0. 008a68 0,008368 00,1098 76
0.0264 0. 300 0,193 0. 007488 0.007954 0,138 76
0.0825 0. 500 0 ,003 0.007075 0.007973 0.2205 76
0.215 0.300 0 044 0.006300 0.007996 0,306 76
0.830 0.300 0 0070. 0,002968 0.007932 0,396 76
1,65 0.300 0,000 0,000 0.007942 0. 4952 76
0,0257 0,200 0‘292 0.007656 0.007964 0,.1327 75
0.0689 0,101 0.292 0.007593”0.007898 0.1801 75

8at zero bromlde ion concentration,W is equal to

k_  times the hydrogen ion concentration.

app
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could qualitatively scecount for the hydrogen and bromide
ion dependence; At constant hydrégen ion concentration

this would resolve into

rate = ki(Aer)Eg;"?g + k'(Aer)[Br ]

) (Arﬁg)TBrg] [ ki + k1
[Br™ ] [Br~ ]

And since rate = kapp(ArHQ?(Brz) ’
(arEp) (Bry] k]
k___(ArH,)(Brs) = A [—=— + k']
2 S [Br~ ] [Br~ ] 2
k.. _(Br,)[Br ] k! . i
pp' 2 " - 1 4+ % = . . (21)

[Brzl [Br™ ] e
If G is plotted against 1/[Br~ ], Fig. 4 is obtained. The
data to'plot Fig. 4 is shown in: Table 78. It 1ls obvious
from the plot that the observed data do not filt this
mechanlsm. ’ |

While 1t 1s felt that the mechanism resulting in
equation 18 1s very probably the co:ﬁect‘ﬁreatment for the
course of bromine and bromide ion, 1t can be shown that
another course 1is equallyisatisféctory for the hydrogen
ion. Thus if the reactién were inltiated on the un-lonized

hydréxybenzoic acilds
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Table 78

Evaluation of G for DBSA
kapp( Brz:) o [Br w]o

G = —
[Brslo

All runs were made in 75,0 per.cent scetic &cid,
0.300 M in hydrogen ion, at an ionic strength of 0,3 and at

20.0°, Refer to Table 76,

[Br; ]

(Brz)o ‘

Kopp [Br~ 1, o G
00,0142 0.292 0¢0©8044‘ 0.,008368 0.00431
0.0264 0.183 0.007488 0.007954 0.00541
0.0825 0.093 0.007075 0.007973 0.00865
0,215 0.044 0,006300 0.007996 0.0120
0.830 0.0070 . 0,002968 0.007932 0.0185
1.65 0,000 00,0000 0.007842 0.0194%

kapp

8At zero bromide ion cencentration, G reduces to

i

/Ky since (Bry), thén‘is'ﬁ?éfsame as [Brz]

Kl - 85-
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1{3
ArH, + Br, == ArBrH + "Hf + Br (22)
k
-3

and then as previously discussed,

f %l'st _ + '
ArBrH ArBr- + H (egquil. const.z Kb) (186)
ko
ArBr~ —> Ar!Br + 00y (17)
(slow)

Then

kS(ArHQ)[BrZ] = k_s{ArBrH][H#][Bf-j + kz[ArBr_]

= k_é[ArBrH][H+}[Br_]- * kél§%§£%l s kL = k Ky

ko (ArHy) [Brg ]

[ArBrH] = — TR
k_o[H 1[Br ] * k}
[E ]
o kék (ArH )[Br ]
raté = (ArH )(Brz) S .
k_g [H Bier1 + !

Q (23)

If 1/q is ﬁiétted against [H [Br™ ] and evaluated by the

method of least squarés, a.s «alght llne is obtained as

shown in Fig. 5. The'infofmation required to make the plot
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Evaluation of Q for DBSA

a
Q = 199

K) = 85

fBrg]

Table 79

= Y/[H ]
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All runstere made in 75.0 per cent;abetic acid at
an-ionic strength of 0.3 and at 20300. See Table 77.

+ . .- rpr 192 - .

