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ABSTRACT

-

The Effect of a-Cyclodextrin on

! ' . the Bromination of Phenols

l

Janice M. Bennett:
g(

-

'

o

N

phenol and 2,3 and 4-substituted phenols and their anions

in aqueous KBr ‘solutions (0.05-0.1M). A catalytic pathway
, :

involving complexed bromine reacting with free substrate i

appears to be present. This pathway exceeds the rate
reductions due -to 'complexation of the . tribromide ion,
bromine and substrate. Phenol-CD dissociation constants
measureﬁ by equilibfium and kinetic methods range between
1.4-83mM, - ‘ ¥

a~Cyclodextrin also e}xhibits remarkable i'alte accelerat-

ion of the debromination of transient 4-alkyl-2,S5-cyclo-

hexadienones formed during the bromination, reaction of

T "pdliguphenols. - -Kingtically determined ipso-dienone-CD

e

dissociation constants range between 0.7-5mM. 'Aic‘a%alyuc\

pathway, consistent with the second-order bromination path-

way, is- thought to involve complexed bromide ion reacting

_ with uncomplexed intermediate. DVery modest rate perturba-

tions were observed in the a—cyclodeitrin-mediateh

) (iii)

&

a-Cyclodextrin-acceierates the rate of bromination of

&
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” 'enolization of 2, 5-cyclohexadienones “in KBr solutions.

3

The ca&alytic effects which are observed are tNought to
due to/a non-covalent pathway for tﬁb bromination inv%l-
'xlving the parent phenols, their ionized forms and the ipso-
: d;enone debromination mechanism. - That is, the efEec(:s\ of
. the cyciodextrin'atq not due t6~any co‘glgnt 1nteractioA
with I:hc’-._‘r'eaé'tan'ts but rather it provi';ies a slightly dif-

ferent environment in which the reaction takes place.
N
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Introduction -, ) -

i

The Eormat{c;n 'of . inclu.s}’ion' comp-lé?és whicf und:largo ;3n4
zyme=like reactions has stimulated much résearch in rec\e.nt
years. Of .particular interest are ‘a;:he water-soluble cyclo-
dextrins which arAe‘ capél::le cgf formin§ inciusion complexes,

with a variety of compounds. Cyclodextrins and their chem- -

istry have been the subject of several reviewsl‘G';and nu-

merous publica\:ions. , ‘ ’ ’}ﬁ

f Cyclodéxtrins

!

-

As their name nay imply, cyclodextrins are composed of.
an integral number of 1,4-linked: glucose units. joined in a
gyclic fashion. The most common are a—, g- ang y-cyclo-

" dextrin having 6,7 and 8 dlucoée units_respectively.
o .

Figure 1. a~ and B-Cyclodextrin’

X ,
The numerous physical properties of the cyclodextrins have

: L
been well characterizgd in the literature.lr4 X-ray crys-

v

tallograp_hic analysi38 of these comp6unds has confirmed 'the
)

presence of a cavity wherein é:omplgxation occur. In the

case of a-cyclodextrin it

)

has been shown that the cavity
. 4 :



- ° o .‘ ) .
has a dgpth of 7A and an interfial diameter of 4.53.1

Y : » Inclusion Compounds »

Ry

.Cyc;lode)ttrins markedly improve the solubility of rﬁabny
compounds iﬁ‘ aqueous sotlution.lo Hydrophobic i—ncldsion has.’
ibeen reported for a variety of"‘organic and: in-orgar"iic co:rb;-
-pounds, rar;.ging'in size from large aromatic hydrocarbons

to small anionic specips.\,9 Evidence supportiﬁg the -'pre—
sence of a hydrophobic cavity ih\.ublzzn compatible "guests"

~may réside has been fa@nd principally frem ultraviolet10,11
2 ’ . ’
and lnmr spectroscopic studies.12 ‘When monitoring the ef-

fect of a- cyclodextrm on t“he uv spectrum of p_—t-butyl-"

. phenol in an aqueous medium Bender:10 and co-workers found a
spectral shift due to the cyclodextrin/ R-t-butylpl':/enol
inclu'sion complex formed. This f%mpfex showed UV spectral
similarities to p-t-butylphenol in dioxane, strongly
suggestin§ binding in the cyclodextrin cévity.

L

The extent or strength to whlch encapsulatlon takes

_-/\
‘%lace is often expressed as a dissociatlon constant ‘
(= l/formatlon constant). 'rhe most widely-used method of

determining such constants has been using’ ultra-vmlet ab-
sorption spectrc_)scopy.' Here, significant changes with re-
spect to absorption and Ap,y msy take place upon complex-
ation. ) '

. Catalytic Effects g

Perhaps the most important phenomenon pertaining ‘to the

,cyclod_ext'rins has been their effect on reactivity. These

A

3

L] /
.
- N

“ ot

* N
i
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compounds show remarkable cata1y31s,‘hnd in some d%ses, in-

-~

hibitory properties when added to a varieqy oF ‘reactions.

The early researchfof Bender s, group10 13 involved hydroly-
L]

tic reactions in the presence @f a= and 8 -cyclodextrin and

the'possible catalytic effect’ that these compounds, possess.

In studying their effeog on the hydrolysis of a group'of
phenyl esters they found that the rate of hydrolysi? und%%\

went ‘slight to dramatic accelerat1on, depending én the

ester. The rate enhancements were altrlbuted to covalenb .

. Gy 4
catalysis14 by the respective cyclodextrif. -
L] ’ .
K
cat
CDw+ 8 CD-8 | products

* ¢
] Kd J ‘7,:' ¢ \-,,9

7
kun . ' -

- . 4 a

Scheme 1 Covalent Catalysis, by Cyclodextrin1

3

Once the new inclusion complex %{Ezeep‘the,phenyi ester and

the cyclodextrin is formed, an ionized segondary hy droxy1

oroup 12- or 3-OH) of the cyclodexfrin forms a covelent in- ~

termediate with the included ester which subsequently hy-

4

drolyses to the acid product. r . % .

