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SUMMARY

In order to add to the general fund of infermation regarding the
nature c¢f the electrophile and other reacting species and the presence
of intermediates, if any, the kinetics of the iodination of 2,6-di-
bromophenol and 2,6-dibromophenocl-4-d were studied at constant hydrogen
icn concentration and varying icdide ion concentraticn, but at constant
icnic strength and temperature.

It was demonstrated that the reaction is first-order in stoichio-
metric iodine and first-order in the phenol. The ionic strength was
kept constant at 0.300 and the temperature at 50.0°. The reaction was
run in 50 ml., 100 ml., or 250 ml. red, low-actinic volumetric flasks
and the rate measured by stopping the reaction with a saturated solution
of sodium icdide at measured time intervals. The concentration of un-
reacted icdine was determined by titration with standard scdium thio-
sulfate solution to the starch-iodine end point.

Second order rate constants were calculated at each per cent

reaction by the integrated rate equation

- ,2.303 a_éb-ﬁx)_
kapp T {b-a)t log bla-x

in which a and b designate the initial stoichiometric iodine and phenol
concentrations, respectively, t is the elapsed time in seconds, and x
is the concentration of iodine consumed in time t.

The apparent rate constants generally showed a downward drift as

the reaction proceeded. Such a drift was more pronounced at low ipdide



ion concentration and, therefore, apparent rate constants were plotted
versus the per cent reaction and extrapolated to zero per cent reaction
to give the initial apparent rate constant. However, at high icdide
ion concentrations, the apparent rate constants remained essentially
constant throughout a reactien and an average was taken.

One reason for the variation of apparent rate constants with the
concentration of icdide ion is the conversion of iodine into unreactive
trilodide ion by the reaction

i - g 17 K =y
+ 17 2 5 = —
2 > 1]

The apparent rate constants were corrected for triiodide formation

through the equation

« (1)
aPP [1,]

where [12] refers to the actual concentration and (Iz) refers to the
stoichiometric concentration. The wvalues of kx were calculated for

each run at zerc per cent reaction. Similarly, the rate constant k'

(I)[17]

o 1,7 ¢

k' =k
which sheuld be constant according to Berliner's mechanism of iodina-
. tion, was calculated for each run at different iodide ion concentrations.
The data are consistent with a mechanism in which molecular io-
dine reacts with both the phencl and phenoxide ion in a reversible step

to yileld an intermediate having a cyclohexadienone structure. The
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intermediate then in a rate-determining-step loses a proton to a

Bronsted base such as the solvent.

- +
ATHOH & ArHO + H

ky
ATHO + I, & ATHOI + 1
k_y

k, ..
ATHOH + I, & ArHOoT + 1 + H
ks

ATHOT + H,0 §%§ﬂ+ products

Such a mechanism demands that a plot of l/(kx[H+]) VETrsus [I-] give a
straight line. The experimental results were in agreement with the
postulated mechanism since a straight line was obtained with an inter-
cept of 70 sec.-l and a szlope of 152 x lOA l./mole sec. This mechanism
also demands a maximum lsotope effect at high lodide ion concentrations
which diminishes with decreasing lodide ion concentration. The maximum
isotope effect (k:pp/kgpp) observed was 5.8 + 0.6 at high iodide ion
concentration and it dropped to 4.0 + 0.4 at very low lodide ion con-
centration. :

Other mechanisms, such as Berliner's and its mcdifications were
considered. According to this mechanism, the reaction proceeds via

a rate-determining attack of hypoiodous acidium ion (H201+) or (17)

upcn the phenoxide ion followed by a fast preton removal.

I, + H,0 2 HoI" + 1

+ -—
H,0T + arHO™ 2% aror + 1,0

ATHOT + H0 1255  products



such a mechanism demands that the values of k' remain constant with
varying iodide ion concentration. This mechanism was discarded since
the values of k' were observed to diminish with decreasing iodide ion
concentraticn.

The possibility of iodination by both I+ and HZOI+ was also
considered. However, a plot of k™ versus 1/[I ] did not give a
straight line as required and this mixed mechanism was also discarded.

Iodination at extremely low but constant iodide ion concentra-
tion was studied by the use of thallium perchlorate, which acts as
iodide ion regulator by precipitating iodide icn formed during the re-
action. Such an experiment was useful in that it allowed the measure-
ment of deuterium isotope effect at very low iodide ion concentration.

Bromination of 2,6-dibromophenol was studied under conditions
similar to those employed by Grovenstein and Henderson in order to
determine if a deuterium isotope effect could be detected in such a

bromination reaction. A deuterium isctope effect of 1.30 + 0,10

H
app

and 1.33 + 0.02 in water at 0°.

(k /kgpp) was observed in 80.0 per cent acetic acid by weight at 20.0°



CHAPTER I
INTRODUCTION

Electrophilic aromatic substitution is & reaction wherein a
Lewis acid, or a substance capable of giving up a Lewis acid, attacks
an aromatic moclecule displacing, most commonly, a hydrogen atom. How-
ever, other suitably activated groups may be displaced in preference
to a hydrogen atom as in the bromination of dibromobenzoic acid in

aqueous acetic acid1 (where Ar is CgH,Br,).
ar(oH) (CooH) + Br, — ArBr(OH) + €O, + HBr

Hydrogen substituticn reactlons could proceed concelvably by a
one step termolecular mechanism which might involve an activated com-
plex such as (X---ArH---B), where X is the attacking electrophile, ArH
is the substrate, and B is a base. This mechanism has been discarded,2
but not vet disproved. The more generally accepted mechanism is that
in which the aromatic nucleus is first attacked by the electrophile and
the proton removed in the following step. In this latter mechanism,
the rate-determining step may be either ithe attack of the electrophille

or the removal of the proton. A few cases have also been noted in

(1) E. Grovenstein, Jr. and U. V. Henderson, Jr., J. Am. Chem. Soc.,

78, 569 (1956).

(2) c. K. Ingold, Structures and Mechanisms in Organic Chemistry,
Ithacay N. Y.: Cornell University Press, 1953, pp. 207-212.

(3) G. S. Hammond, J. Am. Chem. Soc., 77, 334 (1955).




which the rate-determining step is the formation of the electrophile
and the rate of the reaction independent of the aromatic specles. This
is illustrated ir the chlorination of phensl ina sslution of hypochlor-

4

cius acid arnd perchloric acid.

HOCL + Ha0' @ 40017 + H,0

T3 +
o0l 22 51T 40

An example of a reaction in which the attack of the electro-
phile on the eromatic nucleus is the slow step in the bromination of

2,6mdibromophenol.1

H

0
Br A B
!ngN\N_I + Bry
g

The rate-determining step may also be fthe releace of a proton from the
carbor atom urdergoing attack by the electrophile. This is exemplified

by the sulfonatiorn of benzene.5’6

(4) P. B. de 1a Mare, Eo D Hughes and C. A. Vernon, Research
{Londen), 3, 192 (1950).

(5) L. Melander, Acta Ghem. Scand., 3, 95 (1949).

(6) L. Melander, Arkiv Kemi, 7, 287 {1954).



H SO,
+ S0, @&
+
H SO, S0,
slow, +

In reactions in which C~H bond breaking is the slow step, it is

expected that a C-D or C-T bond wlll be broken more slowly than the
C-H bond. This is largely due to the decreased reactivity of bonds to
deuterium or tritium as a result of the difference in zerc-point energy
between a bond to deuterium or te tritium and a bond to protium.7’8 A
complete discussion of the theory of such isotope effects is given by
Melander? It has also been argued that the absence of an 1sctope ef-
fect does not necessarily eliminate the possibility of the slow proton
removal as the rate-determining step3 as the isotope effect may be too
small Lo detect.

Painter and SOperlO concluded that the iodinating species in
the aqueous iodination of phencol is the hypoiodous acidium ion, while

Berlinerll concluded that the hypoiodous acidium or iodine cation is

(7) L. Melander, Nature, 163, 599 (1949).
(8) L. Melander, Arkiv Kemi, 7, 2387 (1954).

(9) L. C. Melander, Isotope Effects on Reaction Rates, New York:
Ronald Press Co., 1960,

(10) B. S. Painter and F. G. Soper, J. Chem. Soc., 342, {1947).

{11) F. Berliner, J. Am. Ghem. Soc., 72, 4003 (1950).



the iedinating species in the iodination of aniline. Ingold12 has stated
that there 1s no evidence as yet that any iodine carrier other than the
cationic species is effective in arcmatic iodination in agueous solu-
tion. Ingold is of the opinion that the mode of attack of the electro-
philic halogenating agents on the benzene ring is similar to that of
nitrating agents in which the loss of a proton from the aromatic nucleus
is kinetically insigni_ficant..13

Molecular lodine has been found to be the effective iodinating
agent for the iedination of p-methoxybenzeneboronic acid in aqueous so-
lution,14 and 1s apparently responsible for the exchange reaction be-
tween radioactive icdine and diiodotyrosine.l5 Grovenstein and co-
workersl’l6 have proposed a mechanism for the lodination of phenol.
In the bromination of 2,6-dibromophenol they found that the intermedi-
ate (a) showed little tendency to react with bromide ion,1 while they
argued that intermediate (b) should show a greater tendency to react

with iodide icn.

Br Br

Br H T H
(a) (b)

(12) Tngold, op. cit., p. 291.
(13) Ibid., p. 295.

) (14) H. C. Kuvika ard R. M. Williams, J. Am. Chem. Soc., 76, 2679
(1954} .

(15) A. H. Zeltman and M. Kahn, J. Am. Chem. Soc., 76, 1554 (1954)

(16) E. Grovenstein, Jr. and D. C. Kilby, J. Am. Chem. So0c., 79
2972 (1957).



This argument is supported by the greater nucleophilic character of
iodide ion than bromide :'Lon17 and the increased ease of nuclecphilic
displacement upon iodine than bromine.18 The mechanism proposed by
Grovenstein and co-workers involves the rapid, reversible attack of
molecular lodine on the aromatic nucleus to give an intermediate (b),
which suffers the loss of a proton to a base in the slow step of the
reaction.

The purpose of this research is to attempt to elucidate the
mechanism of lodinaticn and bremination of arcmatic molecules with
special regard to the nature of the attacking species, the presence of
intermediates, 1f any, and the determination of the rate-determining
step. A study has been made of the iodination and bromination of 2,6-
dibromophenol and its deuterated derivative at various iodide ion and
bromide ion concentrations. Knowledge of the mechanism for the iodi-
nation and breomination of 2,6-dibromophenol should contribute toward
an understanding of the mechanism for the iodination and bromination

of related compounds.

(17} C. G. Swain and C. B. Scott, J. Am. Chem. Soc., 75, 141 (1953).

(18) J. Hine and W. H. Brader, Jr., J. Am. Chem. Scc., 75, 3964
(1953).




CHAPTER TII

SURVEY OF RELATED WORK

The Iodination of Phenols.~-A literature survey reveals a considerable

amount of mechanistic investigation of the halogenation of phenols.
Cofman19 concluded that molecular iodine iz incapable of ilodinating
aromatic compounds on the basis that molecular ilodine did not icdinate
phenol in acid sclution, while in basic solution, where iodine is con-
verted to hypolodous acid, the iodination proceeded smoothly.

Soper and Smith studied the iodination of phencl in nearly
neutral, phosphate-buffered solutions at high iodide ion concentrations
such that essentially all the iodine was complexed to triiodide ion.20
These authors found the rate of the reaction to be directly propor-
ticnal to the concentrations of phenol and stoichicmetric iodine, but
inversely proportional to the square of the iodide ion concentration.
The reaction also varied inversely to more than the first power and less
than the second power of the actual hydrogen ion concentration. The
authors concluded that both the phenol and phenoxide ilon are ilodinated

by hypoiocdous acid.

rate = k,[PhOH][HOI] + k,[PhC J[HOI]

(19) v. Cofman, J. Chem. Soc., 115, 1040 (1919).

(20} F. G. Soper and G. F. Smith, J. Chem. Soc., 2757 (1927).



Painter and SoperlO found that the rate of iodination in acetate
buffer varied inversely with the hydrogen ion concentration and with
the square of the icdide ion concentraticn. They concluded that the
reaction may involve interaction of hypciodous acid with phenol or io-
dine cations with phencxide ions. The rate of iodination was alsc
found to increase linearly with the ccncentration of the buffer acid
at constant pH. They interpreted this catalytic effect in terms of an
interacticn of acetyl hypoiodite with phenoxide ions.

d _ -
E% = ko[ PhOH][HOT] + k__ [Ph0”][AcOT]

or

dx
dt

ko[PhOTI[T"] + k__ [Pho”][AcOT]

Brelir{er21 studied the kinetics of the iodination of phenol at
high iodide ion concentration (0.12 M) in phosphate buffers in which
both secondary and primary phosphate are catalytically active. The
phenol to iodine ratio was 4 to 1 and the icnic strength was kept con-
stant at 0.300 by the addition of NaCl. His experimental data agreed

with the following rate expression:

rate = K;(PhOHJ{ T, ] + k[ PrOHI[ T, [ HA]
[H[T7] [H*]2[17]

where HA 1s a buffer acid. It seems probable from his results that the
phenoxide ion is the reactive species and the kinetics are compatible

with a general acid catalyzed iodination by HOT. Berliner then stated,

(21) E. Berliner, J. Am. Chem. Scc., 73, 4307 (1951).



without direct experimental evidence, that the proton loss in the iodi-
nation of phenol is probably kinetically insignificant and takes place
after the rate-determining step. His observed rate constants are

expressed as

1 1 " 1]
ko kcat(base ) kcat(base )

fobs TN T ) (6

where k _ is the cbserved rate constant and kg refers to the uncata-

bs
lyzed rate constant. The rate constants kéat and kgat are the cataly-
tic rate constants of the primary and secondary phosphate, respectively.
The true rate constants were then cbtained by plotting kObS[H+] versus
the primary phosphate ion concentration using five different buffer

ratios (pH 5.71-6.61). Berliner then concluded that the halogenation

of phenol involves the phenoxide ion as an active substrate.
rate = ko[ PhO”J[HOT][H'] + k__.[PhO"]{HOT][Acid]

Li,22 studying the iodination of p-chlorophenol at varying iodide
ion concentrations, concluded that the active halogenating species 1is

hypoicdous acid, the rate being given by
rate = k,[PhOH][HOI] + k,[Pho” J[HOI] .