[H ]0 [Br ]0\ [(H IgBr lo y Q

0.300 0.292 0.0263 0.1098 0.366
0,300 0,193 0.0174 0,138 0.460
0.300 0.093 0.00837 0.2205 0.735
0.300 0.044 - 0.,00396 0.306 1.020
0.300 0.0070 0.00063 0.396 1,321
0.300 0,000 0.000 0.495 1.650
0.200 0.292 0.,0117 0.1327 0.663
0.101 0.292 0.00298 0.1801 1.785
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Fig. 5, Dibromosalicylic Acid

181




182

is given in Table 79, From thié'plot it is found that
ky = 1.7 1./mol.min, and the re%ersibility ratio k_z/k} is
143 1.%/mol.® The mean deviation of 1/Q is + 0.11.

Sincé it ha's been shown that mechanisms involving
an initial bromination of either the un-ionized or mono-
jonized DBSA will safisfy the kinetic. data that has been
obtained, it is immedlately suggested that analogously to
the bromination of phenols, both specles are reacting con~
currently to give the commqnw}ntermediate; 1f equations
15 and 22 are cénsidered ﬁheﬁmtgmbéth give the QQmﬁon

species ArBrH which decomposes in the irreversible step

represented by equation 17, the kinetlec expression resulting

from such a consideration is

kappKl(Brz)[Br 1|H ]

[Br 1

ky + kg[H'] p o
L AR . o

Ky o K_
== [E1Br ] + —= [H 1B[Br] + 1
k k
2 2.
Unfortunately, not enough experiment%I dataQis*available to
:
test this mechanismj however, it can be seen that at zero
bromide ion concentration, this expression would reduce to
the same form as that shown by equation 13 which represents
the similtaneocus bromination of phenol and phenoxide ion.

In order to establish the exact course of loss of
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hydrogen ions in the réaction, the kinétics must be studied
at zero bromide ion concentration. It can be seen from
equations 15 and 22 for the steps involving combination
with bromine, that in the aﬁséﬁcé'bf bromide ion, these
steps ﬁouldvbe irreygrsib;e anqwhgpge rate controlling.
Then by measﬁfing thgﬂ;até;of“fhé.réaCtion at:varying hy-
drogen ioﬁ concentrations, the.kinetic order with*respect

to hydrogen ion could be determined.

Rediscussion of DBPHBA.%—The mechanism for DBSA represented

by Fig. 3, while kinetically more complex than that proposed .
for DBPHBA, seems much more probable-in the light of our
knowledge of brominations and bromine species. Since it
would seem reasonable that the same mechanism might apply
to both compounds, a similar treatment was made with the
data obtained for DBPHBA. Table 80 is a tabulation of V¥
and the related hydrogen andxbrqmide ion concentrations

for DBPHBA, A plot of 1/¥ jgg"[Br—j[H#] was made and eval-
uated by the method of least squares and is shown in Fig. 6,
From the slope of this curve it is found that'k_l/kéki
equals 97 1.2min./mol.2 From the intercept at [Br'][ﬁ+]
equal to zero, it is determined that ki = 6.3 min7l, and
from these two that the reversibility-ngtio, k—l/ké =

612 1%/#61;2 The mean deviation of l/Y ié t 0,13. Thus

is 1is éeen. that although the concept of bromination by Br'

or H20Br+ adequately fits the data, the concept of an initial



Evalbation of ¥ for DBPHBA
- o+ .
kgppi1(Bra) o [Br Io[E 1

Table 80

Kl=95

[Brg]o
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All runs were made in 8€.0 per cent acetic acid at
an ionic strength of 0. 5 and at 20.0°.

(2]

FtBr']d:M%

¥

k [Br. ] Refer to
app o ,§ o o Table
0.0135 gO 500 Oi292‘ fO'@OV?? 0.114: 69
0.0297 0.300 0,192 0..00780 0. 0.168 69
0,111 0,300 0.093 0. 00752 0. 00817 0.3%321 69
0,456 0.300 0,043 0.00653 0,.,00813 O. 682 69
(15) 0.300 0,000 000000 0.00819 4 52 69
0.0313 0.200 0,292 0.00795 . 0,00825 0 175 70
0.120 0.101 0,292 0.,00783  0,00812 0.341 70
0.414 0,054 0,292 0.00786 0.00816 0.6686 70

k times the hydrogen ion concentration.

app-

44t zero bromide ion concentration, VY is equalvto
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Fig. 6, Dibromo-p-hydroxybenzoic Acid
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reversible step involving bromide ion also satisfactorily
explains all of the data, Since the reversibility ratio,
k_y/kL, 1is some 20 times greater for-DBPHBA than for DBSA,
it is understendable that emplrically the bromide ion de-
pendence for DBPHBA should seem more nearly second order.

