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ABSTRACT

Mechanisms Of The Aqueocus Bromination O+
p-Hydroxybenzoic Acid, Salicylic Acid And FPhtnol.
- .

*N. Rani Iyengar, '}'h.n.'
Concordia University, 19683

The ldnot_lc- of aqueous bromination of p-~hydroxy-
benzoic acids and malicylic acids  have been studied and
novel wmechanistic conclusions have 'boon reached. In the

aquecus bromination of phenols cyclohexadienone inter-
'ﬂ L +

wmediates have been observed for the first time and the

enolization of these !nt'orugdlntos has been studied in

detail.
The anions o+ p-ﬁydruxybonzolc acid and its

3-bromo derivative react faster with bromine than

anticipated. This is due to reaction via the wminor

tautaomeric form {(a p~- :nrboxyphqnéxldo ion).

The bromi n-tlc;n ot the \u\l icylate ions probably
occurs via ni concerted 'pathway in which the attack of
browine and an intramolecular proton transfer (from OH to
carboxyl) yoc:ur lliultlnoou'ly. ‘Support for this pnthuny'

arises from the behaviour of the ipso-dienone derived from

LY
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\ )
- S-methylsalicylic acid. In the dobrn-!nifton'of this ipso-

diencne the carboxyl eroup functions as an intramolecular
general acid :ntnlyl}. The reverse reaction, formation of

the ipso-dienone, must bLe éntnfyxod by ‘the carboxylate

.

sroup, which (s analogous to the concerted pathway.
The enclization of 4-bramo-2,3-cyclohexadienone-

in the pH range of O-4 im catalyzed b; acid and water.

s

Jutfer catalysis studies indicate the roncttng to be 9;nor|l
base~catalyzed and gihoril ;cidvcnt-!yzod. The fornof il!
explained by tho rate iimiting péuton.-bstr-ction frnnixtho
cyclohexadienone and the inttor ‘f-' attributed to . a

termolecul ar transition state (Hzo.dlandno.ﬂh).

e

"In the bromination of p-alkylphenols ' 10%
bromine attack occurs ipso to’ tho.plkyl sroup resulting in

ipso~dienones. These undirgo debromination to’ r;fnrn the

'

substrate and the reaction in 9eneral acid-catalyzed and

bromide ion dependent. The ipso-dienone +$rom S-methyl-

salicylic acid undergoes | fast debromination which is

o

nscrlbod tq,lntrnnolo:ulnf gdnornl acid catalysis.

»

Butfer catalysis studies #or the bromination of
phqnol indicate that the formation of the cyclohexadienones

1

is general blso-cntnlyxcd;

- v -
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Salicylates have been used as drugs since

anti-
I. -
quity. The name Salicylate is derived from the Latin
" -«
‘ Salix for the willowm,

a tree which grows near water.

The use of preparations extracted from the leaves, barks and

4ruits ot plants containing methyl salicylate is as old as

herbal therapy, itself. Today, aspirin rates next to alcohol

E

as being the most consumed drug in the world. Actual don;nd

‘ 1
tor thiw drug is arcund 70 million kilograms.

- [

OAc
CO.H
- - '
™
~ A \ Aspirin
/ o . 1
r Most of the naturally occurring salicylates,

including -nl}cylic acid iteelf, are therapeutically effec-

A

tive as weak anti-iné{lammatory, analgesic and/or anti-

pyretic agents, although some of them are less potent than
. 1 'f ’ &
aspirin. Some of the ‘principal

.

salicylates used  "as

analgesic, -atl-fh#ln-nntorﬁ, anti-pyrétl:. anti-througic

are:

Ié‘- i~



—_—

| OR,
83 N CO:R, .
R . -~
Y a2 D3 R
H H / H HH
H Ac \ﬁFm\ﬁm\ ‘ H
-
H H H . C1 ’
H , H 4 OH H
H Ac Onp H
Me . H H H
H H a Qo H ‘
Ph ) ‘ H H H

\\\ ’1
1 Some of the derivatives o+t aspirin have specific

l

bfulugicnl‘prbportlo- and can be used as unigque therapeutic
agents, e.9. q;&-dibrumo aspirin is used as an anti-sickling

2 . .
agent. The 3,3-dibromosalicylic acid is used am a bacteri-

rd 106
cigohlo From a recent article by Sorenson it is clear

tnatqgoppor complexes of salicylic acid can be used as

etfective anticonvulsants and alu& that copper salicylates
. { .
with superoxide dismutating rc-ct?vlty act as retarding

agents for tumour grpwth in mice.

-2 = .

N

o

4




Many -iupli derivatives ﬁf(tho basic salicylate
str {:uro have been and still continie to be developed -

because these natural 'drugiv, have been so successful

hlsiuric.&iy. Even in the present day, they still present a

safe ;nd effective group of :n-pnundi for therapy.

7

There is wide interest 'in research work regard-
v .' ‘g‘ \ . -

lnrglant- and micro-

~

. orginll-s. This interest is not only due to the bioclogical
i ot

r

importance but élqp'-inc- the research may provide practical

ing the bia-yntzostl of the -nllq?l-to-

neans for’ubtnlnlng these compounds as raw materials for the

- )
S

synthesis of wmore elaborate derivatives of this group of

1 * J . ' .
drugs. The action of salicylates. on vital enzyme systems is
a much-studied biochewmical research problem.

Salicylates have toxic side-effects -which include,’
acute salicylate poisoning in infants, disturbance of the
acid-base equilibrium and gastrointestinal bleeding.
Research is curi.ntly being carried out to géin better
insight into the causes and treatments o+ these unwanted

3

side-etfects.’
Phenol and itas derivatives. are :hbniénli‘ o grint-

industrial and biochemical iignlflcnnco. As a result an

understanding of the :ho-t-f}y of these eonpodndu has con-~
0 } ‘ B



siderable practical as well as theoretical value. inqu-trinl

applications include the use of phenols in the production of

insecticides, fungicides, antiseptics, disinfectants, dyes
" ‘ ' , - .

and polymers. They are also sdded as oxidation inhibitors

to wotor fuels, oils and edible nll-.3 An unknown amount of

chlorophenols is rolohiod into the enhvironment by chlortha- '

<

tion of drinking water containing phenols from various in-
4
dustrial sources. Effluents from paper and pulp industry

. s . )
are known to contain toxic cowponents. Sowme of these
compounds have been identified as chlorinated phenols,

-+ 6 7 ~
9unitofi, catechols and trihydroxybenzenes. f These wastes

¥ \

'-u-t be suittably treated in order to eliminate phenolsy, .

( ~
" Phenols are also important in biochemical proces-

ses. Many substituted phenols behavé as chemical inhibitors

and therefore are nidéﬁy used in cho-oth.rlpy}~jg addition,

biochemicals such as catecholamines and tannins contnln“

phoﬁol or polyphenol cb-ponintl. Theoretical studies aften

.
L

use phénu!! or polyphencls as suitable wmodels for these more

v

8
complex molecules.
@

The worly in th&‘dtk.lll deals with the mechanisms,

of bromination of sajNylic acid, p-hydrnxybonzntc acid and

their derivatives, and ot

rious phenols, The salicylic

acid monoanion has an intramolecular hydrogen—-bond and a
. ‘ i

N

A

2



o ¥ ‘ A . o
( B / o,
‘ \

Y B
* - \ ~

- .

:u-plrutivomklnbti: study should wake it puii!bl. to assess -

the effect o‘ this hydcugonlbond on the sase and wmechanism

i

. ot electrophilic attack. .

. 516ctmgtjj}ijjrublfltution reactions aof phenols
R . A . B &

\\ ".
_are usually pr.uun.d‘fi/involvo the formation of cyclohexa-

A

dlonbpo int‘r-odi-tol.z-ln' tho_‘pronont' work such inter-

Iotiuto-‘hnbo been’' aobserved +or the first time in the

’

aqueous bromination ot simple ph&npl-.‘

‘Bromination ofiﬁhonollz

pupSpupttpuiphpuplupuuphppuini -t - - @

N \ ]

‘This reaction has been investigated by various

v
»

regsearch groups psiné a:ot{s néld as solvent. The rate of
bromination of phoﬁql in anhydrous acetic acid relative to
. ‘ ' LN
that of benzene has been deterwmined by de la Mare and his
14
coworkers. Also the reaction has been studied for various
alkyl phenols in the presence of LiBr and LlClO4 by de la

12 e 9
. Mare et A1. 11 and Rawlinson have shown that phenols in
\ ¢ .

dilute agquecous perchloric acid :olutiPn contain two

.

respective species: the mblecule itself and the phenoxide
ion. Baoth. of these -ﬁocini were observed to react with
-olocLlnr bromine and reaction tween the phenoxide ion and

- ‘m ’
tribromide ion was also observed (ecquation 1).
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The main | draw bacifisé the study im, it is limited to two

pH units and as the reactions are fast they mention that the

rate constant for bromination of phenol f- of law accuracy

N 1)

and the rate constant for the bromination of phenoxide ion
5 . a8

)

was not measured.

Kulic and Vocornll have studied the bromination

of p-substituted phenols, also in dilute agqueous perchloric

acid media. They reported the rate constants for the phenol

)

and phenolate 'brominations. Correlation of 1og k values with

ey
¢~ constants for bromination of both phenols and phenolate

>

anions indicate that bromination of phenol is more selective

"

than that of phenolate ions.

i0 .
Paventi recently studied the same reactjion in
\‘ ‘ N o,
‘ -6 - -

/ -

3

N
L 3

kY



aguecus lolutlon-,'apﬂ 0 =~ 7. As ocbserved by iho warlier

workers, Paventi also has shown that the Qro-inatton - of
phenol is overall second-order: first-order in phenol and
first—ogdtr ln.brn-ino. The reaction yields o- and p-bromo
fsomers, the p-imomer being ih- major product. The rate -

constant reported for the reaction of phencl with bromine

-1 -1
was 4.2 x 103 " o= uhtehil- slightly higher than the

n‘.) A

, 9 . ~
value reported by Bell, nhggh was admitted to be of low

accuracy. The rate constant observed for the bromination of
10 -1 -1 e
phenoxide ion is 2.2 x 10 ° ] 8 .« This value is high, but

-———

is cn-qltcltcd by pp!yhro.lnntlon’-nd is due to the weighted

. A o
sum of the reactivity ot free’ bromine and tribromide lnn.1

4

Overall the results of Paventi seem to be better as they
were obtained from more reliable wethods and over a wide
range of pH. J

Dienconesn:

.
=

In reactions of phenols the formation of cyclo~

>

hexadiencones as intermediates has aften been postulated. The
Al

phenol ~cyclohexad ienone rearrangement can be sxplained as a

tautomeric change in phenols. This mimple tautomerism in

phenoliw has not been observed earlier in simple phenols
-

without any substituents. The cyclahcxl¢lbnnnos reported

-

-? -
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¥ :
2,5-Cyclohexadienone

( :

have been for the eslectraophilic substitution reactions with

"

12,14,18-2%
4-, 2,4-, and _2,6-alkyl substituted phenols, only. '

Stable cy:lohoxnd!onon&l were detected in dilute
solutions by spectroscopic methods in the browination of

12
2,6-dialkylphencls. Ershov and his co-workers had isoclated

% .

the cyclohexadienone of 2,6-di-t-butylphenol in bromination

=
’

reactions. Cyclohexadienones can exist in two iinaorl: forms
' I SR

p-dienones (218-cycluhox-dionnn;, and o-dienone (3,3-cyclo-

hexadienone) .

—

0 | 0

-~
LY

3,5-Cyclohexadienone

(p~-Dienone) ' (o-Dienone)
—~2

o

A

The formation of o- be pgﬁionono or both as

int.rnodtatoi depends on the position of substitu-ntl_in‘the

substrate phenol. I+ a p-substituted phenol is brominated,

- the major o-bromo product is formed vga fﬁ. o-dienone and in

the case of Z,k-dilubstltuted phonodq, a p-bromno product is

tormed via the p-dienone. The ease of the phenocl-dienone

Y

rearrangement increases with the increasing steric hindrance

b

{

.
-8 - /
g



e,

R

b

N
~ n
¢ - w

A

3 /.
of the phenolic hydroxyl, {.e.with bulky substituents on

\

2,6—posit16n- of the phenal. This is Socnupo the bulqé sub-

stituents on 2- and é-positions hinder the hydroxyl group,

4

’ -
disturbing the co-planarity between the hydroxyl and

aromatic ring, and also inhibit the hydrogen-bohd formation

" b

between phenol wmolecules. It has been shown by :p.ctrq-cnpfﬁ

methods that there are absolutely no hydrogen-bonds in 2,6~

-

di-t-butylphenol.

Ershav and Volod’kin have also reported the
- N ‘ -
requirement of the presence of a substance possessing

proton-acceptor properties (ether, dioxnnt, water,’ pyridine

! ¢

ot:.)‘for the fornns;nnfuﬁ““Qtlbl. cyclohexadienone type
intermediates. The influence of proton acceptor is very
clearly exhibited in the broskination of 2,6-dialkyl‘phonol-.

In polafd solvents {ether-water) goad yields of the cycﬁé-

¢

hexadienone intermediate were obtained uhoronshln non—polar

solvents 13614) the roduct 4-bromo- 2,6-dialkylphenol was
& I “ 4

formed immediately | v}ntion(z).
'4“
Dienone 1n‘.r-.dilt.- have also been observed in

the nitration of 2,6-dialkylphenaols but they have been

s

lessg thoroughly investigated due to the complexity of

the reaction.

L4 . +
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- In cases where there is an ipso-attack of the
electrophile, elimination of proton does nat lead to an
aromatic structure, instead there is either a migration ot \
the substituent l7g the ring or an elimination of the
o!o:tropryllo to give back the substrate.

' From the research work of de la Mare et al in
this area it i3 evident that cyclohexadienone intermediate

f}onnl!z” to form the product. They had studied the

enclization of the cyé\loh.xadioiéno internediate of 2,64+di-

t-butylphenol (Scheme 1) in acetic n:idlﬁnnd aguecous acetic

P
acid -odu.l - 18

-

<
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Under acidic conditions the rearrangement

o
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is presumed to be via the

protonated intermediate b. ) But

under normal conditions of brominatfon the reaction is

/ .
via thoi tntorqodilio" c.
decay of ¢ {abmorption at

presence of acetic acid

1

these conditions formation

\
4

In +$act, gh. build-up and
255 nm) was observed in the
and -oii jum acetate. Under

of b is not involved but the

wER e

4
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pathway suggested s a ool S > d.l "

) . 19 '
Baciocchi and Illuminati measured ‘the rate of

formation of the ipso-dienones of the 4—-substituted 2,4~di-

1

t-butylphﬁnol ‘ln acetic -r.:ia (equation 3). The influence of

T s

-
-+

OH OH
- .¢-Bu t-Bu ‘ ¢-Bu ' ¢t-Bu
, , + Br, ‘
> ¢ ——
R* Br
R
TR . 10 .
i : ""H
! : ) *’o .
¢ thu ¢-Bu

Tt ot e e

L
-
N
1
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Cy

the nature of the group R on the rate of attack of bromine
was studied. The effect of R was anticipated to be either
polar or steric. Polar effects seew tu‘ effect the rate of
reaction considerably since attack on 10 (R = Me) is
> 830,000 times that on 10 (R = Br). In terms qf steric
effects, the reactivity ratio 3.7 hrlntiv. to 10 (R = H)
remains practically unchanged for the substrates 10 (R = Me
. .
and t—Bq). Any increase in the steric factor is believed to
be balanced by a change in the oloctrqﬁ—rop.lling polar

effect of the alkyl group. Overall the order of reactivity

+oE'R in the 4-position is given as H > Me == t-Bu and thisms

!

is justified as being to a combination of polar and steric
- .

+

effects which p?oblbly act in opposing directions. In the
farmation of the dienone the steric effect is probably not
large becausme the bulky R group changes from a coplapar

aromatic position to a non-coplanar geminal position. From
< LR I ! '

other aromatic substitution data and the data for dienone

formation they propose that the formation of dienone and

-

aromatic substitution proceed vi; the same type of
" -

b e

.

L AT
transition mstate (benxenghium iéﬁ gintermediate) for their

rate determining steps. r . .
& i
L. .

t »
Q-Dronu-z,s-cy:luh.x-dlﬁnon. intermediates also
s <

have been detected from the reaction .of 2,6—disub;titutod

- 13 -~ . .
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phenols with bromine in acetic acid medium by the use of

/

' 21
high-resolution flow NMR by Fyfe. '

For the substrate
- N . .
2,6-di-t-butylphenol the decowmposition of the intermediate

A

-

was found to be relatively slow and could be monitored by
stopping the 4low and by rapid, repeated scanning. The de-

composition of the intermediate was +found to be a first-

order process and the halt-life was 49 8 (in 90 % agueocus

§

acetic acid at 237 ©),

/ ..

Studies were also done at ditferent tmor-turﬁ "
AS

and concentratidns of acetic acid to determine the optimum

enndﬂtlnn- 4or stabilizing the intermediate. It was observed

that at low tewperatures and low concentrations of acetic

4
)

acid (higher . concentrations 9+ water) the dienone typé'
of intermediate had longer life time. It was cbserved that
at ,15“ C and 1‘nv05 % acetic .acid the halé-life of 4-bromo-
2,6-di~t-butyl~-2,5-cyclohexadienone was 240 s. This confir-q

the earlier idea of Ershov that salvents which act as proton

"
a

acceptors stabilize the cyclohexadienones. Experiments
carried out with 2.5—qt-m—butylphonol and bromine over a
o
temperature range of 10-30 C and a range of concentrations
ot acetic acid showed that in all cases the interwmediate was
. M
very _lhurt 1ived in sharp contrast to the case of the inter-

mediate! from 2,6rdi-t-butylphenal. Similar results were

- 14 -
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j

observed with 2,6-di-isopropylphenol, 2-t-butyl-é-methyl-

4

-
phenol and 2,6-dimethylphencol as substrates. ° These results

L

reemphasize that the stabilities of the cyclohexadienone

intermediates depend very markedly on the steric effects of

the groups at 2- and é4-positions of the phenol. For -opo-'

alkylphenols and for phenol! itselt cyclohexadienone inter-

‘-odintoﬁ nori,nnt'dot.ctod using the flow NMR technique even
\ q" '
under optimal conditions.

’

In case 64 p-nlkyl,gpon;l- ipso intermediates can
bo~4nrnod along with o—diononoi. For example, in bromination

of p-cresol (4-methylphanal) (13) (Scheme 2) in acetic
‘ ) X

anhydride the initim]l bromination can occur at either

-

2-position nr,Q—po:ltiun'(tp-o). The forwer presumably leads
to the <formation o+ 2-bromo-4-methyl-3,5-cyclohexadienone
{18) and thence to the product lz and the latter forms

22
4-bro-o-4--q(ﬁ;lr2,S-cyclbhoxldlcnono (16) (ipso dienone).

-

The ipso bromination is reversible as the bromide ion can

bring about debromination of bromodienone to give p-cresol

{13). But in th;, presence of strong acids (like tritflic

¢ ’ : J
acid) the browo substituent wmigrates to the 3-position

giviné rise to 3-browmo-4-wmethyliphenol (1 ).22

“ De 1a Mare and his co-workers have studied the

»
A

24
ipso~dienone formed from the bromination of p-cresol, 2,6~

I

- 19 -
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. 23 -
dibrowmo-3,4~dimethylphenol , 2,4-dimethylphencl, 4-t-butyl-
23 T |
2-wethylphenol and their rearrangements in acids and under
24
powerful illumination. The ipso-dienone in acidic wedia

gave products similar to £ (Scheme 2) but with light gave

product of the type 171 (eguation 4),

’ H
”Brz
Me Me Br
15 \ 16
- hy
\ OH
CHQBT ’ (4)_
17

In the nitration of p-cresols Coombes et al have

reported the observation of ipso -~dienones and monitored

their decay at 230 - 293 l'm.z6 With p-substituted anisocles
ipso — dienones have also been. obmerved in nitration

)

react iﬂl‘ll.” ' @

- 19 -
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Enolization!

: oy
The conversion of the substituted cyclohexa-

4

dienone ¢to the product is essentially an enolization
i
reaction Enol(zn}tg% is one of the wmost well-documented

’ 28
processes in Organic Chemistry. It can be illustrated by a

simple example (equation S).

) SRR L I

’

This is also an example of prototropic rearrange-

\ .
ments in which there is a proton transfer from e/n&rbon atom
to an hetero atom, in this case oxygen. Therefore an inmight

«

into enclization c;n lead to the wmechanism of acid-base
.

:nt.lysiIJ In the Fll. of simple ;;tu—onul tnﬁtn-orl:

syntews the keto form is wmore stable than the enol forwm and

the equilibrium is bofng displaced towards the keto form.

Thus in tho!o syatems the oﬁnl concentration cannot be

u-u;lly measured as a function of time to stﬁdy’tho ﬁotu-

v

enol tautowerization. In many r.l%tiﬂﬂl of the carbonyl

T .18 - | TN\

|




R

Pt

compounds uithkoloctruphiilc reagents the reaction occurs
via the enal or the ennlate form and usually enolization is

the rate limiting step. Therefore, for keto-enol t-uta‘.rll-
: /

studies of carbonyl :u-poundﬁ th.'r-tc of enolization can be
determined +trom any of several electrophilic reactions.

Enolization r,ﬁctlon can be catalysed by both

= "
scids and gy bases. Base-catalysed enolate {ormation can be

represented by equation 6 and the specific ‘acid / general

base catalysis can be represented by equation 7,

~

I
H
| \ l .d.s.

: . H
. ’ -

I —é:C— + HA

(7)

- 19 -
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For fhc determination of the keto-enol equilibrium

constant the rate of ketonization is also essential and
this process the

for
starting material endl

is
n:chnnl-n proposed

necessary. The
28
by Toullec $or

the ketonization
enols is a tpo-step mechanism,

of specific =mcid /

of

which is simply the

reverse
general

base catalysed enolization

fequation 7). Enols do not exist in equilibrium to any great
extent with wsiwmple aldehydes

and ketones but
examples of

several
. - .

kinetically stable enols ind;ho gas phase or
in aprotic solvents have been reported

(e.9. enol of acetone
in acetonitrile). Free enols

have alsa been generated from
photochemical processes

(Norrish type

II reactioons) (@.9.
enol of acetophenone) and the

rate of ketonization
the generated enols

of
have been studied (e.9. vinyl alcohol
‘ 30
ketonization and ketonization of the enol of acetp-
31
phenane) .

From these rates of enolization and ketonization

tautomeric equilibrium constant
calculated

the

K has been
E
for example the pKE for acetons as deterwmined by

. 28
kinetic methods i 7.02.

In principle similar studies can be carried out
Nptth phenols as phenols also should be able to undergo

tnutu-.rizntfon to

form cyclohexadienones.

Tautomerization :
in tﬁr case q} phot:}p/'nlll be -oro'intoro-ting since this

I

5
- 20 - !
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phenomenon is here associated with the breakdown of the

/ : .
aromatic system. Phenols can underso tautomerization to form

.
th';

cyclohexadienones of two types: (equation’8)

&
O
H
H
H % 2,4~-Cyclohexadienone
' ' {o~-Dienone)
10 - :
\ o -
C J v
H
. 2,3-Cyc lohexad l;nop?
. g (3)
{p-Dienone) )

The reaction is essentially the conversion of an
‘arosatic solecule with a hydroxyl to an alicyclic carbonyl

compound (o~ or p-dienconems). In ‘' case of phenols, Wo

equilibrium is displaced almost completely towards phenol

-V . .
-2 - : a

Wﬁw A T
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t
<

. ' . B e
(enolic form). Thcri\g:;)thi- k.to-Erul type of tlutonorsgggﬁn
mechanism has nét bco; studied in phenols. But its mdchanism
is ’pﬁép;uod to be very close to that of ’loctrophilic sub-
ii;t‘tlon reactions of’ phonnls.13 The rate of formation of
the cyclohexadienone intermediate should correspond to rate .
o+t ketanization and the rate of the |(decay of the
intermediate cyclohexadienone should relate to €he rate of
enolization. The oloctrophili:a wsubstitution reaction in
phencl can be represented as 1nw'8cho-o S and this involves
an lngt&nl bonzcnnniﬁ- typ;‘nf intermediate formation which,
by proton olt;lnltlon, forms the cyclohexadienone

. /

intermediate. I X = H in the Scheme I then the wmechanism

will refer to typical keto-enol tautomerimsm of phenbl

it-o}?. o , -

¢

Tho) phencl -dienone type og tautomeriam is
chnrnctor!.o# by th’ cxtﬂpﬂ. stapility of the phcnolicq
tenol) +ur;. The farmation of the dienone occurs at the
oxponno}n‘ losn 64 aromaticity, which in terms of energy is
about 36 keal -olo-l. This is ého major reason why -it?l.
phenols exist wainly in the enolic form. The possibility of
significant tautomerism in -_,12:1. p;monol- occurs only when

there are -dditiungl factors contributing in some n‘y to

)
A}

decrease the differences between thé wnergies of “enclization
& .