Taylor and Evans23 found an inverse hydrogen ion dependence in

the icdination of 2,4~dichlorophenol and concluded that the phenolate

(21) E. Berliner, J. Am. Chem. Soc., 73, 4307 (1951).
(22) C. H. Li, J. Am. Chem. Soc., 70, 1716 (1948).

(23) J. Taylor and M. Evans, Qhio Journal of Science, 53, 507

(1954).



ion and molecular iodine are the active species.

The iodination of phenol in the presence of pyridine was studied
by Tronov and Kolesnikovao24 The rate of iodination was increased by
the addition of pyridine and the authors assumed the formation of a
highly reactive species [c6H5NI+j[1'] which was believed to be the
iodinating agent.

Berliner, EBerliner and Nelidow25 studied the relative rates of
iodination of para-alkyl phenols in different aqueous sclutions cf ace-
tic acid, methyl alcochol, and dioxane. 1In each case the relative rates
indicated the predominate operation of inductive effect in the order
MesC > Me,C >Et > Me. The authors gave no mechanism, but assumed the
icdinating agent to be either I+ of H201+.

Berliner26 has studied the kinetics of icdination of p-chlorec-
phencl with ICI in agqueous perchloric acid at constant icnic strength
and high chloride icn concentrations. The reaction was found tc ke
first order in p-chlorophencl and ICl concentrations and inversely de-
pendent upcon the hydrogen ion and chloride ion concentrations. Ber-
liner27 also studied the iodination of 2,4-dichlorophencl and anisole
with ICl in aquecus perchloric acid seclution at high chloride ion and
hydrogen ion concentrations. Both reactions were found to be first

order in 2,4-dichlorophencl and ICl concentrations. The 2,4-dichlorc-

(24) B. Tronov and S. Kolesnikova, Scobscheniya Mauch Rabot.
Ysesognz Khim. QObshchestva im. Mendeleeva, 1, 46 (1953); C.A, 49, 8173
1955).

(25) E. Berliner, F. Berliner and I. Nelidow, J. Am. Chem. Soc.,
76, 507 (1954)

(26) E. Berliner, J. Am. Chem. Soc., 78, 3632 (1956).

(27) E. Berliner, J. Am. Chem. Soc., 80, 856 (1958).
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phenol was found to be inversely dependent upcn the chloride ilon and
hydrogen ion concentraticns. Anisole was found to be independent cf
the hydrogen ion concentration except at very high concentrations.
Buss and Taylor28 investigated the iodination of 2,4-dichloro-
phencl in aqueous phosphate buffers with molecular iodine. The
reaction was found to be first order in 2,4-dichlorophencol and icdine
concentrations overall and inversely dependent upcn the iodide ion and

nydrogen lon concentrations.

Bromination of 2,4- and 2,6-dibromophenol.--Grovenstein and Hendersonl

in their work on the kinetics and mechanism of bromodecarboxylation of
3,5-dibromo-2-hydroxy- and 3,5-dibromo-4-~hydroxybenzoic acids studied
the bromination of 2,4- and 2,6-dibromophencl. At constant hydrogen ion
concentration, their values of k* were found to be constant within 11
per cent over a three fold variation in bromide ion concentration.

This bromide 1lon dependence indicated that molecular bromine is the ef-
fective brominating agent. A plot of k* at constant bromide ion concen-
tration versus the reciprocal of the hydrogen ion concentration revealed
a linear relationship with k* increasing as the hydrogen ion concentra-

tion decreases. The data closely fitted

X kappK1(Br2)[Br-]

(Brs] ?

where kapp is the observed rate constant, K; is the equilibrium con-

stant for tribromide ion formation, and k* is the actual rate constant.

(28) W. C. Buss and J. E. Taylor, J. Am. Chem. Soc., 82, 5991
(1960).
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Here the parentheses ( ) indicate stoichiometric concentration,
and the square bracket [ ] indicates actual concentration. This con-
vention will be used throughout this thesis.

The mechanism fitting this K* relationship is:

+
ATHOH ff__‘f’t ATHO + H

ATHO + Br, —— Br + ATHBrO

ATHOH + Br, —— Br + H' + ATHErO
Ky _ +
ATHErO -—* ArBr0 + H
The rate-determining step is the attack of molecular bromine c¢n the
phenol or phenoxide ion. There appeared to be little tendency for the
ArHBrO intermediate to revert to the starting phenol.
These authors then proposed a new mechanism for the iodination

cf phenols based on analcglies from the bromination of the dibromophencols
and bromodecarboxylations. This mechanism which, 1s in agreement with

the data of Berliner and Soper and co-workers for phenoly is as follows:

PhOH 2 PhO™ + o

H - +
PhOH + I, # O<:>(I + 1" + H
L H -
PhO” + I, 2 01<:>(I + 1
o - ..ﬁ>{i slow, 14<:j>»0- +oH (general base catalysis)
<_.. [



12

If this mechanism is correct, then molecular iodine is the effective
iodinating agent, and the rate-determining step is the release of the
proton.  This icdination agent has been shown to ke responsible for the
iodination of p-methoxybenzereboronic acld the aqueous solution at io-

4

dide ion concentrations of 0.1 to 0.5 M‘ and ig apparently respcnsible

for the exchange reaction between radiocactive ilodine and diiodotyrosinel5

Deuterium lsotope Effects in Electrophilic Aromatic Substitution.--Me-

5,6

lander conducted a number of nitrations of aromatic compounds and
their tritium analogues using relative high proportions of nitric acid
and aromatic compound to sulfuric acid in early atitempts to determine
isotope effects in electrophilic aromatic substitution. No detectable
tritium isctope effect was observed and he concluded that the substrac-
tion of the proton was not the rate-controlling step. Melander decided

+
that if the attack cf NO, is rate-determining, then there should be no

observable isotope effect.

-

H NGy + NO,
2N +  slow :

slow, fast, ]'ii s out

":.\ J + N02 :.“

Melander®s mechanism of gromatic substitution was confirmed by
A 29 . . ,
Bonner, Bowyer and Williams 7 in the nitraticn of nitrobenzene and
P . : C
pentadeuterionitrobenzene, Lauer and Noxand3 also concurred after

studying the nitration of benzene and monodeuteriobenzene. Bonner and

(29) T. G. Bonner, F. Bowyer and G. Williams, J. Chem. Soc., 3274

(1952).

(3C) W. M. Lauer and W. E. Noland, J. Am. Chem. Soc., 75, 3689
(1953).

3
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31 observed a small isotope effect in the cyclodehydration of

Wilkens
2—(2,4,6-trideuterioaniline)—pent—Z—en—Arone and its protium analogue.
They considered this to be an intramclecular electrophilic substitution.
Robertson32 pointed out fthat the proton loss is probably rapid
in aromatic halogenation and not rate-determining. Melander6 reported
that the rates of ilodine-catalyzed bromination of toluene and tritiated
toluene were identical. de la Mare, Dunn and Harvey33 studied the
bromination of benzene and hexadeuteriobenzene by agueous hypobromous
acid and obtained no deuterium isotope effect. However, bromination of
2-naphthol-6,8-disulphonic acid gave a deuterium isotope effect of 2.0.34
Zollinger35 studied the base catalyzed azo coupling reaction of 2-
naphthol-6,8-disulphonic acid and the l-deuterio-2-naphthoi-6,&-di-
sulphenic acid with the 4-chlorchbenzenediazonium ion and found an iso-

tope effect of 6.55. A similar deuterium isotope effect was obtained

in the diaze¢ coupling reaction of related compounds.

505
O=
+ al
Cl Na + S5 =
e -Som ewidie, %

(31) T. 3. Benner and J. M. Wilkens, J. Chem. Soc., 2358 (1955).

(32) P. W. Robertson, J. Chem. Soc., 1267 (1954).

(33) P. B. D. de la Mare, T. M. Dunn and J. T. Harvey, J. Chem.
Soc., 923 (1957).

(34) H. Zollinger, Experientia, 12, 165 (1956).

(35) H. Zollinger, Helv. Chim. Acta., 38, 1603 (1955).
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0~

NO, )Nz | SO andine ZO'NhN o +ut Ky/Kp = 4278

50,

Cl SOy o Cl
+ NN
@ ? Tgp NN idin + oyt KKy = 5.48
503 O'
- +
Lol base, i n .o
'303 S AN
03
Base K1/ Kp
55.6 M Water 6.55
0.0232 M Pyridine 6.01
3.62

0.905 M Pyridine

The iodiration of 234,6mtrideuterioaniline and related compounds

was studled by Shilov and Weinstein? They found that the introduction

of a sulpbonic group in the meta-position diminished the isotope effect

{36) E. Shilov and F. Weinstein, Nature, 132, 1300 (1958).
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appreciably and attributed this decreacse to "energetic pecularitiesg"

of the reacting aromatic mclecule. The following compounds were icedi-

nated:
Compound _EH{@_
D N(CHy),
D 1
D S04
D N(CH,),
Y \ D 1-4
D CoO
D
D N‘Hz 408
- D
D
D QNH; 3.5
D
D Q. HN-CH, 3.2
D
D
li»(jéwfcm:.;)2 3.0
D NH,
D 2.0

503
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An isotope effect of 1.8 for the bromination of dimethylaniline
and its 2,4,6-trideuterio derivative was reported by Farrell and Mason.37

38,39 has recently reinvestigated the mechanism of iodi-

Berlinrer
nation of anisole and anisole-2,4,6-d; by ICl in acetic acid containing
chloride ion (0.3 to 0.9 M) and perchloric acid (0.1 to 0.0001 M). He
reports a maximum isotope effect of 3.8 and states that the reaction
is independent of both the hydrogen ion and chloride ion concentration.

Berliner and SchullerAO report an isctope effect of 1.15 in the
bromination of biphenyl in 50 per cent acetic acld. Kinetic runs were
made at two different temperatures, 25° and 35°, in the presence of
sodium bromide (0.1 M) and Sodium perchlorate (0.4 M). Another kinetic
run was made at 35° with 0.2 M sodium bromide and a deuterium isctope

effect of 1.15 obtained. On the basis of this last experiment, the

authors concluded that this was a secondary isotope effect.

(37) P. G. Farrell and S. F. Mason, Nature, 133, 183 (1959).

(38) E. Berliner, Chemistry and Industry, 177 (1960).

(39) E. Berliner, private communication, {1960).

( ) (40) E. Berliner and K. E. Schuller, Chemistry and Industry, 1444
19€0).




CHAPTER III
SOQURCE, PREPARATION AND PURIFICATION QF MATERIALS

Acetic Acid.--The acetic acid for all preparations and kinetic runs 66-
70 was Ross and Company glacial acetic acid. The fraction boiling at
115-116° was treated by the method of Bradfield and Orton%'l Three and
one-half liters of the freshly distilled acetic acid were refluxed for
two hours over 80 grams of chromium trioxide. The solution was distilled
through a four foot, 1-3/8 inch bore, jacketed column packed with 3/16
inch glass helices and the fraction boiling at 116-117%9 collected (ca.
2-3/4 liters). This process was repeated on a second three liter por-
tion of acetic acid and the distillates were combined. The purity of
the acetic acid was then determined by measuring the freezing point
depression. The acetic acid was found to be Q.44 molal in water. The
acetic acid was then diluted with sufficient redistilled water to give

an 80.0 per cent acetic acid solution by weight.

Bromine.--Merck, Reagent Grade, bromine was used for all preparations
and for runs 66-79. The bromine used was that purified by Hendersonl

in 1954, and was used without further purification.

Calcium Chloride.--Fisher Laboratory Chemicals, anhydrous calcilum chlo-

ride, was used without further purification.

(41} A. E. Bradfield and K. J. Orton, J. Chem. Soc., 960
(1924}
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Calcium Sulfate.--Hammond Drierite, anhydrous clacium sulfate was used

without further purificaticn.

Carben Disulfide.-=-Baker Analyzed Reagent carbon disulfide was distilled

on a steam bath and stored for use over silica gel.

Carbon Tetrachloride.~-Dow, Technical Grade, carbcn tetrachloride was

used for all preparations. The carbon tetrachloride was purified by the
method of Fieser.42 The carbon tetrachloride was first washed with l/lO
of its vclume of a mixture of concentrated potassium hydroxide and

ethanol three times. The carbon tetrachloride was then washed with water,
stirred with small portions of concentrated sulfuric acid until there

was no further discoloration of the acid, washed again with water and
dried over calcium chloride. The carbon tetrachloride was then di-

stilled and the fraction boiling at 76° collected and stored for use.

Chloroform.--Commercial chlorcform was used without further purifica-

tion.