It can be seen mathematically froﬁ equation 18,

‘. kappKl(B?z)[Br—][H ] i} 3] , (18)
[Br.1 K - | ’
i Sl E] ¢ 1
k5

£hat wﬁéﬁﬁk?i?ﬁé‘1s»mwch'iaréer then 1,

T ) ' “ bl 2;“"'2 E
oB1(Bro) [Br7 IM[HTI®
app T1'= T2’ b _ — . = constant . :
[BI'*3] . \

'k

and corresponds to equation 9., For phiéfrelatioﬁ‘to=hold
absolutely, the plot of 1/? 3§. [HfJEBr7], Fig. 6, should
pass through the origin. Since'thézvalﬁe,of 1/¥ at the in-
tercept is 0.16 £+ 0.13, it is seen that almost within the
experimental error, this mey be the case, To the extént
that the true intercept 1liés within the range of 0.16 #
0.13, the reversibility ratio is between 335 and 3233! A
more accurate determination of the rate at low bromide ion
concentrations is necessary before a distinction can be

made between the two mechanisms for DBPHBA.




187

CHAPTER VIIT
 GONGLUSIONS

The rates of brominetion of 2,4-dibromophencl,
2,6~-dibromophenol, 5,SrﬁibrdeTQEFydroxybeﬁzqié acid, and
5;5=dibromo-4—hydroxyﬁénzoio acidiﬁere ﬁeasured ih‘éqﬁeOus
acetic acid and féund'at constaﬁt bromidé andhhyarogen ion
concentration to be first order in bromine and first order
in substrate. It was observed that the rate of bromination
of 2,6-dibromophenol was inveyééldeependent on the first
power of the bromide ion cencentration and showeq an inverse
hydrogen ion dependence bétweehvzero-and first power. This
evidence is consistent with a-mechanism in which broming
molecules react with both iohized‘and un-ionizéd phenol,

The!dibfomosaligylgo ap?d(was found to show an in-
verse hydrogen ion depéﬂé%npb ;hd an inverse bromide ion
dependence between first and second power., This data 1is
found to be compatible with a mecﬁanism involving a rever-
sible attack by bromine on either the un-ionized or mono-
ionized form of the acid, followed by an irreversible
decarboxylation step, thus

k

ArH™ + Br, ..,_—-L_t ArHBr + Br~
k)
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k, -
and/or ArH, + Br, =2 ApHBr + HE' + Br-
-3

fast +
" ArHBr =—==—> ArBr + H

‘ k2~ .
ArBr~ —=» Ar'Br + 002

The information availsble does. not make possible a distine-
tion between the first two equafions nor dees 1t give enough
evidence to confirm a simultansous brominetion of the un-
lonlzed and mono-ionized forms to give the same reactive
intermediate., The kinetic data do not fit a mechanism in-
volving sinmmltaneous atteck by Br' or Hé@Br+ énd Br,.

The rate of bromination of dibrbmo-gfhydroxybenzoic
acid was found to be inversely*dependent on the second
power of both hydrogen ion and bromide ion céncentrations.
This is consistent with a mechaﬂism of the type proposed
above for dibromoSalicyliqvacid.4'However it was found
that the reversibility ratio, k_ /ké‘, is somewhere between
10 and 1000 times greater for the para compound than for
the ortho éompound, Thé'Kiﬁetics is also consistent with
a mechanism in wﬁich Br* or H20Br+ reacts with the di-

ionized form of the acid, thus

AP~ + Bp —> Ar'Br + Oy -
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GHAPTER IX
SUGGESTIONS FOR FUTURE EXPERIMENTAL WORK

Three aspects of the brominative decarboxylation
are in definite need of further élarification by experi-
mental means. One is 2 determination of whether or not
the hydroxybenzoic acid loses a hydrogen ion prior to,
simultaneously with, or after the initial attack by the
bromine molecule. As has been pointed out, the first
possibility can be distinguished from the latter two at
zero bromide ion concentration and varjing hydrogen ion
concentration. Since under these conditions the first
step is irreversible and rate controlling, the hydrogen
ion dependence of the first step only would be determined.