- / :
L w22 -
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13
gnd aromatic conjugation. Some of the factors are:d
(1) The® number of hydroxyl substituents on the aromatic

ring. In this cTCase tautomerism may be exhibited as the
b

energy o+t k.gphiﬁé;lon of ?ov-rnl hydroxyl groups may be
greater than the resonance energy of an aromatic ring.
ti1i1) Formation of phenoxide ion. The negative charge |is

redistributéed due to resonance in the phenoxide ion which
'

nmay facilitate the formation of the dienone.

In the tautomerism of 2,46-disubstituted phenols

w
2

steric factors r.-P}L in greater st-bilit§ of the keto forms
/

1
and retard their rclr%lngc-ont to the phenol.

Buffer Catalysis:

Reactions which show increase® {n rate with

increase in buffer :nncintrntiqnl at constant pH and ionic
strength are designated "as buffer—-catalysed reactions. A

’ “~
plot of the slopes of buffer plots versus the fraction of

free base will' indicate which cowmponent of the buffer is

“ catalysing the reaction. The intercepts from such plots are

associated with the catalytic constants kA and kHA for the

v

basic and acid!é components of the buffer, respectively.

Hk&h increase in base strength of the catalyst,
x‘y LN .-

the catalytlic constant kA or the efficiency of the general

- 24 - :



base catalysis im:r:cnscn. A plot of log kA against pK. gives

a slope generally designated - as Bronsted exponent p . Th‘o'

parameter ﬁ is a non-u(. of the sensitivity of the reaction
to the strength of the bnpic catalyst—Fhis relationship can

be ropro-.nt;d by Bronltod\ equation as in 9:

lag k log 6_ + tpK ) (9)
o9 k, = | log 6, P PR .

where Gn is a reaction constant. For tﬁo enolization of

Y 28 : “ .
acetone the reported value of IB is 0.88.

The Bronsted exponent o(_ is a measure of the

[y

sensitivity of a reaction to the acid Kltrongth of general

acid catalysts. It is the slope obtained +from the plot of

catalytic cu'nnt‘-nt kHA against pK. of the acid. This
| L
Bronsted relationship is given as ,n equation 10: “’
. , !
109 k tog 0. 2 A apk ) (10)
- - . .
. 9 *4a ©9 %« Pl ,
:‘Q:L where GA is the reaction constant.

The i, value for the enolization pf acetone is

”

0.33 which is explained by specific acid catalysis and a
value of p for the general base catalysis (1- ¢ ) ts

28 " N
o.~4s. Values of o(_ and ﬁ provide a measure of the
'dogr-cé .0f proton transfer in a rate-limiting transition

28 . . -
state.

K
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It has been established that salicylic acid (3
is a stronger acid compared-to the m- or p-hydroxybenzoic

acid (Table I). This bebaviour is ascribed to an lntrn;

molecular hydrogen-bond which stabilizes the salicylate

noho-nion to a greater extent than it does the unionized

&
ncid.s
Table I
s .
K ot
P a ] Hydroxyérnzni: Acidm,
awmp d K
....... o s S - SR
\
\ N ) s1
ﬂallczlie acid 2.98 13.61
. ~— - 46
m~Hydraxybenzoic acid ﬂf» 3.90 . 9.78
. " . a6
p~Hydraxybenzoic acid 4.61 9.31

The ionisation of salicylic acid (3) can be shown

as follows (equation 1)

g . \

OH * Owy 0
CChiif K, ﬁ" 2 CO,
o .
3 3t Mo ()

-

{
I
:
i
!
H
§
3
1
i
J
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The wechanism of proton transfer from intra-

molecularly hydrogen bonded lcadp has been wntudied by
33

Hibbert. Two mechanisws have been suggested for the

transfer of proton from the lnlicylntd monoanion to bases.
A
One is via the concerted pathway which involves the cleavage

[ 4
of the intramolecular hydrogen-bond and proton transfer to

the base:

¢ A R SO AR,

o B

2 q
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Another wechanism is the two-step process invol-

ving a rapid equilibrium between hydrogen-bonded %gl) and

non-hydrogen-bonded (Siii) forms of the salicylate anion

1

with proton transfer occurring from the non-hydrogen-bonded

(9114) +orm which |is

present in low concentration
(egquation 13). 1 . .
H
O—H ' 6 .
2 —
o)
|,f:° cr

i ()

- o, - &
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i
dynamically preferred as kinetic data are consistent with
3 '
this two-step process. !
Prior .in the present work the agueous bromination
of salicylic acid has been studied by Rao and Na“.“ They
' -
used a continuous—flow system and electrochemical methnd to
measure the concentration of bromine during the course of
reaction. The second-order rate constant at 29° C reported

by them was 4.2 x 105 "-‘ --1 for unbutfered I.dll.m It is

<

not easily compared to our results obtained at ¢ixed pH.

A

- M i ‘ .
Apparently the second “chn"ns_l-_ is thermo-

Ead
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Objectiven!

The work carried out +or this thesis' can be

srouped broadly into five sections.

1.

The main project was to -gudy the bromination of
salicylic acid and its derivatives and observe the
etéect, i+ any, of the intramoclecular hyérugon-bond on
iho ease and wechanisme of the reaction. This work has
been submitted for puﬁTTE,tlon.

As a control feor the above study the bromination of

p~ hydroxybenzoic lc!d\\qnd its derivatives "‘%¢4‘1’°

-~y
» [

studied. It wam +$#ound that this control system

behaved abnormally and the results of this study have
39

recently been published.

The formation and decay of 4-bromo-2,5%-cyclohexadienone

tntohgcdlnto at 240-243 nm was noticed while determining

tho.r-to o4 hromination ;4 phenol in 0.1 M KBr. This has

led to various studies dealing with cyclohexadienones.

In particular, their enolization to form the product

un; the importance of general acid-base c;tnlylls on the

enolization reaction was studied in dotlil.\Follm!ng an
N

initial :n-pualcntlon.sy\tho bulk of this study has been

publ ished r.contly.s' -

J I

A
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The interest in the dienone type of intermediates was
o*{.adod to the study of lpnu;dionnno type of inter-
wediates which can he formed frowm 4-substituted phenols.
The study was concerned with the type ot catalysis in
the dobronin*&lon of these ipso-dienones and it was
» . (1 ‘

found that the reaction is general acid-catalyzed.

I+ the debromination of dienone is general acid-
c-tnlyzod';hoﬁ the formation of iho‘dion;no must be
qgeneral bll.”tltll’i.é. Some buffer catalysis studt;-
were carried out to show that the attack o+ bro-inon on
phencl is general base-catalyzed, providing additional

/

’
support to Paventi s nurk.;o Overall in the bromination

E)

of phenol it appears that tﬁo formation of dienone is.

general base-catalyzed and that the enolization of the

dienone is general acid-catalyzed.




LT R

P

iru-inltion of p-Hydrﬂxybonzn!: Acid lnd sone Dorivntlvcs.

The bromination of p-hydroxybenzoic acid (1) and

» »
some of {its derivatives was studied as a control system

for the study of salicylic acid () and its derivatives.

The rates of reaction of bromine with p- hydroxybenzoic acid

1), S—brn-u-Q?hydroxybonzn!: acid (2), p-anisic, acid (3J)

and ethyl 4-hydroxybenzoate (4) have been weasured in the p
range o+f 6-6. These reactions are fast, requiring. the use o

the stopped-flow technique

- N

progress ot the reaction.

to successfully monitor the

H OH
_Br
\

COH CO,H

1 2

OMe ) H

N
o
O,H | CO,Et

3 4 |

- -
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o
In the presence of at least a ten-fold excess of substrate

o obsd
good first-order rate constants (k1 . ) were obtained for

obhsd

the rate of disappearance of bromine. The values of kl

were found to be a direct function of the substrate concen-
tration indicating a overall second-order behaviour at

tixed pH, 1i.e. the reaction is first-order in lubltr’t. and

obsd
bromine. The values of kl s Wwere converted to second-

obsd
order rate constants kz . s taking into account the sub -
strate concentration and correcting for the reduction in
free wolecular bromine due to the formation of tribromide

ion and, where necessary, hypobromous acid.

-

Results: ' ) w

The pH-dependences of the second-order rate constants
of the four substrates 1-4 were deterwmined in agquecus acids
and in buffers. The results are shown in Table II and ‘n the
pH - rate profile in Figure 1. The shapes of these rate
profiles are as ixp;ct;d for the various forms.

The rate profile for the ethyl 4-hydroxy-benzoate

{(4) is mimilar to the profiles of other simple p-substituted

' 9-11
phenols. Below pH 2 the rate is independent of pH repre-

- . "{ '

senting the attack of bromine on 4 itselé, iullo‘od by a

region where the rate increases with pH corresponding to the

i
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Table IX

-—— - —

i

Rate Constants for the Reaction of Bromine with p-Hydroxy-

" benzoice Acid 1), JI-Bromo-4-hydroxybenzoic Acid (),

p-Anisic Acid (3), and Ethyl 4-hydroxybenzoate (1).-

Substrate pH kzob‘d
i wm s
(__:b 0.11 3.04x10° ¢
&
) 5 .
0.43 3.71x10
0.86 - 3.62x10° "
N - .. 5
1.00 4.24x10
- 3 .
1.40 4.69%10
3
1.68 6.24x10 .
- - . 3
2.00 8.78x10
- 4 <t
2.41 1.18x10 ' }
4
2.61 2.13x10
¢ 4 i
3.114 5.03x10 |
3
3.41 1.01x10° ;
: {
3.93 © 4.42%10° ’
. s : 1
4.33 . 7.43x10 f
- 6 !
4.94 1.44’510 ‘
6
5.22 2.20%x10

- 34 -
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[}
obsd
Subatrate pH k2 .
A Y
}; (M 1- 1)
&
5.94 4.13x10
s
6.07 S.26x10
2) 0.00 7.27x10 2 °
0.350 3.03x10° ©
1.00 6.26x10° °
1.50 1.79x10° ©
= 2.12 s.73x10% P
Ca
2.45 1.48x10°
3.11 s.uxwS b
3.42 1.20x10° €
4.16 3.34x10” ©
6 c
4.32 4.79x10
493 a.98x10° €
T ) 3.24 22.7
S
4.08 93.4
4.46 172
5.04 234
.53 233 ,
6.33 244

Table II (Cont’d)

- — - - o ———— - -
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Table II_(Cont'ﬂ)

—————— - s o - -
'
I3 o
il

A obhsd
Substrate : “BH . kz
‘ ’ -1 -1
T = )
v . 3
i 0.00 1.71x10°
\ > 3
0.32 2.14x%x10
. 3
1.00 2.91x10 -
N . ) LA
, 3
. 1.32 3.959x10
\ s
3
2.00 6.47%10
. »
,f:,:‘ / . 4
2 2.99 2.89x10
\ /. o s
T . . 4.01 ' 2.83x10
' ' 6 d
4.83 \ 2.67%10
--------‘----_--------.-—----'d‘---_---— ------ ---Z_- --------
. o\ ? obsd
. At 25 C, in 0.1 M KBr, kz is corrected for
tribromide ion and hypobromous acid formation.
b - - —5;«*.
{Submtrate) = 10 M and (Bromine) = 10 N
c . . * -4 -5
(Substrate) = 3x10 M and (Browine) = 3Sx10 M.

. -4 -3
{Substrate) = 2x10 M and (Browmine) = 2x10 M.

-
Preliminary data obtained by B. Kraus.
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lnd its derivatives. ’

3 Leder?
x [%/E— - ’ |
o f - :
.9 . .__-___....
L . .
S
1 1 { /( 1 “ 1 |
0 16 2 “» 3 4 5 6 7
N\ pH

(( @ ) p-hydroxybenzoic acid, ¢ A) 3-bromo-4-hydroxybenzoic

<

acid, { []) ethyl 4-hydroxybenzoate and ¢ i) p-anisic acid.

-3=-




°

attack of bromine upon the anion of 4. Overall the data +for

4 may be represented by the following egquation:

d * +
ebsd L+ K K_ /7 ¢CH ~ (14)
2 2 2 2

B

Here Lk is the rate constant for the attack of bromine on
' - ®

the undissociated form of 4, k2 for the attack upon the

.

anion of 4 and K2 im the l1onization constant of the phenolic

-OH of 4 . As will be discussed later, the values of k2 and

v /

kz are comparable to the values obiorged for other phenols

‘ 9-11
and phenaxides.

In the case of p-anisic acid (3} the reactions:

%

' were gquite wmlow and studies were carried out in a wmore
limited pH-range. In this pH-range it appears that 3 r.ncés
a

,solely as its anionic formgand the rate constant can be
/

given as @

-~ [

I('Db-d-\sk'Kl(\K_/"'(H’}) (15)
2 o 2 1 1

'

where kz represents the rate constant for the attack of
browmine on‘ihc anion of_i'-nd K1 the dissociation constant
;f tht carboxyl gr;up of 3.

Similarly the rate for the 3-bromo-4-
hydroxyb?nzpicyncid (2) can be represented by equation (1%).

v
Equation (15) was fitted to the data of 3 and 2 and the

—38_.)’
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values of kz' and K1 (expressed as pl(1 ) obtained for these

substrates are given in Table III. . .

The rate profile for the p-hydroxybenzoic
acid (1) does not seem to be as simple as the rate profiles

discussed above. At pH < ~4\.5 the rate is invariant of pH

~

suggesting the attack of bromine upon the undissociated form
of 1. In the pH range of 2-4 the rate profile is consistent

with reaction upon the wonoanion of 1 (la). But above pH

4.7 )pl(1 }) the data does not show a distinct plntoiu as

Vo
T
¥

expected. The increase in rate at higher pH may be due

to the onset of the reaction of bromine with the dianion of

A tib). . The ionizatjon of | to its anions is represented in

Scheme 4. To accomodate the reaction upon the dianion,
-~ obsd

Equation (19) is modified and the expected form of kz

for 1 is 9iven by Equation 16.

+ ‘ ’ t A 1
kK {H)Y + k K k K
obwsd 2 2 1 2 2
¢ I(1 + {H1Y ) . { H ) . C N
L I )
Where kz - k2 and kz are the rate constants for the

L
attack of bromine upon the undissociated form i , wono-

’

anion (1la) and dianion (ib) respectively, K1 and I(2 are the

firat and mecond acid dissociation constants of §. Valuss of

[ ) »

k, s k, and "'kz and K were obtained by fitting Eguation

-39_
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(16) to the data ; the literature value of K2 being assumed.
¢
These values are in Table III together with the values for
the other substrates. The various constants in Table III
\7 o
which were obtained from fitting to the kinetic data all are
]
much as expected except for the values of kz for the wmono-
anions of 1 and ‘E& As nil( be discussed below, these con-

stants appear to be 9 times and 35200 times greater than

anticipated.’

Discussion:

From the rate profiles (Figure 1) it is

‘-lgnificant that the profile for p-anisic acid (3) is much

- 4

below that for p-hydroxybenzoic acid (1). This suggestis a

L3
. -

much grester reactivity (10,000 times) of the p-hydroxy-
benzoate anion (1a) than that of .the p-anisate anion (refer
to Table IXl) Ffor @h. reaction with bromine. This high
reactivity ratio I..;l to be unw-;ll whon‘én-parpd to the

ather phenol / anisole ratios. The second-order rate™ con-

10 < -1 -
stants for phenol and lnisulo41 are 4.2 x 105 ] ) 1 and

4 -1 -1 '
3.6 x 10 M - (ratio :12) and that of p—bronaphen9142

41 1 1 - 1
and p-bromoanisole are 3900 M - and 3.3 M 1: respec-

M

tively (ratio ! 1200).

- 40 -



Table IXI

Comparison of the Kinetir Parameters for the Bromination of
p-Hydroxybenzoic acid |(1), 3I-Bromo-4-hydroxybenzoic acid

) a
(2), p-Anisic acid (3) and kthyl 4-hydroxybenzoate (4).

k
Compound k2 2 kz pKl pKz
& S .
_1. 3300 2.6x10 3.3x%10 4.80
‘ 6
(4.61)4 (‘?.31)4é
&
2 ' S.6x10 . 3.927
(4.03)b
3 240 ' 4.26
' (a,852)%
s 2200 ) 8.2x109‘\ (B.:«J):’2
“\

a a ) )
At 235 C, ionic strength = 0.11 M. VUsxlues of pK'’s in

parentheses are measured values} those without parentheses

, ' -1 -1
are from fitting. Unites of kz s are M s .

b N [
Measured spectrophotometrically.

!
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The next significant feature to note from Figure

.

1 is that the profile for 3-bromo—-4-hydroxybenzoic acid (2)

lies above that of the parent, 1. This implies that the

" monoanion la is less reactive than the monoanion of 2 for

the bromination reaction , contrary to the expected deacti-
-
vating effect of a wmeta-bromo substituent on electrophilic
+ 43
attack (o = 0.403 ).
] .

The third point of interest to note 4rom Figqure 1|

.is that the profile for ethyl 4-hydroxybenzoate (4) lf‘-

almost exactly on that of p-hydroxybenzoic acid (1). At pH «

-

2 both thoso Tlub-trth: react with bromine via their

”
~

undissociated form and such correspondence is reasonable
since the substituent effects of -COZH and -COZEt are very

similar. Between pH 2 r 4 both the rate profiles are quite

~
N

similar and, as this is the region where 4 reacts via its

"anion (4- carboethoxy phenoxide) it is likely that the anion

1= reacts via its tautomer, 4-carboxy phenbxide, ic. The

detailed mechanisms will bohd!lcussod later in this section.

‘For Scheme 4 the rate of bromination of p~hydroxy-

5
benzoic acid (1) is 9iven by

’

| ] LB )
ate = ( k_ (1) + k! (1 + k €{1ib} ) (Br )} (
rate 2 (1 2 la) 2 ib r, 17)
obsd .
The observed data require rate = kz QL)T (Brz) (18)
- 42 -
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aOH
h ¢
———
K2
CO,H
1 ta b
] "
k,|Br, \ ko| Br, k, | Br,
( k_ €1) + k {1a} + k- € } )
obsd 2 = T g 2R 2 URY)
or . k - T (11 ’ (19)
-T
{
where (1) = (1) + (la) + (4b) 120)
46
(ib} is nogliglblo{.t pH below & as pH $< pKz (= 9,31 ).
‘ 1 . .
. (__I_JT = (1) + {(ia} {21)
. . )
&, < JIL H) -4.61 a8
K = 10 4 for 1 . (22)
¥, 1 {—1-) - :
' 0Qb) ¢ ~+) 9.31 a6
¥ ' ; 7 . ‘
: K - [ ]
2 TPy = 10 for i_l_ (23)

From equations 21 and 22

- 43 -
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I,') -

1a) ¥, : :
.._%_. - —— (24)
2 T K + { H)

and frowm equations 23 and 24

K K

~ap 1.2 , (23)

{1) + +
-7 fH ) ¢ K1+ € HY)

Equation 12 can be rewritten as

+
k_{H Y + k K ] KK
" obsd _ 2 2 1 . 2 1 2 - (26)

2 + +
L K1+ tHI ) { H) ( K1+ { H1})

At pH's where thj last term is significant pH > pK1 and po

equation 26 can be reduced to : ‘

A . .
+ . e
kK {H)} + Kk K k K
kzobld - 2 f 1 . 2 -~ 2 (27)
{ K1 + {H }) {f H)

5

Equation 27 is same as equation 16 which was umed
to fit to the data of 1. Thus the observed data are
consistent with reaction taking place upon the neutral

species at higher acidity, upon the monoanion around ﬁH 2-4

»

and the plateau region being very small due to reaction upon

s

A4

the dianion at pH >3,

The situation for p-anisic acid (3) and 3-browo-

4-hydraxybenzoic -cid (2) can be represented as in Scheme S.




%

s

_Scheme 35_
OR . OR
‘ X X
I —

’ - a

CO,H co;

Brz k, ‘ Brz k2

S 2 3
y ! h Qh H | " Me )

x pr H | "
From the Scheme 3 the rate of reaction for

3-browo-4-hydroxybeénzoic acid (2) can be represented as

v

t +
. rn\\o = { kz c_g_ } kz { 2a ) ) ( Brz ) (28)
obad
whereas the ochserved rate = kz (_2_ )T < Br2 } (29)
]
k_ € 23 ¢+ k { 2a )
ob d 2 —— . ———
Therefore - k_ 0 = 2 (30)
2 2 :
— T
‘ But { 21 mw (2} ¢+ (¢ 2a) - ’ (31)
‘ . — T —— ————
I »
| _
i =
% .
; - 4% -

[N ]

pw 3 -
XS
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+
z. {H )
and K - ¢ ()2 > (32)

1

——

Combination of eqations 30, 31 and 32 and rearrangement

9ives

1
K absd - 2 2 % (33)

For 3-bromo-4-hydroxybenzoic acid (2) the rate profile does

———
.

not level off even at lower pH's indicating that even at

.

PH O the reaction is mainly via its anion 2a. In case of p-

.

anisic nc%d (3) in the pH range studied -the attack of

‘bromine i= mainly on the moncanionic form (g:). Therefore

+ +

the first fbrm~k2 H Y} / K1 + (H} jn eqguation 33 can be
> ) s

eliminated and eguatian 33 can be reduced to

k K
obsd 2 1
k -

2

r (34)
K, + CH )
1

Equation 34 is the same as equation 15 which was
used to generate the calculated curve in Figure 1 <+ar

substrates 2 and 3.

The bromination of ethyl! 4-hydroxybenzoate (4)

can be represented as in Schewme 6. ; //////,

¢ 42 ) ) (33)

R S ”

~



[ and

by g T

s g

P

~vvbuvannr < T

«
Observed rate =» kz €t 4 )T { Irz } (36)
Scheme 6 ' .
'
H ’ (ol
K2
—.
ﬁ
CO,Et h CO,Et
4 B -
B k B 1] ’
i R2° ‘ r kz.
I
0
CQ.-blnlng squations 33 and 36
.
)} *+ k 4a
g obsd 'z 2 2 ‘2= (37)
‘ }
2 iy o
. (42 =(4)+ (%) . t38)
+
. { 4a ) { H b ]
K2 - (.i’ (39)

Combination of .qun‘tidnn 37, 38 and 39 and rearrangement

gives

K
obsd 2 2 2
kz -

{40)

.
R+~ -

2 o Ve
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. +
At the pH's used in this study ((H 1} » K2 and

s0 egquation 40 reduces to

" obsd - 2 2

(41)

Equation 41 is the same as equation 14 used to

it the kinetic data for substrate (4) indicating that in
‘w‘b e

the pH ihvariant regiont the attack of bDromine is upon the

neutral’ species 4 and at higher pH the reaction is via itw

anion 2:.

' ‘ Before a detailed -cgr.nls- for these submtrates

!

bromination is discussed a 5;1¢f description about the
apparent reactivities of the substrates and their reactive

forms will be considered. Ethyl 4-hydroxybenzoate &23,

behaves like a typical phenal. Table IV lists the secand-

— order rate constants for the bromination of different p-sub-

~

stituted phenoils. The logarithmic values o+ these rate cons-

+
tants when plotted ngnin-tgr; constants give a reasanable

)

Hammett plot (Figure 2 and Table IV). The point for x = 602
does not seem to fit into the line alang with the other

points and excluding this point of cozf the correlation for

the linoﬁl! r = 0,960,

- 48 -~
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Second Order Rate Conatants $or ;ho attack u# Bromine on

p-x-Substituted Ph.nﬂll-.