In addition to covalent’ catalysis, the cyclodextrins

4

- p

were found 'to' exhibit selectivicy between different -aryl
3ester isomers. It was found generally thac the]nnta isomer
‘displayed the lerger catalytic effect. In addition, there
wes no.relationship between the electronic character of the

v ! : ; :

-

«<

f.o
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substituent and the accelefation rate. - Consequently it was
concluded that the position of the substituent largely gov-
erns nth,e selectivity . of cyclodextri‘ns towards different
\ubstrates. More recently in this laboratory, it was shown
that there 1s covalent catalysis by cyclodextrins- in the.
{« hydrolysis of aspirin derivatives in aqueous ‘base.ls

L , Although many of the reported reactions involving

vcyclodextrins have involved hydrolysis, Breslow and

Campbe1116 studied the chlorination of anisole by hypo-

chlorous acid in aqueous. solutions containing a- or 8 -

‘ cyclodextrin. In,K both cases, i:onplexation' of aniso*le occ-
}' ‘ urred and it was proposed that chlorination proceeds via a
hypochlorite ester of the respective cyclodextrin (see

h below).

' ' : Me B OMe ( s . OMe . - OMe
BN .
- ’ ) ' Je =
' - . OM . OH -
i [ ’ . ) ' ( c.\lo . r
. ‘ ., ’ ) ﬂ‘ .
f Scheme 2 The Chlorination of Anisolel6
ot | With the react}ién proceeding via this mechanism, chlorina-

t:i.on favours para substitution” due to a proximity effect

while restricting or suppressing formation of ttLe\ ortho

S

. " . chlorindted product. The latter arises since the ortho

positions ar‘e‘\’hindered once the. anisole is.encapsulated,

‘,,/" . ’ y

ve
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Experimentally, it was shown that with increasing concen-

D

'trations of the cyclodextrin, a dramatic increase in the

para/ortho ratio occurs with corresppnding slight increases

in the rate of chlorfkﬂ@qon. This and other evidence sup-

ports the reaction mechaniig involving a hypochlorite ester

" of the cyclodextrin.l6 .

More recent work involving cyclodextrins has concentra-
s
ted on-the degree to which these compounds can accelerate a

given reaction. Much of the published research has focus-

sed on modifying the cyclodextrin functionality whereby

LY

rate effects, enantio- and stereoselectivity may approach

enzymatic proportions. These structural changes cre aptly"

referrdd to as “host design". * Breslowl? et al have re-

.cehtly adapted the functionality of the cyclodextrins so as

\
to mimic the enzyme ribonuclease which catalyses the hydro-

'lytic cleavage of RNA. In their study, Breslow's group

mounted the Principle catalytic groups of ribonuclease onto

the cyclodextrin, causing both aryl phosphate’ substrate

- NN -
binding and catalyzed reactions within the substrate~CD
complex showing high positionalkselectivity.

In general, most reactions involvimg cyclodextrin as-

‘sisted catalysis have shown modest accelerations. By far

the most catalysed reaction found to date has been that
involving carefully-designed derivatives of ferrocenel8
where ester cleavage in the presence of a -cyclodextrin has

shown rate accelerations approaching six¥nillion fold! 1In

- addition, the chirality of the cyelodextrin nucleus leads
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to- substantial enantioselectivity, with a ratio of sixty-

. five in favour of one mirror image isomer over the

o;her.le‘

From the foregoing one can appreciate the important

features of the cyclodextrins in their selectivity and rate

accelerating potential in 'a variety of reactions. Their

ability to perferm as "artificial enzymes: may in ' the
future play an: imgortant role in ‘cﬁemicai synthesis as
weli as having pqtential therapeutié épplications.17.

In addition to covalent catalysis, cyclodextrins can

i

accelerate certain reactions via -non-covalent inter-

, actions.l In these cases, the apolar cavity of the

cyclodextrin provides a redction medium different from the
bulk solvent where* the substrate reacts. Non=covalent
catalysis may be attributed to a microsolvent effect based

on the apolar environmgnt of the cavity as well as to the
intrinsic geometric requirements governing inclusion. M
One such example of non=-covalent cgtalysis involves ﬁhg
decarboxylation of g -keto. aciqéf}9 'In this reaction,
the‘unimolecular rate-deéermininq c}eavage of the'u;cérbony
carboxyiate bond shows a large dépendence on solvent polar-

"

}tyz‘ Iqléhe presence of gyclodextrins. one sees a rate en-
hapcement gue to the ether-like enQironme;t of the cyclo—‘
dextrin cavity. éﬁppért for the reaction taking place via
a:non-covalent éaﬁalytic pathway is basedlonrthree £eatuﬁ7g

a) both thé uncatalysed and catalysed rate constants K un

and g 2 follow the Hammett relationship, b) substituent
o ' S

F
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positioning (orthcl::, meta, para) had little effect on the
accel,e}.'ation ratef and c¢) the rate constants were indepén-
dent of medium ef:tfects such as pH and buffer cataylsis.

'Non-cov‘alent ,.“catalysis by cyclodextrins may depend not
only on the apol{&r cavity characteristics but also on con-
formational effq‘cts brought about by inclusion. Here, due
to s;ﬁatial rest;frictions. cyclodextrins may preferentially
encapsulate onfs conformer. of a substrate over anothef
thereby inducitfng acceleration or inhibition. Such non-co-
valent cataly(’;is has} been observed in the cyc¢clodextrin
catalyzed clq{ivage of curtain alkyl esters.l3

|
Effectis on Anisole Bromination20.21

our initial investigation regardiné the cyclodextrins

and their efffect on reactivity concerned the extent to

which o -cyclodextrin effects the electrophilic attack of

bromine on| p-nitrophenol and phenol, K in aqueous . solutions.