The second problem is“that of détermining more pre-
cisely the rate of bromination of dibromo-p-hydroxybenzoic
acid at very low bromide ion concentr;tions. If it can be
shown that as the bromide ion concentration approaches zero,
1/¢ approéches a very small number (approximately zero),
the mechanism involving Br® (or H20Br+) is confirmed.

The third problem is to determine if carbon dioxide
is indeed eliminated in the rate determiﬁing step and under
what conditions. According to the pf0posed mechanism for

dibromosalicylic acid, at high bromide ion concentrations

3
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carbon dioxide-cl4 sﬁéuld be lost more slowly than carbon
diox1de-0123 while at low bromide ion concentrations, the
first step of the reaction becomes essentlally irreversible
and no isotopé . effect should be observed ) Ifxan isotope
effect that is dependent on the bromide ion concentration
is observed for dibremoﬁgrhydroxybenzoic acid, the con-
clusion would be‘justified that the para comﬁound is bro-
minated by the seme mechanism as the ortho compound. On
the other hand, if no isotepe effect 1s observed er:an iso-
tope effect that is independent on the bromide ion concen-
tration is observed for dibromo—gfhydroxybenzoie acid, the
conclusion would be that bromination is by‘Br+ or HzoBr*._

‘ Since i1t has been demonstrated in other brominations | |
that they are catalyzed by salts of weak acids due to the ’
formation of acyl-hypobromites which are capable ef func-
tioning &s brominating agents (36, 39, 34, 41), 1t is sug-
gested that a detailed study bf"Specificisalt effects might
be in order., This mlght demonstrate whether or not nucleo-
philes other than bromide ion could cause reversibility of
the first step. It is very probable that no such effects
would be noted in media of low pH;uhpwever, as the hydrogen
ion concentration was made lower and the pH approached 7 or

more, such effects might become pronounced.
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APPENDIX A

THE DETERMINATION OF THE EQUILIBRIUM CONSTANT

FOR THE REACTION, Bry + Br = Brs

The equilibrium cbnétant for the reaction was deter-
mined in 70, 75, and 80 per cent acetic acid by the method
described by Popov and co-workers (83) using a2 Beckmen,
Model DU, spectrophotometer thermostated at.20°. Cali-
brated Corex cells of optical path length 1,000 £ 0,001 cm.
and equipped with ground stoppers were used. The solvents
used were prepared éccording to the procedure described for
Runs 54 and following. c

The procedure 1s based on the éssu@ppién‘that the
total optical density of a solution at a"gi&éh wave
length is equal to the sum of the optical densities of
the component parts of the solution. In the system being
studiédyand,atbthe wave lengths being observed, the only
colorédiéﬁebies preSéhtfaréﬁthé;fribromide ion and free
bromine. This system then would be repreéénted'by the

equation

CI .

A _ X T U
n B +
Dtot = eBrg ( rz), eBrg (Br§% *

83, A. I. Popov, K, C. Brinker, L. Comp2naro, and
R. W. Rinehart, J., Am. Chem. Soc., 73, 514 (1951)
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-The extinction coefficient for free bromine, egrz, can’be
determined from the optical density, D, of a solution of
bromine of known-concentration andtcontaining no bromide
ion, and the extinetion coefficient for the tribromide ion,
eg g, from the Optical density ‘of & solution of bromine
containing so~much‘bromide ion that all of the bromine

has been converted to tribromide ion. ﬁenoe, if the total
optical densit&uof solutlons containing TBoth- free bromine
and tribromide ion are known, and the extinction coeffi-
cients for each~species are also known, it is possible to.
solve for the concentration of each specles, and from them
calculate the equilibrium constant.