Me -.066
t-'u '0059
co -.028

2 2
H . 0.000

.

Co_H 0.322
2
co_gt 0.366

- Be 00405

CN 0.362

a o
‘At 23 C, I= 0.11 M (KBr + buffer). Values of k

b
This work.

[

3

- +
$or Brs furnntion.~¢’. from ref. 435

~

. t

ot 18/82 (ret. 10), !

Wl -1
k tnt,- ) Ref/
2
note
- - — o~k o - che - — - - o = -
- 8
6.2x10 42
5.9x10s 42
2.6x106 b.
4
7.6%10 c
3.5x103 b
3
2,2%10 b
3
3.9x%10 42
133 42
corrected

3 -1 -1 -
Based on k = 4.2x10 M - for phenol and the o/p ratio

5
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Figure 2
Hammett plot for_the brominastion of p-substituted phenols.
. o
— o

- | | ! 1 | Lt
i o " 2 -3 -4 ‘g ‘6
)
’ +
O"m 4

(intercept = 35.30 (: 0.13), w=lope = S.21 (¢ 0.47) and

-r = 0.980 (excluding the —coz‘ point and Br, coz' point)).

»
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q/ - ¢
+
lo9 kz - 3.30 - 5,21 G'. (42)

. ) " 1 the dérrolnt!on line is baq:f on all points the value of
? is -5.68 and r = 0.962. The rate constants for p-hydroxy-
. A

' L
benzoic lcid!glj ;?x - 602 H) and its ester 4 (x = CozEt)

|
ag correlate very well with the other rate constants of p-sub-

/. ' stituted phenols. But the point for the anion 12.(x - CO2 )

- is wmuch above the correlation line. The calculated rate con-

4,»;( M - »

stant k- 1!
2

. ) L
“4#dr 1a from equation 42 is 2.8 x 10 M = ( for

two ortho positions which is 9.3 times lower than the obse-

rved kz for 1a ( Table III )).

For the 3-bromo-4-hydroxybenzoate anion 2a the
4 A p— o

'

deviation is very high. To show the unusual high reactivity
of 2a, it is assumed that this rate constant should lie

on the line expressed by equation 43.

< LY
Y

) +
laog k = 35,00 - S5.24 Zr‘m 143)

2

(The intercept ls'rodu:od by 0.30 compared tuioquntlon 42

because there is only one ortho position available in the

g anion 2a). From equation 43 the calculated rate constant kz

-1 -1 y
. for 2a is 1086 M s . Compared to this the observed rate

N

canstant for, 2a {s 5200 times greater (see Table V).

. The ocbserved rate constant for the anion of ethyl
) g -1 -1

' - 9
! - p~-hydroxybenzoate t::), is 8.2 x 10 M s . This

Y . -



- -t - —— A - > - S D —— - — . - > G A - T L - —— -

- ‘) -
0,
: 2 - -
k (M 1: 1) ¢
’ - S
X_=H :
. 6
Observed 1.3x10
) ) - ]
Estimated 1.4%10 . 1086
o ( . &
Ratio 9.3 . 5200 i

a. Rate constants for X=H have been statistically corrected

to correspond to one ortho position 7

- 82 -
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H
%
f
‘ is in agresment with the rate constants observed for other
| 9-11,42
. aimple phenoxides which are at the diffusion-
a3
' : ' 9
, controlled limit. The observed rate constant of 3.3 x 10
¥ -1 -1 ‘ )
oo M | for the dianion of 1  also +alls into this/
category. . -
' g

' !
/ . We believe that the apparently abnormaél reactivi-

P

ties of the anions 1a and 2a can be explained by

the
mechanism outlined in Scheme 7.
K / Schewe_7 -
‘ OH ' OH 0T
— a—
, |(3
| 0, CO,H CO,H
o k 1a = 1 1c
K, | Br,”
N '

The essential feature of this -Qcﬁnninu is that

the reactiocn im via the minor tautomeric form ic. For Scheme

T
7 the rate can be represented as
1 -

L N
t k f1c) (Br_3} ' (44)
rate =k, 1c oy .

C - wy -
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g ARG ws&“»“':“’j\’m»

>
, + obsd
But the oE:gpvod rate = kz QL)T
and so
obsd v )
- k {1 /7 €1}
s kz 2 icy g__T
where ) ﬁ

(13 = (1) + (1a) + (1c)

(assuming (ig), the concentration of

negligible at pH < 6 )

+
tic) TT-H )
K -
3 , 1)

{ b
Brz

the dianion

Combining equation 22, 46 and 47 and rearranging gives

(lc?) 3

€13
-7

o

wd
From equations 435 and 48 k ob

k -~

obsd ! l‘2 K

. 2

+ .
{H) + K1 + K

However, as will be apparent shortly, K

3

3

<<}

can be urittnn as

3

{18)
Nrm

(4%)

(46)

to be

(47)

(48)

(50)

*

Equation 30 is algebraically equivalent to oquntinﬁ@§4 which

is appropriate for the reaction via thc-uljnr anion ia. Thus

the reaction of the two tautowmeric anions ig_ and 15 are

- %4 -



kinetically indistinguishable. In the region of the rate

A

profile where the reaction via the undissociated form 1 or
via the dianion form 1b is  negligible the data can be

edqually represented using equation S0 or 34. In other words

-1
the product of kz K1 = 41.2 = pbtained by #itting

-~ IR

. ]
equation 27 to the data $or 1 can be equated to kz ksJ. A

value of l(3 can be obtained by using the Hammett correlation

143
. for phenols. »

s ,
PK_ = 9.92 - 2.23 d‘p- - T TS R

- 43
! Using g~ = 0,728 {for para carboxy substituent the esti-

s .
mated szfor 1l is 8.30. This value seems to be reasonable

Vs \r
when compared to the similer pKi:vljuo of the ethyl ester 4
\7\ —

“ o -8.3
which is 8.50 (Table IXIXI). From this K3 value gi 10 ]

* »v e -

- % -1 1
the estinated value of kz is 8.2 x 10 M = . This

value justifies the mechanism in Scheme 7 because the rate

constant is the same as that for the anion of ethyl estpr 4

vy

( k2 Table I1I ).

The reasoning for the anomalous reactivity of

3-bromo-4-hydroxybenzoic acid 2 monoanion can be carried out

in a similar fashion. For the major ani of 2 the product
” _1 *
k2 K1 is 4008 , obtained by fitting equation 34 tn the
299 ’
data for 2. This is equated to the term k2 K3. The

Lol ™



2

4

L3

estimated sz- 6.74 was arrived ‘at &-ing equation S2 and

an appropriate ¢ constant

. Y i
pK- - 9,92 - 2.23 X 0 {32)
N : ‘747 .
for the ortho bromo lgbltltucnt of 0.70. From these values
. .
"o 9 -1 '1
the estimated kz is 3.3 x 10 M = which is within the

9-11, 42
range of thome observed for other phenoxides. i

* The tautomeric ratio-{ic)} / (ia) may be estimated

from the Scheme 8.

Scheme 8
OH
: v
COH
K, 1
KI
OH . o
X X
P B -
‘Rv
“Co, Co,H
ia ic

s ot i a7




L a3
T {(i1a) K
\ = 1
. -4 .80 -8.30
YWhere K1 - 10 M and K3 = 10 M

‘ . 00032 .
and so K3 / K1 = 0,00 - KT

The tautomer 1ic is only present to an extent of

3 molecules in 10,0di-but still the reaction proceeds via lc

L 2 2N _.1 - ' L
because tho,kz for lc }s 8.2 x 109 “ ] 1 and k2 for
s -1 -f
ia is 2.8 x 10 M s i.e. ic is 29,000 times wmore

reactive than the predominant tautomer 1a.

v

The estimated tautomeric ratio for the 3-bromo-4-
hydroxybenzoic acid (2) monoanion is 0.0017. This KT value
is larger because substituent weffects on the acidity of

. - 43
phenalic hydroxy are larger = 2,23) than on the
v

ionization of carboxyl groups p = 1.0). Therefore the
tautomeric F-tln has an effective P = 1.23 and so0 the elec-
tron-withdrawing substituent bromo increases the proportion
of the wminor tautomer. The unusual rate protfile +for 3-bromo-
4~-hydraoxybenzoic acid (2) can be accounted for as being due
to the high KT value (0:0017) coupled with the high reacti-

| 28 2B J M 9 _1 -1
vity of 3-bromo-ic forwm (kz = 3I.3 x 10 M ) over

-1
3-bromo-ia form ( kz = 1086 M [ ) i.e. the minor taut-

omeric anion in this case is about 3 million times more

- ) -

2 G v L M o
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Table VI
. ¥ R
Rate Constants for the Bromination of p-Substituted
Animoles. '
. CH3 - - .
¥ ..
X .
X + k Ret¢ /
! : T m -12-4 Note
' T s )
5 ;
! Me ‘ ~-0.066 6.2x10 41
! coz' -0.028 260 ' a
i \ . .
; .
; F 0.332 ‘ =2 a1
E . c1 0.399 2.7 a1
;
{ Br 0.403 3.23 41
. a R .
g . From this study
R
P - . X
i)
- 8 -
R , -
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reactive than the major anion.
We now return to the comparison of the reactivi-

ties of the monoanions of p-hydroxybenzoic acid (1a and

]

p-anisic acid (3a). The former is 10000 times wmore reactive
tounrds‘bronino than the latter. From the above discussion
it is established that iz_roncting via the minar tnutfncr lc
is 9.3 (Table V) times more reactive Fhln expected, l\\tru.r
ratio $or reactivity ot Qlf)l{i:) would then be about 1110.

Theoretically this ratio should be approximately 12 as the

4+ -
d—n ~0 for - Co2 resulting in a similar ratio like phenol

/ anisole. This bhigh ratio of (1a)/{(3a) clearly indicates

the low reactivity of 3a. From the Cﬂ-Pcorrolltion line for

41
the agquecus bromination of other para-substituted animoles

{Table VI and Figure 3) it is evident the point for - CD2

is low by a factor of 13. Siwmilar observations wWwith respect

to low reactivity with -coz— substituent have been reported.
41

A similar feature is noted for o-substituted anisoles ( by

49
a factor of 8.3) and 2-substituted furans (by a factor of

& . f
48) Iin their correlations for the ' aqueous bromination of

/

these subatrates. . J
In all these cases the rates seem to fit the line
. * -
i4 the value d?_ . for -t:ca2 is < 0.10 rather than -0.029
/

43 i
as given in Hammett tables. This value is close to ¢~ =
]

- &0 -

L roadppinbdas sl S

“’7-



0.09 based on the ionization of the substituted benzoic
N .

40 +
acid, which seems reasonable (since a ~ 0

—
R m

+ - s
in most cases). May be the dj; value for —coz is incorrect

So
or unreliable, as suggested by Hine, due its charge.

+
Now, i+ d'- = 0.10 for - coz is assumed to be

wmore appropriate then the expected kz values for browmine

: - -1
reaction with 1: and 21 will be reduced to 42000 M 1 - and

- 1 1 )
210 ™ s respectively. In which case, the apparent rate

constants for these anions u;ll even be wmore elevated by a
factor nf‘62 and 27000 respectively, inlt.nd[6+ 9.3 andfgébo
(Table V). Thus the proposed scheme for tg; reaction of
p-hydroxybenzoic acid (1) and 3-bromo-4-hydroxybenzoic acid

»
gg) reacting via their wminor tautomers ic and 25 would seem

even wmore probable. \Kf/i\.
| )

Summary:

From thée kinetics of the aqueous bromination of
p-hydroxybenzoic acid (1) and 3-bromo-4-hydroxybenzoic acid
(2) 1t is evident that the anions la and g; have abnormally
high reactivjties. These can be attributed to their reaction
occurring via tﬁtir minor tautomeric anions 1c and 2c res-

\'-—>' . .
pectively. In ldditiah; the p-anisate ion has considerable

low reactivity compared to other anisoles. This may be due

A4

~ ",61 -

. ) \ o ) ,

-~
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. \ ) : 53
by hydronium ion is slow for a carboxylate 'ion.

Branlgntlgg_nt_gglfszléc Acid and its Derivatives

- ———— —— A ——— T — —— -
i

<

©

Salicylic acid Gﬁ has abnormal pK. values when

compared to p-hydroxybenzoic acid (1). Its first and

second

>

different 4rou the corresponding values of

p-~hydroxybenzoic

and a phenol, respectively.

s .
OH O<y o* {
L = =_ ———3
COH K ﬁ’o - K, co,
‘ 0
3 Sa ) 5b

(1)

Furtherwmore, dJdeprotonation of the salficylate

1 -

moricanion (Sa) by hydréxtdo ion is relatively -fou (ROH ~r

7 -1 -1 - 52
0O M s ) for a phenol and also the proptonation of

-

©

-

These abhormalities are attributed to an' intra-

POy

molecular hydrogen-bond between the hydroxyl group and the

- 63 - c
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. 92,33
carboxylate function of the salicylate monoanion 3a. '

52
The recent work of Hibbert and Awwal supports this ideaj

they have shown that the slow deprotonation of salicylate

h o

ion results from base attack at a normal rate upon a swmall

equilibrium amount ( ~~ 0.1%) of the monocanion Sa without the

-
v

internal hydrogen-bond. This mechanism was suggested earlier

s4
by Eigen. '

7
~ The study of agueous bromination of salicylic

/ . .
acid and fts derivatives was carried out to determine the

\

effect if any, of the intramolecular hydrsajﬁ-bond in 22. on

i

) ™
the reactivity or reaction mechanism. The initial hypothesis

4

for the bromination of Sa can be appreciated by reference to
4 > -

+

Scheme 9.

)

yé y I tﬁo attack of bromine is normal via pathway A
¥, . .
q“ ghp salicylate monoanion 22, the zwitterioni inter-

ﬁtdintolgs_nill be' formed. This intermediate Sc has an higﬁ-ﬂ

\ 53,36 - .
~ly‘23§glc proton (pK < -3) ’ hydrogen—-bonded to a basic

carboxylate oxygen (pK ~ 4) and therefore the intramolecular
|
proton transfer to yield Se will be very fast. If this pro-

’ 12 13 -1
ton transfer is sufficiently fast (10 - 10 % ) then the

n

conversion of.gz to S¢ may be a’'concerted process (pathway

“

% o

B) with the bromine attack and proton transfer occurring

1Y

o’
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more or iess simultanecusly. Alternatively, the reaction
might occur via the third pathway C where brniln. attacks
the minor tautomeric anion Eg to form 2!.

The carboxyl grodp in the cyclohexadienoné inter-
mediate De may fncllltitc the conversion of Se to product
3%. This step is probably 'too fast to be obmerved since no

Sy
evidence of a build-up 04'23 was found. Therfore, this study

is mainly concerned with the formation of the intermediate

Se.

<

Results: R
-

- -
«

The kinetics 3# bromination of salicylic acid (3),

o

o~-anisic acid (6), methy] snlt%yfhig (7), various 3-substi-

tuted salicylic acids (81 to g!)'ahd 4-substituted salicylic

acids (94 and 9i{) in aqueous buffers in the pH range of 0-7
have been studied. Overall these substrates all exhibited
second-order kinetics® first-order in substrate and Ffirst-

oﬁdor in Bromine at +ixed pH. Acrordingly, the observed

. obsd .
rate = kz {8 (Br ?} (353)

D

f!rst-ordoé

rate 'constants 'obtitnod in fhn pressnce of
exXCess substrate were converted ' to second-order rate
- obsd \
constants (kz ) with the necessary corrections made for
- 47 -
/
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rd
. —
actual concentration of free bromine present in solution.

(1) Salicylic acid (S):

\ The second-order rate constants for this sub-
v -« .

strate are given in Table VII and the pH-rate profile is 1in
\L\j .
Figure 4. The shape of the rate profile is as expected for

the reaction upon the salicylate anion 3a, since the first

pK of B is 2.98.51 Thus the data can be represented by
. — :
‘>
) ]

equation 3I3 where k_ and kz are the rate constants for

the attack of bromine upon the undissociated for-_g_nnd the

2
K obsd - 2 1 . (33)

+
> (K + {H )

monoanion 3a respectively and K1 is the first pK. of 3. The

-1 -1 . !
$4itted values of the parameters are kz - 44650 M = |, Q:z

6 -1 1 . -
= 3.280 x 10 M - and K1 = 1.32 x' 10 s M (pK1 = 2.88).
. L

(11) 4- and 3- Substituted salicylic acids (8 and 9):

Each set of data (Table VIII to XIII) for these

’

substrates can be represented by equation 34 (éxcept where
I

.- -noz and -CHO), as shown by the calculated curves. for

V}‘ »

(q
obsd
K b - 2 1 (34)

(K2 (H*))
1

*

¢
these substrates in Figures 3 and 4. The values of the para-

-
- 68 -



) Table VII
; ' ‘
. Rate Constants for the Reaction of Bromine with Sal iecylic
acte 3.0 @
> " obmdl
pH k i
o . ‘ . 2, _,
(M = )
. [ ' 39
, -0.30 s.93x10° 7 &
0.11 ¢ ‘ 1.10x10" ?
0.43 1.92x10" ? .
0.06 " s.e0x10*? .
: . 4 .
’ * 1.02 6.79x10 ., . .
‘ C 1.26 &.30x10" ©*9
. . [
’: . . - 4
; 1.40 9.56x10 /
1 * A
; ' 1.40 | 1.76x10° . '
. s .
‘i 2.01 a 4.06x10 .
P 2.24 | s.30x10" ?
i, : \
! . -
§ 2.41 " 6.79%10
L ¢ 2.87 I 1.29x10% ?
a \ ~ "
i 2.60 1.68x10° e
| - . ‘ 6
N , . 3.01 N . ' 2.0‘!10 '
‘ | B | .
; 3.39 2-71x10
‘X ! 7 ’ . ; . & »
L 3.76 S 3.03x10 ‘
' " ' . 6
% ‘ ) ' .3.83 s 3.06%10
» ) s
L
B - o 6, -
K ‘ ' -
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Table VII (Cont’d)

obsd
pH k 2
-1 -1
(M 1: )
. . . . 6 '4
3.88 4.11x10° .
3.90 a.r1x10° f
‘ 4.10 4.59x106 d
’ 6 d
4.33 4.13x10
¥
: 6
- ' 4.69 - a.13x10° *
T 4.72 : 3.39x10° * .
. _ | 6
| 4.78 3.26x10
AUN
y 6
4.93 2.72x10
6
.20 3.20x10 .
n" 6 ‘
[ P 6.30 2.47x10 \
-~ . &
6.78 2.32x10
G U S G G i W Sy E v D W T v --------------- S G A B A ——— . Y - D W GED S G . —— - -y o —— .
. o ! obmd
% at 25 °c, in 0.1 M KBr. The values for k, are

corrécted for tribromide ion and hypobromous acid

3

formation.

-4 : -5 :
(S8alicylic acid) = 1x10 M3 (Bromine) = ix10 M.

«

c. ’ -4 -
{Salicylic acid) = Ox10 M3 (Bromine}) = 3x10 M. - .
dl -\5 ' - A g -
(Bromine) = 2x10 - M. . ' (Copper (II)} = 1x10 5 . :
*’- ’ . "'5 ‘ ¥ %
{Iron !I!)? = 1x10 M (e and ¥ data not plotted). H
: Y .
9 Preliminary data obtained by B. Kraus. : \ '%
P i
1 ' ‘ - 20 - °

1
\

3
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Rate profiles for the bromination of salicylic acid (3)
{t @), iothyl lllicylaf:. t2) ¢ J) and ov-anisic
acid (6) ¢ A).
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Table VIII

——— - v — -

Rate Constants for the Reaction of Browine with

S;Brmoulll:yll: Acid (_B_t_).-'b
d
pH K obs
2-1 -1
M = )
’ 2
0.13 S5.17%10
, 3 ’
0.442 1.21x10
s ' 3
0.732 2.62%10
g, *
. - 3
1.096 6.37%x10
- ' \ 4 ‘
1.30 1.94x10
’ ‘ 4
2.003 2.99%10
. 4* '
2.93 7.69%x10
; 'S 5 : -
N 3.03 ) 1.10x10
- ) CJ
‘ 3.3 1.30x10
S
4.11 1.94%10
N S
4.41 . 1.73%10
. T =
4.58 _ 2.28x10
I 4 . .
) ' 5
. 4,67 2.16x10
407’ 2.16x10"
4 4.99 . 1.77::10\
a, 83.03 - 2.42%10
n . . . . ~
' ’ s
S.20 2.58%10
- 72 - !
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Table VIIX (Cant’d)

'
D T O S A S G D S G A D L G D T S S Y D Y W 8 D G D - D T T D . -
.

pH K obad

T . (M »
----—---——--—-—-—q—-—.\———2——————-—-————--‘--—

5. 41 ' 2.19x10

6-33 ’ 2. 15”105

4.084 1.4!108

. .
- W D G G W S G D T G G S G T G S e O G R W G T T S D R S S T W A . G o

obud

At 25 °C, in O.1 M KBr. The values for k, are

corrected for tribromide ion and hypobromous acid

formation. ) N

b. {S-Browosalicylic acid) = suo",m (Bromine) = Sx10™° M.

-

~
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Table IX

Rate Constants for the Reaction of Bromine with

e’ b
S-Sulphosalicylic Acid (811).""

d
pH K obs
2—1‘ -1
M s )
. 2
0.13 - 2.83x10 "
A N ’
- 3
1.096 3.00x10
oM . .
4
2.083 1.96x10
}
’ 4
2.81 S.38x10
. 4
3.90 7.94x10
! q
4.76 . 9.38x10
’ 4
¢ 3.39 9.93x10 .
------------ ————---—x:\-‘-.----ﬁ---—----‘—--——-'—-----‘--Q------—
[ ™

tBromine) = 5!10- ]

, "
At 25 °C, in 0.1 W KBx. The values for k_°°"! are

. =
‘corrected for tribromide ion and hypobromous acid

tormation. '

-4
{S-Sulphosalicylic acid) = 3x10 ] .
) . _ . ) P

- 7" -
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Table X
. .
Rate Constants for the Reaction of Bromine with
. S-Nitrosalicylic Acid (8111).°
. ' ' obsd
\ . PH "2
17t
2
Q.13 1.399x10
) '3
1.098 1.69x10
3 N
1.611 ~ 4.30x10"
'y . 3. -
2.083 8.26x10 - .
AP
2.47 . 1.20x10
‘\> 2.77 ' " 1.39x10t
: ' ‘ : 4
. 3.16 1.42x10
) 4
3.89% 1.63x10
.\ o
4.29 ; 2.04x10
J
: 4
4.71 2.13x10
[4
4
30,07 \ i 3-21'10
o . ~ 4
"“\ 5.93 N ,.04!10 . o
0 v v
,-' At 293 °C. in 0.1 M KBr. The values for kzob-d are . -t E

corrected for tribrowmide ion and hypobromsous acid

formation. »

b. fS-Niiru-gli:yli:q;n!d)l- 5x10 Y M5 (Bromine) = 3x107° M.

v

S U,
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. b
: 4-Methyl- and S-Methylsalicylic Acid."’
. o , obsd

2,4
M s )
azmethylsalicylic_Acid (911)
4
. 0.13 . 9.76x10
¢ s
1.098 S.38x10""
) : 6
, 2.003 3.08x10

L § — o o o 2 e — i . 0 o o e ————— = ——— - —————

s 3-Methylsalicylic_Acie t81v)
”~ : : ' 3

y 0.13 . 3.13x10
4

1.098 | 2.03x10
‘' z.oes ~ 1.79x10°

- . s

' 2.86 . 9.43x10
' 6

3.93 . 1.79x10

. 6

‘-” . 1.83%x10

M o

S—_. 74 2.17:106

a o : d
" At 25 °C, in 0.1 M KBr. The values for k2°b' are

Table XI

!

Rate Constants for the Reaction of Bromine with

corrected for tribromide ion lnd'hypobro-uus acid

formation.

) -4 ' -
(Substrate) = ix10 N} (Bromine) = 1x10 ; ]

.