At the tin;b it seemed like a reasonable course to pursue

since it vas knownl2/16 tpa;: inclusion complexes between
G—éyclodggictrin, the parent and ionized form of the sub-
strate a}e formed. Moreover, dissociation constants had
been de!{:ermined and information. regarding the kine‘tics of
complex;tion of p-nitrophenol had been documented.ll
Preliminary kinetic studies indicated that the a-cyclo-
dextrin. mgéiated bromination of simple phenols was much
more c:omplex than originally anticipated. Consequently, we

studied the bromination of anisole and p-methylanisole in.

the presence of a-cyclodextrin20 +21 thereby avoiding any

©
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effects due to ionizable phenols and‘their inher7ht pR-rate

dependence. . ‘ /'

Even the simple bromination of anisole proved to be
complex in nature in the presence ofﬁa-cyclodektrin due to
the formation of several inclusion cémplexes under the ex-
perimentgl.aconditions. The overall effect of q'-cyclo;
dextrin was to subséﬁntially reduce the rate of bromination
of both anisole and p-methylanisole.. ‘It was shown that
most of the retardation was due to the formation of a tri-
bromide ion inclusion combiex which exceeds the other en-
capsulations in strength.zot?l /

In the case of anisole,:the extent of rate inhibition

- was much less than expected from the measured dissociatﬁon

constants of the inclusion complexes fotmed. This phenome-
non was attributed to a second bromination pathway invol-

ving e-cyclodextrin. This catalytic mechanism was conclu-

ded to be either one of two kinetically indistinguishable

pathways, the first possibility being complﬁxed substrate
reacting with "free"” bromine and the latter b#ing free sub-
strate reacting with encapsulated bromine. For p-methyl-*

anisole, t%e presence of ‘a second bromination pathway was

not required by the data.20,21
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The Bromination of Phenols

‘)‘ This reaction has been extensively researched by numer-

ous groups. De la Mare 22 and co-workers studied thg rate

1 /
of bromination of phetol in anhydrous acetic acidy/,Under

aqueous perchloric acid conditions, Bell.and Rawlﬂﬁson 23

looked at the brominatioﬁ of phenals and disg vered that
two species react with mo}ecglar bromine: the/ﬁ;rent phenol
and the cérresponding ionized pﬁ;nol.‘ In a@ﬂltion the tri-
bromide ion, in equilibrium with moleculay/bromine,ureacts

* with the phenoxide ion via an additieﬁﬁl apathway. The

#

major drawback to the reported resu1t§/lie in the limited

/ A .
pH range studied due to the increa319¢ reactivity of phenol

with increasing pH. /

/

/
Kulic and Vecera24 studied the kinetics of bromination
of a variety of grsubstituted/phenols also under aqueous
perchloric-acid conditions. Of particular interest to this

\ study are the rate constants for the bromination of the re-
’ 2
spec;ive phenols and phenolates where it was concluded that

!

based on the Hammett corielation, the pareni phenol was the

i
<&

more selective specigs. ’ o
More recently /;aventizs studied the bromination of
phenol and various substituted phenols in aqueous solutions
v of pR 0-7. The ieaction'was found to be ;verall second-
order, first order in each reactaht,uahowing agreement with
earlier reports, Proéuct analysis showed the major propggt i
of phenol bromination to be the p-bromophenol 682%). Al-

though the reported second-order rate constant. for bro-

kg

~
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mination was slightly higher in magnitude than the liter-
ature result,23 it would seem the more recently reported

results are more reliable. . Indeed, Bell and Rawlinson23

admit that their value is of low reliability, being ob-
tained near the limit of the technique they employed.
I3

-

Cyclohexadienone Intermediates

' The formation of cyclohexadienone intermed iates during

;eactions involving phenols has often been suggested yet .

there have been relatively few studies of cyclohexadienone
formation in the literature. Stable intermediates of this
type have been spectrophotometrically observed during the
bromination of various 2,6-dia1ky1phénols{ Ershov and co-

workers26 jigolated the ‘cyclohexadiemone prbduced during

B3 i )
the bromination of 2,6-di-t-butylphenol. More recently,

Fyfe27 has observed several similar dienones gemerated

during the pr&minatien of 2,6-dialkylphenol§ in acetic acid

'using stopped-flow nmr techniques.

- « Cyclohexadienones can exist in two forms, the para-
diencne, generated by bromine attack at the para position
of a phenol,\and the ortho dienone pi#oduced by ortho at-
tack.,

o 0

p-dienone . éfdienone

Ye
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Qf the two types, the ortho dienones are much more
labileZ&'29 and they havg eluded detectiqp during the bro-
minapion reactions. , .

Recently this laboratory has detected the formation' of
g—cyeloﬁexadiepoqe iqtggmediates during thé'aquepﬁs bromi-
nation of a variety of pheﬁols.zsv29 Using Qtopped-floﬁ (
ultraviolet absorption :spectroscopy as the que of detec-
tion, ndmerous mono and disubstituted alkyl 2,5-cyclohexa-
dienodesl were discovered and their enolization' to the

g-bromo?product was studied.

“x & 5

OH 0 OH
: Bry

.H Br Br

i ‘4

Scheme 3 Enolization of 2,5-Cyclohexadienones

( The first order rate constants cor;ésponding to the in-

termediate breakdown were found. to be independent of the

‘initial concentrations of the substrate phenol, bromine and

bromide ion, signifying t@at‘ dienone formation is rever-

ible. ' Ths, observed rate constants, corresponding to a

firgt-ordepé olization, were found to vary with pH to a
minimal extent over a small range.
The cyclohexadienone intermediates undergo enolization

between pH 0-6 via acid-catalysed and water-catalysed N

£

-
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mechanisms. In addition, they exhibit general acid and

general base catalysis in the presence of bufférsy28,29 f
|
|

Ipso-cyclohexadienones30

i
If the substrate phenol possesses an alkyl substituent

at the para position, a dienone may be detected durlng the
aqueous ?fomination which is termed an “1pso-d1enone since

it results from ipso attack.

Following this laboratory's worf\3$¢h respecﬁ to the

.