By surveying thevspectfum of'verious mixtures of
oromine and bromide ion in aceticzacid from 250-500 milli-
microns, 2 peak was found in the spéectrum of bromine at
about 400 millimicrons end in the spectrum of tribromide
ion at about 250 millimicronsf The tribromide extinction
coefficient was very much greater tnan that of bromine,
but it was decided that if the tribromide ion concentration
wae kept feirly low, satisfactofy measurements could be
made at 360, 380, 400, and 420 millimicrons. Ideally,
for accurate determinations of concentrations of species,
concentrations and extinction coefficients of the contribu-

ting species should be of approximately the same order of

magnitude. This was not possible in this system and the
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accuracy of the determinations suffered acaordigg}y.

The extinetion coefficient of tribromide ion had to
be determined by approximetion. If a solution were made
0.300 M in bromide ion and 0,005 M in bromine almost all
of the bromine would be tied up as tribromide ion but there
would still be a small contribution from free bromine. If
it is assumed that the optical density is due entirely to
tribromide ion 2and is used to calculate an approximate
equilibrium constant, this approximate value of the equilib-
rium constant may then be used to re-evaluate the extinction
coefficient for tribromide. It was found that the correc-
tion was so small that only one correction was sufficient.

Some sample calculations will be shown to illusfrate
the method used, following which a2 tabulation of results -

will be shown.

1. Determination of e§29; in 80 per cent acetic acid,
i LR 2

0.300 M in HC10,, and 0,00568 1 in Br,.

D= 1,000

S
n

e (Br.,)
BI’Z 2

()
.
Q
Q
Q
1]

eBrz(o,oosas)
176,1

@
o
B

v

L]

2., Determination of eﬁgg, in 80 per cent acetic acid,

0.300 M in HBr, and 0.00118 M in Brz.
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=
L1

0.642
feBrg(o‘OOllB)
egp- m 544,]

o]
[e))
Y
o
n

By calculations such as‘tneee, extinction coefficients
were determined in 70, 75, and 80 per cent acetic acid at
360, 380, 400, and 420 millimicrons. o

It is readily seen that there is little if any sol-

vent dependency in this system, as far as the extinction

- coefficients are concerned. ey

In Table 82 are- shown the data obtalned and the

equilibrium constants calculated from them, after re -eval-

uating the extinctlon coefficient for. tribromlde ion.
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Average Extinctfpn qufficiﬁnts of Br, and BP§

1. eBr2
Solvent 360. 380 Loo 1120 " Number
(per cent 110 ma, mu, mi. averaged
HOAc) L ‘
70 108 166 178 187 3
75 107 166 180 160 2
80 105 16 179 159 Iy
2; e. . (initial uncorrected values)
ABrB
70 936 736 S5 307 2
75 940 739 58 308 2
80 938 738 543 310 2
3, e_ _ (corrected values)
Br
3
70 967 757 556 309
75 961 751 555 ~ 308 _
80 757 557 311

970
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Table 82

Evaluation of Eguilibrium Constants. from
Observed Optlcal Dens1tles

1. 80.0 per cent Acetic Acid, O, oo36+ M in Br2 0.00100 M
in HBr and O, 299 M in HClO)4

2. 80.0 per cent Acetic Acid, O. ooLua M in Br,, 0.00150 M
in HBr and 0.2985 M in Hﬂlq+

3. 75.0 per cent Acetic, Acid,. 0,00373 M in Br,, 0.00100 I
in HBr and 0,299 M in HO10)

l." 75.0 per cent.Acetic Acid, 0.00508 M in Br,, 0.00150 M
1n HBr and 0.,2985 M in HLlOL

5. 70.0 per cent Acetic Acid, 0.00L0l M in Br,, 0.00100 U
in HBr and 0,299 M in Hqu+ L

6. T70.0 per cent Acetic Acid, ©. OOhlé M in Br,, 0.00150 M
in HBr and O, 2985 M 1n HClOl

# Observed Optical Densities “ Average
360 mu. 380 mu. hoo mi. li20 mu, K

1 0,506  0.738 'o 7hl 0.616

2 0.8l2 0.981 O. 955, 0.772 93 4 3
' 0,619 1*0}?63\ 0. 756 ‘ 0.625

i 0.928 1.098 I. 067 0.869 85 ¢ 92
5. 0.649 0.820  0.819 0.680 o
3 0.751  0.897 0.877 0,710 83 4+ 3P