- 76 -
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Table XII )

. g o iy puniund
~ o
: ®

Rate Constants for t Reaction of Bromine with

b C
4-Chlorogalicylic Acid (913.%° .
o - - e o o o 2 o o e 0 o o e o o e e i - ~
, \ pH 1 ’ K obsd » 4 Y
- 2
\ -1 -1 - ‘
Mt = )
s 0Tt TN TTTTTREET TTTTTTTTTTTT T T TThTTTT T
0.13 4.73x10° {
_ . )
1.0%8 . 5.05x10
] ! .ﬂ
K 2.085 : 3. 10%107 .
»~ BE ‘ 6
3.02 1.28k10
' hO e
| é
e 3.97 1.41x10
&b Cos * 6 ¢ #
_ 4.90 - 1.36x10
: 6
s.74 1.29x10

~
© . .

( .
- G S o o B g - O SO O S S . s D T W W RS S D W W San D Gy D I D GU Y A Gar R D R D WP W S N S U G0 D e W - W o

5
v

aaay *

ot

" e < ’ .

. o . )
& At 23 €, in 0.1 M KBr. :The values for kzab.'d are
o ) corrected for tribromide ion and hypobromous acid ’ '
B [ P . .

. formation. ’ . AR '
b -4 3 ‘
) . t4-Chlorosalicylic acid} = 1x10 = M} .

. _s ¢ [ w» ’ * ;

{Bromine}) = (x10 M. §t).

’ v ... :

: e : ) "i
5 By - T g
: | ] ’ %
2 ™ v) ¢ g
! * ' L 1

~ &
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Table XIII
\\ ¢ >
Rate Constants for the Relétton of Bromine with
. \‘\
\ a,b
3-Formylsalicylic Acid (8v).
: -
——————————————————————————————————— 0?————-—-——--—-‘——-————.———-‘
» L4
f obsd ’ ~
pH ( k
2-1 -1 .
‘ (M = ")
. L L L T ) P e . L L L L L . T T W Ry R oy a Ee D G . S - - -
3 ‘ .
0.643 1.83x10
S 4
1.098 . 1.16x10 ) -
’ 4
2.083 8.76x10 ¢
S
2.%0 1.98x%x10 )
b -1
J.946 - . 3.73x10
Y -
s
4.893 3.82:}0
‘ ' s
.62 \ 8.76x10
a. o obsd
At 23 C, in 0.1M KBr. The values for kz . are . 4
corrected for Brs- ion and HOBr formation. N
b

_

-’ . -4
(3-Formylsalicylic acid}) = 3Ix10 M1

(Bromine) = Sx10 > M.

v . -
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Figure 3 <

+ LN > 2 )

L) . ‘J '

. U

N .

L

»

o

obs
2

log k

~_
2
| | 1l 1 | 1
o 1. 2 3 4 5 6
‘ pH

pH Rate profile for the bromination of S-bromosalicylic acld

81)  ( @), S-wmethylsalicylic actid . taiv) {t &) nr,::l

1

S-sulphosalicylic acid (8i{) ¢ @ ).
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B k- = ant  NIE

Rl
- W AT

. r

-
]

meters nptainod 4rom fitting these data are listed in Table
XVI. The |:nl(1 values obtained for these substrates are very

close to the literature pK. values indicating that the pro-

files $or S-browmo (81), S-mulpho (8ii), S-methyl (8iv), 4-

;nthyl (911) and 4-chloro (91) salicylic acid are consistent
l‘ -

with them reacting via their monoanions.
: -

In tase of S-nitro (8i11) and S-formyl (Bv) sali-
cylic acids in the pH range of 0-4.5 the nrate profile is

consisteht H/th reaction upon its monoanion but lbuv.'BH 4.5
there is an increase in rate and this may be due to the

-

onset of reaction upon the dianion (similar to the case of

1 t i
p-hydraxybenzoic acid (1. Therefore a better +fit to the

k K e K_-
) / »
rate = 2 ! + 2 .2 (54)

+ +
(K, + (H ) , tH ) }

M

data fqr these two substrates is obtained by using oq&nt;on

o4 instead of 34 as shown by th calculated curve in

+

Figure 6.

(i111) o~ Anisic acid (_é_):

The pH-rate data for this substrate are given’ in

Table XIV. From the rate profile (Figure 4) for this sub-

‘ strate it can be seen that at pH 0-2 the reaction is n-lnly_

via the undissociated form of 6§ and at pH's >2 the attack of

. [ J

3
*
3}
1
3
%
¢
%
b
b
i
4
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- Table XIV.
, - « '
Rate Constants for the Reaction of Browine with
o-Anisic Acid (_Ié_)."b
i - pH « obsd .
§ 2., -1
tn s )
————— --o——-—---;.-b———o-b—‘-—--—-——--———---‘——-----————-———--—-——
. _ 0.11 ‘ 2.20x10° ©
e 0.43 - ’ 1.90x10°
.. 0.77 C 1.91x102 ©
n 5 J' 2 -
1.12 : 1.78x10
1.60 " 2.01x10° ©
1.92 : ' 2.04x10° ©
P ‘ . 210 - ' 2.49x10° ¢
‘2.68 . a.47x10° ¢
. ! 3 ’
' 3.07 e 1.21%10 - d
3.26 1.74x10°> 9
' ) ) 3 4
\ 3.48 . 2.42%10 * :
4.07 , a.a7x10° 9 ,
4 . s ' 4 j - i
i ’ : 4;6: ‘ 6.8’*1 3 d
s.os8 .= . 8.4axi0> ©
. 8.47 ' ' @.84x10> © '
' . ' * 3 d
5-“ v, -, 9.0481'
\ 2 : ' s.90 R ‘8.37x10> ¢ 3
. : a.40 ‘ ‘ 7.79x10° . ©
_2 . .49 8.46x10° 9
: A
N -—-“‘1--‘ -------- “---~~‘------‘-..-—--;~ ........ b S D e dun wls W S e
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-4 o - -
{o-Anigsic acidy = 3Ix10 M} (PBromine) = Ix10 S M.

“ f{. ob
At 25 “¢; im 0.1 M KBr. The values for u;' =d
corrected for tribromide ion and hypobromous acid

tormatiom. .

an

; s

to-AniMS acid) = 3x10° " Mj (Bromine) = Sx10° M.

Proli,‘iniri data obtained by B. Kraus.
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pH Rate pruf'!l. $or the browination of S-pitromalicylic acid
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8111) ¢ @ ), S-tormylsalicylic acid (8v) ( A ), S-methyl-

salicylic acid (911) ([] ) and 4-chlorosalicylic acid
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bromine is upon its wonoanion. The cnleulat;ﬁ curve in

{ :
Figure 4 for o-anisic acid was obtained using equation 33

t

‘and the respective values of the parameters cbtained by”fttj

ting to the data. are as indicated in Table XVI. The fitt.d

.ﬁK‘viluo:fur 6 is 3.99 and 'is very close to ‘the litérnturo

44 ' ) ,
value of 4.08, : ,

- “
o sty
§ - f N A
4 R

tiv) Methyl salicylate {Z) H . /
R The rate profile for methyl salicylate is similar

W , oy
' 10,42
to those of other monosubstituted phenols. 'ﬁ
' ’ /

range of O-Z the rate is invariant which is due to the

attack of bromine upon the undi-gohtntod//for- of 7. At

, /
. P /
higher pH the rate increases 9gradually due to reaction via

the phenoxide ion. The kinetic data are /given in Table XV

/

fand the rate profile is shawr in Figure 4. The data can he

ae .

/

represented by - oqultlbn 41 in uh174 kz and kz, are the
LI .
. /
S . /’kv:K
) ; .
ab /
k, . . * - 2 n 2 e
' / "tH ) , !

rate constants for the undt-:ug&.tod and dissociated forms

of.z respectively and K2 is th7'di--nclltion constant of the

¢ / .

Aphonoliq hydr&xrl. The xuﬂn.:%\:i the Parameters are listed

in Table XVI. / L __— e

A

¢In the pH
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Table XV

- - -

Rate Constants for the Reaction of Bromine with

. b
- Methyl Salicylate (_7_)..'.
-—-.—'.,.-..--:———--—-L—-q-———-—---—d-—.-»--w-—-———-:-——----—-—-—————————'— .
s d
pH ) kzbbs
"'—1.-1’
. | ‘ 2
0.13 4.93x10
o2
1.098 v . 7.2x0° . -
. 3 2
2.088 ' - 8.87x10
3. 10 ‘1.91x10°
. 3.91 §  1.19x10"
4~\. " ‘
: ) , , : . \
4,74 L . 7.16x40
4,77 7,.33x10 .
, ) L " 5
. 9.88 . ' 7.94%x10 .

-

e S 4 R D D o G alin . G > S N D Y b D W W N M M A P b S S D S S G . G o -

L]

At 25 °C, 1n'0.1 M KBr. The values for uz"b“ are

' carrected for tribrowmide ion and hypobromous acid

, ‘ fornaation.

: ‘ -4 -3
(Methyl salicylate) = 35x10 M: (Bromine) = 3x10 n.

»

“

\ - 85 -

FRPE PPN

K.
==

R



N

*
e gt
. FE 2% .

'

-

S

-

Table XVI

C e - - . o o

Kinetic Parameters for the Promination of Balicylic

Acid (5) and its Derivatives.

. [ ] [X] )
s‘ubltrato k 2 k 2 l;z pK . m(2
6
) 4430 3.3x10 2.88
1z.98)"  (13.e1)"
: s
8t ' 2.0x10 2.68
(2. 62)°
. 4
P. \,
(2.62)"
' 4
8 114 1.7x10 2.10 -
b
(2. 05)
6 * -
(3.023°
LN " ’
8 v 3.82x10 / 2.764
{
? 1 1.4x10% 2.s0"
K3 176 8s2e , 3.99
te.08)"
. ‘,f g
.2 413 7.16x10
f (9.gn"
- 86 ~ ) "
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Reterence 31.
Reference S7.
Reference %90.
Not available.

Reference 46.
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Table XVI (Cont’d)
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(v) Effect of -otil Jlonss

In the qj%tolu region of the rate profiles (Fig

4) for smalicylic acid Qg) and 3-bromosalicylic acid (8) ‘the

L ¢

data are scattered. This iws mainly due to the rates being.

-

very famt and the pseudo first—- order rnt; canstants

approaching tpo limits of the stopped-flow equipment
— .
(~ 1% s ). Also to permit the measurement of fast rates,

~ the concentratjons of substrate and browmine were lowered to
- o

4 -3
10 M and 10 M respectively in the case of salicylic acid

as a result of which there was a smaller absorbance change

” .
during the reaction.

' The other possibility for scattering of the data

o«

could be due to tﬁe presence of traces of metal ions as the’

salicylate ions form strong complexes with transition metal
S8 , .

ions . Under the conditions used for these experiments the

probable source of wmetal ion impurity could be from KBr as

the water used was deionized and distilled. Therefore ex—
¥ .

perimentas involving the addition of ferrous ion and cupric

-= -
{t=n (10 ™M) at pH's 3.9 and 4.7 were carried out. The k2

1

values obtained +for salicylic acid were in the range, of

-1 -1
3.4 -4.1 x 10°nt s (Table VII™'?) and these are

mlightly higher than the fitted value for the plateau region

. 6 -1 -1 :
(3.3 x 10 M s ) but -are within the range of the

obsd



individuml rate constants (3.06 - 4.39 x 10° Wl &l

-

v

neasured in this region.

It thus appears that the scattering of data are -

\
,
.

N

mainly due 'ta  the pseudo first-order rate constants

. ‘ .
approaching the limits of the stopped-flow instrument, as

mentioned above.

(Vi) Solvent Isotope Effect:

Solvent ispotope eftect studies were carried out

-

to obtain evidence that tﬁo fanﬁ.rntnn of Sa to Se involves

the concerted attack of bromine and intramolecular proton

~
-y

.

transfer. In deuterium oxide medium a deuteron will be
»

involved 1in the “proton" transfer and a -reduction in the

rate may be cbserved.
As there is a lot of scatter in the dn&n in the

plateau region. for -nllcylic acid - (3), imotopic studies were

<

carried out with 3S-bromosalicylic acid ‘Ei) where the

-

scattering s less. From a set of splé-ﬁt lsdtupi: studies

in pH (pD) rogiec of 4.3 to 5.5 (Table XVII) the average

’ absd - - -
value of kz . in Hzo is 2.;7 x 10s " 1 - 1 {35 runs) and

S ~1 - -
1.30 x 10 M » 1 (6 runs) in n&o. These values result in a

b
] /I k = 1.67.
2 2 \ . -

o
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Data for the Solvent Isotope effect studicsfni S-Bro-o;

-, snll:ylic‘ Acid (81).
e e s N, Y e I —mim
. dbsd absd '
pH ky p(D) &, »
- . )
o = s
4.11 1.96x10 4.35 . 1.24x10
: T s
. 4,52 < 1.29x10
S o . =
4.70 . 1.32x10
’ - ' s
4.67 . 2.16x%10 S.16 . 1.41x10
. 5 Val \
v 4.87 2.16x10-
' s - UL '
5.03 2.42x10 5.40 e 1.z7x:§g
e s “a P R
, - s .
5.41 2.19x10 s5.8%5 . , 1.28x10
K . - = . ) R L
Average (3) 2.17x10 . Average (6) 1,30x10 .
Avera k /7 Kk = 1,47 3 ° .
veras® "o’ "no T
2 2 - .

-1 -1

g

.. Unites of kz'- are M s . W

| SR T



‘slow decowmposition by yobranin; on

lg/ - 91 -
~_ | E -

For comparison purposes solvent isotopic studies

4

were carried out with o-anisic acid (6} as the substrate. At
4 ' !
PH (pD) = 5.5 the k. / k is 1.37.]

HOo DO
2 2 g

(Vi) Cyclohexadienone interwmediates:
As discusmed elsewhere in this thesis, cyclohexa-

dienone intermediates can be obn,rvod in phenal bromination

in agqueous media. Therefore, attempts were made to observe
the cyélohoxndlcnona intermediate DJe from lllicylic. acid

{see@ Scheme 9) but no such intermediate was observed. With

p-alkyl! phenols cyclohexndl.ndn.l resulting +from bromine
. . ] '

-

v . -/
attack ipso to the alky]l group have been observed, as

discumsed in Chapter S of this thesis. Thus a second affiipt

at the observation of intermediates was made with )s-uothy]-

salicylic acid (8iv) and, indeed, the ipso-dienone of this

substrate was observed. In the case of p-alkyl phenols it

has been observed that the initial fast attack of bromine
Tee - e

with' the sub-tr;kg is partitioned between ortho .nttnck

In ~
NN

{ ~90%) and ipso lttlék§(nv'10%). The orthao attack leads to

the formation of artho P uéﬁ:t 1 ‘F;nd the ipsa attack

—— }

gives observable dienone ﬁgg. which . undorgéo- relatively

37
 (equation 33}, This

+
process is bromide ion dependent andyis catalyzed by H and

. ’

Ot e v . RS

FEC NN



v

/,J

1 buffer acids (see: Chapter 3 of this thesis).

IS

e
\
0y . OH OH .
Br-,HA . . B Br
oy ——> r
= ‘=HBr
g Br,- A
Br R :

._
-}

1=

oo

. 09)

' ¥

© e

A -i-iinr type of reaction has been obhserved with

‘ S-wmethylsalicylic acid (Blv)} Bromine reacts fast with the

anion of- Biv (Figure 35 and Table ¥WI) to produce a

transient abgorption at ~ 250 nm which is attributedd to the

ipso-dienone 9h (Scheme 10). The Hoc-y of this ipso-dienone

b

(6b) follows first-order kinetics sand, similar to those from

=

p~alkyl phenols, ts decomposition im bromide ion

dependent. The rate constants vary with pH as shown in

W

N ~—

Flgure 77 the data are given in le*g XVI1XI. Below pH 1.3

the rate pf bromine attack is sufficiently slow that

- 9P -




kinetics for the decay of the ipso-~dienone §8h could not be
studied. Similar to the decay of ipsb-dienones of p-alkyl

37
phenols the _absorbance change for the decay of 6b was

-

observed to be 10% of that expected 1f all the bromine

{
reacted with 8iv to form- gg. The reaction ot 3S-methyl-

'

malicylic acid with bromine to form ipso-dienone §h and

ortho produc&n be represented by Scheme 10.

®, ! &

A

\H

OH ' Bl'z O”'”‘li‘ . .
- — Br. o
Me OH Br Mé e
| S o
8iv - .
6r, i
o- prod
N
Scheme 10

- —— - - -

- -

The pH-rate profile (Figure 7) nscribnﬂ‘){n the decay

Yof -8b is kinetically ambiguous. It could be due to a reac-

. . - 93~

-
.

|
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Table XVIII ‘ o

Rate Constants for the Debromination of the Ipso-Dienone

. of S-Methylsalicylic Acid (8 iv)."= = | '
AE—————

bH . kﬂbld

, 1 :
1.61 . . 2.59?
2.0 ' 2.73°
2.62 . 1.57°

* 3,22 . 1.03"
’ y
a -
3.98 0.260
4.32 0.13%"
4.83 | 0.040"
5.07 _ ' 0.029" )
, P
s. 41 0.012 v r
a. 4

(8) = 3x10 * My tBr) = 10 M,
. -3 . -q’

€8) = 10 "M} (Br 3 = 10 M.,

€ at 23 % in 0.1M xor.

. -
’ Fe
,

ot aa b

.
4
%
x
4

R,
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ta)

(b)

(c)

Figure 7

4

pH dependence of the pseudo first - order rate constant
+ . '

4or bromine attack on 8iv under the“conditions employed

for the measurement of profile (b).
L .

pH-rate protfile for the debromination of the ipso-
dienone (8b) derived +rom S-wmethylsalicylic acid ' (8iv)
B ~

in 0.1M agquecus KBe.

pH dopondonéo of the pseudo first- order rate constant
- a 4

$or the debromination of the ipso-dienone 135 (R.= Me)

derived ¢4rowm p-cresol, also in b. 1M aqueous KBp,

i
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_,catalysis was faound.

tion of the +free acid form (Equation 54) or to a proton-

catilyiod reaction of the conjugate anion (Equation 37).

+ ’ + x
k‘°b'd = Kk, CH )7 CK +CH ) (S&)

-

obsd + .-
K K CH >/ ¢ + C Y ) (87)
*y = a2 %y K H ,

I+ - the reaction is die to the +Free acid the k1 value

-1
(fitted) fia 2.99 = and i$ it is due to the conjugate anion
-1 -1 . ;
the kz value is 3010 N s . In either case the fitted pK1
value for 8b is observed to be 3.06. The decision between
which of these is wmost probable is dealt with {n the

discussion section.

Ipso - dienones derived: #rom p-alkyl . phenols

.

exhibit general acid catalysis, as shown later. However, in

‘the case of decomposition of the ipso-dienocne 8b no buffer

Discussion:
:f The main point of interest to note from the rate

profiles of these substrates is that the rate profile for

4

sall:yly: acid (3) except for 911 is above -'all other

_ substrates of this group (unlike the p-hydroxybenzdic acid

-

(1) and its derivatives). The -cdqu point is that tﬁo rate

of ‘ -96" ‘ !

-~ ‘

PRSP
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profile +or o-anisic acid gg is well below tha! of

salicylic acid (3), similar to the case of p—hydroxy?.nz c

acid lcid (1) and p—nninlc'lcld (3). To be more precise

regarding reactivity, the anion of o-anisic acid (6) is 3680
times less reactive than the salicylate wonoanion (3a).

Anather point to ,n?tc {is the rate profile for methyl-
/ LoD . -
salicylate &_} il‘lonor thnﬁ the parent salicylic acid (3)
N .

-t

- : %{‘r")
again different from p-hydroxybenzoic acid (1) and its ethyl

ester (4). In the case of 4-methylsalicylic acid (2ii) the
rate profile is incomplete as at higher pH ( > 2) the pseudo
first-order rate constants obtained were not r.liaﬁlo

because they were’ higher than can be wmeasured by the

1
.

' -1
stopped-f1l1ow apparatus (k1 > 130 s ).

e,

The reactivity of a inllcyl-t. anion can be com-

, . + -
pared with the reactivity of phenol as the o"- for Cozl im

. 43 .
-0,028 which is very close to zero. The rate constant for

) 6
the attack of bromine on salicylate anion (3a) is 3.3 x 10

-1 -1 .
L] s {Table XV1) whereas that for phenol is 4,2 x 105

-1 -1 10,37
M s . ’

et

The ratio of these is only 7.9 and may not be

significant. However, if the comparison is made between the

L - -
less resctive S-nitrosalicylate anion 1u2 1.7 x 107wt gt

* 1 -1 ’42

(Table kvti) and p—nltrophlnol { k2 being < 40 H- -

the difference 1in the ronciivity is high by a factor of

|

- 97 -
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> 2800.

The difference in their reactivity can be  better

- ’
expressed using Hammett plots. The kz values of salicylic

»

#
acid and S-substituted salicylic acids (Table XVI) give a

reasonable Hammett plot (Figuro 8) with a correlation of
+ ; ;

0.94 and P ‘= -2.94. However {for the same type of plot for

phenol and p-substitued phenols (Figure 2, Chapter 2) the

+*
P value obtained is ~-5.21 (r = 0.98). This difference in

tﬁd f value confirms that the effect of substituents is

nuch less in S-substituted salicylic acids than in p-substi- .

&3
. 1 .
tuted phencols. This eliminates the conventional pathway A in

¢

Scheme 9 for the Hromination of salicylate -on6:}10h. In

this pnthuny(tho attack of bromine occurs on the intramole-

1
- . ©

cularly hydrogen-bonded salicylate moncanion (Sa) to g9ive 3c

which still has the phenolic. hydroxyl with a positively

charged oxygenh gnd so the o#?oct ot S-sabstituents should be

essehtially - the same as in the case of p~lub-titu£.d

phenols.

3
*

(Sa) and the, anion fé:Q;-nnlll: acid tﬁl the latter is 380

times less regctive towards bromine compared to the forwetr.

In contrast anisole only 12 times less reactive ' than

41
phenol. This supports the idea that 3Ja is wmore reactive

-

- 99°- X

' \ -

Cimparing the reactivity of salicylate T-onnnntnn‘

‘i

]

e o AR



than phenol. “

o~

’

For consideration ot plthﬂl9 C in Scheme 9 , which
is reaction via the minor tautower 22, the reactivities of

J&ll:yl-tc monoanion (3a) and the anion of its wethyl ester

(7) can be compared where pH ¢ pK_ <« pKz. From the pH-rate

1

profile (Figure 4) it is clo.r‘ghnt their reactivities are

quite different, unlike the case of the p~hydroxybenzoic

acid anion (1ia) and the ‘anion of its ethyl

&

ester (4) +$or

On—
.

which the profiles lie one on top of the other (Chapter 2).

@

Pathway C can be represented by Scheme 11 and for
”

this the oxpocfid form of the observed rate constant is

nb’d o9y . .+ -
K /(K +CH ) (50)
2 =k s 1 B

N ‘

This, of course,

-

is .kinetically indistinguishable from the

reaction via the wajor’ anion Sa for WHich

»

-

obsd - +
k + H }) (34)
2. =k KUK ; '
From +itting to the obsetved data for salicylic
’ : -1 ' v B
acid k2 Ki - 4350 s . ._nhi:h can be eguated to kz K3
. . . - u.n{’
{ct+ Eguations 350 and 34:;/ﬂ3n:0 neither kz nor K3 are
L)

easily accessible the kz _ﬂintll be assumed to be equal to

kz tor, the anion of wethyl salicylate. This
1 -1 - ‘
s (Table XVI), which is o--on}!nlly diffu-

equals

- 100 -
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sion-controlled, as observed for ath.} -oﬁnpub-tltutod phen-
. ! N -

oxide inn|.9-11' 39 Using tﬁls value for kz"’ leads to a
calculated value of pK3 = 4.31 .which seems to be very unre-
asonable for the phonol!cv hydraxyl of\E. The low pK3 value

is a very clear indication that reaction via the minor™ tau-

LI 4

tomer Sd is improﬁnblo. Furthermore if kz is lower than

4
diffu:ion-controllcd”gpo to the stabilizing effect of the

]
~

~ - X !
" internal hydrogen-béad in 34 the pK3 would be lower still.