2,S-cyclohexadienones, we focussed our attention on the
possibility, of observing the ipso-dienones formed by

various gfalkylphenols under aqueous bromination qondi—
, .

2
tions.3° These intermediates cannot enolize but undergo

ool
f

decomposition by debromination. 31 /

1
{
i

0 OH .
H!Br" : ,
— + Br2 — lfrodu}cts
R :Br - R .

Scheme 4 Debromination of Ipso-dienoqgs

Lt

Their formation by ipso bromine attack is responsible

for 10% of the initial consumption of molecular bromine.

. i b
After the initial rapid consumption of bromine, there is a

¥

slower decrease in absorbance near 250nm which is attri-

i
buted td the first-order decay of the ipsa-dienone. This

decomposition of the intermediate has been found to be

T - \
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", catalysed _by both B* and Br- but the raté of 1ntermedij-

ate decay, is not particularly sensitive to: the nature of

the 4-alkyl substituent.

“The pmroposed* mechanism involves the ,debromination back

/ .
. to substrate and molecular bromine where the bromine is

then repartitioned between ortho attg’ék (90%) and -ipso a;:-¥
tack (10%) ev‘enéua':‘lly ieading to ~th/¢’ c;rtho bromitnated p{-o-
duct. . /

wunder buffer éonditlc;ns, it ‘_was"‘” glso’ found tfx'at the
-dienone obta‘ined from, g—cresol'demonstrates_-g‘eneral gcid
catalysis., This was at»tribué‘ed to the mechanism shown

below. = 1

O HA : OH A-

12

« )

“Br Br R R

. L P .o J . :
Scheme 5 Buffer Catalysis of Debromination Reaction

The Bronsted coefficient a, determined to be 0.27, de~-

scribes a small but significant amount of general acid (HA)

bond rupture at the transition state. C e

1
~

2

=

Fam . , I 4
'

LR

LN

i



objectiVes
Following on from our eariier " work 'on anisole bro-
:Qination;zovzl the objective of the present study was to
Lo investigate the effect ;hat a-cyclodextrin has on the
| ~ agueous bromination kinetics of phenol, various substituted
phenolé and their cérresponding anions. Although we were
copfident that we would see catalytic or inhibgtory ef-
fects, it was not knownto what extent the electron}& or
% , nsteric effects of a‘given substituent might influéhce cata-
: llygis.' By varying the type and position of the sub-
stituent, it was hoped that a more definite picture of the
T . catalytic bathway involving)a—cyc%odextrin right be arrived
at: ' Where necessary, the dissociation constants of the
substrate-cyclodextrin“éomplexes would be determined by ap-

_propriate methods.

. In the case of reactions involving phenoxide ions,
special attention was paid to, the magnitude of the cata-
lgpic rate constangf since these are ndrmally diffusion-

: c&ntrplled:25 The possibility of an enhanced contribution 
: ‘ to the bromination reaction sy'thg tribromide ion was leo

cons idered.

o

) Sin;e the substrates involved in the éresent study may

, generate either cyclo;exadienones or the ' ipso-dienones
during bromination, part of this investigation dealt with
the effect of u-cyclodextrin on the enolizatlon of 2,5~

cyclohexadienones and the debromination of ipso-dienones in

aqueous solution. It was hoped that this would provide

~

.(,ie

A3
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information about the. inclusion of such compounds and re-

veal details of the catalysis. Furthermofe, from the de-
L i -

bromination reaction, additional insight into the (reverse)

b:ominatio§ feaction might be obtained.

15

Iz
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N , Results

Using quantitative UV spectral studies and stopped-'feow
measurements, we: have, analysed ‘the effect a - yc\ extrin’ -

- has on the Xqueous bromination kinetics of a varie of ¢
" . . .
® phenols. The-present study also includes studies of the
, - , ,f‘ } . ~
decomposition of. intermediate 2,5-cyclohexadiengnes and

ipso~dienones in the presence of'&-cyclodextrin. :

P s gy

Our previous study of the kinetics of bromination of -

| anjisole and p-methylanisole .in the presence of a=-cyclo-

N T R
€

dextrin20/21 ghowved that the complexity of the catalytic

reaction arises from the formation of several inclusion
. . ‘_'conplexes. In order to better unders!fand the current
K . presentation, a portlon of this section m]&/highlight the

equilibria discovered earlierzo\ and which ate pertinent

) éo this study. { )
: e 7 Equilibria

For reasons previously outlined,32 it is useful to - °

a

employ an aqueous medium conéaihing an excess. of bromide
ion when studying bromination reactions. This .being the
case in the present study, one mst first consider the

¥ ‘o equiltirbrfiugm forming the tribromide fonr

Br3~, ——'Brp + Br-

w

» , , * K= (Brp)(Br~) = 0.0562M ' (23)

. . -(Brz") '

For an excess of sz“ over Bra, the fractign o_f free‘br'ami.ne-

N
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may be defined as:

X ’ i

f_ = - .
. B (k+[Br7]) | 1

This equilibrium, however, is substantially effected by the
presence of a-cyclodéxtrin. Ue;ing quantitative UV spe‘étral
analysis and an extensive literature ‘seafch, it was dis-

covered that all three species involved in 'the above equi-

librium form inclusion complexes with a-cyclodextrin.20.21

Wojcik and Pohtrbach determined the dissociation cor-

<

st'amt, K}, of the complex formed between u-cyclodextrin
and the bromi&ﬂa ion? to be 0.286M. Although this value

indicates weak binding, given t:he high bhromide ion concen-
Y,

trations used, this equilibrium must be cons'idered due to

its effect on the amount of free ‘éfc‘:loc’lextrin available for

*
H

additional complexations.

Bromine has been found to form a stronger inclusion

complex.l6 34 ynder our expermental conditions where
(Bra) < S50uM, this complexation does not significantly ef-

fect the concentration of a-cyclodextrin but it does con-

tribute to the reduction in'the free bromine concentra=-

¢ .t
.’ R

tion.