Chromium Trioxide.--Baker, Technical Grade, chromium trioxide was used

without further purification.

Deuterium Chloride.~-A solution of deuterium chleride in heavy water

was prepared by the reaction of thionyl chloride and heavy water, after
Langseth and Klit.43 Seventeen milliliters of heavy water was slowly

dropped from an equal pressure funnel into a 100-milliter three-neck

(42) Louis F. Fieser, Experiments in Organic Chemistry, Part II,
Second Edition, Boston, Mass.: D. C. Heath and Co., 1941, p. 283.

(43) &. Langseth and A. Klit, Kgl. Danske Videnskab. Seiskab.,
Math.-fys. Medd., 15, No. 13 {1937); C. A., 32, 2515 (1938).
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round-bottom flask containing 25 milliters of thionyl chloride. Dried
nitrogen was continuously swept through the apparatus to help drive
the deuterium chleride through the systems. The gas stream was then
passed through twe c¢old traps, cocled by acetene-dry-ice, to separate
out the sulfur dioxide generated with the deuterium chleoride. Sulfur
dioxide has a beiling point of ~10° and a freezing point of —'75.50,4'4
while deuterium chloridée has a bolling point of approximately -859

and a freezing point of approximately —1150.* Since dry ice-acetone
bath has a temperature of approximately -78°, the sulfur dioxide
crystallized cut in the cold trap and the deuterium chloride passed
through the serles of traps. The deuterium chloride was then bubbled
through 74 ml. of heavy water (99.5 per cent minimum) and the excess
vented to the atmosphere through a calcium chloride drying tube. The
deuterium chloride solution was titrated with standard sodium hydroxide

solution and found to be 2.44 M.

Deuterium Oxide.--Stuart Oxygen Company, 99.5 per cent minimum, deu-

terium oxide was used without further purification.

2,6-Dibromophencl (DEP).-~Fastman Kodak, White Label, m.p. 54~56°, was

purified and used in all preparations and kinetic runs. Thrity-five
grams of DEP was distilled at 5 mm. and the fraction beiling between

107-115° collected. The distillate was dissolved in 150 ml. of

(44) N. A. Lange, Handbock of Chemistry, Sixth Edition,
Sandusky: Handbock Publishers, Inc., 1946, p. 262.

*The temperatures reported are for hydrogen chloride, but
the corresponding boiling point and freezing point of deuterium
chloride should be approximately the same.
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chloroform and ¢ooled in a dry ice-acetone bath until DBP crystallized.
The DBP was then dried under vacuum at room temperature for one hour.
The DBP yield was 24.8 grams, m.p. 56-57° which agrees with the re-

45

ported value,

2,6-Dibromophenol-4-d, (DBP—d).—-2,6~Dibromophenol-4—d1 was prepared
46,47

by the general method of Ingcld and co-workers. Ingold states that
one-~half of the phenol should be present as the phenoxide lon in order
to obtain the maximum rate of exchange. Sodium deuterioxide was.prepar-
ed by adding 100 grams of heavy water (99.5 per cent minimum) to 1.7953
grams (0.0781 mole} of sodium metal very slowly while passing a stream
cf nitrogen gas through the system. The reaction was performed in a

200 ml. three-neck round-bottom flask fitted with a condenser and a

10C ml. dropping funnel. The sodium deuterioxide was divided into two
equal volumes and placed in two 50 ml. reaction tubes.

Tc one tube was added 7.0758 grams (0.028 mole) of DBP and to the
other was added 7.3059 grams {(0.029 mole) of DBP. The tubes were
flushed with nitrogen and sealed under a nitrogen atmosphere. The tubes
were then placed in a five-liter round-bottom flask containing water
and heated at the boiling point of water for 672 hours. The tubes were
broken open and the contents placed in a 250 ml. round-bottom flask.

The heavy water was distilled off under reduced pressure and the sodium

(45) T+ M. Heilbron and He M. Bunbury, Dicticnary of QOrganic
Compounds, New York: Oxford University Press, 1943.

{46) C. K. Ingold, C. G. Raisin and C. L. Wilson, J. Chem. Soc.,
1637 (1936).

(47) A. P. Best and C. L. Wilson, J. Chem. Soc., 28 (1938).
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salt uf ire DEF and the DBP collected. The sodium salt and DBF were
then sealed in @ reaction tube and equilibrated under a nitrogen atmo-
sphere with fresh heavy water (99.5 per cent minimum) at 100° for 336
toirse Trhe tube was broken open and sodium metal, 2.170 grams, was
added t¢ the DEP-heavy water mixture and the heavy water distilled off,
Deuterium chloridey 74 ml. of 2.44 M, was added to give the
solution a pH of less than one. The soluticn was heated to 609 for
sne-half hour, cocled, extracted four times with 50 ml. volumes of
anhydrous dlethyl ether, and the ether solution dried over anhydrous
magrnesium sulfate. The mixture was filtered and the ether distilled.
The residue was sublimed at 20-25 microns pressure in the temperature
rarge 25-75%. The DBRP-d was sublimed two more times to give a con-
stant melting point of 56.0Y and a yield of 8.1 grams, or 56.3 per cent.
Since the deuterium isotope effect was within the expected range, deu-

teriation was considered complete.

Diethyl Ether.--Merck, Reagent anhydrous diethyl ether, was stored in
g brown bottle cver sodium wire and was used without further purifica-

tion.

Hydrechloric Acid.-~du Pont. Reagent hydrochloric acid, was used with-

vut farther purification.

Hydrogen Bromide.--Baker Analyzed Reagent, aqueous 48-50 per cent, hy-

drogen promide was used without further puritfication.

Iodine.--Baker Analyzed Reagent iodine was used without further purifi-

cation. The aguecus iodine seluticns used were made by extracting a
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saturated solution of iodine in carben tetrachloride (200 ml.) with
redistilled water three i{imes. The fourth and subsequent extracts were
used for the kinetic experiments., Thig me£hod was adopted to eliminate,
as nearly as possitle, any extranecus trilodide icn present in the

original icdine-carbon tetrachloride solutiocn.

Lithium Perchlorate.--Baker Analyzed Reagent lithium perchlcrate was

C . 8
dried in a vacuum oven, 29 inches vacuum and 1550,4 for four hcurs and

used without further purification.

Magnesium Sulfate.--Mallinckrodt, Reagent Grade, anhydrous magnesium

sulfate was used without further purification.

Mercuric Jodide.--Baker Analyzed Reagent mercuric iodide was used with-

out further purification.

Nitrogen.--Marks compressed cylinder dry nitrogen was used without

further purification.

Perchloric Acid.--Baker Analyzed Reagent, 70-72 per cent, perchloric

acid was used without further purification.

Potassium Dichromate.--Baker Analyzed Reagent potassium dichromate was

used without further purification.

Potassium Hydroxide.--Baker Analyzed Reagent potassium hydroxide was

used without further purification.

Potassium Todide.--Fisher Laboratory Chemicals, Reagent Grade, potassium

iodide was used without further purification.

(48) Lange, op. cit., p. 165.
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Potassium Permanganate.--Raker Analyzed Reagent potassium permanganate

was used without further purification.

Sodium.--Baker Analyzed Reagent freshly cut sodium metal was used with-

out further purification.

Sodium Carbonate.--Baker Analyzed Reagent sodium carbonate was used

without further purification.

Sodium Hydroxide.--Baker Analyzed Reagent sodium hydroxide was used with-

out further purification.

Sodium Iodide.--Baker Analyzed Reagent sodium iodide was used after dry-

ing in a vacuum oven at 28 inches vacuum and 120°C for two hours. Sod-
ium iodide stock solutions were made by dissolving the dried sodium

iodide in redistilled water.

Sodium Perchlorate.--Amend Drug and Chemical, hydrated chemically pure,

sodium perchlorate was used after drying under vacuum at 150° for ten
hours. The sodium perchlorate was then removed, ground with moertar and
pestle, and dried again under the same conditions for an additional

ten hours.

Sodium Thicgulfate.--Baker Analyzed Reagent sodium thiosulfate was used

without purification. The sodium thiosulfate solutions were standard-
ized against potassium dichromate. Potassium dichromate, 5 ml. aliquots,

was treated with 0.2 gram of potassium iodide, 1 ml. of concentrated

(49) Ibid., p. 256.



hydrochloric acid, and titrated with the sodium thiosulfate sclutien
tc a yellow-green color. Starch indicator, 1 ml. of a 0.2 per cent so-
luticn, was added and the titration continued to the end-peint, a

sharp change from dark blue to light green. The sodium thiosulfate
solutions were stabilized by adding enough sodium carbonate to give a
0.01 per cent sclution of sodium carbonate.50 Sodium thicsulfate so-
lutions prepared in this manner were found to be relatively stable,
changing in melarity to the extent of only one to two per cent per

month.

Starch.--Baker Analyzed Reagent, Chemically Pure, potato starch was
used without further purification. Starch solutions, 0.2 per cent,
used for indicators were prepared by triturating two grams of starch
and 10 mgms. of mercuric iodide with a little water to give a paste
which was added to cne liter of boiling water. The solution was

boiled until clear, coocled and stored for use in & brown bottlt—:-.5l

Sulfuric Acid.--du Pont, Chemically Pure Reagent, sulfuric acid was

used without further purification.

Thallium Perchlorate.--City Chemical Corperaticn, Reagent CGrade, thall-

ium perchlorate was dried in an oven at 125° for three hours and then
in a drying pistol which was heated for two hours by the vapor of

koiling chlorokenzene. The pistol was connected to a water aspirator

(50) 1. M. Kolthoff and E. B. Sandell, Textbook of Quantitative
Analysis, Third Edition, New York: The MacMillan Co., 1952, p. 594.

(51) Ipbid., p. 589



25

through a calcium chloride drying tube and evacuated during the heating.
The thallium perchlerate solution was then made by dissclving the thall-

ium perchlorate in redistilled water.

hionyl Chloride.--Eastman Kodak, White Label, thionyl chloride was used

without further purification.

Water.--Distilled water was redistilled from potassium permanganate,
10 grams, and poctassium hydroxide, 40 grams, in four liter volumes as

needed.



CHAPTER TV
EXPERIMENTAL TECHNIQUES FOR KINETIC MEASUREMENTS

Jodination.--The multiple flask technique was employed throughout the
course of the experimental work. The solvent used for all kinetic runs
and stock solutions was redistilled water (see Chapter III). Kinetic
runs were carried out in 50 ml., 100 ml., or 250 ml. red, low actinic
volumetric flasks fitted with ground-glass stoppers which were lightly
coated with silicone grease. All the stock sclutions were thermostated
in a Sargent constant temperature bath Model S-W 3¢-82055 equipped with
an autcmatic thermoregulator. For kinetic runs on 2,6-dibromophencl,
the bath temperature was set at 50,0 + 0.1° as determined by a thermo-
meter calibrated by the National Bureau of Standards.

Generally, a stock solution of sodium iodide, perchloric acid,
and sodium perchlorate (enough to give the final solution an ionic
strength of 0.300 M) was first introduced into the reaction flasks at
50.0°. The iodine solution was then added and finally 5.0 ml., 10.0

4N to 6.6 x 1074

ml.y or 25.0 mls of a 4ed x 10 M solution of 2,6-di-
bromophenols The flask was then shaken vigorously and the zero time of
reaction was taken when one half of the sclution of 2,6—dibromophenol
had been introduced intc the flask. To stop the reaction, a freshly
prepared saturated solution of scdium icdide (one ml. per 50 ml. of re-
action mixture) was injected into the reaction flasks with a syringe,

the time recorded, and the flask shaken vigorously. The contents cf the

reaction flasks were rinsed intc Erlenmeyer flasks and titrated to a
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3

starch end-point with a standard sodium thiosulfate soclution (6.3 x 10
M to 1.3 x lO_2 M). Nine reaction flasks were used in each kinetic run,
three of which contained all the reactants except 2,6-dibromophenol and
were used as blanks in order to determine the initial stoichiometric
iodine concentration. These blanks were determined near the beginning,
middle, and end of the kinetic runs and were found to remain essentially

constant at the iodide ion concentrations investigated.

Kinetic¢ Runs in the Presence of Thallium Perchlorate.--Thallium per-

chlcrate was used in kinetic runs in order to maintain & fairly low and
constant lodide icn concentration. However, a major source of difficulty
is encountered in the use of thallium perchlorate. It has been estab-
lished that crystalline thallium iodide reacts with iodine and forms

52,53

molecular complexes in the solid phase:

6T1I + I, — T1,I8.

This reaction occurs at 25° at iodine concentrations greater than 0.76

-5 4

x 10 ° M at iodine concentrations greater than 3.3 x 10 ¥ M a second

complex is formed

in which the per cent iodine tied up in the complex is still greater.
Thus, it was found necessary to perform kinetic runs at iodine concen-

trations below 3.3 x 10-4 M in order to keep the major portion of iodine

{52) W. Maitland and R. Abegg, Z. anorg. Chem., 49, 341 (1906).
(53} A. G. Sharpe, J. Chem. Soc., 2165 (1952).
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from being precipitated as T1I,. It was necessary to keep the icdine
concentraticn above 2.0 x 10_4 M in order to have sufficient icdine for
accurate titraticn.