Overall 1#' the Feaction were to occur via 3d
i

ol:ctron withdrawing substituents should increase the appa-

I3

rent reactivity of salicylate ions. But the P value +rom

&

the present data for salicylate ions 1is -2.94 which is a

P4

further proof that the reaction via 95d is unlikely. From the
above arguments regarding the law sz value, P*maduo of -2.94

and pHLrnto profiles (figure 4) pathway C can be rejected.
(3 4

’
*

This l;-vo- with the choice. of only the concerted

4

pathway B in Schewme 9 for the bromination of salicylate

monoanion where th;?lntrguol.cular proton transfer limits
g +*

the build-up of positive charge and so P has a reduced

value of -2.94. Solvent isotope effect studies were carried

+out in the hope that these results might contribute to the

“ . -l

above arguments. For S-bromo salicylic acid ion reaction in

920 reduced the rate by a factor of 1.67 and for o-anisate

»

Y
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fon by 1.37. These low solvent isotope effects can be attri-

-

buted to (i) the effect operating on the l_.nving group ‘(bro-

1

mide ion) since similar values (1.2 - 1.4) have been observ-

39 ‘ .
ed for solvolyses and in alkene and alkyne brominations
. v

(ii) the proton in #light at the transition state. It should

be noted that low solvent isotope effects have been reported
- \( "
}s 4

for other reactions involving intramaole¢ular proton trans-

S
»

é1 . ‘ '
fers. Thus the k ’-k values obtained in this study
- HZO 020

. > \
are not intonsistent with pathway B but are not enough to

confirm it.

-

Much stronger support” +for this pathway arises from

~

the ipso.dienone 8b obtained from ﬁh. bromination . of B8iv.

The decomposition of this ipso~dienone can be represented

. % < ’ ’
-squally by equation 36 or 57 and which is more prébnbgo will

be clear from the following arguments. Cow

«4?5 The lpso.—diinonc of p—frosol has .the second-order

rate constant tyz» for the decowposition in 0.iM KBr of 1.3

-1 -1
M s (Figure 7C) whereas for the dienone 8b if it reacts

via its anion {equation “58),~k2's value is 2300 times

greater. This seems unreasaonable for the effect of a -—6021

. _ .
on these processes. The Cr'. for -Coz is ~ O, as mention-

- i . - s
ed earlier, which means the presence of —coz should have

!

- 103 - ,
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Me o ‘
) c” ’ '
Br . |c| ; .
o > . - ’, ’ ! -
§b - -
HY
H" - ’

K 0 o= ’ OH
| ' H, Br

0 - prod

A

(58) - T
oA

little effect on the ' rate. An bloctﬁoitnti: effect (factor

ot ~1o»53'“\'72

] . N . » » . 'q

. - s
which would fac ;ltnto the attack of H30 - can be eupected
. 1 ‘\ r

due to the negative charge on the anion Sc

Yy 1
1Y

but this -houl% be nullified by an inhibitory effect on the . -

-

- N ‘/ N .
. attack o Br . Nat only that, 1+ 8b reacted Via its anion
3 > TTTTE— ) ? .

PET NN

25, butfer catafysis would bi expected. As menticned }R the

Foﬂglts section '‘no  such catalysis was observed . for the -

decomposition .of ipso-disnone 8b. B !
' - fos - ‘ - é
: 8
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From the above discussion it seews that the ipsa-di-

enone 8b reacts as the free acid form and the carboxyl g9roup

acts as an intramolecular general acid catalyst. The most /
probable rate equation for the decomposition ‘\cﬁ this ipso-
dienone 1s 356 and the whole praocess can be represented by
Scheme 12.
‘p/
For the intramolecular process an effective molarity
&2 '
(EM) ot :the internal carboxyl catalyst of 8b can be

calculated. From the buffer catalysis ltud}los of decomposit-
r ' :

ion of the ipso-dienone 16 (R = Me) (discussed in Chapter 5)

a Bronsted o[~ 0.13 has been estimated. The pK of 8b_acid

‘

is 3.06 and the predicted kz in O0.1M KBr (aqueous) is O0.306
-1 -1 -1 )
M s . But the observed k1 for 8b is 2.59 s and there-
fore EM is 8.5M. This value is comparable to the values re-

é

viewed by Kirby for intramolecular general acid catalysis.
From this it can be said that the internal carboxyl in _e_b
catalyzes the debrominatian of 8b by bromide ion (Schene
12). Then the formation of the ipso—diwnone 8b should be

/ -

*fntnlyzod by the €00 group in the ipso attack of bromine
according toa the Principle of ' Microscopic Reversibility.
This is completely analogous to pathway B in Scheme 9 h;r-

the bromination of salicylate monoanion and this is further \ .

strong evidence for -the proposed concerted pa'thuny B,

B wema T
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Based upon relative reactivities the bromination of

salicylate anion and its derivatives most probat¥y follows
1

b
the ;cuncertcd pathway (B in ‘Scheme 9 ) rather than via the

P

minor tautomer (pathway C) aor via the protonated cyclohexa-
dienones intermediate (pathway A). Supporting evidence $or
this concerted mechanism }- given by the behaviour of the
ipso-dienone 22 generated from S-methylsalicylic acid EEl!)'

This dienone undergoes debromination as the free acid and

-
t i

the carboxyl group functions as an {ntramolecular general

acid catalyst (Scheme 12) just as the debromination of the

ipso~-dienons from p-cresol] (13) involves an external general -

acid Eltnlyst. From this it can be deduced that the +forma-

re

'tlon of ipso-dienone (8b) +from US-methylsalicylic acid

must be catalyzed by the COO- mojiety of Ba {(Scheme 12)

according to the Principle-6f Microscopic Reversibility. The

~

formation of the ipso-dienone is nn.logéu- to the concerted

pathway B in Scheme 9 ‘;;ept that instead of a S-wethyl

t

\ )
there is the 3-H {n salicylic acid.

.
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Enolization of Transient Cyc!ohdxldiononol‘

- —— iy  ——— — o — i e AL . —— - — Y — o —

\

Cyclohexadienones are tautomers of phenols, but
A 13

such tautomerism has nui been obmerved directly in simple

13

phenpls, With several 2,6-disubstituted or 2,4,6-trisubsti-

tuted phenols the‘cycluhexadtonun; intermediates have been .

co . 3,14,19-22
observed by various groups of researchers ’ ' from
- §

renctlod: ulth'eloctraphilic reagents, especially §{n halo-
tj . Y
genation o+ phenols. It {ims generally., accepted that in

electrophilic substitutions of phenol an intermediate
4-%X-2,3-cyclohexadienone (11) or 2-X-3,3-cyclohexadienaone

"vtig, is formed initially which subsegquently Eclrrlngoi to

the energetically breferred~ aromatic substltufod phenol
(Scheme 13). These cyclohexadienone type of intermediates

are reasonably stable and have been detected in dilute

solutions 1n acetic acid by spectroscopic methods in the

14,18,20,21 .
past. However, such type of intermedjiates were

e
” 13

not observed esrlier with simple phenols in agueocus solution

! v
..

During an attempt to determine the rate of
bromination u% phenols at O.iIM i{onic s{rongth it was
observed that when the roqctiuﬁ was monitored at 270—255 nm
& q;nroiso in the absorbance was cbserved which can be

. ': attributed to the disappearance - of bromine (tribromide ion
B % ! -~

¥
L

- 108 -
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‘maximum being at 267 nm). But when

Scheme 13

- o o -

.\
’

. ) H
. H ' ' X
' X —_—

- 13 |

13 14 e
g \ 2-X-3,S-cyclohexadiencne
OH .
+ x5
w o '
/ o v OH .
’ —
‘I
- . H X : X
| o Y

4

4-%X-2,5-cyclohexadienone

the reaction was

monitored at 230-250 nm there was a considerable initial

i

increase in absorbance followed by a slower decrease as

shown in Figure 9. The reaction at 270-273 nm. is due to
the phanol reacting with bromine, the second-order rate

- 109 -




UV absorbance traces obtained during the agueous

Figure 9:

v

q

(phenol }=5x10 M,

.

Reaction conditions

bromination of phenol.

o
at 23 C.

’,

0.1M KBr,

pH 2,

-3
M,

{Br_J)=3x10
2

: |
!
‘ ]
3 x
¢ |13 HIT
1 b 1111 4, 1] ] 1
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constants being 4.2 x 10 ] s . The reaction observed

at 230-2%0 can be ascribed to the formation and decay’' of the

4-bromo-2,3~cyclohexadienone gli) since various substituted

\ .
4-%X-2,8-cyclohexadienones have absorption maxima in the

3,20,21,536,63
region of 240-260 nmm '° 'V whereas the 2-X-3,3-cyclo-

[N

hexadienones (13) have ‘an absorption waxima around 310
64-47 . .

nm. The form of trace obtained (Figure 9) at 237 nm is
appropriate to the first-order bulild-up and decay of a

68
transient intermediate. From Figure 9 it is also evident
that the rate of the initial increass at 237 nm matches the
decrease observed at 2735 nm. The extent of increase in
absorption at 237 nm depends upon the concentration of the
limiting relgent (bromine? . The apparent extinction
coeféicient obtained for the interwmediate was 9000, in the
. 0,21,%56,6

same range as observed by the onrlsnr groupsz »21,56,63 far
2,5-cycliohexadienones., The same type of trace which has been

observed at 237 nwm was computer simulated (Figure 10) using

. 48
the following equations. Far process

k k
A ———derr B el

da_ . kK A (ia)
dt 1 *
dB
Cm— m KA - kB i
at ., 1 2 (1b)
. - 111 ~
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Figure 10: Cowmputer linu!ltfa curve for the build-up and

decay of ’4-bromo—2,5-:y:lohoxnﬂionono (11). The curve |is

:nl:ulated;;ﬁ?g points are taken from the experimental

?

trace in Figure 9.




P
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>

dc k B~ ' (ic)
A - ra
dt 2 S €

Equation (ia) integrates to

A = ae Mt (i)
. 0
Substituting this into (ib) gives
4B Myt ‘
dt“ ,-‘ 1A00 23 {ii i)
I+4 'O = 0 then int;zrn ion of (1ii) leads to
Ak
- -kt
B = -;2-:3;- S A A tiv)

Using rate constants of k1 = 58 --1 apd kz = 14 l-5 and an
apparent extinction coefficient for the intermediate of 8900

the curve in Figure 10 was generated.

Results: ’ v

— - — .
»

(A) nocérpo-ltion of 4-bhromo-2,3-cyclohexadienones!

4 Studies were :arricd ocut to observe the decay of
Q-bramu-z,S-cyclohoxadiognno formed +rom the reaction of
bromine rith phencl (10a), o-cresol (i0b), m-cresol tigé),

2,4-dimethylphenol (10d), 3,S5-dimethylphencl (10e) and 2,3-

dimethyiphennl (104). The stopped-flow technique vwas used to

'goncrlto the lntormqéT;tol and ta monitor their decay at

240-260 nm  in aQuecus media pH O©O-4, The reaction can be

- 113 - -
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repr'nfntod as in equation 3%9.

\

(59
R | R
a H d 2,6-diMe
b Z—UHQ ] 3, S-diMe
}
c 3-Me + 2,5-diMe
]

Under the conditions used (ten-fold or +{ive-fold

excess of lﬁbutrnto) bromination o+ phenol leads pre-

. ) 10
v dominantly to the formation

of p—bromaphenol (82%) and

seens to be the dominant pathway for the other phencls also.

Analysim of the lngf.-r part, of the decay curves for the

' o

/? 1nt.r;odut/:-/}.vo $irst-order rate constants independent of
? | | " v |

~ K
=~ v

-114—‘

t

OH ' 0 ~ _OH
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Figure liﬁ Initial and final absorbance values obtained from

»”

decay traces for the dienone (11d). .
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substrate, brgxi:o or bromide ion concentrations as'- spected
$or {rreversible ﬁorultlon aof the cyclohexadienones (ii). o+

these, the dienone 114d derived from 10& was easiest™ to

observe. With 2,6-dimethylphenal (10d) the attack of bromine

is faster while the decay of the corresponding 4-bromo-

2,%5-dienone (11d) is much slower and therefore the absorb-

v

ance traces for the decay of 11d were thi# best for analysis

purposes. Figure 11 shows the initial and final absorbances .

obtained from the decay curve ?ld at various wavelangths (at

’

g -4 -4
pH 3.42, (substrate) = 1x10 M, (bromine} = 1x10 M, O.iM

o
KBr, at 23 C). The figure shows a clear maximum at 250 nm

/

and an extinction coefficient of 8000 which is consistent

with the coefficients observed earlier for intermediates

-

c/* ‘
similar t& 11d. & .

The reaction r.prc&ont.g\ in equation %59 is the
principle plthﬂl* under ' the conditionas used for thase

reactions. - The 2-bromo~3,5-cyclohexadienone (13) which is

. . o
the corresponding interwmediate in the formation of the wminor

9

o-bromo product was not detected. Such dienones h:y. maxima

around 310 nm and have a smaller extinction

64-67 :
coefficients. -These 2-bromo-3,3-cyclohexadienones are

moast probably nat detected because of their less stnggc

22,49

nature, undergoing ver&”?%ast ennl ization to fhr- thr

o
-
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“ Table XxIX  °
Rate Constants for the Decay of the 4—8ro-u—2,5-"'-c‘Zil.M/¢x‘-
: s
dienone Intermediates Formed During the Brominations of
Phenol (10a) s 0-Cresol (10b), m-Cresaol (10c), 2,6-Dimethyl-
phenol(10d), 3,5-Dimethylphencl (10e) and 2,5-Dimethyl

a
phenal (10€).

Cowpound pH 'kI““ . C
5 (I_l/ & i
_______ o e g e e e e e e
10a 0.00 “ " . 130.8
- 0.52 ‘. a9.3°% |
1 1.00 ) . 26.4
. P ' —_—
1.92 , 16.0
~ 2.00 . 16.1
2.60 15.5 *
3.07 K\ : ) 15,3 .\
e 3.e1 14.9 :
3.33 ' 13,2 d
3.91 | T
< 4.2 ' . 18.6
[ T 4.91 17.2
© 6.03 : 19.8
_1_0_?-‘\ . "0.00 . - 60.4
- 0.52 16.8
" 1.00 ' s.98°
2.12 ) 3.07 - .
3.14 | 2.98 -
3.71

4.83

: =7 -

& ik
M:%_ -
“ony




A
(l ‘ * G - b
‘ Table XIX (Cont'd)- T
* :
Compound ¢ pH klnb'd «
&’ (l-l, 3
———————— o o o o s o e Al 6 e e o e O W T Y e o A 28 S - -
a.91 3.76
| s.6s 3.2 —_—
; "L 10 0.52 ¢ s ¢ ,
; 1.00 52.1
- 1.52 20.1
: T K‘ 2.00 5 11.7 .
‘ 2.96 9.33 '
{ | L .03 10.5 , -
V”] R 4.90 10.7 g
T ﬁ 6.09 ’ 10.9
1_;_«‘ 0.00 4.04
} , ' 1.00 0.761
| ' \ .90 0.514 \ |
, l ’. 3:04 0.3507 ‘
;o 313 0.302 °
o T 1 3.42 | 0.511 b d
~ ' 3.93, " 0.664 " \
: o 431 0.687 °
. . ' 4.95 N 0.631
A 6.03 ' .~ 0.686
' 6.26 0.650
- & " 4.74 0.724 ’
. ' \ 7.14 0.766
) 2.51 0.820
L ~ue- 5




-P ————— L G D G R R R S b G AT AN S EED D R A - i S G R SNy YD W G S R S L. X X B N N T ¥ ¥ K X ¥ T K _X_ NN X X J
: bsd
Compound pH io - e
- —_— s ) ‘
S — { __________________________________ S
10® 1.00 107.6 o
1.52 , 4s.8
2.00 16.8 ‘ .
’ 2.46 o 9.59
2.99 s.74
3.92 5.07
b
- -4.86 ~ 4.90
=.61 4.63
104 0.00 154.1 7’ :
) 0.52 ' 9.4
3 <+ .
1.00 4 20.4 ,
: 1.52 7.54
2.00 s.a>
Y &
2.43 2.94
20’3 2032 ‘_
3.90 ™~ 2.357
4.01 2.63 T
5,53 . 2.46
y ) 4 b
\
f- 119 -
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Table XIX (Cont'd)

" at 25%, 1n 0.1M KBr. At pH ¢ 2 I= O.1M KBr + (HC1)

’ -4 -3
b {Substrate) = 3x10 M} (Browmine) = Ix10 M.

-3 -4
{Substrate) = 2x10 M) {(Bromine) = ix10 M.

- -4
{Substrate) = Sx10 'Mj (Bromine) = 1x10 M.

- 120 -~
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o-product.

L

With phenol (10a) and the other substituted

/

phenols 10b-10f the values of first-order rate constants

kobsd

( ) vary with pH as Shown in Figure 12 and in Table

XIX. The acidity dependance +for the decay of 1 can be

]
A&

expressed by equation

i obsd + K (60)
0
where ko represents a spoAtanecus or water-catalyzed
reaction of the intermediate 11 and kH the catalytic

constant for proton catalysed enolization of 11.

LN

~
{B) Buffer Catalymis: wﬂ/

-

Acetone undergoes .nollzntién by general base and
by specific acid-general base cltllysis.ze By analogy with\
such simple ketones the enolization of 4-bromo-2,3-cyclo-
hexad ienones &i_) would be expected to show similar buffer
catalysis, Iﬁ was observed that the dienone of 2,6-dimethyl-
phenol (iif’ did show, as expected, catalysis by carboxylic
acids / carboxylate ;uffor-. As wmentioned -arlior 2,6-di-
methylphenol dionuno giig) was chosen for extensive studies
in the present work as it ua? fn;-.d more rapidly and

)

decomposed more slowly than others.
~
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Acetate Buffor

Buffer Strength 7/ pH: 4.20
-
0.01 0.394
0.03 1.24
0.1 2.03
‘ Chloroacetate B
Butter Btr.ﬁgth /77 pH: 2.37
... B -
0.01 0.434
0.09 0.620
0.1 0.813

uffer

Su:ctnnto 8uf+¢r

Butfer strongth II pH?2 3122
L. . S

0.01 ' 0.939

0.03 1.20

0-1 2‘00

~ ) - 123 -

4.69

0.608

1.20

2.14

3. 03

0.462

0.603

0.273

S5.40

2

o

3.42

0.426

0.349

0. 693

6.01

@




Table XX (Cont'd)

- —— - — —— - ——————— -

O
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Buffer Strength // pH: 3.51 ' 3.97 4.31
(M)_ _
0.01 . 0.436 0.486 0.478 .
. b b
0.03 , 0.607 0.720 - 0.82%
b
0.1 \ 0.793° 1.04" 1.2
/"\¢,!:EE:E!S!E!
. Bufter Strength // pH: 1.76 2.12 2.42
i
0.023 \\. 0.506 0.493 . . 0.487
\ 4
0.03 0.344 0.331 0.3519
0.07s 0.604 0.571 0.333
0.1 TTT0.637 0.s08 & 0.5%0
!:snesz:sssess ’
Buffer Strength 7/ pH: 314 3.42 3.76
SN, .| N
0.01 0.329 0.340 0.340
H » N
0.02% 0.623 0.633 0.639
0.0S B 0.787 0.789 0.792 ° i
0.073 0.953" 0.961 0.960 z
0.1 1.11 1.12 1.12 o




Table XX (Cont'd)

o - - - -

-

° -
® At 25 C, total lonic strength = iM (NaCl). .Unless

otherwise noted (8] = Sx10 M and tBr» = 1x10 *m.

q

B (8) = 5x10 M and e} = 2x10 M.

€ t8) = 4::10"" ang (Br,) = 3x10 m.

1

d L]
Only substrate in buffer, bromine in 1M NaCl.

3
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roou
Buffer catalysis studies were done in acetate,

G

cysnpacetate, 3I-chloropropionate, methoxyacetate, chloro-

acetate and succinate buffers., Individual buffer plots are.

found to be strictly lfnonr and the aobserved rate constants
with the different buffer systems are given in Table XX and
the individual buffer plots ;re shown idd’ Figures 13a-13d
{except +for succinate and :yanonéetato). The data can be

represented by equation 61

obsd
k - k + k((B) {61)
0 t t

vihere ko represents the enolization of 11 in the absence of

buffer and kt is the weighted sum of the buffer catalysed
. - s

processes, as discussed below (egquation &4). The slopes of

opbad
individual buffer plots (k ve ( Bt) ) correspond to kt

; 1

values and the intercepts |to ko values. Analysis of these
slopes (Table XXI) in terms \nf the fractions of carboxylate
anion ‘(A ) and the carbpxylic acid (HA) (Figure 14) give the
catalytic constants kA and kHA' This approach derives from

the following? r

k ‘ *
. ,‘”t - Kk, (A k CHAY (62)
Thus .
A HA)
kK = Kk L L. ] (63)
t A (BY HA (B}
t : t
- 127 -
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[ Table XX1
Results Obtained FfFom Buffer Plots for 2,6-Dimethylphenol.
a
Buffer pH ’A' Slopes
Acetate q.20 0.262 16.2 .
4.49 0.529 17.0
4.99 0.691 17.3
Chloroacetate 2.9 0.363 3.98
3.03 0.645 3.4%
3.42 0.821 2.99
- {
Succinate 4.98 0.244 . %6.0
. 5.48 0.306 14.53
6.01 0.764 13.2
3 -Chloro- 3.51 0.273 3.74
propionate © ;o 0.523 6.17
451 - 0.792 8.357.
Cyancacetate 1.76 0.253 1.73 .
A 2-12 0.437 1-5
2.42 0.608 . 1.37
4
Methoxyacetate 3I.14 0.29S : 6.49
3.42 0.443 6.39
3.76 0.633- - 6.44
&
R N . w1,
At e
-1 -1
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Figure 14: Slopex from buffer plots Va fraction of bu.f*oé-

“

acid (QA?HA) and buffer anion (f ). ’
%
0 2 -4 fA- -6 -8 1
20 7 r 1

Acetate ( ® ), succinate ¢ [J ), 3-chloropropionate ! B ),
methoxyacetate ( O Ry :hlovjoncyfit. { A ) and

’

cyanoacetate ( A ).
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- + . (64)
ke = Kk ta “ua Tua é
where + and + are the fraction of anion of acid and

A HA
$raction of the acid, respectively. From the kA ."dak_kHA

values obtsined for each buffer {Table XXII) it is clear

v

that the enolization of 11 to 12 is, in fact, catalyzed

- ”

both by general acids and by general bases as observed with

28
the enoclization of simple ketones. | .

\

‘ . ) \
The slope of the plot of lag kA ngain-t~pk. of a
series of catalysts gives the measure af the sensitivity of
of the r,gptlon to the strength of the basic catalyst. Such

70
a plot correspaonds to the Bronsted equation $ar general

base catalyais: \x
- ‘ A

. log k& = lo9 G 0P(K) ' . (&5)
°9 ¥a 29 % P a

where BB is the constant for a particular reaction. The

plot of lobg kA against pK. with the observed data (Figﬁro

> “»

13 lower part) gives a slope of ' 0.54 which is the Bronsted

p for the general base catalysis of the enolization of i1ld. .

A distinct feature to note in the Table XXII is

that the values of kHA vary very little for acids spanning

seven pK. units (-1.74 to 5.4%). Logarithmic plots of the

catalytic constants k
y ns _s HA

~ &

135) gives a slope of 0.039 (8.D. 0.08) which ls‘d-signnttd as

1 P Y

- 130 - 3
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Catalytic Rate Constants for the Enolization af the

Cyclohexadienone (11d) Derived from 2,6-Dimethylphenol (10d).

N
———————————————————————————————————————————————————— e —— - -
3 !
- a ¥
Acid (HA) pK_ K KA
- -1 - -1 -
14, ] 1 1) , (M = 1)
b —-
Hydronium ion -1.74 0.007646 o 3.17
Cyanoacetic 2.33 . 0.936 1.92
Chloroacetic 2.74 2.64 ' 6.78
Methoxyacetic 3.52 ‘ 6.37 _6.30
3-Chlora- | 3.93 10.5 1.21
propionic ’
Acetic 4.63 18.2 13.6 { .
. h .
. c .
Succinate U.49 11.9 17.2
monoanion ’ )
- - o i A -..‘_,--__......-_---..-.........---..-_'__'----.—.-..'-
..