It is of interest to compare this data with the
equilibrium constant obtained by Bradfield, Davies, and Long
(28). in 75 per cent acetic acid and at lonic strengths of
cd. 0,01-0.,02, Using an aspiration technique, they obtained

a value of 91 # 3.

bThe average value for 70 per cent agetlc acid is the
average of values obtalned from line 6 only.
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APPENDIX B
SPECIMEN PREPARATIONS OF ACETIC ACID SOLVENTS
Solvents Used in Runs 18-4%7

.In preparing these-soivents; all components -were
mixed in proportions so that the ratio of aoetic aold to
water by weight would be the desired amount. It was nec-
essary therefore to know the amount of water in-all of the
reagents. As previously described the amount of water in
glacial acetic aecid was determined by Karl Fischerutitra—
tion. In the case of the other ingredients, molar concen-
tration was converted to per cent composition and at the
same time the density determined by use of the tables of
per cent composition versus density of aqueous solutions .

found in the International'@riticalfTabies {79). All solu~-

&ftions were measured at 20°, using ‘the minimum number of; pi—

pets, allowing them to drain for 10 seconds and shaking each
10 times.v The approximate loss in volume in mixing was detar—
mined in advence by separate experiments in order to calcu-
late the amount of'reagent'neceSSary“to‘use'to get the de-
sired'bronide and nydrogen ion concentrations. The‘actual
final volume .of the mixture was ascertained by mixing the

solutions in a volumetric;flask having a roughly calibrated
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neck.

By accounting for the possible errors in densities
and pipet volumes, it was found that the solvents would be
within 0.2 .per cent 6f the calcuiatgd value., Unfortunately,
when ﬁhe'sblvéntéfwere actuallyigrepared for Runs 18-49,
the‘aensities of the liﬁhium bromide soldtions used were

-assumed to;be the same as wafer. When ‘the den31t1es were
later calculated and the concentratlons ‘of the solvents
corrected, this error was found to have mede the solvents
0.2 per cent 1ess in water than had been désired. Sample

preparations of two of these solvents will be shown,

75 per cent acetic acid.--The following reagents were useds

Acetic acid, 0.88% water - 1:052 g. /ml
Water ' - 0.998 g./ml.
70.62% Perchloric acld 11.78 M - 1.677 g./ml.

gtart with 750 ml. of acetic aecid:

750 ml. x 1,052 g./ml. = 789 8.
789 g, x 0.0088 = __6,94 gl water
Actual acetic acid = 782,06 g. «

Total weight of solution based on 782.06 g. of acetic
acidsg

0.75x = 782,06 g,
x = 1042.75 g.

Total weight of water requiredé
1042.75 g. of solution
-782.06 g. of acetic acid.
260,69 g. of water

Volume of 70% perchloric acid régquired to make a 0.1

N solutlon. (Approximete volume of solution will be 978 ml.)
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978 x 0.1
8,30 ml.

Vv x 11.78
v

Wéight of water in 8.30-m1. of 70% pérdhloric acid:
8,30 ml. x 1 677 g./ml. x 0,294 = 4 10 g.
Volume of water to be added to solutlon. | ‘

Total water necessary 260.69 ge

Water in acetic aecid -6.94 g.
Water in perchloric acid _-4410 g.
Water to be added 249.65 g.

249,65 g. + 0.998 g./ml, = 250,15 ml.

80 per cent acetic'acid, 0,1 N in 1ithium bromlde.--The -
following reagents were used:

1.052 g./ml.

Acetic acid, 0.88% -
Water - 0.998 g /ml
70.62% Perchloric acid, 11.78 M - 1,677 g./ml
Lithium bromide, 0. 5107 M, 4.30% - 1,030 g./ml
Start with 400 ml. of aqgticuacid'
400 ml. x 1,052 g./ml, = 420,80 g..
420.8 g. x 0.0088 - - 3.71 g. water
Actual acetic acid = 417.09 g.

Add 98.7 ml. of lithium bromide solution (the Volume
was that calculated to be necessary using pure water)s

98.7 ml. x 1.030 g./ml., x 0,9570 =
97.28 g. water .

Volume of 70% perchloric acid required to make 2 0.1
N solution. (ApprOX1mate volume of solution will be 484.1 ml.)