Generally, a stock solution of perchlecric acid, scdium per-
chlorate, and thallium perchlorate was pipetted intc 50 ml. volumetric
flasks thermostated at 50.0°. To reaction flasks containing this stock
solution, sufficient sodium iodide was added to give a final iodide icn

“u

« Jodine solution of sucha concentration

4

concentration cof 1.5 x 100
that the final stoichiometric concentration would be below 3.3 x 10~
M was then added. The sodium iodide was added in order to form seed
crystals to induce the precipitation of the additional iodide ions
formed in the course of the reaction. The reactants were usually al-
lowed to eguilibrate about an hour before the additien of 5.0 ml. of
2,6-dibromophencl solution. The reaction was stopped by pouring the
contents of the flask inte an Frlenmeyer flask containing an excess of
standardized sodium thiosulfate solution. The contents of the reaction
flask were rinsed with water and then 2.0 ml. of a saturated sclution

of sodium icdide was added to precipitate the thallium remaining in
solution. The solution was then filtered through two medium porosity
filter papers under mild suction. Five ml. of starch solution was

added and the pale yellow sclution was back-titrated with standardized
icdine-sodium icdide solution until a pale blue-green color was attained
and then back-titrated to a pale yellow solution with sodium thiosulfate

solution.

Bromination.-~The multiple flask technigue was employed throughout the

experimental work. The sclvent used for kinetic runs 67-70 and stock
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soclutions was 80.0 per cent, by weight, acetic acid. The solvent used
for kinetic runs 74-79 was redistilled water. These kinetic runs were
carried out in 50 ml. red, low actinic, volumetric flasks fitted with
ground-glass stoppers which were lightly lubricated with silicone grease.
A1l the stock soluticns for kinetic runs at 20.1° were thermostated in

a Sargent constant temperature bath Model S-W 3c¢-82055 equipped with an
automatic thermoregulator and cooled with a ccil through which ethylene
glycol was circulated by an "Aminco" refrigeration unit. For kinetic
experiments at 0%, an ice-water slurry in a Dewar flask was used as a
constant temperature bath.

Generally, a stock sclution of lithium perchlorate (sufficient
to give a final ionic strength of 0.300 M) and hydrogen bromide was
first introduced into the reaction flasks. Five ml. of a sclution of
2,6-dibremophenol were then added. The reaction was started by the
addition of 5 ml. of ca. 0.04 M bromine solution and the zero time of
reaction was taken when one half of the bromine solution had drained
inte the reacticn flask. The reaction was stopped by the addition of
2 ml. of saturated agueous sodium iodide and the solution shaken and
poured into 10 ml. of 4 M potassium hydroxide to prevent the oxidation
of iodide to iodine. The solution was then titrated to a starch end-
point with a standard sodium thiosulfate sclution delivered from a 10.0
ml. burette. Nine reacticn flasks were used in each kinetic run, three
of which contained all the reactants except 2,6-dibromophenol and were
used to determine the initial stoichiometric bromine concentration.
These blanks were determined near the beginning, middle, and end of

the kinetic¢ run and were found to remain essentially constant.
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Calculation of Apparent Rate Constants.--It was initially assumed that

the reaction of 2,6-dibromophencl was first order in stoichiometric io-
dine or bromine and first order in the phenol. This assumption was
later confirmed by experiment. A similar order has been established
for phencl, anisole, and 4A-nitrophencol. The apparent rate constants

were calculated by the integrated rate equaticn

K = 2303 alb-x)

app (b-ajt ¢ Bla-x
in which a and b designate the initial stoichiometric molar concentra-
tions of icdine or bromine and substrate respectively and x is the
molar concentration of stoichiometric ilodine or bromine consumed in

54

time t. The units of kapp are (liter)(mole—l)(sec.—l). In a typical
run, this equation was used to calculate the apparent rate constants
for various times and the calculated rate constants were extrapolated

to zero time.

(54) A+ A. Frost and R. G. Pearson, Kinetics and Mechanism,
New York: John Wiley and Son, Inc., 1953, p. 17.




CHAPTER V
KINETIC MEASUREMENTS UPCN 2,6-DIBROMOPHENOL

Todination.--Grovenstein and Hendersonl found that their proposed
mechanism for the ilodinaticn of phencl in water containing acetate-ace-
tic acid buffer has the following rate expression at high iodide ion

concentration:

k,[ArHOH][ T4 ][H,0] . k,[ArHOH][ 1, ]J[HoAc] .
[Ht][1-]2 [H*]2[17]2

rate =

At low iodide ion concentration their rate expression assumes the formi

rate = K [ArHOH|[1,] + kE[AngE%[Izj

in which k' and k', designate the rate constant for lodinaticn by mcle-
cular iodine of phencl and phenoxide ion respectively.

Berliner's mechanism21 for the iodination of phencl in acetate-
acetic acid buffer leads to the rate expression of Crovenstein and
Henderson &t high iodide ion concentration. Acccording to Berliner's
mechanism, this expressicn should hold for the entire iodide ion range.
However, the expression was only tested at rather high iodide ion

concentration.

Koo ] _ [13] *
L]

*The equilibrium constants defined throughcut this thesis are
expressed in terms of concentraticns rather than activities.
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the two mechanism are kinetically indistinguishable at high iodide icon
concentraticns. However, if the reaction procceeds according to Groven-
stein and Henderson's mechanism, it is expected that Berliner's rate
constants should decrease with decreasing iodide icn concentration

at low iodide ion concentrations.

At low lodide ion concentrations, the second order apparent rate
constant (kapp) falls sharply as the reaction proceeds. This decrease
is expected because the iodide ion concentration increases signifi-
cantly as the reaction progresses. To obtain an apparent rate constant
at the known initial iodide ion cencentration, kapp was plotted versus
the per cent reaction and the apparent rate constant at zero per cent
reaction was obtained. At initially high iodide ion concentration where
the per cent increase in iodide ion concentration is small relative to
the initial iodide ion concentration, the values of kapp were relatively
constant, and an average was taken.

Rerliner's rate constant, defined as

=12
o - kappKw(Iz)[I ]

[157]

was also calculated for each run from the extrapolated apparent rate

constant., The rate constant kx, defined as

K=ok )
PP 1, ]

was calculated to account for the icdide tied up as triiodide ion.

Kinetic Reactions of 2,6-Dibromophenol.--In order to determine the

effect of iodide ion concentration on the rate of reaction of 2,6-
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dibromophencl, a wide range of iodide lon concentrations was studied

at constant hydrogen ion concentration. The first kinetic run was per-
formed at 25.055 x lO-ZP M sodium icdide in the presence of perchloric
acid and sodium perchlorate at 50.0° and ionic strength of 0.300.

The results (Table 1, Run 16) indicate that there was no appreciable
drop 1n the apparent rate constant throughout the reaction. This is
expected at relatively high iodide ion concentration, since the amount
of lodide ion formed during the reaction is relatively small. The plot
of apparent rate constant versus per cent reaction, when extrapolated

to zero per cent reaction, gave an apparent rate constant of 5.91 +

5

035 xlO-3 l./mole sec. and a calculated value of k' of 3.19 x 10 5ec.-l

(see Table 1). Duplication of the same run gave an apparent rate con-

3

stent of 5.97 + 0.21 x 10 7 1./mole sec. and a calculated value of k'

of 3.10 x 1077 sec.”t (Table 2, Run 17).

4

Todination of 2,6-dibromophenol at 5.612 x 10 * M sodium iodide

showed no appreciable drop in the apparent rate constant. The apparent

rate constants were averaged to give an apparen t rate constant of 3.90

5

+ 0.15 x 1072 1./mole sec. and a calculated k' of 2.60 x 1077 sec. '

(Table 3, Run 5). Duplication of the same kinetic run gave an apparent

rate constant of 3.65 + 0.14 x 10-2 l./mole sec. and a calculated value

5

of k' of 2.46 x 10 sec:._l (Table 4, Run 6).

Iodination of 2,6-dibromophenol at 1.604 x lO_l M sodium iodide

gave an extrapolated value of the apparent rate constant of 1.19 + 0.04
5

X lO_l l./mole sec. and a calculated value of k' of 2.07 x 10 sec.

(Table 5, Run 10). A duplicate kinetic run gave an extrapolated apparent

rate constant of 1.20 + 0.04 x lO-l l./mole secs and a calculated value

5

of k' of 1.86 x 10 sec:.—l (Table 6, Run 13).
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The iodination of 2,6-dibromophenol at 0.5011 x 107% y sodium

iodide gave an extrapolated apparent rate constant of 3.97 x lOml

5

l./mole sec. and a calculated value of k' of 1.82 x 10 sec.
(Table 74 Run 14) . Duplication of the kinetic run gave an extrapolated
apparent rate constant of 4.02 x 107t l./mole sec. and a calculated
value of k' of 1.97 x 1072 sec. ! (Table 8, Run 15).

The iodination of 2,6-dibromephencl at lower icdide ion concen-
tration was desirable. However, due tc difficulties in extrapclating
at low iodide ion concentrations, no firm conclusion could be reached
regarding the effect of iodide ion concentration on reaction rate at
low iodide ion concentraticn. Therefore, the use of thallium ion to
regulate the iodide icn concentration was next studied. 1In the presence
of a high thallous icn concentration, the iodide ion concentration
should remain constant during a kinetic run if the solution is initially
saturated in thallium iodide since any additional iodide formed during
the reacticon should precipitate as thallium iodide.

A preliminary experiment on iodination of 2,6-dibromophenol in
the presence of thallium ion indicated that the reaction was tco fast
tc be studied in 0.021379 M HC1O,. The icdination was successfully
carried out in the presence of thallium perchlorate (0.0500 M) at higher
acidity (0.064137 M). The apparent rate constants were constant through-
out the kinetic run and were averaged to give a value of 2.40 + 0.03
x 1071 l./mole sec. (Table 9, Run 60). A duplicate kinetic run was per-
formed and gave an average apparent rate constant of 2.56 + 0.14 x lO-l

1./mole sec. (Table 10, Run 62).
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Kinetic Reacticns of 2,6-Dibromophencl-4~d .--The preparation of 2,6-

dibromophenol-4-d is described in Chapter III. The iocdination of
once equilibrated 2,6-dibromophencl (this compound is designated as
partially deuterated 2,6~dibromophenol) was studied under the condi-
tions of 5.612 x 1074 M (Tables 11 and 12, Runs 33 and 38) and 0.5011
X 10-14 M {Tables 13 and 144 Runs 28 and 29) sodium iodide, 0.021379 M

perchloric acid and 0.300 ionic strength at 50.0°. The extrapolated
4

value of the apparent rate constant at 5.612 x 107 M sodium icdide was

3

8.40 x 10 7 1./mole sec. and 8.65 x 107 l./mole sec. in a duplicate

run. The average value of the two rate constants of the protio com-

pound (Tables 3 and 4, Runs 5 and 6) and a deuterium isotgpe effect of

H
app
terated 2,6-dibromophencl at 0.5011 x lO”4 M sodium iodide gave extra-

{k /kgpp) of 4.43 was obtained. The iodination of partially deu-
pclated values of the apparent rate constant of 9.04 x 10_2 l./mole sec.
and 9.02 x 1072 1./mole sec. (Tables 13 and 14, Runs 28 and 29). Com-
parison with the average values for the protio compound (Tables 7 and 8,
Runs 14 and 15) gave a deuterium isotcope effect of 4.42.

The iodination of 2,6-~dibromophenol-4-d (prepared by two equili-

4

brations with heavy water) was studied at 5.612 x 10 M sodium lodide

in order to see if any change in the magnitude of the deuterium isotope
effect resulted. The average value of the apparent rate constant gave

3

a value of 6.66 + 0.37 x 107 1./mole sec. and a calculated value of

k' of 4.07 x 10'“6 sec:._’l (Table 15, Run 46). Duplication of the kine-
tic run gave an apparent average rate constant of 6.43 + 0.41 x lOn3

l./mole sec. and a calculated value of k' of 4.09.x10_6 sec. ! {Table

16, Run 48). Comparison with the values of the protio compound
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(Tables 3 and 4, Runs 5 and 6) gives a value of 5.8 + 0.6 for the
deuterium isotope effect (kzpp/kgpp)°

The iodination of 2,6-dibromophenol-4~d in 1.604 x 107% M
sodium iodide was performed and the average value of the apparent rate
constant was 2.53 + 0.03 x IOm2 l./mole sec. with a calculated k' of
L.06 x lOm6 se(:.-l (Table 17, Run 49). Duplication of the kinetic
run gave an average apparent rate constant of 2.53 + 0.09 x 10—2 1./mole
sec. and a calculated k' of 4.08 x lO”6 sec.”t (Table 18, Run 50). Com-
parison with the protic compound (Tables 5 and 6, Runs 10 and 13) gives
a deuterium isotope effect of 4.7 + 0.2 (k:pp/kgpp).