The pK.,vnluon are averages obt&lnod from various papers

-

of Jencks. (Ref: 73 and 74) >

Th!sCQ-IuQ equals k;lss.s, where ko is the average
intercept of the buffer plots, 0.423 s 1.

Omitted from the Bronsted ﬁlotl because the succinate

wonoanion may act -as both an acid and/or a base.

..
e W e 0 i €
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Figure 13: Bronsted plots for the general acid catalysis

{upper part)- and general base catalysis (lower part) of the

F—
3

»

enolization of 1d

——

to 12d.

fra 132 -
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BBnsted oL and is the measure of the sensitivity of the

reaction to the 7Eid strength of general acid catalysts.

This can be oxprig:od by . the Hronsted equation for general

/ | | . .

2 "

i
k / 1 c} - C‘ ( {6
lag HA = ag A : pK.) ) é)

nhoro\gf refers to the reaction cunltant.‘ The o value of

rl

70
acid catalywis: L

0.03 l:ﬂ:%lcntially equal to zero for a genuine general acid

catalysis or a B = 1.0 (because ﬂ = 1-ol ) for specific

4 4

acid / general base catalyamis. This low value of Jd is quite
. R 4 ’

unusual for the enolization of a ketone.

Discu:ilo

- ——— e o

From the pH-rate profiles (Figure 12) it is clear
that in.lll these cases the mode of decay of the inter-

\ N
~
mediates is same, and that equation 60 is applicable for all

the substrates 10a-10+f. Thpﬂqprr.-popding kH nna ko values "

for the d;onanos ilz-iii re given ;n TabIQ'XXIII. From the

previous stu&ioﬂ it has been o-tnblisho; that tgo sase of

formation of the dienone in:rols,s with lncronsing steric

hindrance of phencolic hydroxyl which means the deprdtonation fi

should be siower accardingly. I+ the ki and k. values of. .S

12!, 122 and igg are compared there is a decreasme iIin the }
- 133 - k>
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Rate Constants for the Enolizatban of Cyclohexadienones (11)

§
torméd during the Bromination of Phenol (10a), o-Crésol
{10b), m-Cresol (10c), 2,6-Dimethylphenol (10d), 3I,3-Di-

methylphenal (10e) and 2,35-Dimethylphenol (104)..

Phenol Kk ¥
enn kH o pK o
' -1 -1 -1 -1 32
] 1! M = 10
10a . 111 16. 5 5.95
10b z ag.2 3.22 10.26
10c ‘ 36.1 9.98 10.08
{
. b
.10d 3.17 0.372 10.63
ot
10e 11.90 4.81 10.19
10+ 169 y 2.91 ,/ 10.414

——— —  —— - - ——

a o
At 23 C, ionic strength = 0.iM KBr, with {butfer) = 0.01M

¢ \ .

except for pH < 1. . s

The average value cbtained $rom the intercepts of buffer
. *
. plots (I = 1.0M) is 0.425 = ..

- 134 -
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ko and kH values '-s the steric hindrance of the phenolic
hydroxyl increases +from phenol ta 2,6-dimethylphenol.

Overall the resullts can be expressed by the mechaniam in

Scheme 14,

At lower pH's a small amount bof the protonated
!

i

form of.4-bromo-2,9-cyclchexadienone (111) is +forned from

which water abstracts the proton to form the product
p-bromophenol (12). At higher pH the proton from the
diendne intermediate (11) is wsimply abstracted by water to

Aaa—

form the anion of the product 121 which gets protonated

later to form the proQuct 12.

Table XXIV
N Solvent isctope esffect data
—
W Dienone H (pD) k / k
pr P H_O DO
) 2 2
- " o " o oo - -~ - = - Uy - - - - -
' 11a 3.6 . 1.6
1d 4.3 2.0
1d 0.0 1.2 4
s

The enolization process, ihlt is conversion of the

cyclohexadienone intermediate (11) (tu the product p-browmo-

.
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pﬁenul (ig{,uccurs by acid catalyzed and by water catalyzed

.

pathways. The point that water acts as the base in the ko

(deprotonation) process is confirmed by thc/iulvcnt isotopic

studies (Table XXIV). At. pH (pD) 3.6 for phenol (10a) the

ocbserved solvent isotope effect is 1.6 and for 2,6-dimethyl-
-

phenol at pH (pD) 4.3 it is 2.0. For thoh KH process, if a

specific acid / gén.rll base catalysis {(where water acts as

the base) is invalvod,thon a value of less than 1.0 should

be observed for kH o / kD o But for the dienone of 10d at
2 2 ’
pH (pDh) = 0 the observed kH o / kn o is 1.2 indicating that

N 2 2

the”\gnt-lylis is not simple specific acid / general base as
observed in enolization of simple kotoncl.z

Evidence that both ko and kH correspond to rate-
limiting dcprnén\natinn’lof 11 was obtained by primary
isotopic effect studies. With perdeuterophenol »ll the
substrate the rates for the ‘docny of the qorro-poﬁding
dienone were measured. The kH ,-kD at pH (pD) = 4.4 is 7.8
and ’t pH (pD) = O {t was obhserved to be 3.8. At pH (pD) = O
the K H') term is dominant and at pH (pD) = 4.4 the Kk

0

term is more significant. These kH / kn values imply ‘that
both ko and “ﬁ are associated with C-H bond cleavage.

The kH 7 kn values are consistent with the data

- 137 -
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obhtained by de la Mare/and his co-workers for the dienone

14
utylphenol in acetic acid. In the

L]

formed from 2,
present work a primary kinetic isotopic effect of 3.8 im
observed for 11a in agueous acid whereas the . isbtopic
etfect reported by de la Mare is 4.2 in acetic’acid, 3.8 in
15 .
aqueous acetic acid (water upto 3IM) and 2.2 - 3.?/1n acetic
acid containing porchlnri{//;cid and wvarying nuountlerof
16 }
LiBr. At pH (pD) = 4.4 the value observed in the present
study is 7.8 and this is within the range reported by
de la Mare and :owuikgrs +or acetic acid containing sodium
18
acetate and water (0 - 2.6 M) as 6.7 - 8.8. Grovenstein et
76

al have reported a value of 6.2 for the aqueous iodination
of phenol with ﬁigh concentrations of added iaodide under
uhich‘cundltlons enolization of the iododienone is rate-
limiting.

From the buffer cntllylﬂs studies, the observed
value of the Bronsted expanent B for the general base

£,
catalysis is 0.54,. This, together with the primary kinetic

isptiopic eftfect of 7.8 (at pH (pD) = 4.4) is consistent with

~—
~

the general base abstracting the proton #rom 11 to form the
anion of the product 12i (oquntiun'67) in the rate-limiting
atep

- 138 -
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These vslues are unusual and 'cnnnnt be okplnxnod by

w

(o) ) o
- A TN
, — — iz *
H Br Br 1
11 . . 12 |
/ , : 67)
4

From the P value and the isotope qfféct it
seems that the c4 prgton is approximately half-transferred
to the bame A_ at the transition state (Bronsted coefficien-~

te niy be interpreted as a wmeasure of the proton transfer in
. ir /J
iR
the transition state. Thim interpretation is only roughly

correct since a variety af factors can affect thoi stability

»

of the transition ltlt.)-71 o
, .

For general acid catalysis the results indicate
d_to be == 0 for a genuine general acid catalysis or a p -~

1.0 $or a specific acid / general base type of cngnlynis.

nimple

©
enol ization wechanisus.

L R AR AR
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Various 4,49-dimethyl-2,5-cyclohexadienones have
77,78
protonation pk's of -1 to -2.5.° °° Therefore, it ims

estimated that the 4-bromodienones 11i have pK's of less

than -3.

(o) OH
H* A
H Br H Br
‘11 11
%’. ’

(6 o8

Thus, a simple rate-limiting proton transfer from general
acids (pK. -1.74 to $.49) to 11  would be energetically
oL 28
unfavourable and should give a JBronsted 0.9 and not
ol & 0 as observed. On the other hand, if the reaction is
visualized as involving a specific acid / general base
catalysis as shown in equation 48, the value of ﬁ for \éb'

deprotonation of 111 to 12 should be less than 0.5 for the

onsmemme
£

following reasons. The deprotonation 11i to form 12 is

'-140".' =
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cncrg'otlcllly tavourable and compared to the proton transter
from 11 to form the anion of the product 12i (where ﬁ -

. > 0.34) the proton transfer f{rom 11i to 12 should be easier

sttt

and should give a lower )B value. It can be noted that in

4

79
case of anisole it has been rcpo}ptod that for
s

C-protonation the ol is 0.71 which means the IB for the

—r—

reverse reaction, which is similar to 1ii ——#1.3 is 0.29.

In contrast the 3 value cbserved in the present case is

’

1.0. Tho. solvent isotope effect of 1.2 gbserved for _l_l_g at
-
pH O (Table XXIV) is alsp not consistent.-with the mechanism
proposed in equation 48.
» The general ncidtc-talylls on the other hand can

be .xplnln'od by a termolecular mwmechanism as shown in

eguation &9:

, . OH A :
@ e i
\ ' : . :

>

HO H Br
_ H;0* Br
1 12’
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( These numbers represent actual or estimated pK values).
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In this case,water abstracts the Cq_protnn of 11
and the general acid _HA pfntonltol the incipient phenoxide
fon. This 'is lnnlpgoul to the nucl.oph}lic addition to
carbonyl compounds which also -xhibit general acid catalysis
The msensitivity to the strength {i the catalyzing acid aL

increases steadily as the nuclepphilic strength of the

4

) : 70
nttackingﬁ::_l‘g.nt,s decresises, i.e. Ffor weak nucleophiles
' ' f .\\E‘a
aL_appro-chos to one and for strong nucleophiles it

decreases to zero. %

This unusual enolization mechanism in phenols can

be explained by the en@rgetics of thi automerism of phenol
(Scheme 15). Phenol (A) and the cwlohexadienone 1)  are

tautomers. The pK for the prntunntiun_&* C_ of ﬁhonnl has

4

80 :
been estimated to be -14. For the protonation of the

oxygen of the cyclohexadienone tautomer (C) it is -3, (This

is because for the protonation of 4,4-dimethyl-2,5-cyclo-

. . Sé6
hexadienone Cook and Waring have reported a value of -2.4

and in this case without the two geminal 4-methyl groups it

should be slightly more negative). From this, the onul‘/ keto

' 11 '
ratio for phenal can be estimated to be 10 . However, the

pk. of phenol is 10 which means that the cyclphexadienone

»

tautomer (C) 64 proton has a pK of --1!' which is sur-
a

ptjsingly low for a C-H lciﬁ.,

v
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. L4 .
I this situation is represented ,4in terms of

relative free energies (Scheme lé) the reasoning will become

clearer, Even in 1M HC1 (pH O) where each pK. is directly

proportional to the A& Go for the individual step, the

pathway f{rom the cyclohexadienone (C) to phenpl (A) via the

)
li

phenoxide ion‘ (B) is of lower energy 1&9 is thermo-
o - i

//«gynnmicnlly preferred over the pathway which " involves
A\ :

(\&

the formation of protonated cyclohdxadionono' cation (D)i

Now, in the proso%t :tudyf where bromination of phenol ' is
concerned, the 4-bromo’ substituent in the 1ntorﬁndiato

cyclohexadienone (11) w%yk stabilize the anion 121 and

‘

destabilize the protonated cyclohqgndi.nbno cation 1i and

therefure the anionic pathway in Scheme 16 should be even

morohfnvnurod. In particular the convérsion of 1 too 121

" «

should correspond to pK. >~ -2 {for ph.noi itself the

estimated pK. tor conversion of ¢ «——e B is -1 (Scheme 13)

.

and a p-bro-un substituent lowers the pK‘ of phenol by O.6

32
units ). Therefore the deprotonation of lia by water should
3

have A Go near zero, which is consistent with the observed

large primary kinotic. 1gotnpc effect of 7.8 Ffor the ko

' procews (cf Results section). ,

This enolization mechanism in dilute acid is very

much different from that observed for enolization of simple

Ld
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28
ketones. In the case of acetone;, the enolization process

is energetically uphill since the enol / keto ratio is about

8 N 81-8

-9 81
o . The pK for enoclate formation is 19 whereas that

1
’ ' »

’ a4
for progonattgn of acetone is about -3. Thus,in acidic

/ ,

sulutiug, tic protonated form of acetone is a viable int.r-‘

mediate on the route to the enol wheresas the enclate is
- 89
pot.

. =

The general acid catalyzed enplization mechanism
for the dienones _l which is shown in equation 69 can be
better explained by using a free-energy ronctlon—cnardini&o

diagram (Figure 16).Following the arguments given above for

K .
e

the tautomerization of phenol, pathway B via the anion (12i)

should be energetically more favourable ( < by 5.5 kcal
g ' -~

mol ) compared to pathway A via the protonated dienone

. Ly

(111). Pathway - A is ruled out by the data on the basis

——
©

that any degreé of proton transfer to the carbonyl oxygen of

the dienone (11) would make ‘the proton abstraction by water

or other general bases easier and should result in a p

value ¢ 0.3, the value observed for general base catalysis.

‘s

In cfmtrust', the observed data require ﬂ ~ 1.0.

~

The observed data are more consistent with the

pathwsy labelled C !gigurc 16) and a transition state T with

&

- 146 -
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Figure 16: Free energy reaction-coordinate surface for the

general acid catalyzed enolization of 11 ———>
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with some anionic character. The location of T is based on

OLAJ o (insignificant H-A boﬁd rupture) and the primary

kinetic isotope effect of 3.8 (C4-H bond ~~r 30% ryptured).

fhe acid catalyst HA may contribute to the stabilization of

the incipient phenoxide ion by hydrogen-bonding in the
86 )

transition state but may transfer its proton only after

sufficient negative charge has formed on the oxygen as to

87,88
wmake the proton transfer favourable.

A variant of pathway C which i=s possible is C’',
hi N
4 - .

as'klndly suggested to us by Préf.~J.P. Guthrie (Figure 16).
At a point on the pathway By vhen there is enocugh charge
formed on the oxygen, the proton is transferred from the
general acid HA which is hydrogln—bnpdod to the oxygen,
causing a suit:h to pathway A, thus lvoidihé the -energy

maxima of both pathways A and B. This is similar to various

87 ‘
pathrays proposed by Buthrie for reactions' of carbonyl

compounds which are catalysed by general acids and bases.

[
-

The proton transfer from HA which is hydrogen-bonded to

v
w

diencne 33 to the dovo(pplng negatively charged oxygen has
\

little or no energy barrier, therefore the sensitivity to

v

the general acid catalyst (HA) will be very small ( o_ ~ 0)

unless the pKl of HA is greater than 9 (the pK. of the
87

product p-bromophenol 12).+ Pathway C or C®' gessentially

- 148 -
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corresponds EP a preassociation mechanism of the type
86

proposed by Jencks. The 4-bromophenoxide ion (12i) at

lower pH’s may not exist for any appreciable tiﬁb as proton

transfer within the encounter complex (12i.HA) may be faster

L 3

86,89

than infu:iunnl -eparntioq& of the t‘? species. Thus

the HA must be present, most probably hydrogen-bonded to 11,
before the C4 proton is abstracted to form 12i.

The effect of substituents on enolization via the

geﬁeral base catalyzed route can be considered by

correlating the rates of enolization with the stability of

'thc product 4-bromophenoxide ions (12i). Unfortunately the

o
pK‘ 's of all the substituted 4-bromophenols are not

available and so the pK. 's of the starting phenols 10a-10+

were used;, assuming the effect of a 4-bromo substituent to

be relatively constant. A plot of 1log ko Vs pK' of these
a
T

substrates (Figure 17) shows a good correlation (r=0.9919)
y AN

and gives a slope of -2.09 (8.D. 0.13713nd%$g§irJ:;:‘ 22.01

(§.D. 1.37). From the magnitude of the slope it is evident

that the rate of proton abstraction is quite sensitive to

'

the pK.Vgg the starting material and presumably to that of

the product also. From Figure 17 it can bg seen that for

more acidic phenols (containing electron-withdrawing g9roups)

Eﬁ’ ko will be much higher and so, in retrospect, it is hot
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Plot of koﬁttho rate constant for the water catslysed

enolization of 1la-

[

11f) Vs tho(pK.'- of the parent phenols.
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surprising that we ncrn'no(a able to detect dienones formed
$rom such phenols.

Hith'kH values (Table XXIII) thor-(loon- to be no
agbvious correlation. This may '%;p due to the different
effects of the methyls at 2(4)-and 3I(3)- positions on the
two proton transfers shown in squation 69. The methy! 9roups
at any poslt}nn should retard proton lhltrlctinn\ from C4
(ct Figure 17). Methyl groups ;t 2- an; 6- positions should
have a negative steric effect on ihc.protnn transfer to
oxygen and a positive effect when the methyl groups are at
3- and S5- posmitions.

In c;gf of salicylic acid (3) the dienone was not
obs‘%vod. This nn;\bo due to the presence of the electron-
wlthdrnning gubft!tu.nt -002H “nhish should increase the
value of ko, as discussed above. Altdfnltivoly, the —CDZH.
group in the dienone may +unction as an internal general

.

acid catalyst and so facilitate the enolization process.

Summary: )

. Transient cyclohexadienone intermediates have
/

been ’obi'rved in the bromination of phenol and several
nethylated phenols in agueous: solution. The enolization of

these Iinterwmediate dienanes to p-bromophenols is catalyzed

"151- “~
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by acid and by water in the pH range studied (0-4§). Further-
nore, from butfer catalysis studies it is evident that the
enolization reaction can be catalyzed by general bases
(ﬁ = 0.%4) and by general acids (o = 0). The ,B .value of
0.54 is explained by simple rate-limiting proton abstraction
from tq; 04 ot the 4-bromn-2,3-cyclohexadiencne &_ﬁ)
(equation 67). The very low J_ value cannot be explained by
, .
specific acld/7 general base catalysis, as is the case with
- 28

simple ketones. The IDW‘_VIIUO is attributed to a ter-

’ A4
molecular transition state (water, 4-bromo-2,3-cyclohexadi-
enone (11) and general acid (HA)) in which there is proton
abstraction 164 proton o#f ll) by water and a proton transfer
from the hydrogen-bonded general acid HA when there |is

sufficient negative charge developed on the oxygen of the

dienone {(pathway C or C* in Figure 16).
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Phenols generally show greater reactivity for

bromine attack at para positions than at

ortho.

?
fl? For

10
example, phenol undergoes ~.~ B82% para attack and o-bromo-

10
phenal is ~ 4t imes wmore reactive than p-bromophenol.

These ub-qrv.tlon- led us to consider & study -of the

bromination of p-alkyl phenols, where some of the initial

ety

&

attack of bromine wmight occur ipso to the para alkyl sub-

astituent (i? ———— L&) .

—

H ' S
Br,
— 4 o-prod
R- @ R Br \

-

15 16

A

.Recent work in the literature suggested that :*:h

study was feasible. Fischer et al isolated {in part)

- 193 -
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* ipso-dienones * from the reaction of chlorine and
22
bromine with p-alkyl phenols (13) in non aqueous solvents.
Earlier, Baciocchi and Illuminati had studied the +formation
of analogous dienones from the reaction of bromine with 4-R-
19

2,6-di-t-butylphennol in acetic acid. From their studies it
neemed that the nature of 4-alkyl group does not greatly
influence the rate of formation of the ipso-dienone.
However, when the 4-substituent wam a polar group (Br) the
rate was considerably retarded (and not measured). In the
present study it was observed that the rate of debromination
of the ipso-bromo dienone=s also is not greatly affscted by
the nature of the 4-alkyl group.

In agqueous bromination of 4-alkyl phenols ipso-
dienones (16) were observed at -~ 230 nm with an absorbance

about 1/10 of that +ound +for the cyclohexadienones (11)

dicussed earlier. This {s probably due tao the initial

formation ot ~s 90% of the major product o-bromophenol (1%)
13

and about 10% of the ipso-dienone (16). Subsequently, Lé. is
converted to o-product. The nvoru@% reaction can Ibo
presented as in equation 71. —~

Intramolecular reactions are generally faster
than the corresponding intermolecular process. Therefore, an

attempt was made to génora‘e ipso-dienones with an ortho-
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Br, P
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R” 'Br
Jf . 1
15 16 19

1 ' Br C: ] (70

90 0% )

carboxyl group to oabserve {f this group affected their
debromination. It was fnuﬂaﬁghat-zith the ipso-dienone of 35~

methylsalicylic acid (22) there is considcrano‘b rate

incresse for the debromination step, compared to that of

p-cresnl (16;).

~3
Results:

s

The ipso-dienones formed in the bromination of 4-

alkyl phen m%gn be considered to repcesent a dead end. As

is shown later, they decompose by debromination back to the
v

1 - 199 -
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H
R
(a) Me
R (b) t—-Bu

15

.4-alky]l phenols which then undergo bromination to form the

[4

o-bromo product. The decomposition of the ipso-dienones was
studied in detail with p-cresol (i13a) and p-t-butyl phenol
{1%b) as the substrates. Several others have been studied in

' 42 '
this laboratory. It was observed that the decomposition of

the 4-alkyl-4-bromo—-2,3-cyclohexadienones (16) {ipso-
dienones) is independent of substrate _and bromine

concentrations but is Jlinearly dependent on bromide ion

*
concentrations and on the H inncnntrltion. This can be seen

a”

in Flguéo 18 (a and b) in which the variation of the rate of

thoxkf:unpositinn of the 4-methyl-4-bromo-2,35-cyclohexadi-

N -

N o r
enone (16a) in 0.1M KBr and iM KBr with pH is shown. With

p-t-butyl phenol it was observed that pH rate-profile wnas.
“ 0 '

superimposable with that aof p-cresol, therefore it |is
. .

>
plotted separately in Flgure 18c. The first-order rate

constants for the decomposition of these ipso-digpnones are
~ - .

- « 4

Ty
given in Table XXV. Together wWith the results for other p-
- LY

v

-
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, Table XXV o

Rate Constants for Debromination of the Ipso-Dienones Formed

» by -the bromination of p-Crespl (15a) and

- p-t-butylphenol (13b).°
T
obsd
Compound pH k1
s 1)
a d )
15a 0.00 1.01
1.00 - 0.089
N d
- 1.2 0.030
d
2.00 0.012
- :
isa 0.00 , \ 5.74
b .
0.30 . 2.36
Lo
1.00 J 0.817
.. ™
1.30, 0.259
2.00 0.084
, 2.32 ) 0.035 o
- 2.88 ' - 0.012
a . “\ d
15b 0.00 1.073
1.00 o 0.093Y
. d
‘ 2.00 - 0.011
2.38 - o.goqqd
- 2.87 0.0016"
B - o - — - — - - - - - - - - - - — - - - = —— vt o ol o -
b '
Carried out in 0.1 M KBr. Carried out in iIM KBr.
' /
. e. e N -
(S) = 3x10 M, (Br_}= Sx10 M . \
hd 1
o d. e - e -4
> (8) = '3x10 M, (Br} = 10 M.

@

j .
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Figure 1
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-

Decowmposition of the Ipso-Diencones of (a) p-Cresol (15a) in

0.1M KBry (b) p-Cresol (15a) in 1M KBrj (c)
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. 42
alky! phenols they indicate that the effect of the size of

the 4-alkkyl group on the debromination is almost insignifi-

cant (see Table XXVI)Y.

& From Figure 18 *(a-c) it is clear that the

¥y

-

a

b
'

}

decomposition of the ipso-dienone (16) varies linearly with

the acidity and this can be expressed by equatfon 72:.~

obsd +
' k = k (H) (72)

I}

where k is the rate constant for a:!d-cntllxzod

/ .

/ ) - o
debromination at fixed (Br ).

M

’\
S-methylsalicylic ‘lcid (8iv) to abserve the of%&gt (i¥ any)

.

of the ortho carboxy in debrominaton. As mentioned earlier

3

in hapter 3, the dienone from 5-nothyllhlicf11c‘acid (8b)

v

was' indeed observed and from the pH-rate profile (Figure ?7)

it is evident that ¢the debromination of this dienone is

Al ¢

faster than that of the ipso-dienone from p-crescl (i15a). To
be more precise, at ardund pH 2 the factor is about 225. As

discussed in Chapter 3 this can be attributed to the effect

of ortho-carboxy group which functions as an intramolecular

The study of ipso-diencnes nas extended to .