K - -
]Brzl ___B__,_ Br2+ GD o -
[ R IBrlIED] | 5 ipy (16
e ~ [Br,1, ‘
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_tion. For total bromine,
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The most significant complexation involving a-cycio-
dextrin was determined to be that involving "the. tribromide

ion.20 Using quantitative uv spectrophotometric methods

modelled after those of ,Hildebrand and Benési 35 the

- inclusion complex dissociation -constant was measured:

- K .
. - T -
JBr,"{ —— Br,” + CD L
. Ry 823710601 g yome (20,20)
w . [Br3 ]c

.«The 16w ‘value of Ko indicates ten “fold strenger binding

than that of bromine and' this complekation is the ma jor
factor in determining the free bromine concentration under

the conditions of our kinetic-experiments.
These complexations of bromine and tribromide . ion mani-

fest themselves. as ‘a reduction in the freae bromine.in soiu-

«

>

[Bryl = [Br,1+[Br %]+ (Br,] +[Br,”]_ L2

! o

where the subscfibt ¢ indicates complexed species, the pre-

yiously defined fraction of free bromine fgp, must be mod-

ified to: ) . ‘ : S .

: ] - L |
f’”" ‘. 5 ' . KKBKT 4 ; :
KBKT(K+[§; ])+[CD](K§i+KB[Br-]) '3

. & "
Under the bromide ion concentrations generally used in this

t

‘'study, the ' term Kg(Br~) 1is much larger than KKT and

\
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so the demoning#or takes an abbreviated form and fg be-

£ = Kk
(Ky (K+ [Br™1) +[Bx" ] [CD))

As previously ﬁoted.,n substrate inclusion within the
cyclodextﬂn cavity may beémonitored spectrop“hotqometrically
where, d’epending on the extént and strength of binding,

, )
large changes in absorption and siifts in wavelength may

occur. T : ' .

f
FEE T '.K
8

]S[$S+CD

1

o ..

N N

’I'h{g2 determination of Kg, the substrate-cyclodextrin dis-
sociation constant, used the Hildebrand-Benesi relation-

. ship35 correlating the effect of a=-cyclodextrin - .with

‘

- (s . Kg g

(A = ay) Ae[cCD] Ae™
s
the change in, observed absorption. The term .Ac is the
'changé in extinction coefficient dye to complexation.. .
"For clertain of the co;npounds 'studied. the change in
'abso';ption due to complexation was extremely small. in
~ cases of 'this nature, it was useful to‘ émgloy a

. \
Eadie-Hofstée method of analysis. By correcting for the

+

AN

»

- * . 5

» e

s



A

L . 20

.~ «*

known complexations of Br~, Brj and Br3~ the bMion

%

kinetics data was analysed’ and Kg determined. This
method ‘will be discussed fu;ther(when analysing the kinetic

results.

The dissociation constants for the various substrate

inclusion complexes involved in this study‘ are‘- summarized

» * .
in Table I. The extent to which .inclusion occurs varies

m:rffedly. 4-Bromophenol shows the strongest binding with a

factor of sixt9 over the weakest bound substrate, g;cresol.

Initial inspection suggests the,aﬁenc.,e of agy direct cor-

“relation between the electronic or steric nature of substi-

Ry

tution with, the substrates a'bility to bind. e

Although many‘gf the substituted phenoxide ions have

'been shown to undergo cyclodextrin encapsulation in pre- )

vious studies, the dominant form of the 'substrate: involved®

in complexation is the parent phenol within the pH range of

our kinetic studies. In certain Sases, the‘ bromination

reaction occurs via the ionized form of the phenol but this

form is present in such minute quantities that its encapsu-

lation is.neélible in terms of reducing the amount of free -

substrate.
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Table I: Substrate Inclusion Complex Dissociation

Constants for Phenol and Derivatives (25°C)

21

I

peratures.37

(-]

~" ‘Phenel No. Ks,n;u' Reference
~ :
© B la 50 16’
4-Me 1b 83. 16
2-Me le 4.3 b,c
2,6-diMe 14 26 b~
Ca-tlBu le 12 10
'4-N0; 1f 4.4 a
2-NO; 1g 38 " a
3-NOz - 1h 5.3 d
2-Br  1i s2s | a
4-:81; -1 1.4 a
4&-CN 1k 7.0 36
4~COOEt 11 4.8 b
. 9
.
“a. Detefmined spectrophotometrically /“
. b " From Eadie-ﬂéfstee analysis ‘
c. 1.0M KBr |
d. mInterpolated value from data at higher and 16;.92 tem-

-

e
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Reaction Kinetics: The Phenols

As stated previously, the aqueous bromination kinetics

of phenol and various substituted phenols have been exam-

ined extensively23-25,38 and their repective pH-rate pro-
files,have been well-documented. These studies have shown
tixat at low pH, the reactive spgcies ls the parent phencl
nd not the ionized form: Reaction via the Anion is invol-
ed at higher pHa. In addition, the reactions monitored in
previous and the curreni study exhibit overall second;order
reaction kinetics: first order &n both reactants.
The present research on the effects of Q:cyclodextrin

on the aqueous bromination of phenols and phenoxide ions

.again shows the complex rate behabiour first €ound for

anisole.20:21 1n the uncatalysed reaction, the bromination

kinetics are governed by the rate expression:

k
PhOH + Br2 ——2—-— groducts

rate = k,*PP (5] [Bx, ] - ¥, (5] [Br,) 6

therefore:

app . .

where fp= (Bry)/(Brj)y is the fraction of free bromine.
The cbserved bromination rate constané may be expressed as
koOb8= k,3PP/fp. Our result for the uncatalysed phenol
brcm{nation at 0.1(:}Br shows good agreement with the

results of Paventi25 where kqOPS= 4,.5x105M~1lg-l (1M KBr).

e
<o

sy
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In the presence of a-cyclodextrin, howévet, the apparent

second-order rate constant k3PP for phenol shows a varia-

" tion due, in part, to the additional complexations involv-

¥is

ing\ bromine species. Here, fg must take account of these

S

en?psulations. In addition, since phenol complexation is

%

kndwn to occurl® the mathematical treatment of the rate

expression must be redefined so as to consider substrate

éncapsulationn Since:

£, =[81/(8], 5 [S]y =I[S}+Is]g

or fs_’iks

1
o

then: ' .

app _ ’ 9
ko k2f§§3\ ‘

“»

This rater expression' now accounts for all the known com-
plexations. Table II shows the apparent second-order rate
constants obtained for the bromination of phenol as a func-
tion of»'l Q-;:yclodextrin concentration under 0.1M and 0.05M
KBr‘ condi t ions (ionic strength maintained at 0.lu, see e);—

perimental). In both examples, the rate shows slight ac-

celeration with increasing catalyst concentration. If bro-
[

mination broceed_ed solely via both free reactants, k3PP

should decrease dramatically with increasing cyclodextrin
¢
concentration. Figure 2 shows this situation, where the

calculated second-order rate constant is graphically com-

pared to the observed k3PP as a function of cyclodextrin

B
0

.
il
S5

of i
by

R
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Table II: Apparent Second Order Bromination Rate Constant

»

‘for the Bromination of Phenol as a Function of

a-Cyclodgftrin.Concentration (25°C) ©
‘ (CD) ,mM . k2PPx10-5M-lg-1
(a) 0.1M KBI, PH= 1.84 o - 1.48 A
T Y U e
8
) 0.25 ‘ 2.28
0.50 2.5
1.00 L 2.1
- 2.00 2,98
5.00 , 2.89
(b) 0.05M KBr, pH= 2,07 0 T 1.82
0.10 T 2467 .
0.25 Sz o
% .
‘ ) 9.50 , 4.02 ‘
1.00 T 4.l o
2.00 - 5.14
5.00 - .« 5.14 :

In both cases, (Sub)= 0.10mM; (Brj)= 0.0lmM

a
"t:
-
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concentration. It is quite clear that there exists an
aéditional phenomenen previously unaccounted for. The dis-
crepancy between the observed and calculated rate constants
is of the order of 37.2 at khe maximum cyclodextrin concen-
tration. In the calculated case, a rapid decline in rate
occursqat low a -cyclodextrin concentrations and eventually
levels " off ‘ due to saturation of the complexation

equilibrium,

The observed values of ky2PP exhibit quite the opposite

pieeure where the initial rate shows slight acceleration
and subsequent rate saturation at higher a-cyclodextrin
concentrations. With rate acceleration (and not inhibi-

%ion) being tﬂe case, it appears that there exists a bromi-
nation pathway involving o -cyclodextrin. The presence of
such a pathway is consistent with the results obtained for

the aqueous brominaton of anisole. 20,21

The second order pathway present may be represented as

one of’ the following:

js( + Br, ——

]S'Brzl, —_—

v 0 © >

s + ]Br3' [——> '

ig
+

Scheme 6
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Figure 2: Calculéted*'apd Experimental Apparent Second-

order Rate Constantg for Phenol (la) as a

Function of a-Cyclodextrin Concentrgkion
\ - > N

1

&

3t -’ ®
. .;”’,,,_ ®
s o t'? o !
s/ o ..
9‘ Obs b @
a- 2r / }‘\ . x 198
" o~ . . .
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; .
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|
Conditions: O0.1M KBr, pH= 1.84

A

* Calculation based on reaction of free substrate and free

bromine (eqg. 9)
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.linear form:20,21

- ' 27
Case Aéfeptesendg the attack of free bromine with complex;d
substrate. Conversely. case B is for the aﬁactlon of free
subgstrate with encapsulated bromine. Case C indicates re~ ‘
action taking place within a distinct ternary complex of
cyglodextqin. substrate and bromine. Case DUndicates‘the“
possibility of reaction involving enéapsulatéd tribromide
ion, @hicq is a major form of the total bromine. “

CIf th; reaction proceeds via case A:
® ]

k3PP a k£ £p + kS (1-£ ) £ .10

4 »

where (l-fg) is the fraction of substrate in the complex-

ed form. This expression may be rearranged to give the
& T

o %

+ kzc[CD] 11
fB Ké

where kzCOff= k,3PP/fg. For case B, the corresponding ex-

pression is:20,21

<«

corr c :
k, -k, 4 k,°[CD] .
f5 Ry | .

-~

Although both representations are correct, they differ in
the numerical value of the catalytic rate constant k,C

-
due to the complexation dissociation constants present in

1
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in each denominator. A similar expression applies to case

C.

* £ .
N Experiments involving substrate and brom{de ion depen-

dence in the Aabsence of and at a constant a-cyclodextrin
concentration, as shown in Tabfe ITI, suggest that the
reaction is first order in substrate, bromine and a -cyclo-

dextrin. As emphasized later, the possibility of reactions

4

3y

' of higher order in, cyclodextrin is not presénf. In addi-
tion, the absence of rate variation with changing bromide

* jon concentration does not support the involvement of the
y
tribromide ion as a catalytic- bromination species (case

D).
In order to rule. out the possibility of reaction-via a

hypobromite of ac-cyclodextrin, pH dependence studies at 5mM
&

cyclodextrin concentrations\were“also conducted (Table
L+ > ' * +

'ITI). This experiment is justifiable in that the chlorina-

tion of anisole was found to proceed via a hypochlorite .

_ester of a-cyclodextrin in Breslow's study.l6+34 1n the
current study, there does not .appear to be a co;trigution
via this type of pathw;y since the rate should i&crease wi-
th pH. Since the'catalytic pathways A, B, and C are kine-

tically indistinguishable, the slopes and intercepté for

the bromination of | phenol and subseiﬁént studies will be

%

reported as their numerical values with discussion” of the
significance of the results reserved for later.
Figﬁre 3 shows the results obtained -from the aqueous

bromination of phenol at 0.1M KBr as a function of a ~cyclo-

S

»

e

wtepany
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(CD) ,mM

.