The iodination of 2,6-dibromophenol-4=d in 0.5011 x 107% M sod-
ium iodide gave an extrapclated value for the apparent rate constant
of 7.88 x lOm2 l./mole sec. and a calculated k' of 3.90 x lO_6 sec:.--1
(Table 19, Run 41). Duplication of the kinetic run gave an apparent
rate constant of 7.90 x 10-2 l./mole sec. and a calculated k' of
3.91 x 10_’6 sec._l (Table 20, Run 42). Comparison with the values for

the corresponding protio runs gives an isotope effect of 5.1 + 0.1

(k:pp/kgpp)°

The iodination of 2,6-dibromophencl-4-d in the presence of thal-
lium perchlorate (0.0500 M) was performed in perchloric acid sclution
(0.064137 M). The average value of the apparent rate constant was
6.22 + 0.33 x IOM2 l./mole sec. (Table 21, Run 63). Duplicaticn cof the
kinetic run gave a value of 6.27 + 0.58 x lO‘2 l.ﬁnole sec. for the
apparent rate constant (Table 22, Run 64). Comparison with apparent

rate constants of the protic compound gives a deuterium isotope effect

H ,D
£ 4.0 + 0.4 (K. /x._ ).
of 4.0 + 0.4 ( app/ app’
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Tabkle 1
Run 16, 2,6-Dibromophencl in 25.055 x 1074 M Sodium Todide Solution at
50.0°
(DBP), - 0.0006576 M (HC10,) - 0.021379 M
{1,), - 0.0002024 M (NaCl0,} - 0.2761 M
(Nal)g - R5.055 x 1074 M (Na,5,05) - 0©.006300 M
100.0 ml. of reaction mixture per flask
Time elapsed Titer Rate Constant x lO3 Per cent
(sec.) {ml.) (l./mole sec.) reaction
(blank) 6.42 0.00
84,030 456 6.52 29.03
167,507 3.74 6.11 59.23
250,293 2.62 5.78 66,38
421,078 2.16 6.13 76.34
5R4 4285 1.27 5461 80.23

Average value of rate constant (ka ) = 5.91 + 0.35 x lO_3 l./mole sec.

PP
k' = 3.19 x 10_5 'sec.ml

1.32 x lO_2 1./mole sec.

1/k* x [H] = 3.5, x 10° sec.

kX

[T7]o= 23.962 x 107% n



38

Table 2
Run 17, 2,6-Dibromophencl in 25.055 x 10-4 M Sodium Iodide Sclution at
50.0°
(DBP), - 0.0006576 M (HC10,) - 0.021379 M
(1,)o - 0.0002032 M (NaCl10,) - 0.2761 M
(Nal)g - 25.055 x 1074 M (Nay5,05) - 0.006300 M
100.0 mles of reaction mixture per flask
Time elapsed Titer Rate constant x 104 Per cent
(sec.g (ml.) (1./mole sec.) reaction
(blank) 6045 0.00
79,796 4.38 6435 32,10
153,217 3-177 5:74 41-56
246,374 2.65 6.15 58,92
336,951 2,20 5454 65.87
411.851 1.63 6,00 74473
412,107 1.60 6.03 75420

Average value of rate constant (kapp) = 5.97 + 0.21 x 1072 1./mole sec.
k' = 3.10 x 107 sec.”

X

1.29 x lO==2 l./mole sec.

1/k" x [HT] = 3.62 x lO3 sec.

k

It

[17], = 23.958 x 1074 M
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Table 3
Run 5, 2,6-Dibromophencl in 5.612 x 1074 M Sodium Iodide Solution at
50.0°
(DBP)y - 0.0006458 M (HC10,) - 0.021379 M
(1,)0 = 0.0C01544 M (NaC10,) - 0.2776 M

(NaI)y = 5.612 x 1074 M (NayS,p3) - 0.004519 M

100.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 102 Per cent

(sec.) (ml.) {1./mole sec.) reaction
(blank) 6.83 0.00
3389 6,27 3.95 8.22
3578 6425 3.91 8455
5426 6.03 3.63 11.79
6835 5.80 3.79 16.05
10,319 5.21 4420 25.22

Average value of rate constant (kapp) = 3.90 + 0.15 x lO_2 l./mole sec.
5

k' = 2.60 x 10 sec.ﬂl
kS = 4.90 x IOm2 1./mole sec.
1/ x [HT] = 9.55 x 10° sec.

(171, = 5.29 x 1074 i



40

Table 4
Run 6, 2,6-Dibromophenol in 5.612 x lO_4 M Sedium Iodide Solution at
50.0°
(DBP)y - 0.0006458 M (HC10,) - 0.021379 M
(1) - 0.0001320 M (NaCl10,) - 0.2776 M
(NaI), - 5.6120 x 1074 M (Na,5,05) - 04004519
100,0 ml. of reaction mixture per flask
Time elapsed Titer Rate constant x 102 Per cent
(sec.) {ml.) (1./mole sec.) reaction
(blank) 5.83 0.00
2792 5edd, 3.97 6.86
5526 5.15 3.56 11.78
5665 5,10 3.76 12.69
7808 491 3.51 15.96
10,081 462 3.68 20.88
12,836 bLiodd, 3.40 23.99
15,137 412 3.69 29.45

Average value of rate constant (kapp) = 3.65 + 0.14 x 10-2 l./mole SeCa
k' = 2.46 x 1077 sec.”?

k* = 4.60 x 1072 1./mole sec.

l/kx X [H+] = 1.02 % lO3 secs

(171, = 5.338 x 1074



Takhle 5

rRun 10, 2,6-Dibromophenol in 1.604 x 1074 M Sodium Todide Solution at

5C. Q0
(DBP), - 0.C005928 M (Hc10,) - 0.021379 M
{I,)o - 0,0001240 M (NaCl10,) - 0.2782 M
(NaT)p - 1.604 x 107% i (Nay5,0,) - 0.003013 M

100.0 ml. of reaction mixture per flask

41

Time elapsed Titer Rate constant x lO4 Per cent

(secs) (mla) (1./mole sec.) reaction
(blank) 8.23 0.00
1367 742 1.28 9.84
2034 Tel5 1.18 13.12
2585 6.90 1.17 16,16
2120 664 1,19 19.32
3694 A 1.12 21.26

Average value of rate constant (kapp) = 1.19 + 0.04 x 107! 1./mole sec.

5

= 2,07 x 1077 sec. t

K= 1.36 x 107t l./mole sec.
UK x [H] = 3.44 x 10° sec.

[T7], = 1.518 x 10% y
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Table 6
Run 13, 2,&-Dibromephenol in 1.604 x 1074 M Sodium Iodide Solution at
50,0°
(DBP), - 0.0006420 M (HC10,) - 0.021379 M
(1,)5 - 0.0002478 M (NaCl0,) - 0.2782 M
(Nal)p - 5.612 x 107 i (Na;S,05)- 0.006026 M

100.0 ml. of reaction mixture per flask.

Time elapsed Titer Rate constant x 104 Per cent
(sec.) (ml.) (L./mole sec.) reaction
(blank) 8.23 0.00

1631 7.23 1.26 12.08
2347 6.86 1.24 16.58
3269 6.43 1.23 21.80
4267 6.17 1.11 24,87
51€2 5.68 1.20 30.93
6076 5.36 1.18 34.87

Average value of rate constant (kapp) = 1.20 + 0.04 x 107t l./mole sec.

k' = 1.86 x 10_5 sec.ml

X

kK" = 1.29 x lOml 1./mole sec.

1/k* x [H+] = 3.64 x 10° sec.

[I7]g = 1.440 x 1074 M
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Table 7
Run l4, 2,6-Dibromophencl in 0.5011 x lOm4 M Sodium Todide Solution at
50.0°
(DEP)y =~ 0.0006420 M (HCl0,) - 0.021379 M
(I,); - 0.0002581 M (NaCLO,) - 0.2786 M
(NaI)y, = 0.5011 x 1074 M (Nay5,05) - 0.006026 M

100.0 ml. of reaction mixture per flask.

Time elapsed Titer ftete constant x 10 Per cent

(sec.) (ml.)} (1./mole sec.) reaction
(clank) 8.57 0.00
477 7.71 3.52 10.01
884, 7.17 3.27 16.31
1465 6.63 2.86 22.61
2089 6.15 2.63 28.21
2612 5.86 2.43 21.60
3037 5.60 2.36 34.64

Rate constant extrapclated to zero time (kapp) = 2.97x 10“l 1./mole
sec.

k' = 1.82 x lO“5 sec.ml

K* = 4. 07 x lO“1 l./mole sec.
1/k* x [H+] = 1.15 x 10° SEC.

[T7] = 0.4461 x 1074



Table 8

kun 15, 2,6-Dibromophenol in 0.5011 x 10_4 M Sodium Iodide Sclution at

50.0°
(pBP), -~ 0.0005136 M (HClo,) - 0.021379 M
(I,), - 0.0001016 M (NaCl0,) - 0.2786 M
(NaI), =- 0.5011 x 1074 M (NapS,05) - 0.005649 M

250.0 ml. of reaction mixture per flask.

Time élapsed Titer Rate constant x lO4 Per cent
(sec.) (ml.) (1./mcle sec.) reaction
(Llank) 8.99 0.00

686 7.84 3.93 12.77
1278 7.07 3.74 21.35
1315 7.04 3.70 21.69
1900 6.45 3.52 28.25
2399 5.90 3.55 34.37

Rate constant extrapolated tc zerp times (kapp) = 4.02 x lO"1 1./mole
SECe.

k' = 1.97 x 10“5 sec.“l

X _ -1
k™ = £4.11 x 10°" 1./mole sec.
15 % [H] = 1.14 x 10° sec.

(1] = 0.4779 x 107% x4
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Run 60, 2,6-Dibromophenol in 0.0500 M Thallium Perchlorate Solution at

50.0°
(DBP) 5 - 0.0004351 M (HC10,)  -.0.064137 M
(I,), - 0.0003380 M (NaC10,) - 0.1857 M
(NaI)p - 0.00015 M (Nay5,05) - 0.008414 M

(T1C10,), = 0.0500 M

50.0 ml. of reacticn mixture per flask

Time elapsed Titer Rate constant x 10 Per cent

{sec.) (ml.) (1./mocle sec.) reaction
(blank) 4.02 0.00
483 3.83 2.35 4.78
973 3.64 2.41 9.32
1379 3.52 2.38 12.63
1769 3.38 2.40 15.86
2210 3.28 2.48 19.82

Average value of rate constant (kapp) = 2.40 + 0.03 x 10_'l l1./mole sec.
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Run 62, 2,6-Dibromophenol in 0.0500 M Thallium Perchlorate Solution at

50.0°
(DBP), - 0.0004351 M (HC10,) - 0.064137 M
(1) = 0.0002707 M (NaC10,) - 0.1857 M
(NaI)y - 0.00015 M (Na,$,05) - 0.008414

(T1C10,)o - 0.0500 M

50.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x 10 Per cent

(sec.) {ml.) (1./mole sec.) reaction
(blank) 3.2/ 0.00
€95 2.89 2.80 10.01
1337 2.80 2.46 12.81
1822 2.65 2.62 17.75
2421 2.56 2.30 20,27
3497 2.25 2.60 29.89

Average value of rate constant (kapp) = 2.56 + 0.14 x 107! 1./mole sec.



Table 11

Run 33, 2,6-Dibromophencl-4-d in 6.612 x 1074

tion at 50.0°

M Scdium Todide Solu-

(pBP-d)¥ - 0.0006337 M (KC10,) - 0.021379 M
(1,); - 0.002393 M (NaCl0,) - 0.2776 M
(NaI)O - 5-6].2 X 10-4 M (N328203) - 0-01260 M

100.0 ml. of reaction mixture per flask.

3

Time elapsed Titer Rate constant x 10 Per cent
(sec.) {ml.) (1./mole sec.) reaction
(blank) 3.80 0.00
20,566 3.43 8.00 9.72
33,191 3.23 7.94 14.99
49,036 3.01 7.81 20.77
68,782 2.78 7.58 26.83
86,994 2.60 7.36 31.57

104,479 2.48 6.94 34.73

Rate constant extrapolated to zero time (kapp) = 8.40 x lO_3 l./mole

sec.

k' = 5.41 x 167 sec.”!

X _ -2
k" = 1.05 x 10°° 1./mole sec.

1/ x [H] = 4edt x 10° sec.

[17], = 5.132 x 1074 u

*This compound was partially deuterated.

47
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Table 12
Run 38, 2,6-Dibromophencl-4-d in 5.612 x 10_4 M Sodium Todide Solution
at 50.0°
(DEP-d)% - 0.0006144 M (HC10,) - 0.021379 M
(1,)o - 0.0002584 M (NaCl10,) - 0.2776 M
(NaI)g = 5.612 x 1074 M (NayS,05) ~ 0.01260 M

100.0 ml. of reaction mixture per flask.

Time elapsed Titer Rate constant x lO3 Per cent
(seca) (ml.) (1./mole sec.) reaction
(blank) 4+10 0.00
20,780 3.70 8.26 9.81
21,262 3.70 8.07 9.81
33,175 3.55 7.31 13.47
63,857 3.20 6.66 22.00
72,690 3.10 6.64 Rh o dd,
88,204 2.98 6.29 27.36

Rate constant extrapolated to zero time (kapp) = 8.65 x 10_3 l1./mole
sec.

k' = 5.64 x 10_6 seca‘l

X~ 1.11 x 1072 l./mole sec.

/K% x [H'] = 4.21 x 10> sec.

k

17 = 5.106 x 10% M

*This compound was partially deuterated.
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Table 13

Run 28, 2,6-Dibromophencl-4=-d in 0.5011 x lO-4 M Sodium Iodide Solution

at 50.09
(DBP-d)% - 0.0006391 M (HC10,) - 0.021379 M
(1,)o - 0.0002262 M (NaCl10,) - 0.2786 M
(Nai)g = 0.5011 x 1074 M (Na,5,05) - 0.006293 M

100.0 ml. of reaction mixture per flask.

Time elapsed Titer Rate constant x 102 Per cent
{sec.) (ml.) (1./mole sec.) reaction
{(blank) 7.19 0.00
1086 6.73 9.62 6.39

1582 6.57 9.05 8.62
2399 6.42 7.76 10.70
3996 6.09 6.68 15.29
7546 5.49 5.90 23.64
11,043 5.10 5.15 29.06

Rate constant extrapolated to zero time {kapp) = 9.04 % 1072 1./mole
SECa

k' = 3.98 x 10_6 sec.“l

X

k 8.84 x 10_2 l./mole sec.