V x 11,78 = 484.1 x 0 1
Ve 4,11 ml

Weight of water in 4,11 ml. of 70% perchlorlc acid°
4,11 ml, x 1.677 g./ml., x 0.294 = 2.06 g.;




201

Actual water added?

From lithium bromide solution 97.28 g.

From acetic acid 3.71 g.
From perchloric acid 2.06 g.

Total water ‘ 103.05
Actual solvent concentration:

417,09 g.

T 05 7 10565 X 100 = 80.19% acetic acid

Solvents Used in Runs 48-53

The solvents used in theseﬂruns were prepared by the
same technique as previously described, with one notable
exception—-the per cent COmpositiOn and den31ty of the
hydrogen bromide solution-was determined and - used in the
calculations. A sample calculation for the preparation of
one of these solvents is shown.“

80 per cent acetic acid, Q. 2 N in. hydrogen bromlde.——The
following reagents were used}

Acetic acid, 0.39% wabter ., . 1;6508 g./mlﬁ
7,89% hydrogen bromlde, 1.0306 M - 1.0561 g./ml.

Start with 400 ml. of acetic acidy

400 ml. x 1. 0008 gﬁ/ml = 42@ 132 g ‘
420.32 g. X 0«0059 = T 1,64-g. water
Actual acetic ac¢id = 418.68-g.

Total weight of solution based on 418.68 g. of
acetic acids ‘

418.68 g. of acetic aeid
523,35 g. of solution

0.80x
X

nn

418.68 g. of acetic acid
104.67 g, of water required
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- 1,64 g. water in acetic acid
103+ 03 g. water yet to be added

Volume of 7.89% hydrogen bromldeinecessary to supply
103.03 g. of water:

0. QzllX“= 165 03 g, of water
x = 111.85 g. of hydrogen bromide
' solutlon
'111.85 g. £'1.0561 = 105.91 ml.

e

Total volume of solution was 491.5 ml, Concentra-
tion of hydrogen bromide then wass

= (105, 91 ml, )(1 0306 N)/(491 5 ml, )
-0.2221

Solvents Used in Runs 54-83

These solvents were thg-mést:aCcurately prepared
and the most reproduéible of a1l the solvents used. In
addition to determining the dénsities and per cent composi-
tion of all the components (as‘éreviously described), a
further refinement was used which made it possible to.
determine in advance the‘ﬁipél concentration of the added
ions, whatever the loss in volume on'mixing the varibus
ingrediepts might be., This wag done merely by calculating
the desired quantities of the solutibns on the basis of =a
final volume of 500 ml. Since on mixing, the total volume
of solution was always less than;SOb-ml., all that was
necessary w;s to add enough of & water-acetic acid mixture
of the desired composition to bring the liquid level to the
mark in a 500 ml. volumetric flask. Two sample caicula-

tions are shown.,
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80.0 per cent acetic acid, 0.100. N in LiBr, 0. 200 N'in HBr.—-
The followlng reagents were used:

Acetic acid, 0.62% water 1.,0514 g./ml.

Water ‘ 0.9982 g./ml
12,56% Lithium bromide, 1.584 N 1.0957 g. /m1
11.27% Hydrogen bromide, 1.508 N 1.0825 g./ml

Start with 400 ml. of acetic acid:

400.ml, x 1,0514 g./ml. = 420.56 gl
420.56 g. x 0.0062 = 2.6l g. water
Actual acetic acid = 417 95 ge

Total weight of solution based on 417.95 g. of acetic
acids : . :
“ 2-.“
417 .95 g. acetlc acid
522,44 g. solution

0.8x
X

Total weight of water necessary:

522.44 g. of solution
-417.95 g. of acetic acid
104,49 g. of water

Hydrogen bromide solution necessary to make a solvent
0.200 Nt

V x 1.508 = 500 % 0,2
V = 66,3 ml.