':t ¢ 5-00

(CD),mHV

S ' ? 5.00

_ . - (cD) ,mM

"
[

Tab III. pH, Subs%e and Bromide Ion Dependence at .

pleed Cyclodextrdn Concentrations

%g Z kp3PPx10-5
1.17 "1.49 .
2.08 . ‘ 1.53

2.92 1.64
T I R ) 3
2.08 . s ® 3.39

2.89 ‘ 3467

* '

(Sub) ,mM

0.10 o 2,97

0.20 - ~2.79 |

S - R

(Br) M | kpCOET /£ 5x10-7
0. 10/—”,v ©1.68

o 075 O -
0.05 - . 1.72
0.025° 1.27

All cases: (Brp)= 6.01mM,‘(Sub)'= 0.1mM (except Substrate

<

dependénce), 0.1M KBr (except.QL

pH= 2,08 ‘(case 2), casgs3= 0.01N HCl

e . Unité for ko (and

corrected ki) are M—ls-1,

,



= int + slope [‘CD]

13

o8

with the resulting linear plot showing good correlation
AL . . .o .

.

(r=,0.99986), the slope being 3.52x109M-2s-1, The good

. linearity indicates that one molecule of a-—cyciodextrin is

involvéd in thé -t:i:'a‘nsition state 65 the catalysed bromiaat—
ion pathway. The intercept, which descnbes the uncatalys-
ed reactlon, may not dgive a truly accurate value of ko
therefore the experimentally obtained rate constant at zero
cyclodextrin concen’tration will be cited in future text.

. Based on the successful results obtained for phenol, a
series of mono and di-substituted phenols were studied in

the same manner. These substrates, 1b-le, all undergo com-

plexation with the cyclodextrm however, the extent to

which binding occurs is r‘evlativé’ly weak. In certain casés,n

w
UV absorption spectroscopy could not be used to determine

Kg due to the extremely small changes in absorption with

increasing ' cyclodextrin co:ncenﬁration.." This being the

case, a manipulation, of the rate expressiorn was used to
b : 3

give’' a calculated result for Kg, based on the kinetic

results. This: yields a modified Eadie-Hofsté&e formula,

which may be expressed as s o

5
il

* u, . * . u L G L U
(ky = kp)m = (ky = ky )Ry o (ky™= Ky

14
A . [CD] )

. ToU*  app
\ ky=ky "/t
. =%,

’
1
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~,,u‘l"‘igur.:;‘az kpCOrTr/fy as a Functiod og Cygquextrin

Concentration (0.1 KBr, pH= 1.84)
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Additional methods including a Lineweaver-Burke approach

and non-linear £itting techniques39 were also tried to : *
obtain a value . for Kg. _ However, the Eadie method was
chosen based -¢h “its statistical superio#’ity.ﬁ'z-" This
expression was used to deter:-mine the Kg for, lc as wvell as .
additional substituted phenols (see Table I).

Figure 4 shows the results obtained for the bro;nination
of phenols la-le as treated by equation 13. The plots all
showﬂ good 1inearity,\~indicating the in\aolvement of one
molecule of a-cyclodextrin in the reaction. ‘, Examination o -t
the plots shows the variation in the catalytic rates be-
. tween the different substrates, with lc showing the largest !
catalytic rate acggeleration. o .

Phenols possessing electron-withdrawing substituents

have been shown to exhibit bromination via their parent

forms at low pH values.?23725,38 aAg was the cas'e with com~-
pounds la-le, kinetic evaluation of the data for compou?ds

1i-11 suggests the presence of a catalytic pathway involv- .

-

ing cyclodextrin. -~

o

'rables v summarize the results for phenol, the alkyl-
*

"substituted phenols la—l\—and compounds 1i-11 in terms of‘
:their uncatalysed rate constants and slopes. Just as "for

la=le, good liﬁearity was foundﬂ for the plots of

_kpCOLIr/fy versus (CD) (eqn._LB_)‘for the substra'_tes 1i-11
r='.9995). - “ C
+ / , Fl

)
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F i-guré 4

'y

koCOLT /fp as ‘a"Functidén of Cyclodextrin

Concentration? for Phencls la-le -

s h
L] 4
L
L]

']

10° M

(CD)

corr

a. All representations (excluding lc= 1.0M RBr) at 0.1M
.liBr. Data for Figure 4 taken from Table XII, Appendix

, -t
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Table IV: Resultant Values for ko and Slopes for
Substrates la-le as Treated by Equation 13 (25°C) ‘
Substrate . kUNx10-5 Slope x10~9
L ’ L. ) . .
i
la Y 5 31 3,52 \
' %
3.43(0.05M) 3.36
' 5.90(0.05M) . 201
Ic . 16,2 (1.0M) 21,7
T —
14 12.00¢ - 10.7
1l 5.86 0,843 3
11 . 0.101 . 0.0672 . ,
1 .- 0.0389 ° 0.00854 '
1L 0.0155 - - 0.00335
ke . 0.00155 » 0.000441

1. Conditions are 0.1M KBr unless specified. Correlation

' - L]
“»

coefficients were >.9992, mostly .9995: Units of kp=M-lg—1

2.” pata for substrates 1i-11 from Table XIII, Appendix
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The Phenoxides

f
The bromination of a series of phenols bearing elec-

tron-withdrawing sﬁbstitﬁents have been studied between pH
1-5, at first in the absence of a-cyclodextrin. Their f‘(ﬂ-

- ) \
rate profiles show that the reaction proceeds via their

respective phenoxide ions. o
Figure 5 shows the pH~rate profiles for the brominaton

of the three nitro isomers of phenol (1lf-1lh) and E—cyano—

phenol, lk. As expected from earlier work,23-25,38 j41)
four c‘ong.aounds ex‘hibit pH dependence at pI»E> l“whereby reac-
tibn'broceeas via the respective phenoxideg. Conpoundfllc_,
however, shows a levelling off at pH < 1 suggesting that
under highly acidic conditions, the parent phenol is the
form whic\h\ undergoés bromination (see earliér).