1/ x [1] = 5.29 x 10° sec.

(1716 = 0.4501 x 107%

*This compound was partially deuterated.
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Run 29, 2,6-Dibromophenol-4-d in 0.5011 x lO-A‘M Sodium Icdide Solution

at 50.0°
(DBP-d)X - 0,0006393 M
(Iz)e - 0.0001114 M

(Nal)p - 0.5011 x 107% M

100.0 ml. of reaction mixture per flask.

(HC10,) - 0.021379 M

(NaCl10,) - 0.2786 M

(Na28;03) - 00008390 Lv‘

Rate constant x 102

Time elapsed Titer Per cent
{sec.) (ml.) (1./mole sec.) reaction
(blank) 2.65 0.00

1759 R.43 7.93 8.52
2399 2.35 8.04 11.49
3507 2.24 7.69 15.63
5179 2.11 7.07 20.53
6790 1.98 6.92 25.42
8377 1.89 6.52 28.81

Rate constant extrapolated to zero time (kapp) = 9,02 x lOd2 1./mole

SE€C,

6

k' = 4.39 x 10 sec.}
K< = 9.23 x 1072 1./mole sec.
1/k* x (] = 5.07 x 10% sec.

[17]o = 0.4758 x 107° M

*This compound was partially deuterated.
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Table 15

Run 46, 2,6-Dibromophenol-4-d in 5.612 x 1O-A M Sodium Iodide Solution

at 50,0°
(DBP}, - 0.0006002 M (HC10,) - 0.021379 M
(1,)q - 0.0001624 M (NaCl10,)} - 0.21379 M
(Nal)o - 5.612 x 107% M (NazS;0;) - 0.008370 M

100,0 ml. of reaction mixture per flask.

Time elapsed Titer Rate constant x 104 Per cent
{sec.) {ml.) {1l./mole sec.) reaction
(blank) 3.88 0.00

18,300 3.58 T4l 7.73
29,816 3.44 6.83 11.37
43,216 3.28 6.61 15.46
59,511 3.12 6.28 19.58
78,588 2,87 6.17 26.03

Average value of rate constant (ka ) = 6.66 + 0.37 x 10‘_3 1./mole sec.

pp
k' = 4,07 x 10'6 sec. !

kX

1l

7.75 x 1072 1./mole sec.

1/k¥ x [H']y = 5.262 x 107 ¥
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Table 16

Run 48, 2,6-Dibromophenol-4-d in 5.612 x 10"4 M Sodium Iodide Solution

at 50,00
(DBP), - 0.0006100 M (HC10,) - 0.021379 M
(I,)o - 0.00017.5 M (NaCl0,) - 0.2776 M
(Nal)g - 5.612 x 107% u (Na,5,0,) - 0.008370 M

100.0 ml. of reaction mixture per flask,

Time elapsed Titer Rate constant x 104 Per cent
{sec.) (ml.) (1./mole sec.) reaction
(blank) 4017 0.00
21,776 3.80 7.09 8.87
35,393 3.62 6.70 13.19
45,058 5.50 6.53 16.07
56,718 3.40 6.07 18.46
71,349 3.27 5.77 21.58

Average value of rate constant (kapp) = 6,43 + 0.41 x 1073 1./mole sec.
-1

i

k' 4,09 x lO_6 SECoe

X

k 7.80 x 1072 l./mole sec.

tl

l/kx X [H+] = 6,01 x lO3 S5€C,

[17]6 = 5.255 x 1074 ¥
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Run 49, 2,6-Dibromophenol-4-d in 1.604 x 10™% M Sodium Iodide Solution

at 50.0¢
(DBP-d), - 0.0005978 M
(I2)o - 0.0001526 M

(Nal)o - 1.604 x 1074 M

100.0 ml. of reaction mixture per flask.

(HC10,)

(NaCl10,)

- 0.021379 M

- 0.2782 M

(N325203) - 0.008370 n_d

Time elapsed Titer Rate constant x 102 Per cent
(sec.) (ml.) (1./mole sec,) reaction
(blank) 3.65 0.00

7143 3.28 2.51 10.05

7335 3.27 2.52 10.32
10,663 3.10 2.60 14.99
14,564 2.94 2.54 19.38
18,443 2.78 2.54 23.77
18,577 2.80 2.46 23.22
22,562 2.62 2.57 27.49

Average value of rate constant (kapp) = 2,53 + 0,03 x 1072 1./mole sec.

k' = 4.06 x 1078 sec.”?

kx

It

1/ x [H'] = 1.73 x 10% sec.

[17)g = 1.499 x 1074

2.71 x 1072 1./mole sec.
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Run 50, 2,6-Dibromophenol-4-d in 1.604 x 107 M Sodium Iodide Solution

at 50.0°
(DBP-d)y - 0.0005962 M (HC10,) - 0.021379 M
(1,)o - 0.0001667 M (NaC10,) - 0.2782 M
(Nal)g - 1.604 x 1074 M (NazS;05) - 0.008370 M

100.0 ml. of reaction mixture per flask.

Time elapsed Titer Rate constant x lO2 Per cent

(sec.) (ml.) (1./mole sec.) reaction
{blank) 3.98 0.00
6198 3.61 2,70 9.37
6283 3.63 2.51 8.87
6377 3.62 2.55 9.13
10,643 3.43 2.40 13.89
14,172 3.21 2.63 19.41
17,427 3.12 2.43 21.67
20,314 2.98 .49 25.19

Average value of rate constant (kapp) =~ 2.53 + 0.09 x 10_2 1./mole sec.

k* 4.08 x 10'6 sec.~1

X

KX = 2,74 x 10°% 1./mole sec.

i

l/kx X [H+] = 1.71 x 103 sec

[17]p = 1.491 x 1074 M
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Table 19

Run 41, 2,6-Dibromophencl-4-d in 0.5011 x 10_4 M Sodium Iodide Solution

at 50.0°
(DBP-d)o - 0.0006176 M (Hc10,) - 0.021379 M
(I1z)o - 0.0001356 M (NaC10,) - 0.2786 M
(Nal)g - 0.5011 x 1074 © (NagS;05) - 0.006298 M

100.0 ml. of reaction mixture per flask.

Time elapsed Titer Rate constant x 102 Per cent

(sec.) (ml,) (1./mole sec.) reaction
(blank) 431 0.00
2433 3.85 7.37 10.60
4603 3.52 7.07 18.27
5790 3.35 7.03 22.21
6790 3.25 6.74 24454
6986 3.23 6.70 25.00

Rate constant extrapolated to zero time (kapp) = 7.88 x 10_2 1./mole sec.

k' 3.90 x 10_6 sec._l

kX

n

8.28 x 1072 1./mole sec.
1/k% x [H'] = 5.65 x 10° sec.

[17)y = 0.4713 x 10°% M
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Table 20

Run 42, 2,6-Dibromophenol-4-d in 0.5011 x 10“4 M Sodium Iodide Solution

at 50.0° 7
(DBP-d)o - 0.0005907 M (HC10,) - 0.021379 M
(I,)p - 0.0001324 M (NaCl0,) - 0.2786 M
(NaI)p - 0.5011 x 1074 M (Na;5;0,) - 0.0006298 M

100.0 ml. of reaction mixture per flask.

P

Time elapsed Titer Rate constant x 10 Per cent
(sec.) {ml.) (1./mole sec.) reaction
{blank) 420 0.00

2409 3.78 7.55 10.07
2400 3.78 7.58 10.07
3680 3.57 7.48 15.06
4935 3.41 7.41 18.87
5815 3.28 7.01 21,96
6933 3.18 6.76 RL.34
8214 3.06 6.76 27,20

Rate constant extrapolated to zero time (kapp) = 7.90 x 10‘2 1./mole sec.

k' = 3.91 x 10'6 sec. L

kX

It

8.29 x 1072 1./mole sec.

1/k% x [H1] = 5.63 x 107 sec.

[17]e = 0.4715 x 1074 u
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Table 21

Run 63, 2,6-Dibromophenol-4-d in 0.0500 M Thallium Perchlorate Solution

at 50.00 _
(DBP-d), - 0.0004308 M (Hc10,) - 0.064137 M
(1) - 0.0002740 M (NaCl0,) - 0.1857 M
(Nal), - 0.00015 M {NazS;0,Y - 0.008414 M

(Ticlo,)e - 0.0500 M

50,0 ml. of reaction mixture per flask.

Time elapsed Titer Rate constant x 102 Per cent
{sec.) {ml.) (1./mole sec.) reaction
(blank) 3.27 0.00

5270 2.86 5.93 12.12
7964, 2.76 6.27 18,25
10,095 2.49 6.93 24.18
11,111 2.49 6.29 24.18
12,116 2,52 5.68 24.10

Average value of rate constant (kapp) = 6,22 + 0.33 x 1072 1./mole sec.
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Table 22

Run 64, 2,6-Dibromophenol-4-d in 0.0500 M Thallium Perchlorate Solu-
tion at 50.0°

(DBP-d), - 0.0004308 M (HC10,) - 0.064137 M
(1,)g - 0.0002725 M (NaC10,) - 0.1857 M
(Na1), - 0.00015 M (Na;S,04) - 0.008414 M

(T1C10,)o - 0.0500 M

50.0 ml. of reaction mixture per flask

Time elapsed Titer Rate constant x lO2 Per cent

(secs) (ml.) (l./mole sec. ) reaction
(blank) bo2l, 0.00
4336 2.95 5.05 8.95
5570 2.82 6.05 12.95
6697 2.69 6.84 16.95
7881 2.68 5.93 17.30
8955 2.49 741 23.20

Average value of rate constant (kapp) = 6,27 + 0.58 x lO-2 1./mole sec.
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Bromination.--Grovenstein and Hendersonl found the rate of bromination
of 2,6-dibromophenol to be proportional to the actual bromine concentra-
tion and inversely dependent upon the hydrqgen ion concentration be-
tween zero and first power. Their proposed mechanism, in which mole-
cular bromine reacts with both the phenol and phenoxide ion, may be ex-

pressed as

rate = k*(ArHOH)[Br,] = k[Br,](arHoH) + k, A;“OH) .

The constant k* should remain constant at constant hydrogen ion concen-

tration and may be calculated from kapp by the relationship

KX = kappK1(Br2)[Br ] ,

[Br;]

where K; is the equilibrium constant for the reaction

A [Br;]
Br, + Br Br H = ————
‘ T [Brp][een]

Kinetic Reactions of 2.6-Dibromophenol and 2.6-Dikbromophenol-4-d.--In

order to determine the magnitude of the deuterium isotope effect in the
bromination of 2,6-dibromophencl, conditions closely corresponding to
Gorvenstein and Henderson's were employed. Hydrogen bromide (0.100 M)
and lithium perchlorate (0.200 M) were used to give an ionic strength
of 0.300 in 80.0 per cent acetic acid (by weight) at 20.0°. The re-
sults show no appreciable drop in the apparent rate constants through-
cut the course of the reaction and average of the apparent rate con-
stants was used. The first run on the protium compound gave an

apparent rate constant of 1.03 + 0.05 l./mole sec. {Table 23, Run 67).



Table 23

Run 67, 2,6-Dibromophenol in 80.0 per cent acetic acid at 20,1°

{DBP), - 0.002453 M (HBr) - 0,100 M

(Bry)o - 0.003567 M (LiC10,) - 0.200 M
{NapS,05) - 0.02050 M

50.0 ml. of reaction mixture per flask.

Time elapsed Titer Rate constant Per cent
(sec.) (ml.) (1./mole sec.) reaction
(blank) 17.40 0.00

121 13.31 1.12 23.5
182 12.40 1.00 29.8
300 10.45 1.08 39.9
449 9.20 1.04 47.1
642 8.28 0.97 52.4
929 7.30 0.96 58.0

Average value of rate constant (kapp) = 1.03 + 0.05 l./mole sec.
[Brle = 9.679 x 1072 M

h* = 1.03 1./mole sec.
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Table 24

Run 68, 2,6-Dibromophenol in 80.0 per cent acetic acid at 20.1°

(DBP), - 0.002453 M (HBr) - 0.100 M

{Brp}e - 0.003433 M (Licl0,) - 0.200 M
(Na;S,0,) - 0.02050 M

50.0 ml. of reaction mixture per flask.

Time elapsed Titer Rate constant Per cent
{sec.) {ml.) (1./mole sec.) reaction
{blank) 17.29 0.00
180 12.05 1.09 30.3
481 8.80 1.07 49.1
480 8.80 1.07 49.1
596 8.35 0.99 51.7
91C 7.15 1.00 58.6

Average value of rate constant (kapp) = 1.04 + 0.04 1./mole sec.