13
ot
.

¥ T
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Table XXVII e

A

- Rate Constants for the Buffer Catalysis of th‘g
n

chquminatian

ot 4-Methyl-4-Bromo-2,3-Cyclohexadie es.”
kp ‘Cysnoacetate Buffer
Buffer strength // pH 1.73 2.24 2.92
(M) ‘
FY
0.02% 0.0328 0.019% 0.011S
0.073 : 0.0473 0,0266 0.0134
0.1 0.0492 .0276 0.0140
| & : -
0.15 - 0.0299 0.0153
' ‘ , ¥
Chlorpacetate Buffer
Buffer strength // pH © 2.8 2.81 v 3.11
(M)
0.02% 0.0104 0.00547 0.00316
0.0% 0.0113 0.00%%94 0.00321
0.0753 ’ 0.0120 0.00616 Q.0033%
0.1 0.0122 0.00431 © 0.00338
L .

-8 -9 o
{8} = Sx10 Wy (Br_) = 5x10 " M, at 25 C, in 0.5M K®r,

total ifonic strength iM (wmade up with NaCl).
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Figure 19 ot

J

- Buféfer Plots for the Debromination o+ the Ipso-Dienones of

p-Cresol: (a) Cyanoacetate Bufferj (b) Chloroacetate Buffer
"
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hexadienones (11) was found to pe general acid-catalyzed
!/‘/
(Chapter 4) it was anticipated that the debromination of the

ipso-dienones 16 would show similar catalysis. Therefore

buffer catalysis studies were carried oput to calculate the
' 4 “ .

Bronsted ol values for this acid-catalyzed reaction.
Studies wifﬁLﬂ;Lana-cetnle and chloroacetate buffers gave

buffer plots that were distinctly curved. The data relating

5

to these two studies are given in Table XXVII and the curved
pluts”nze shown in Figure 19 (a and b).

Buffer catalysis studies were also done in t‘:g.
presence of trapping reagents. In these experiments the
ipso-dienone un-\flr-t generated and then immediately mixed
in the gtupp.d-flok inltrunq;t with the trapping ™agent
(phenol) so that the browmine released in the dcbrominlt;un

reaction reacts immediately with the excess of §h¢ trapping
N 9 » .

agent. With this set of buffer studies the plots obtained

.

vwere mostly linesar at lower bufter concentrations but at
higher buffer concentrations slight curvatures were still

observed. The buffer catalysis data for the trapping
. F . \"/
experiments are given in Table XXVIII and the plots in

~

. . ‘ .
Figure 20 (for experinental dofailn regarding the trapping

t

experiments refer to Chapter 7).

| ‘ ‘ -

o

-



Table XXVIII

Rate Constants for the Buffer Catalysis of the Debromination

‘ ¥
of 4—M-thyl-4-8ronb-2,S-Cy:lohoxldlcpnnes”by Trapping the

N

liberated free Bromine with Lh'nol..

’

- — - —— . = ——— R = e G S G . D W D B WP S P G G P S R A W . Gw D WS

——————————————————— thF
Buffer v b :
77 pH 1.61 1.83 1.98 2.18
strngth (M) ———— ———- ———— ———
0,023 ‘ 0.0621 0.037% 0.0301 0.0161 '
0.05 0.0803 0.0448 0.0378 ° 0.02ié
: . ' * . v * *
0.07S 0.0976 0.0348 . 0.0430 0.02%7
0.1 0.1110 0.0611 ,0.0471 0.0298
) 0.13 0.126 0.06%91 0.0%26 0.0314
N . "
) . o
[ ™ ‘

: -4 -4 ¥
A mixture of p-cresnl 8x10 M and bromine 8x10 Min

Yoy et

-3 ®

10 M sodium acetate was prepared and this mixture was

immediately mixed in the stopped-flow apparatus with

3

o R L

5

-4 ' . '
phenol 8x10 M in bufter of total ionic strength 2M

~

(buffer+ strength + IM KBr + remaining NaCl).

- -

WA

B

W Sromer

. N !
Final buffer strength and final measured pH.
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Figure 20

Buffer Plots for the Debrowmination of 4-Methyl-9-Bromo-2,5-

Cycliohexadienone by Trapping Experiments.

(cysnoacetate buffer)’
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« note

Disicussion:

The pH-rate data for the decay of the ipso- '
dienones (16) of p-alkyl phenals (15) cnn&b. rationalized by i

Scheme 17.

Schewe 17 _

*OH 0 )
—_
=

| H* '
B% R Br R Br !
OH i U1 1
-~

=
) ~
w;::
‘
z 1
+
A
‘ -
=5 ’ .

. 18
R -'i‘ -H*
| OH ™ o- -
) —
<=
b . : IH*" g
19 R . R’ 19i
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First, the extent of absorbance change for the

decomposition of 16 'is only A, 1/10 that observed for the

enolization of the dienones L_. This is nttribhtod to

~ 10% of the initial bromine ntta&k on the p-alkyl phenols

£3 leading to ipso-dienones iﬁ! the remaining ~~ 0% attack

/b‘

being ortha. The o-dienones (18), uhicr should be the major

intermediate, could not be detected as they are

very
22,69 y
unstable and undergo very fast enolization to -the
9. . )
product, L_ - .

Second, the buildup and decay of the ipso-dienones

1
0y

(16) observed at 2350 nm is consistent with the formation and

decomposition of 4-alkyl-4-bromo-2,S-cyclohexadienones 1é.

These ipso-dienones are at a dead end as the migration of

[

the bromo substituent to the meta position occurs anly in

o

veri’st#cngly acidic media. From Figure 18 it is evident

that these ' ipso-dienones undergo debromination by acid’

.

> . ,
catalysis and that the rate 1is also bromide ion dependent.

>

As is shown in Scheme 17 .the ipmo-dienone £ﬁ reversibly

iorms 13 which then further gets brominated to give the
5

major ortho product 12..

“

The rates q* debromination (Table XXVI) of ipso-

» dienones wfth various alkyl groups indicnfo that the size of

the alkyl! group has very little effect. The absence of

- 147 -
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effect of the size of the alkyl! group is similar to the

’ 19
results obtained by Baciocchi et al for the rate of

formation of related ipso-dienones in acetic acid.

?

Buffer catalysis studies were carried out to
probe the nature nf acid catalysis in the debromination step
and trials with cyanoacetate and chloroacetate buffers
resulted in curved buffer plots (Figure~1? a and b). These
can be explained by Scheme 18 nnﬁgthc fnollowing equations.

obsd
The first-order rate constants (k . ) can essentially be

‘ ”

expressed as:®

bad 1
K200 . 2 (73)

. '
R
]

where kl"k 1 and k2 represent the rnt.‘ constants /#or the

"

dobroninnglon of the ipso-dienone, formation of the Iipso-
| . -
dienone (16) and bromination of p-alkyl phenols to form 19

, . . !
respectively.

Scheme 18

PepeepreipuiE RN

kA k2 ' - Br

R Br R . - R k
6 - 13 19

\. ~

¢
5
4
7
R
3
&
2
%
i
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The curvature in the buffer plots can be’

)
attributed to cataljil§ in two, possibly three, of the steps
‘ oy
in Schemne 18: 1)y general acid . catalysis in the
\ ' |

debromination of the ipso-dienones (16), (ii) general base

catalysis for tht;fdrnntion of the ipso-dienone (16) and

Y

posaibly (1i1i) general base catalysis in the bromidation

t

" AL

step leading to the formation of the o-bromo prndué@‘(l ). \\\

I+ the debromination step Lg_—‘——a»ig is general

scid-catalyzed, then . the reverse reaction ({3 =——>» 14

@

leading to the formation of the ipso-dienone must be general

biso-cn;alyied, according to the Principle of chroi&uplc

Reversibility. Furthermore, if the formation
14

o+ the r1plo— -

“"dienone is general base-catalyzed then the formation of -

PR <
o-dienones leading to the formation of o-product may also be 7

‘

general base catalyzed. &

¥

A

H
:
In this case equation 73 can be rewritten as ;
(o] HA 0 A - g
(& + k {HA}) + ) . o
obad . L THAD) ke, sk EAT) 1
= [») A - 0 A - 574) -
(k + k A} + + tA 3) {
-1 -1 \ kz kz 3 ’
Bécalime
! k = k ° + L HA {HA)
17 " 1 | .
-7 . ' N
0 A -
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where ko values refer to the rate constants in absence o+
buffer and the others to the respective buffer catalyzed
ateps. Analysis of curved buffer plots is very difficult,

especially when the rate in the total absence of buffer is

not available and the data do not show a well-defined

platoag at high buffer :onccntrntlon.‘A:cnrdingly. a new set
of experiments were designed in which the bromin; liberated
in the decomposition of th; ipso-dienone was trapped so that
theé bromination steps (k_l nnd(kz) were eliminated, leaving
debromination (kl) as rate limiting (Scheme 19). After some
experimentation, an xée:- of phencl was selected as the

trapping agent as the rate of bromination of phenal is

14

similar to that of p-jLosol. In these experiments a solution
!

_3 '
of the ipso-dienone 16 was generated (in 10 M saodium

3
’

acetate) and then this solution was mixed with phenaol in

'

buffer in the stopped-flow apparatus. . ,

»

Such trapping_ sxperiments gave buffer plots which

‘A

were to a large extent straight, except at high buffer con-

centrations ( 9 0,iM) where there was slight curvature.
) . . ¢
Analysis nf‘tQ§ slopes from the straight portions of buffer
~ : ! )
b

plots and plotting them ngnin;t the + (Figure 21) gives a

HA

)

e e P MR

%

£
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+ P

k., Value of 0.392 and a k, value of -0.061 (S.D. 0.032) for

HA

‘e,

cyanoacetate buffer. This k, value is almost equal to zero

and the kHA value of 0.392 clearly proves that the
. -

-

debromination of the ipso-dienones is buffer acid-catalyzed.

As explained Qnr}icr in Chapter 3, the bromination

‘

[y

of S-methylsalicylic acid (8iv) can be represented by Scheme

12 (Chapter 3). {n this ic:hanlsaxdcbruninntiun of the ipso- . ‘

Caad

dienone 8b occurs via the free acid form and the cnrbox7§>

group acts as an lntri-ole:u{nr general acid catalyst. b

N

.
v S A AR et

The efficiency of

an intramolecularly catalyzed

t

reaction can be measured if there are accurate rate measure-

nont; avatilable for an intermolecular reaction of the same

- 171 - ’
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. Figure 21 ‘ ’ -

- oo - -

© ¥
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(data from the  trapping experiments .
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e 4

type of wechanism. For the prcsont‘cnso, p-cresol {15a)
» —

provides a suitable comparison since the debromination of
.

its ipso-dienone (16) is catalyzed by external geéneral

acids. The ratio of the intramolecular rate to an

' £ ‘ "~ s .

appropriate intermolecular rate, is referred to as the
. _\ .

&2 .
effective molarity (EM). It is formally the concentration
of the catalytic group (in this case an external acid)

required to make the intermolecular rnnc*ion go at the

~

aobserved rate of intramolecular process. To calculate a true
EM a correction is needed to take account of the acidity of
the carboxyl 9r6up which functions as the internal citnlylt.
The corre%%ian requirés a linear ¥free energy relationship
between the acidity and the reactivity of general néids. For

the general acid-catalyzed debrominatibn of the ipso-dienone

of b-cresol an dpproximate 'valﬁe for JL = 0.13 can be

-1 - -1 -1
estimated from the kHA values of 0.9 M s 1 and 1.3 M s

for.catalysis by cyancacetic acid and hydronium ion, respec-

tively. The expected rate constant for the intermolecular

s

general acid-catliyzod debromination o+ ié can be calculated

*

$rom édquation 793

LN

log k = mg/uo-- oL &pPK . (735)
' | (

where ko refers to the rate constant for the debromination

e




I

- o \

of 16 by hydronium ion and A pK- is the pK. differnce of 95-
\ . .
methylsalicylic acid (3.06) and hydronium 3on {(-1.74).
&

Equation 7?3 is obtained bx*subtrl:ting the Bronsied equation

. :
for H30 $rom the analogous enuétion for a general.- acid HA.

-1 -1
The k calculated from equation 73 is 0.306 M [ whereas

11
the kl corresponding to the plateau constant obtained +from

. 1 .
the +fitted data for 8b |is 2.99 s and therefore the

LY

1

EM = k1 /7 k = 8.,5M, This value is reasonably within the

range of values cited for intramolecular general acid
)
H

62
catalysis in Kirby's review. Thus the 1n&qppol.culnﬁ
/l X

cata!xﬁig is more efficient than intermolecular catalysis

o
'

an&' there is no: competition with external ' acids, as

s

indicated by - absence A of buffer catalysis for 4?9

debromination of the ipso-dienone 8b (Scheme 12, Chapter 3).

- - -

§

Ipiu—&lennnos (16) are formed as intermediates in

the agqueous bromination of p-alkyl phonols, (15). Bromine
3 »
attack occurs ipso to _an extent of ~ 10%, the remaining

~~ 90% occurring ortho. The ipso-dienones decompose bf

14

debromination to reform the substrate which is then ortho

-

branin-to&. This debromination reaction is general acid-

1Y

- 174 -
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1

:ltllizod and is bromide fon dependent (Figure 18). The size
s
of the p-alkyl group has very 1little effect on the rate of
debromination (Table XXVI). This is similar ‘to the effect
!

: 19 .
observed by Baciocchi and Illuminati’ for the rate of

formation of similar ipso-dienones in acetic acid.:

-
.t - .

The linear buffer plots (Figure 20) observed when
N

the bromine liberated in the debromination of the ipso-

L

dienones is trapped by phenol indicate fﬁlt the general
acid~cléllyzcd debromination of the ipsc-dienones (15) is
predominant and the competing reactions i.e., bromination of

p-alky! phenols leading to ‘the furmnffnn of o-product (19)

: -»
and the 1ipso-dienones (16) are virtually Qliminntoi.‘ The

o

uHA value 0.7% and kA value of =% O indicate that the debro-

mination is only catalyzed by gon.rnl/hcxdl.

,

S-Methylsalicylic acid (8iv) also forms an ipso-
dlonono'ggg) and its rate of debromination is much faster

thay ‘that of the dienone derived $rom p-cresol. The
dnhzﬁcemont'ln the rate can be attributed to intra-molecular

general acid catalysis (Scheme 12, Chapter 3I) of the

debromination by the carboxy) group of 8b. The effective
maolarity (EM) far the internal catalytic group is estimated

to be 9.9M.

.
e
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- general bases. Some initial studies

was an increase in the rntokaf the dissppearance of

Buffor Catalysis Studies For The Broalnntinn Of Phenol

- L D D A G D I T A G M A i R WD W o . A G —

In the previous Chapter it was established that
Vid |

the -debromination of 1plo;dienonos, is general acid-

cntalyzed) This implies, ‘according to

Microscopic Reversibility, that the formation of the dienone

the Principle of

should be general bases-catalyzed.

+

OH
p HA
- e
Br + 4———A—_- +. Br,
Br R R

(76)

n

- ’ A ’ Ay
I4% this is =mo, it is reasonable to suppose that

normal. bromine attack on .phenpls, - also catalyzed by

were carried out with

‘ .
acetate and succinate buffers by Paventi, using phenol as

1

‘ o] -
substrntc.i In these sxperiments it was observed that there

bromine

- 176 -
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>

as the buffer concentration was tpcrga-od; Hnuoﬁir, no

definite conclusions were made as the pH of tho«buf#ﬁ?s’~4t

e

different cohcentrations were not uniform. 1In the ﬁr.lenf:

4

stud% bntfer catalysis studies were cnrriod out initiaily

. ’

with p-bramophenol to contirf that the rate of formation of

',tho dienone varies with bu4fer concentration and latnq using’

fr.s )
Rhenol (16) as substrnto,tho studies were completed.

Roiulin:, ° . *

. The disappearance of bromine was wmonitored at 275

nm for all these buffer catalysis studies to abviate inter-

hforoncg:'frun dienone enolization (Chapter 4). Prelimipary

studies were carried ocut with p-bromophenol and p-cresol as
substrates but only at one pH for each tyjie of buffer. with
these -ubl;rntol b;f#cé catalysis was indeed gbserved and
this led tn 4further detailed studies ‘using phenol as

substrate. The buffers used were ‘uccinato. acetate and

propionate. The second-order rate constants +for these

_experiments are given in Table XXIX. The plnis of the second

order rate constants versus the buffer concentrations are

#11 linesr (Figure 22a - 22c) and can be explained by

L d

equaiion 77

obud ' K
k .

- K + Kk (B} . {77)
0. t \

- 177 -
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Table XXIX

i , - e o o .-

{

”8&;5nd~0»dor Rate Constants for the Buffer Catalysis for the

N ) , )
Attack gf Bromine on Phenol (1 . " A

- /
/
- y  —p B o T — - - S S A D P P AR S D D e o S a -——-—-——-,L ———————
/
‘ ~_/ Succinate Buffer \
Butfer mtrength // pH 3.78 3.99 /  4.18
(M) T , ' /
: s L s
0.023 : | 7.29x10° . 7.13x10) 7.22x10
\ 0.0% _ 7.51x10" 7.69x10°  7.73x10°
e !
. : 5 s
\Q.on | , ._7.71::105 9.09:;/10 Y8.08x10
— | s o s
0.1 8.40x10 8.37x10 8.63x10
Acetate Buffer
’ D S AR W Sy G UL Y G wes S GE
/
‘Butfer strength 7/ pH ‘4.26 ./ 4.86 . 5.36
‘ t™) * o
' s / s .6
0.02% 5.68x10 6.94x10 1.08x10
.8/ s L 6
0.0 A 5.74x10" 7.16x10 1.15x10
«x \. . - \
~—— 0.073 a.miuo? ?.78x%10 1.22x10
/ SR
s s
0.1 6.92x106 8.14x10°  1.27x108
/- '
b A :
( / ‘ g
g

]

iy

o e N ek o v WA
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‘Table XXIX (Cont'd)

- an - o - o - . -

~  Propionate Buffer

o

v

Buffer strength // pH 4.28 4.33 3.06
M) ‘ . o
0.01 :.123105 & 5.42x10° 7.70x10"
. ' s
0.023 - . 5.36x10° 3.82x10° 7.92x10
: ‘ : s s
0.03 e 5.70)(105 6.26%10 8-96!19‘
‘ ’ 5 5 0
0.073 6.30%10 7.06x10 -—-
0.1 ' 8.94x10° 7.86x10° 1.01x10°

F—

- - - - - — > o> - e oo - - —— - - ———a-_:-——-—————;——6——_—-——L-dd

[ . "1 -1 [ - ]
Units for rate constants M s , at 29 €, total fonic

strength 1M (buffer strength + 0.5M KBr ¢ remaining NacCl)
-4 -3

(S8) = B%x10 M and (Bré) = ¥x10 M, values for second-

order -rate constants corrected for tribromide ion

+ormation.

b. -4 -3
(S) = 10 M and (Br) = 10 “M. C L
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4For each type of bufier an lm:rons)o ‘in th.‘-IIDPO

is ob-;rvod with incrons.i in pH and the intercepts also vary

Iy .
with pH (above 4.93).

- o - .-

Discussion: (\ . )

-

From the slopes of tho‘buf-for plots 1’ is evident

that there is an {increase in catalysnis as the fraction of
v .
&

the basic component of the buffer , increases. Further

analysis of the slopes shows that g.nor;fﬂﬂllo catalysis is

achibited +or the first step in bromination of phenol. Thus,
as suggested above, the attack of bromine on phenal leading

to the {formation of the .intermediate dienone is facilitated

‘by general bases. Reasonable values of kA were obtained from

the . plots of slopes versus the fraction of basic (acidic)

component (Figure 23).' The data also provide * kg Values *

which were nat anticipated. In the case bpf acetate buffer

the k  value cbtained is 3.91x10° (8.D. 4.16x10°) M} s 1,

.

but,. taking into consideration the standard dov,iation. this

.
-

cen be conmsidered to be zero, With succinate and propionate

[

buffers the k values appear to be more significant. The k

HA A

and k values obtained frﬁ the plot of slopes against the

HA

fraction of the base (Figure 23) are listed in Table XXX. 4

\
A\
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. . Table XXX

, o o oo~ - - Lot
i )
- 2

Catalytic Rate Constants for the Attatk of Bromine on

i

Phenol (_&2.) -

r
. v
————————— ———————— e ————— e —————— el ————
, -1 -1 -1 -1
HA ) K k (M s ) k (M s
Acid (ﬁ’ p A HA
. a C S
Suceinic Ty 4,04 "4.’.:!7")(1.06 8.23x10 :
A ) ' ' (5.D. 4.3%2x10)
' b & -5
Acetic 4.63 o 2.93x10 3.91x10
- : (8.D. 4.16x10°) /
1 ‘ ,
- a 6 6
Propionic 4.73 I.34x10 1.63x10 s -
4 (S.D. 2.16x10 )
a.
pK.'s $rom Ret. 32 corrected for 1M ifonic.strength. .
© Re#. 73. ' "
—l ‘ \

/\
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3

With the observed kA values now, a more complete ”

picture of the poch’nisu of bromination of phenol can be

‘presented ams ‘tppnn in Scheme 20. The formation of the
. . \

disnone (11) as well as the decomposition of this dienone

are buffer catalyred. The significant kA valuss obtained in

this study for all the three buffers can be explained as due

to the bame catalyzed -t;lcf of bromine on phenol (10) to

]

form the 4-bromo-2,5-cyclohexadisnone (11), thus avoiding

the formation of the unstable protonated 4-bromo-2,3%5-cyclo-

111

' hoxadtononc‘( 11}, This el?min-tes f}om the traditional

. ,
Y
ﬁclog-natlon mechanism theﬂfirs{ step as being the formation

4

.

of 8 benzenonifum_ ion type of intermediate. The data indicate

+ e

that, at least in the halogenation of phenol, this unstable

benzenonfum type of intorncdi:zi is avoided by a con:.ﬁ@.d

pathway forming the reasonably stable dienone directly

a

tequation 78). b

0 H-A
.
]\ r Br H :
16 (73)
) AN
- 188 - o ‘ ,
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Bronsted Plot for the General Basesfatalyzed Bromine Attack

A

on Phenal (10). e
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. A plot’ of the 1log k, values against the pK.

A

3

(Figure 24) gives a Bronsted P of 0.38 and from this value

-

a rough estimation of the extent of proton transfer in the
- 91
transition state can be assigned. In the present case it

indicates that proton transfer to the general base is about

'

hal+ tran?ﬁ;rrod.
. AN

. Nothing much can be said about the kHA values as

there in n{\trond in them with vnfiatfon a+f pK.. They may

ilmply be .rt??;cXQﬂxesulting from experimental errar. The

pseudo-first-order rate constants measured at higher pH’s

-

and p!gh buffer strengths are guite large and glight errors
&

{even upto 9%X) change the buffer slppes considerably and

affect.-” the kHA values correspondingly. Moreover,

ranrpduribility in the data was also a prnbien. presumably

due to the same reasons.

Summary:

Th;*'at;ack of bromine on phenol shows buffer
catalysis. From the observed data it is proposed that the
$irst step in the  browmination of phenol (the *orngttun of
dienone) is general base-catalyzed. This wmodifies the

P

existing wechanism for the brolinatinn‘#d¥ phenal which

invaolves the #formation o4 a benzenonium type of ion.

- 187 -
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intermediate, General base catalysis for  the attack of -

’

bromine on phenol permitas direct farmation of the 4-bromo-

|

2,%-cyclohexadienone ﬁii’ type 0©oOf intermediate observed in

Chapter 4. The Bronsted S value of 0.38 indicates that the
: &

¢

proton of the phenolic hydroxyl is about half-transferred to

the base i{n the transition wstate of the roac;]én (equation

78).
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Experimental

Materials?

Most of the lub:t}ftns nere of commercial origin
and of the highest purity available and were usmed as
received. Some of the substrates which were not purchased
recently were recrystallized. The 1list of the substrates

P

studied in this thesia, their origin, if recrystallized, the

solvent and their melting points are given in Table XXXI,

.

" THe buffer acids used ' in this study were also of highest

v

quality available.

.Praoduct Analysis:

- . —— o - - - -

Productlnna!ylis studies were carried out for few

(uf the substrates to ascertain the products formed under

1

kinetic conditions.