66.3 ml. x 1.,0825 g./ml. x 0.8873 =
63 .68 g. water

Lithium bromide solution necessary to make a solvent
0.100 N¢

V x 1.584
v

500 x 0.1
31.6 ml,

nwu

31,6 ml, x 1.0957 g./ml. x 0.8744 = 34.62 g. water
Remaining water to be addeds |

Total water necessary 104.49 g.
Water in acetic acid - 2.61 g.
Water in hydrogen bromide soln. -63.68 g.
Water in lithium bromide soln. -30.,27 8
Water necessary 7.93 g.
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7'95 g. 20,9982 g /ml. = 7,94 ml,
Add enough 86 per cent acetlc acid to make a total
volume of 500 ml.

75 per: cent acetic acid 0. lO@ N in HBr, 0.200 N in HCl®4.r-
The following reagents Wwere useds

99,.41% Acetic acid 1.0513 g /ml
Water 0.9982 g./ml.
11.63% Hydrogen bromlde, 1 560 N 1.0853 g. /ml.
70.42% Perchloric acid, 11.73 N 1.674 g./ml.

Start with 375 ml, of acetic acids

375 ml. x 1.0513 g./ml. = 394.24 g,
394.24 g. x O, 0059 = 2,33 8. water
Actual acetic dcid = 391.91 g.

Total weight of solution based on 391.91 g. of acetic
acids

591 91 g.racetic acid
. 522.55 g.

0.75x
. X

Total weight of water necessary:
522.55 g. of solution
-391.91 g..of acetic acid
150"64:g:fof water '

Hydrogen bromide solution necessary to make a solvent

‘ o 100 N in HBrs

V x 1.560 = ébo x 0.1
V= 32,05 ml.

52,05 ml, X 1.0855 g./ml. x 0.8857 = 30.74 g. water

Perchloric acid necessary to make a solvent 0.200 N
in HClO4s :

¥ x 11.73 = 500 x 0.2
V = 8,52 ml,

8.52 ml. x 1.674 g./ml. x 0.2958 = 4,22 g, water -
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Remaining water to be addeds

Total water necessary 150;64:g:

“Weder in acetic acid ‘ - 2,33 g,
Water in hydrogen bromide soln. =30.74 g.
Water in perchloric acid - 4.22 g.
Water necessary 93,35 g.~

93,35 g. ‘a0, 9982 g./ml. = 93.52 ml.

- Add enough 75" per cent acetlc acid to make a total
volume of ,500 ml. . .
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APPENDIX C
SAMPLE CALCULATION OF INTEGRATED RATE CONSTANTS

The rate constants were calculated frbm the integrated
form of the second order rate equation, i.e.,

a({b-x)

2.303
k = L :
b(a-x)’

= 2 1
(o-a)t ~°8

in which k is the rate comstant (1./mol.min.), t is the
time elapsed for any point, & is the initial stoichiometric
concentration of DBPHBA, DBSA, or DBP, b is the initial
stoichiometric concentration of bromine, and x is the molar

cohcentration of substance reacted (or product formed) at

time t. The sample calculation will be on Run 55, Table 50.
a = 0.004458 I ‘a/b = 0.5475 (NegS,05) = 0.02190 N
b = 0.008142 M b-a = 0.003684 M (50 ml. samples)
t (min) Titer (b-x) (a-x) (x) (b-%)
(ml.) ) (a-x)
476 54.64 0.007586  0.003902  0.000556 1,944
1281 ° 31,15 0.006822 0.003138 0.001320  2.174
1895 29.28 0.006427 0.002743 0,001715  2.343
2916 26.66 0.005852 0,002168 0.002290  2.699
4593 23.94 0.005255 0.001571 0.002887  3.345
7735 21.03 0.004616 0.000932 0.003526  4.953
k= 2e505 150 (0,5475)4R0X)

- 10.003684)¢t

Ta-x)
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t (min.) 2,303 a(b-x) Lot ggb;x) 2.303 a(b-x)
(b-a)t  Dbla-x) °8 pla-x) T(b-2)t 1°8 Bla—x]

476 1.313- 1.0643 0.02706 0.0355

1281 0.4880 1.1903 0.07566 0.0369
1898 0.3299 1.2828 0.10816 0,0357
2916 0.2144 1.4777 0.16958 0.0364
4593 0.,1361. 1.8314 0.26279 0.0358
7735 0.08081 2,712 0.43329 R 0.0350

All calculationsVof this type were made on an electric
calculating machine with use of the number of significant

figures shown.
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