[Br ]y = 9.672 x 1072 M

K< =1.02 1./hole seC.
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Run 69, 2,6-Dibromophenol-4-d in 80.0 per cent acetic acid at 20.1°

(DBP-d)o - 0.002238 M (HBr) - 0.100 M

{Br,)o - 0.003481 M (LiC10,) - 0.200 M
{NayS,0,) - 0.02050 M

50,0 ml, of reaction mixture per flask,

Time elapsed Titer Rate constant Per c¢ent
(sec.) (m1.) (1./mole sec.) reaction
(blank) 16.98 0,00
196 12,78 0.817 24.7
317 11.60 0.776 31.7
521 9.92 0.777 4l.6
631 9.35 0.818 44,49
900 8.00 0.823 52.9

Average value of rate constant (kapp) = 0.802 + 0.019 1./mole sec.
[Br ], - 9.687 x 1072 M

k* = 0.802 1./mole sec.
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Table 26

Run 70, 2,6-Dibromophencl-4-d in 80.0 per cent acetic acid at 20.19

(DBP-d), - 0.002265 M (HBr) - 0.100 M

(Bry)o - 0.003428 M (LiC10,) - 0.200 M
(Na;S,05) - 0.0205 M

50.0 ml. of reaction mixture per flask.,

Time elapsed Titer Rate constant Per cent
{sec.) (ml.) (1./mole sec.) reaction
{blank) 16.72 0.00

191 12.75 0.784 23.7
312 11.15 0.817 33.3
480 9.88 0.787 40.9
600 9.08 0.811 45.7
600 9.08 0.811 45.7

Average value of rate constant (kapp) = 0.802 + 0.013 l./mole sec.

[Br 1y - 9.69 x 1072 M

k* = 0.799 1./mole sec.



Table 27

Run 74, 2,6-Dibromophenol in 2.000 M Hydrogen Bromide at 0°
(DBP), ~ 0.0003737 M (HBr) - 2.000 M
(Brp)o - 0.001246 M (Na,5,05) - 0.02050 M

50.0 ml. of reaction mixture per flack.

Time elapsed Titer Rate constant x Per cent
(sec.) (ml.) (1./mole sec.) reaction
(blank) 6.08 0.00

90 5.40 4.78 39.0

180 £.98 L.62 60.0

300 L+ 65 4.83 78.5

720 435 4.20 97.0
Average value of rate constant (kapp = 4.61 + 0.21 l./mole SeC.

[Br ], = 1.9987 M

h* = 1.80 1./mole sec.
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Tahle 28

Run 75, 2,6-Dibromophenol in 2.000 M Hydrogen Bromide at Q°
(DBP), - 0.0003737 M (HBr) - 2.000 M
(Bry)o - 0.001246 M (Na,S,05) - 0.02050 M

50.0 ml. of reaction mixture per flask.

Time elapsed Titer Rate constant Per cent
(sec.) (ml.) (1./mole sec.) reaction
(blank) 6.08 0.00

180 5.00 Lol 59.0
300 .68 456 79.0
720 4.31 5.08 97.0
900 4.30 4433 98.0

Average value of rate constant (kapp) 4.86 + 0.36 1./mole sec.
[BI‘-J = 1.9987 M

k* = 189.0 1l./mole sec.



Table 29

Run 78, 2,6-Dibromophenol-4-d in 2.000 M Hydrogen Bromide at O°
(DBP-d), - 0.0003777 M HBr - 2.000 M
(Brp); - 0.001226 M (Na;5,05) - 0.02050 M

50.0 ml. of reaction mixture per flask.

Time elapsed Titer Rate constant x Per cent
(sec.) (ml.) {1./mole sec.)} reaction
(blank) 5.98 0.00

180 5.08 3.99 53.0
300 5.74 -3.68 67.5
480 4.60 4-00 81.3
720 L.26 3.15 98.0

Average value of rate constant (ka ) = 3.56 + 0.37 l.ﬁnole sec.

PP
[Br ]o = 1.998 M

k* = 139.0 1./mole sec.
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Table 30

Run 79, 2,6-Dibromophenol-4-d in 2.000 M Hydrogen Bromide at 0°
(DBP-d), - 0.0003777 M (HBr) - 2.000 M
(Bry)o - 0.001226 M (Na,S,05) - 0.02050 M

50.0 ml. of reaction mixture per flask.

Time elapsed Titer Rate constant Per cent
(sec.) (ml.) (1./mole sec.) reaction
(blank) 5.98 0.00

180 5.05 3.87 50.5
300 4.72 3.72 66.6
480 bs 56 4.11 82.0
720 427 3.12 98.0

Average value of rate constant (kapp) = 3.54 + 0.38 1./mole sec.
[Br-jo, = 1.998 M

K< = 138.0 1./mole sec.



Duplication of the kinetic run gave an apparent rate constant of 1.04 +
0.04 1./mole sec. (Table 24, Run 68). The deuterium derivative gave
values of 0.802 + 0.019 l./mole sec. (Table 25, Run 69) and 0.802 +
0.013 1./mole sec. (Table 26, Run 70). The deuterium isotope effect was
1.30 + 0.10 (k]:pp/kgpp).

It was desirable to study the bromination of 2,6~dibromophencl
at a higher hydrogen bromide concentration {2.000 M). Preliminary ex-
periments in 80.0 per cent acetic acid showed that the phenol was salted
out. Therefore, redistilled water was used for the kinetic runs at 0°.
The first kinetic run with the protium compound gave an average apparent
rate constant of 4.6l + 0.21 1./mole sec. (Table 27, Run 74). Duplica-
tion of the kinetic run gave an apparent rate constant of 4.86 + 0.36
1./mole sec. (Table 28, Run 75). The deuterium compound gave values
of 3.56 + 0.37 1./mole sec. (Table 29, Run 78) and 3.54 + 0.38 1./mole
sec. {Table 30, Run 79) for the apparent rate constants and an isotope
effect of 1.33 + 0.02 (kzpp/kgpp).

Due to the low deuterium isotope effects cobtained in these bro-
mination experiments, it was thought that the highly acidic c¢onditions
used may have allowed the exchange of hydrogen for deuterium on the
2,6-dibromophenol-4-d. Therefore, a sample of both the protium and
deuterium compounds were separately treated under the conditions of
the acetic acid kinetic runs without bromine, but with a hydrogen bromide
concentration of 2.000 M. The reaction mixtures were extracted with
carbon tetrachloride, shaken with 5 ml. portions of aquecus five per
cent sodium bicarbonate, the phases separated, and the organic phase

dried over magnesium sulfate. The infrared spectrum of each solution
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was run on a Perkin Elmer Infrared Spectrometer (Model 221) and compared
with the spectra of the pure ccmpounds. Nc apparent change in the
deuterium content of the deuterium derivative was observed after
exposure tc the acetic acid reaction mixture.

Wave lengths at which the protium and deuterium compounds were
different were: 5.24 microns, 5.41 microns, .01 microns, 7.05 microns,
7.20 microns, 7.95 microns, 8.70 microns, 9.13 microns, 10.39 microns,

and 11.10 micronse.



CHAPTER VI

THE MECHANISM OF IODINATION OF 2,6-DIBROMOPHENOL

Introduction.--Apparent second-order rate constants were calculated c¢n

the pasis of the reacticon's being first-order in stolichiometric concen-
tration of both the phenol and icdine. Such rate constants remain
constant at high iodide ion concentration and an average value of kapp
was taken. For runs at the lowest iocdide ion concentration the values
of kapp fell throughout a run and kapp was extrapolated to zero per
cent reaction in order to obtain a value of kapp at a definite iodide
ion concentration.

The iodide ion dependency is demonstrated in Table 31. It can
be seen that during a 50 fold decrease in stoichicmetric iodide ion
concentration (at constant hydrogen ion concentration) the values of
k' decreased nearly two fold wher%as k* increased by approximately 30
folds The values of k™ and k' (as previously defined) follow a trend
indicating that kapp follows a non=-integral iodide ion dependence.
Alternatively, k™ has an iodide ion dependence between inverse zero
order and first order.

FPart of the iodide ion dependence may be attributable t¢ the
formation of triiodide through the equilibrium

I, + 1 51 I K L]
& 3 =
? > RS P

(1)
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Table 31

Effect of Iodide Ion Concentration upon the Rate of Iodination of 2,6-
Dibromophenol

All runs were made in aqueous solution, 0.021379 M perchloric acid, at
an ionic strength of 0.300 at 50.0°,

[17] x 10% Kaop X x 107 k* x 10°  Ref
(mole/1.) (1./mole sec.) {1./mole sec.) (sac.al) Table
23,962 5,91 x 107 13.2 31.9 1
23.958 5,97 x 1073 12,9 31,0 2
54291, 3,90 x 1027 49,0 26,0 3
5,338 3065 x 1072 4620 2.6 .
1,518 1.19 x 107 136,0 20,7 5
1,440 1.20 x 107} 129,0 18,6 6
044461 3.97 x 107; 407.0 18,2 7
0.4779 4.02 x 10 411,0 19.7 8




Table 32

Effect of Iodide Ion Concentration on the Rate of Iodination of 2,6~
Dibromophenol=4~d

All runs were made in aqueous solution, 0.021379 M perchloric acid,
at an ionic strength of 0.300 at 50,0°,

[17] x 10% Koo * x 10° k' x 10°  Ref
{mole/1,) {(1./mole sec.) (1./mole sec.) (sec.-l) Table
5,132 8.40 x 107 10.5 5,41 11
5,106 8,65 x 10_2 11.1 5.64 12
0.4501 9,04 x 10_2 a2, 3.98 13
0.4758 9,02 x 10_3 92.3 4439 14
50262 6.66 X 10_3 7075 4-07 15
54255 6.43 x 105 7.80 409 16
1,499 2.53 x 105 27.1 406 17
1491 2,53 x 1073 27.4, 4,08 18
0.4713 7.88 X 10-2 8208 3090 19
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K, = 49077 at 500

Thus the concentration of iodine is inversely proportional to the con-
centraticn of the icdide ion.
If the possible hydrolysis of iodine in an aqueous medium is

considered then,

KE + -
I, +2 Hy0 2 HOI + Hy0 + I 3

_ [HoT]{H50"][17]
T TTLL1,0)7 @

K
+ 32 +
HOI + Hy0 & H0I + Hy0

[H,01 [ 1,0]
Ky = - (3)
[HOTJ[H40 ]
K5 + -
or I, + H,0 2 H,0I +1I (4)
o _ Ko[H0]?[ 1]
- S T (37)
K2K3[Hz0][1,]
[H,01'] = 3[1_] ’ (41)
+_ Ks[I3][H;00(1,]
and [H01'] = ) (5)

(55) M. Davis and E. Gwynne, J. Am. Chem. Scc., 74, 2748
(1952).
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It can be seen that the concentration of HZOI+ is directly proportional
to the concentration of iodine and inversely proporticnal tc the concen-
tration of iodide ion. $ince the concentration of I+ is directly pro-
portional to the concentraticn of HZOI+, these two iodinating species
are indistinguishable under most conditions.

Several feasible mechanisms can be evaluated from the data cb-

tained.

Mechanism J.=--

K, o arHO"1[HT

ATHOH @ ATHO  + H 5 K, = Lasto JEH] (6)
[ ATHOH]
- + k1
ATHO + H,01 2 ArHOI (7}
kz - +

ATHOT + H,0 — Ar0OI + H,0 (8)
rate = k,[ArHO ][H,01" ] (7*)

Three forms of mechanism I may be considered. For the first
k, k , and therefcre, step 7, involving k;, is rate-determining. Sub-
stitution of the appropriate equilibrium concentrations, (5) and (6),

into the rate expression for step 7 gives

kK, Ks[ArHOH][1,] (2*)

[H7(17]

rate =

By equating the rate as given by (8%) to that given by (9)

rate = kapp(ArHOH)(Iz) (9)
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and on the assumption that under the present conditions of acidity
(ATHOH) = [ArHOH] ,

then
k. (1)[1] [H,0]
ST T ks T : (10)

Eguation (10) is similar to Berliner's and demands that k' be constant
in a medium of constant hydrogen ion concentration and varying iodide
ion concentration. Table 31 shows that k' gradually drops with decreas-
ing ilodide ion concentration and, therefore, this mechanism is probably
disproven. Stronger evidence against the mechanism is that a large
kinetic 1sotope effect was found while only a small or secondary isotope
effect is expected for this mechanism,

Mechanism I'y, invcolves the attack of HZOI+ on the phencl and
phenoxide ion in a fast and reversible step (k2<<k_1) followed by slow
removal of a proton. This mechanism, however, has icdide ion dependence
similar teo that of mechanism I and is made unlikely both on the basis
of the observed drop in k' and the decrease in isotope effect with
decreasing iodide ion concentration.

The termolecular mechanism in which steps 7 and 8 take place

simultaneously may ke discarded for the same reasons as Mechanism I'.

Mechanism IT.~-To account for the non-integral iocdide ion dependence

and the observed trend in the values of k* and k', it is possible to
postulate a second mechanism which involves iodination by molecular
iodine instead of hypoiodous acidium ion or iocdine cation (indistin-

guishable as iodinating species by mechanism I or I'). Such a possi-
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bility leads to the rate expression

rate = ko[ArOH][I,] + k, Lﬂf%%;%lil (11

where ky and k; include any hydrogen ion dependency. Equation (12) may

be rearranged to a form including kapp

(1) K
kaPP[12] = k" = kg + =i (12)

Therefore, for this mixed mechanism to hold, a plot of k* versus l/[I_]
should give a straight line. Such a plot at constant hydrogen ion
concentration is shown in figure 1 and the deviation from linearity

argues against this mechanism for the iodination of 2,6-dibromophenol.