-

(i)‘Iraminat!on of salicylic. acid:

To a 0.09 M solution of salicylic acid, 0.03 M

solution of bromine (both in acetate buffer (pH 4.1)

&

contaihing 0.1 M KBr) was added dropwise with continuous
‘. ‘D’ .

stirring., The white precipitate obtained was collected and
‘ - ¢

the product was identified by NMR to be’ S-bromosalicylic

d - 189 -
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Serial
Nuwmber

1.

6.

7.

8.

10.

11.

12.

13.

16.

*

Table XXXI

P L

List of Cumpuundl Studlod in thim Uork

Compound M.Pt. ( C)
. e N
Balicylic acid 139
' _ {139)
o-Arimic ‘acid (99%)® - 99-100
' (101)
. -_-rﬁmf//’fr 3
Methyl salicylate (99%) ——————
' ae ’
S-Bromosalicylic acild 167169
' {168-169)
s-Sulphosalicylic acid (99.&%)°
) . c h ¢
S-Nitrosalicylic acid (98%)
5-#brnyllllggxlic.lcid (o7%) * '
®
S-Methylsalicylic acid (98%) ?“7
4-Methylsalicylic acid (99%) "
4-Chlorongli:yll: acid (98%).
S R ! .
p-hydroxybenzoic acid :
b
p-Anisic acid il ) . 182
> ) (18%)
. a,e
Ethyl p~hydroxybenzoate 113
‘ ' {116-118)
d
Ph.nolc' i '
o—Crolnl. 4

17.
18.

19.

-

2
A .

m-Cresol (99%) Gold Label)
p-Cresal (99%; Gold Label)"

- 190 -
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Table XXXI (Cont’d) N ' ,

// ' ’ R - — S S — vy b —

x

H

* BSerial

; o
" Compound M.Pt. ( O)
——Nuwber "

20. p-t-Butyl phenal (95%)"
; 21. 2,4-Dimethylpfienol (99%} Gold Label)"
J 22/ 3,5-Dimethylphencl (9

24, 2,S-Dimethylphenal ’

23. ¢ Phenol daj o :
‘24, 3-8ramo—4—;;droxybonzaié acia™® 175-178
S : : (177)
‘ & Recrystallized from water.

b. hogry:tlilized from n;th-nnl.
€. Rocry;taﬁlizcd from benzene. .
d.)obﬁli ed from Fisher Scientific Company.
®* Obtained from Aldrich Chemical Company. ‘ ”
£ Obtained from May and Baker. i [ :
9 Obtained from J.T. Baker Chemical Company. . 2
h Obtained from Fluka. a’. , . " ‘g
' obtained from Hut?oion, Coleman and Bell. é
1- oﬁt;lncd from MSD I!utopo;.“" ' :§
k'ﬁProplrcd Qy B. Kraus. o RN

1w Pt. in ﬁ;rgngh.so-‘roior“ta literature values

(Ref. 103)

-.191 -
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acid. M. Pt. of the product was 162-146 °C (1it. M. Pt. of
-

S-bromosalicylic acid is 168-1469 .

-

{i1) Bromination of S-bromosalicylic acid:

Equal volumes ' of S-bromosalicylic acid (0.0iM)

{

sand bromine (0.01M) both in buffered salutions (pH 3.3)
containing O0.1M KBr were mixed with constant -tirring. The
splution vwas acidified with few drops of dilute hydrochloric

acid to ensure maximum precipitation of the produ:t.‘Thq

-

5’
melting point of the crude product was found to be 210 C.
&The product was recrystallized from ethanol and the melting

) o
point of this product was 213 C. The oxpoctcd,pgfdu5t 3,5~
\

07

g o 1
dibromosalicylic acid has a melting point of 223 C.
. 3 , : . N

(111) Bromination of p-hydroxybenzoic acid: ' .

When equimolar (0.01M) amounts of p-hydroxy-

benzoic acid and bromine were mixed (both in acetate buffer
. . ’ A

-

at pH 4.1 with O.1M KBr) a white precipitate was faormed
which was - isolated and recrystallized from hot water. From
the melfing paint, T.L.C., and NMR spectra the product was

identif! to be z/gfz-tr!brnmnphohol (yield 78% ).

& product probably arises from two successive

o0
v 4

i
i
3
Il
H
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reactinn*sequonco can be written as:

&

{ \
p~-Hydroxybenzpate e——p 3I-bromo-4-hydroxybenzoate ~————mi-

I,S5-dibromo-4-hydroxybenzoate - m—— 2,4,6~tribromo-

. ] [
phenol.

The rate cnﬁslgnti‘for the second atep is faster
than for the first step (Table III). For the last step the
bromination ai’,S,S—di- bromo-4-hydroxybenzoic acid, which
involves a bromodecarboxylation, the measured rate constants

26b’d) are S84 and 6140 Ml Wt ot pH o and 1
respectively. These rate constants indicate that the
reactivity of th; anion of 3,35~dibromo-4-hydroxybenzoic acid
towards Sromino is essentially the same as that of the -nin;
of 3—bromn-4-hyd;oxybonzuic acid. Thus, in the reaction of
equimolar concentrations of p-hydroxybenzoic acid and
bromine the initial products are more reactive towards
bromine which lo‘d{ to the formation of the 2,4,6-tribromo-

phenol. K

Accordingly, produét studies were also carried

out under  kinetic :u;,‘iions ni}h 10-¥0ld excess af

substrate. To a solutipn of 0.01M p-hydroxybenzoic acid
added 0.00iM bromine solution hoth in acetate buffer (pH

4.1) containing O0.1M KBr and evaporated the mixture to

I~4

- 193 -
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dryness. The residue was dissolved in wmethanpl and analysed
by TLC on msilika using 0% methanol and 10% 0.02M KH2P04 as
eluent. From the R‘ values {t f: clear that the product did

not contain any tribromophenol. {which was the product formed

a
-

with 11 substrate and browmine). But the product could not
bhe differentiated on the basis of R values from 3-bromo-

4-hydroxybenzoic acid and 3,35-dibiromo-4- hydroxybenzoic acid

which are the other possible products anticipated. The

product analysis nls.thoktiurc done by GC/MS by trl-othyl—h

silating the residue obfained after drying <the reaction

.mixture. The‘.halysi- showed the unreacted p-hydroxybenzoic’

[——
acid, the ' 3-browmo-4-hydroxybenzoic acid and 3,5-dibromo-

4-hydroxybenzoiec acid as their bis-TMS derivatives. The
ratio o¢ 3JI-bromo-4-hydroxybenzpic acid to 3,5-dibromo-4-
. 0 -

hydroxybenzoic acid was found to be 13:1, confirming the

kinetic product with 10-fpld excess nf substrate to be

3-bromo-4~-hydroxybenzoic acid i.e. the measured rate ’

constants correspond to the monobromination of p-hydroxy-

benzoii acid.

- 194 - - v
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- Apparatus?

For kinetic studies’ an Aminco-Morrow stopped

92
4low accessory attached to an Aminco DW-2 UV-visible
lpocthﬂththoior operating in the dual wavelength mode was
used. In this mode one monochromator is set at a reference
wavelength where little or no change occurs and the ;ocand

"'L)‘ -

monochromator set at. & convenient wavelength where a large

change in absorbance is observed. By the means of a chapper,

N
the reference and sample beams are alternately passed

through the stopped flow cbservation cell which :onéziz;ytho
sample. Normally the chopper operates at nispood o¥ 230 Hz,
but for reactions with half lives less i‘nn one second the
kinetic chopper which operates at 1boo Hz is preferred. The
DW-2 is balanced with mixed reactants’ in the nb;crvntian
cell to eqgualize the radiation intensities ;ra- both  the
monochromators and also to eliminate the ;ﬁsorbln:o due to
the unronct;d excess substrate as the reactions carried out
were all of pseudo first-order type hnviné sub-trnto.fivo ar
ten times Iin excess.

The advantages of using dual-wavelength mode can
be limted as (1) use u# reference solutione is eliminated}

13

tii) due to the use of same 1light source for illuminating

- 195 -
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©L,93
both the monochromators the fluctuations in light

intensity are wminimizeds (iii) artifacts due to light
scattering in turbid solutions are winimized as both beanms

o -
pass through the sawe observation colllvs tiv) in the dual-

<

wavelength mode a difference signal is observed (instead o+
b

comparing the transwission ratio of the two absorption cells

seen st the same wavelength) compensating $or the

fluctuations in the detector response and amplifier
94,99 - ¢

gain. c

4

For the reactions which were studied in this
<

work one drive syringe was filled with 2 ml of the substrate
solution in a selected butfer medium and the other 'iyringo

with 2 mi of browmine solution u.unlli in the same~ medium

. Lot -

’ N
. laxcept when a butfer reacted with bromine). These two
L

1

molutions were driven together under a nitrogen pressure of

-~ . v »
Qﬁb 38-40 p.s.i., into a 10 mm long observation cell. Under this

~

- S )

nitrogen driving pressure the dead time of the system is

estimated ¥ be approximately 4 msec. The volume of the
. 92

solution under observation at each time is 0.04 ml. The

stopping block in this system is controlled by a wmicrometer

with an pscillscope trigger switch mounted in its tip. When

A}

the drive button is pushed in, the block advances as the two

- 196 - . !
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T

solutions get mixed and simultanecusly the nicr&Ecﬁ.r mwitch

~

is triggered, the data ;cquisition starts an g{a progress

' A}
af the reaction can be observed on the oscillpscope.

" L}

——— - o

N

All buff.g,salutioﬁ; were freshly prepared before

use as it was found. that they d‘terlnrntcd with time. For pH '

dependence studies for reactions below PH 2, dilute agqueous

.

sulphuric, hydrochloric, or perchloric acids were used. In

case of hydrochloric acid they were usually diluted fnom 1M
) [
mtock solutions (A & C American Chemicals). In the range of

s

A
pH 2-7 buffers of constant ionic strength (0.01 M) were made
' : - 96
up following /ﬂ:ﬁrl;Tkwlhbl.. These include chloroacetate,
acetate, succinate, and phosphate buffers. All suluti;n-

contain 0.1 M KBr (except where specified otherwise) so that

-

the total ionic strength was 0.11 M except atAower pH's ¥

(< 2). QOenerally a stock solution O.1IM substrate in a

-~

)
{ o

suitable solvEent was prepared and using appropriate aliquots

o+ this st&&% solutiaon were diluted with the desired pH

=alution. Similarly a bromine stock /sclution of 0.1 M in
g o )

aquecus °© 0.1M XBr was diluted appropriately. Both the sub-
strate and bromine solution dilutions were nade jumt before

' . 7
the experiment was performed. as it was found that bromine
h

-
i3

o - 197 -~
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@1

" concentrations were made up with iM NaCl

reacted with certain buffers with time resulting in .the

absorbance change. The pH’s of these solutions with the

substrate and bromine in them were mixed 1:1 and mc;-urod

with a Corning Digital 110 Expanded scale pH meter

calibrated with appropriate standards. ’

For buffer catalysis studies, 0.3-0.1iM aqueocus

buffers were prepared using the Henderson-Hasselbach

equation (79) and employing the pK"s corrected for 1M ionic

strength. From these stock solutions buffers of lower

-

PH = pK_ + log (A ) 7 (HA) (79)

solution for
the experiments relating to the enolization of cyclohexa-

dienones and with a4 mixture of 0.5M KXBr and O.5M NaCl for

the debromination of ipso-dienones and the +formatiaon of

dienone buffer catalysis studies. At lower pH's for these

73
studies Cyanoacetate (pK. 2.23), methoxyacetate (pK
a

[}

97 . - 73
3.52y, 3-chloropropionate (pK. 3.93) and propiohate (pK‘

98
4,73) buffers were Jmplnyod and it was found that the

former two buffers especially reacted with bromine.

Therefore, when cyanoacetate and methoxyascetate

buffers were used only the substrate was wade up

- 198 -
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&

in the buffer splutions (buffer concentratjions being twice
of what is desired) and mixed in the stopped-flow apparatus

with bromine in 1M NaCl splution or a mixture of 0.3M KBr

¢
and 0.%M NaCl splution, as the case may be.
The subhstrate © and r\bronino concentrations
‘ -’

jndirated in the tables refer to the final! concentrations

atter mixing of the reaction solutions in the stopped +low
-~

apparatus.
1
~

Kinetic Procedure and Data Arguisition:

. —— - . R . R S s M G - S8 - e G e . G e e -

For all the kinetic runs the temperature in the

o] + o
pbservation cell was maintained at 235 C. - 0.1 C using a

Lauda RC - 20B constant temperature circulating water bath.

Reactant solutions for pH dependence studies were O.1M in
KBr (except where specified otherwise). The addition of this
40
large concentration of bromide ion has certain advantages:
{a) 1t swamps the eftfect of bromide ion produced in the
reaction, (L) it increases the stability of bromine
/
solutions since much of the bromine is present in the form
of tribromide ion (c) it reduces the rate of reaction by

reducing the frees bromine :uncgntratlon, (d) it facilitates

spectrophotometric measurement of rates since tribromide ion

‘has a larger extinction coefficient than  bromine at their

o ' - 199 -
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respective M max and (e) it ensures that the ‘'ionic strength

is high and constant (O.1iM) for all the pH-dependence

&

studies in buffer solutions,
1

5

+

/ Bromination reactions were followed by monitoring
. i ’

the decrease in tribromide absorbance ( M n‘xfor Br3 is 266
- nm and log £ is 4.54).99 For the pH-dependence studies of
bromination of salicylic acid (3), p-hydroxybenzoic acid Q)‘
and thelr\- derivatives .n;: buffer catalysis studies involwving
the 4formation of the dienone of phenol, the sample
nonochromator was set between 247-280 nm (depending upon
where the beat signal to noise ratio was observed), with the
reference monochromator at 340-350 nm. For experiments
dealing with the doc-)jvuf the cyclohexadienone intermediate

and debromination of the ipso-dienones the sample mono-

chromator was set between i 235-2B0 nm (depending upon where '

the maximum absbrbance change was observed) ‘and the

reference monochromator at 320 nm where there was little or
/’1
no change,

N : .
All reactions were carried out under pseudo first-

order conditions. Generally the concentrations of ‘substrate

-4 -5
M and bromine Sx10 M (after 1:1 mixing in the

stopped-¥low apparatus)., For fast reactions these concen-
trations were reduced by 5 times.

Do

+ hak WPE



B armda L W v o w we & arenn ay mwn o - . g

“ 3
{ »o e oz 3% mw es ws | ! seos en ms e ¢ § o« we s 1| -
. ' v - I -~ |} ) 1
[} I } [ S 1 ] & t
] 0 ] | ® ' 1 ® t
EEN T 1 2 I
- L L] [ 4 1
i = 0 ' X 0 1 '
1 u [F) 1 ! U 1 ~ 1 [ 8 1
' | " " ] 4 ® 1 ) 1, & [}
i o i “ 4 1 1. 1 .
| R ] ] I L .
§ oo wn oe ev ss ws se | ] e vs wa we we (] § we ws wa | s
i i
7
Y
[ ] -
sy -
\ “ s J
Ts ’ »~
+
. §
ot 1 ®s aw oo ws ss as e’ 1 f se me se oo ws |} t - 1
4:. 1 { 1 e« 1 i ' -t
i -t t . o, | ] 1] [ t - 1 .
. | c | . o ;
H T ' 1 o 1 S + S B 1 1 * ! .
‘&1 u [} [¢] - *- > [ 1 P | [ -4 _ 3
~ P < ] Lol + L t | ] [ ] P t . bl | Ld [} ~ -t N
1 ' m o 1 1 a W ' t a1 . O
w.. N ! 13 ! - t e s t a N
-t ~ i 1 f - 1 b esg b. .
wi p ! ! ! ' .ww.. e L
a | as as %e ae se o= es | § s we ne we ae 1 . Iﬁ.r..f&. de | ee -
p AN - N . s
z : } ) ’ ms&n . . q
] a o
lad -
R #
- m * . .
- * —
w L
t ) - -
| ww se o» se 55 ov -us 3§ — T on se s |
« t - R ' 7 ] \
[} Lt b=} } - t [8 ]
i v + i - - [ 4 1] '
SER A P2
" - [ ] - -
f @ o € 1 =~ T oe i
1 o] Ll o t - 1 1 1
1 - L o ! - 1 x 1
| (3] % | ] L}
| ] ! [}
I e« oo =e sea av we as | b t os o s }

Dl pbncaRend W T AT e R o



o

'}

For reactions u{th a half-life of less than ca 20

~e—

‘seconds, a data acquisition saystem was d.od to monitor the

ytnet!cs (FigurchS).\Fur each reaction, the output voltage

af the DH—Z) (proportional tu,‘absorbnnc. -at 2V/A) was

recorded on a Bighltion 603'd191t11' wave form recorder

18-bit resolutian). This stored signal was vionéd on a
’ ’

Tektron}x 221% &0 MHz oscilloscope. Acceptable traces were

/ . N
plutte& from the Biomation onto the Aminco X-Y .recorder for

. - . . .
the purpnse of records. From the Biomation the stored

4i{gitized traces (2048 points) wer e transferred serially at
9400 baud via a Datos 305 interface to an Apple IX micro
th .
cowputer. Every 20 point was extracted and displayed by
the Apple on the monitor, a total of 100 points. From these
an fnfinity value was ostimltnd'as the average of the last

ten 'points. The rate constants for a specific run was

calculated +from 1%5-40 points spanning about: 90% o+ the,

i

resction using the TRist programme (described Xltcra.

Slow reactions with a hilf;ll#otgroator than ca

20 seconds were recorded directly onto an X-Y recorder 20-30

+

points, corresponding’ to 90% reaction, weére obtained - by

w

hnqgﬂdigiti-ing the plots and rate constants were determined

by analysing this data using New 1st programme on the Cyber

170 mni%*rumo computer or the First programme on the Apple.
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The pseudo-first order rate constants were pbtained as the
average of 3-3 runs which differed by <5%. Individual +irst-
_ordér rate constants were opbtained from least-squares

anelysis of In(A-A_,) Vs time. The runs which gave r >0.%995

in least-squares analysis were printed gut.

[

R EN

v

r

¢

- First order . rate constants were calculated by the,
. three programmes Tqut, Newlst and FIRST; all of which use
the Guggenheim, the Swinbourne and the Normal (with

ewinbodrne calculated infinity) and Normal (with observed

.

infinity) methods. It was observed in the mljnriiy of the
cases that the first-order rate constants obtained by all,
<gur methods varied only slightly ( ¢ S%). For pH-rate

ﬁrof(lei a PROFIT programme was used where calculations are

done by $f{tting appropriate rate equations Mtq the experi-

t
3

mental] points. This is an iterative programme which makes

100
use of standard non-linear least-squares techniques gng
9ives the best curve to a given set of experimental data.

All of these computer programmes vere written in

Basic and machine f:;gulgo by Prof. 0.5, Tee.
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Treatment of Kinetic Data:

- . s W W — - o = - — - e - -

-

As . mentioned sarliier the +irstorder rate

. ]
constants were calculated by the computer programmes using

1
-

various methods. The simultaneous use of different wmethods
provides a useful check on the quality of the data. A brief
outline of each method is given in this section.

. Norm‘l * Treatment of Kinetic Data:
'

For a +first-order reaction the rate may be

represented as

;z - k1 (b-x) (80)

where b refers to the initial concentration of thé . reactant
B, x represents the amount B which has reacted by time t and

ui is the flrst4ord.r rate constant.

/) . Equation 80 can be integrated to give eguation 81
’ b
{ L Ty . !

|

’\\ For a ploudb first-order reaction which goes to
completion there is generally one of the reactants in large
.'/ . -

excess with respect to thé concentration of second reactant.

) ‘may be monitored

. -

Progress of such a._reaction "(equation

a

gp!:trophotumotri:nllyh

A + B c——m———— P . > . {82 .

- 204 -
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{4 the Beer-Lambert Law is obeyed. For a cell of ' unit

thickness, the following relations :hnuld)hnld good:

+ £ :
A, = E,a P \ (83)
A - + & tb-x) + & (84)
- E,A fa-x) B x p X
and
n ]
Ao E£_ta-py + E b ' . (8%)
- A P
where A A and A refer to the absorbances at tln; t=0, at

o’
tm o0 , and at time t, rempectively. EA, E’B and E’P

L]

robr.sont the extinction coefficients of the reactants A and
B and the product P at the analytical wavelength used.
Under pseudo first-order cnndil!onl (a > b > x)

combination and rearrangement of equations 83 - 85 result in

Re

A - A"
(B=x) = {86)
(I &,
Equation 81 can naow be rewritten as
' k ¢t = 1In b = 1n ‘50 _ Ab‘) {87)
. 1 {b-x), tA - A@o)
ar - r
- / - —\
in t A Aoo’ - 1n Ao Aaa ) klt (88)
which can also‘be expressed as
¢t A ) = (‘A -Aa ) e it (89)
o . 0 o)

From equation.88 a plot of ln (A Ao ) Vs time
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%
should give a straight line with a negative slope equal to

kl' The computer prngrnmm{s used least-sguare analysis to

evaluate kl from lines with a correlation coefficient >
0.999% for data corresponding to about 90% of reaction.
eV
This type of analysis ,rcquirol an accurate

-measurement of A _, since any small discrepancies in A

value may not affect the least-squares analysis particularly
but can cause significant changes lﬁ;tﬁ? k value. (Collins
estimates/that an error of one part in A, can affect the

102 )
rate constant up to +fourteen times). ° Therefore, in order

to accurately estimate A, all runs were monitored for more

\

than 10 half-lives {( > 99.9% reaction). Towards the end of
N . .
the reaction the absorbance changs generally becomes small

relative to the noise and mo A, values obtained by this
‘ * i »
nethod were compared to Aoo values oiﬁjintd by Swinbourne

method. It was observed that to a large extent the A _,

4

values obtained by thess two methods differed very little.

03,104
Swinbourne Treatment of Dutntl »10

P This treatment mnakes use of the integrated rate

equation, equation 89. Consider a first-order reaction where

A, =w————- Anrofor to the absorbance values at times

t , t - t and' A °, A *, =me=—== A °? n;o a wsecond
n I n
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+ T, t_ + T, -———=- t + T times where
1 - n

b}

set of\r.ndlngs at t
T llctgpltlnt. The first set of readings can be represented

by equation 69 {.e.

- - ko
A=A ) = (A -A_) e (e9)

@

and the second set of data by equation 90

“k (t + T)
. ,

TSR R I LN PO (90)
Dividing equation 69 by 90 gives

(A - A ) T :

Wy on

oD
and therefore
s T
A=A_, (1 -e') ¢+ Ave , (92)

-

Thus a plot of A versus A’ should give a straight line uith

®©

kT . byT
slope = @’ and intercept = Aoo {1 -~ e' ). This enables the

'k1 to g’ calculated from the slope and A, from the following

equatian 93

intcr::gt

e * (T - slope) (93>

The value of T should be between one halt and one

half-life and the data should span beyond two half-life

“

periods. The values of A~ obtained by ¢this method were

{

aluo introduced into the normal wmethod and values of k1 were

calculated.

e BN e 8 e e
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4
Bugggnheim Treatment of D.t.=101,10

. .
This method allows the calculation of a first-

order conastant nithauiﬂqﬁling Ao values. Subtracting

equation 89 $rom 90 gives

.

-k -k, T, \
(A* - A) = (A - A, ) e T S (94)

and so . .
In (A° - A) = 1IN (A - A )(o-k'T - 1) -k t . (93)

. o Qo 1 ,
which can be written as
S
In (A* - A) = conmstant - k t ° {93)
/,/ a N ,

L1 r yegression analysis of In (A’ - A) againat
t will result \in a straight line of slope -kl . For best
results the data should cover at Epnst two half-lives and T
shoul; be between one half and one halé-life, as with the
Swinbourne treatment,
4

The +#irst-order rate constants obtained for this

thesim were all calculated from the data by the " Normal

Method * using observed A, . The observed f{irst-order rate:

constants cited are the average of 3I-5 runs differing by <«

10% and usually < 35S%. Note, however, that the use of
H

Guggenheim and Swinbourne Methods was very useful for

detecting drifting infinity values. It led to our discovery

\

of transient cyclohexadienones!
Pd . 1
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