Mechanism IJT.--

~
~

+

ATHOH & ArHC +H 5 K, = AEESHOH? (6)
] k, )
=1
ks ) N
ATHOH + IZ kz ArHOI + I + H (14)
-2
k
2 - +
ArHOI‘}Ir — AT0I + H (15)

where ArHOI is a reactive intermediate having a para-quinoid structure

*To be sure the proton formed here is affixed to some basej this
step is assumed to be subject to general base catalysis.
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Fige 1. 2,6~Dibromophencl in 0.021379 M Perchloric Acid
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Br Br

Such an intermediate is assumed to be formed in small concentra-
tions relative to ArHOH. The application of steady state approximation

gives
ky[ArHo ][ 1,1 + kp[arnon](1,] = k_j[ars0I][T7] + (16)
k_L[ArHOTI[H' ][ 7] + ko[ArHOI] .
Eauation (17) can be rearranged to

ky[ArHO™ J[T.] + Kk [arHon][1,]
[arHOI] = - — . (17)
k T ]+ k [H [T ] + kg

Supstitution of equation (6) into (18) gives

kK, ArHOH][TI.] + kz[ArHOH][Izj[H+]

LAztoL} = k(177 k [HIII] + ks (6] (o)
since
rate = k;[ ArHOI] = kapp(Iz)(ArHOH) (19)
substitution of (19) into (20) gives
+ +
app (Ifii; LG /i, [T +k1ij2;k§2[?H1][I'] T (20

S
Application of the principle of microscopic reversibility5 and

(56) Frost and Pearson, op. cit., p. 202.
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equilibrium statistics to reactions (6), (14) and (15) leads to the

relationship

KK, ks
TR =
From equations (20) and (21) there may be obtained
1 k (17
-1[ J 1 . (22)

= +
KHY] kksK, koK, + ky[ut]

According to equation (22) a plot of l/(kx[H+]) versus [I ] should give
& straight line at constant hydrogen ion concentration ion. Figure 2
shows that the avallable data do indeed fall on a straight line.

By extrapolating the plot of l/(kx[H+]) versus [I | to zero
lodide ion concentration, the value of k,K, + kZ[H+] may be obtained
from the intercept. The slope corresponds to k_1/k1K4k3. The wvalues
of kK, + kE[H+] and k_,/k k3K, were found tc be 70 sec.”! and 152 x
10% l/mole sec. respectively (see Appendix B).

It is of interest to note that a similar plot for icdination of
the deuterium derivative gives about the same intercept, but a dif-
ferent slope. A similar intercept is not unusual since the magnitude
of kK, + kz[H+] is similar for the protium and deuterium ccmpounds.

Since 1t was assumed that proton removal cccurs in the slow
step, the deuterium isotope effect presents strong evidence in favor
of mechanism III. Furthermore, according to mechanism TII the maximum
isotope effect expected should be at high icdide ion concentrations and

the isctope effect should decrease with decreasing icdide ion concen-
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tration. Such a prediction is based primarily on the reversibility of
the’first step. At high iodide ion concentration the intermediate ArHOI
is formed at small, near equilibrium concentration and the rate-deter-
mining step is the reaction of equaticn (15). Since this reaction
inveolves lcss of a proton bound to carbon, a large primary isctope ef-
fect is expected. At low iodide ion concentration reactions (13) and
(14) should not be appreciably reversed and these reactions correspond
tc the rate-determining steps of the reaction and only a small second-
ary 1isotope effect 1s expected.

In assuming that an appreciable isotope effect exists only for

step (15), and neglecting secondary isotope effects and the effect of

k ;
ATHOT 25 aror” + ub (15)
k -
arpol =22 aror” + uh (15')

isotopic substitution on the ionization constant of 2,6-dibromophenol
there will be two equations analogous to (22), one for the deuterium
and the other for the prctium compound. Division ¢f cne by the other

gives:

LT Tk T ko] + [k K, + ka[D)] (23)

T DI /kkk,] + (/G K, + l])]

Thus, at relatively high iodide ion concentration, when

k_,[17] k_,[17]
S > and 0 > ] s then

3H 3D
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K* k
K* k
H 3H
or
X
Kk k
0. G x 7.25%
kx k_1
D - (25)
3D
k_y

and substitution equation {25) into equation {23)

. LN [6'] )
k 7.25 x ———— + 1/(k,[H ] + kK
B kikapK, 2 104
- k_,[17]
kX =1 +
D ——— + 1/(ko(H ] + kiK,)

Since the value of k_1/k1k3HK4 can be determined from the slope and
intercept of figure 2, then the magnitude of the deuterium isotope ef-
fect can be calculated at any lodide ion concentration. The results
of such calculations are tabulated in Table 33 along with those ex-
perimentally determined. The trend is similar in both cases and the
magnitude of the deuterium isctope effect diminishes with decreasing
iodide ion concentration.

Therefore, the preceeding discussion strongly supports mechanism

III for the iodination of 2,6-dibromophenocl.

*This value was calculated from the ratio of the slopes of
protic and deuterio compounds in figure 2.
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Table 33

Effect of lodide Ion Concentration on the Magnitude of the Deuterium
Isotope Effect at 50.0°

Reference Table (1) x 10% k; x 10° k; x 10° fﬁ k;
Protium Deuterium (mole/l1.) (1./mole sec.) k; obs. ;g calc.
3 15 5.612 49.0 6.32 6.85
5 17 1,604 136.0 5,05  5.55
8 20 0.5011 411.0 4e98  4.20
9 21 TIC10,=0.0500 240.0% 3.85%  aw
10 22 TIC10,=0.0500 256.0% 4.09% a2

el

*Apparent second-order rate constants were used for evaluation
of deuterium isotope effect since the actual iodide ion concentration is
not known at 50.0°,

**An (I-)o of 0.4500 x 10_4 M would be required for an isotope
effect of 4.00.



CHAPTER VII
THE MECHANISM OF BROMINATION OF 2,6-DIBROMOPHENOL

Grovenstein and Hendersonl investigated the bromination of 2,6-
dibromophenol in 80.0 per cent acetic acid and found an inverse hydro-
gen ion dependence between zero and first power. These authors also
found the rate to be proporticnal to the actual concentration of bromine.
This was interpreted as bromination by molecular bremine upon koth the
phencl and phenoxide icn. Since the actual concentration of bromine
is a function of the bromide ion concentration,

Br, + Br @ Br, 3 K, :ﬂ—_—; (1)
[BrpJ(Br7]
K, = 93(80.0 per cent acetic acid at 20.00)1

19.6 (water at 00)57

£
[

The data of Crovenstein and Henderson can be expressed by the

rate equation

k, (ArHOH)
rate = k[Bl”z] (ATHOH) + _—-Eﬁ_-_ . (2)
Eqguating this to
rate = kapp(Brz)(ArHOH)- (3)

(57) G. A. Linhart, J. Am. Chem. Soc., 40, 158 (1918).
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and incorporating equation (1)

ate = k s ] (arkoH) + k'(ArHOH)
T app(AI'HOH)(BI'z) K, [Br-] ———[ H+] (4)
Then
k r, ) Br k_
£ = appKw(_B 2)[Br ] . -
[BI‘BJ [H ]

where k, equals 2.5 l./mole sec. and k_ equals 0.60 sec._l. Equation
(4) corresponds to the expected kinetic equation for the attack of
molecular bromine upon ionized and unicnized 2,6-dibromophencl.

If a mechanism analcgous to mechanism IIT fcr the iodination is

censidered,
fast - [ J[art0”]
ATHOH & ArHO + H j K, = ————= (6)
[ArHOH]
k1
ATHO  + Br, @ ArHBrO + Br (7)
k_,
k, _.
ATHOH + Brp @  ATHBIO + Br + H (8)
-r
Ky L
ATHBrO —> ArBrO + H (9)
then the rate expression becomes
1 B k-y[Br ] 1
— = +- — (10)
k"[H ] kyksK, ky[E] + kK,

In this case, ArHBr0 is presumed to have the structure
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Br Br

In the present work in 80.0 per cent acetic acid, 0.100 M
hydrogen bromide, &n isotope effect (kH /kD ) of 1.30 + 0.10 was
app’  app -
found in the bromination of 2,6-dibromophencl-4-d at 20°. 1In water,
2,00 M in hydrogen bromide, an isotope effect of 1.33 + 0.02 was ob-
tained at 0°.
These observed isoteope effects are not too disimilar from th?Se
40 k"
obtained by Berliner in the bromination of biphenyl (E— = 1.15).
D
Berliner concluded that his isctope effect was largely a secondary iso-
tope effect and that proton removal was not the rate-determining step.
The data of Grovenstein and Hendersonl indicate that the rate-
determining step is the attack of the electrophile. On this basis and
on the essentially constant 1sotope effect at the different bromide
ion concentrations, it appears that the present isotope effect is a
secondary one and reflects the effect of isotopic substitution on steps

k, and k, in the above mechanism. Therefore, proton-removal (step k3)

appears to occur after the rate-determining steps (k; and k,}.



CHAPTER VIII
SUGGESTIONS FOR FUTURE EXPERIMENTAL WORK

It is apparent from the literature cited that there is a need
for more work on the bromination of phenols. It is suggested that the
kinetics of bromination of phencl, o-nitrophencl, p-nitrophencl, o-bromo-
phenol and p-bromophenol be investigated at varying hydrogen ion and
bromide ion concentrations and that the deuterlum isctope effect be
studied as a function of the bromide ion concentration in each case.

It sheould also be informative to invesiigate the kinetics of
bromination and iodination of 2,6-dichlorophencl and its deuterium de-
rivative. It is hoped that a study c¢f this type, at varying hydrogen
ion, bromide ion, and iocdide ion concentrations, would clarify factors
effecting the reversibility of the first step in the halogenation

of phenols.



APPENDICES
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APPENDIX A
SAMPLE CALCULATICN CF INTEGRATED RATE CONSTANTS

The rate ccnstants were calcuiated from the integrated form of

the second-order rate eguation, i.e.,

) 2,303 alb-x)
app ~ (b-3)t % Hlacx)

in which kapp is the rate constant (l,/mole sec.), t is the elapsed
time in seccnds, a is the initial stoichiometric iodine or bromine con-
centration, b is the initial stoichiometric concentration of 2,6-
dibromophenol, and x is the meclar concentration of iodine reacted at

time t. The sample calculaticon will be on Run 14, Table 7.

a = 0.0002581 M

(c-a) = 0.0003839 M

¥

b = 0.0006420 M

(NayS,05) = 0.006026 1 (100.0 ml. samples)

t Titer IA 4 5 a{b=x)
(a=-x) x 10% (b-x) x 10 107 (x)

(SeCe) (ml.) m‘:‘;y
477 7.71 2.3229 6.1619 2.5826 1.0665
884 7.17 2.1602 5.9993 422095 1.1165

1465 6.63 1.9976 £.8366 5.83645 1.1747

2089 6.15 1.8529 5.6919 7.2827 1.2350

2612 5.86 1.7656 56046 8.1564, 1.2762

3037 5.60 1.6872 5.5262 8.9400 1.3168




2.303 al{b-x)
Kapp ~ 70.00038390% %9 Bla-7)

t 2.303 ) alb=-x} 2.303 a{b-x)
(sec.) {b—aj? 9 Era—x) (b_a)t °g b(a-xj
477 12.5764 0.02796 0.352
884, 6.7862 0.04825 0.327
1465 4. 0984, C.06993 0.286
2049 2.8717 0.09167 0.263
2612 2.2967 0.10592 0.243
3037 1.9753 0.11952 0.236

Extrapolated value ¢f rate constant kapp: 0.397 1./mcle sec.

For the calculation of k', the following equation was employed.

o kaEpK1(I2)o[I_]%

(1,10

in which K; is the iodine-triiodide equilibrium constant at the de-

signated temperature which is represented by

- [15]

STy

(1,), is the initial stoichiometric icdine concentraticn, [I ], is the
actual lodide ion concentration and [I;]O is the actual initial triio-
dide concentration. The sample calculaiion will be ¢n the same run
represented above.
1, + I 2 Iy
(2.581 x 107%-x) (0.5011 x 107 %x)  (x)
X

K = 5 Al
(5,011 x 10 “-x)(2.581 x 10 %-x)

6




o1

490x® -1.151033x + 6.337853 x 10°° = 0

Solving for x via the quadratic equation, then

_1.151033 - 1.324876 - 1.2422 x 10‘2

X - 980

- 1151033 - 1145647 _ () 5405 1070

x = 25 -
[I7]o = 0.5011 x 107% - 0.05495 x 107% = 0.4461 x 10% n
o = {0.397) (490) (2.581 x 107 (0.4461 x1074)2
(5.495 x 100
k' = 1.816 x 1077 sec.”}

Similar calculations were made for the bromination reactions

using

_ [ Br,]
[Bral[Br™]

i

K; in 80.0 per cent acetic acid at 20.0° was taken as 931 and in re-
distilled water at 00 as 19.658..
All calculations of this type were made cn an electric calculat-

ing machine with the number of significant figures shown.



APPENDIX B
FIGURE 2 SLOPE CALCULATION

The slopes for both the protium and deuterium compounds were

calculated by the expression

1

kx[H+]
slope = .

(1715

- intercept

An intercept was assumed and the slope of each pcint with respect to
this intercept was calculated. The slope with the lowest average de-

A

viation for the protium compound was 152 x 10 1./mole sec. with an
intercept of 70 sec._l. This same intercept was assumed for the deu-
terium compound and a slope of 1100 x lOA l./mole sec. was calculated.

The calculated slopes with the assumed intercepts are shown in the

table below.

Assumed Calculated Slcpe

Intercept (1./mole sec.)

(sec.”1)
85 141 + 38 x 10*
80 145 % 34 x 1oj:
75 148 ¥ 32 x 10
70 152 ¥ 28 x 107
67 154 T 29 x 1oj
65 156 + 29 x 10,
70 (Deuterium Compound) 1100 + 3 x 10
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