As mentioned earlier, all the substrates exhibiting
bromination via their anions have been found to undergo
complexation with‘ 'a—cyclodextrin. In certain instances,

complexation of phenolate anions has also been shown.l2

N

As was the case with phenol and the alkyl—substitﬁted
phenols, the bromination of substrates 1f-11 all exhibit
complex rate b?havio;.u- in the presence of a-cyclodextrin.
In addition, a catalytic pathway involving a-cyclodextrin
ﬁ‘aas present in all cases. Data analysis' revealed that
treatment of the bromination reaction in the presence of
t-cyclodextrin follows that derived for the pheno‘ﬂ ie.

equation 13, however in determining the magnitudes  of %he

catalysed and uncatalysed rate constants, the dependence of

N
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< Figure S: pH-Rate Profiles for the Aquedus Bromination of

Phenols 1£-1h, 1k R

ol
-l
N
w
'S
14,]

All experime?ts under 0,1M KBr conditiops

(Sub}a 0.5mM, (Bry)= 0.05mM

The data fof lg-are‘virtuaply coincidental with that
of 1f. They have, therefore, been émitted for
éiarity. .

*

N
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the bromination rate on pH must be taken into account.

Table XIV (see Appendix) shows the results of the bro-
mination of p-nitrophenol (1£) as a function ofa-cyclo-
dextrin under different conditions of pH and bromide ion

concentration. Each reaction exhibits a progressive de-
cline in k3PP with increasing cyclodextrin concentration.

In cases where the bromination reaction proceeds via
the anion form, data analysis must account for the pH-
dependence of the phenéxide concentrat1on. Sitice

7 ,
PhO + Br, --——> products

and the catalytic pathway proceeds via a form involving
o 2
a-cyclodextrin, then the expression for k€°FT/fp becomes

-

k,°°"F _ K, . (int + slope- [€D])
£ [6+] 15

since both the uncatalysed rate kp and k€ depend on the

" ratio of anion/phenol present. This ratio is equal to

'Ka/(H*) whére K, is the phenol dissociation constagt.

-

Data analysis for the p-nitrophenocl experiments accord-
ing to equation 15 shows good &inearity which supports th?
involvement of a-cyclodextrin in a rate catalysing pathway.
Ag seen in Table v, therenfppears good céﬁfelation between

values of ky and slope at different pH and bromide ion



pre1y

1

concentrations. )

Bromination experiments‘were conducted on a seriesuof
substituted phenols proceeding'by their ionized forms with
u\cycloaextrin at various pH values. These experiments in-
clude; phenols possessing substituents at various posi-
tions. Fig&%e 6 shows the results obtained for the three
nitro isomers of phenoil (1£-1h) plotted according to equa-
tion 15. As seen earlier with phenols, an additionai f;te
gatalysinq pathway compensates for the rate reductions due
éo the various complexations involved. Each isoner.shows
varying degrees of_ catalysis, yet all the plots show
expeilen& linearity. Additional experiments involvingi
o-bromo, p-bromo and p-cyanophenol (li-1k) sﬁowéd similar
rate behaviour qu analysis of the @ata again followed from
equatipn 15. (/ﬁ\

Table Q summarizes the analysed results obtained for

the bromination of phenols 1lf-lk in the presence of cyclo-

dextrin according to the values k; and slopes (where nm=
'kzc/X). The ratio K,/(H*) has been accounted for in the

‘analysis. All substrates show uncatalysed rate constants
approaching diffusion-controlled limits. Of particular in-
terest are the magnitudes obtained for kyC/X.

In order to ascertain whether a bromination pathway in-

*

'volving the tribrom:de i®n was involved, bromide ion depen-

dence studies were performed on lh, mnitrophenol, which 3
{

shows the greatest catalysis with c}clodextrin. Bromide
‘ P’

ion dependence has been found by Bell and Rawlinson22 in

&

«
#
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Data from Tables XIV and XVI of the Appendix.

g

Results for 1f at 0.1M KBr, pH= 2.07

K4

av

[

. | ‘
AN l -
.
‘ v
[§ =3 . e .
Fiqure 6: kySOFT/fg vs. Cyclodextrin Concentration for
- Reaction Proceeding Via the Anions of Phenols
1£-1h
)
j
| -
wm\
2-
T
o .
- .
. 30, -
2
8o
-
20}
10}
&l
& A
ﬁ/‘
2 3 4 *5 8 7
3
. [CD] ,10°M
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Table V: Resultant Values for k; and Slcpe for

Reaction’ Proceeding Via Anions 1f-1k as

-

Treated by Equation 15 (25°C)

Substrate pKal kaUNx10~9  slope= kp€/X 10-12

4

g 7.23 1.66 5.710 | |

1 8.3 3.13 28.1 -
c: i 8.42 6.;§; _ 7.86 ,

1i L9436 1.6 19.8 ‘

1k  7.95 3.24 5.81

1. For treatment by eg.l5, r= 0.9996
2. All pKa values (except 1j) -are taken from Jencks40,
R o Therﬁ\odynamic pka's have been corrected for ionic
' strength in data aﬁalysis.
: , 3. 1j pKa‘from (25). ’ ok

A 4. Results for substrate 1f at two pH's, two (Br~). \ .

l 5. Units of ky, kyC= M~1ls-l, »
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s

the bromination of:gfnitrophe” 1 via its anion consistent

1 -

e f, with a contribution from thé reaction with the tribromide
ion. Our experiments, carried out at zero and 5mM cyclo-~
dextrin at bromide ion concentrations ranging from 0.025-

0.1M KBr showed no significant -contribution. from the

tribromide ion. An average value of K3COFr/fy was found to

2 be 1.04x104M~1s-1 (0.1N HC1l). The fact that no bromide ion

R t
dependenge was seen in the m-nitrophenol case will be an

: \
the catalytic pathway involved in the bromination of

phenols in the presencé of cyclodextrin.

a

~

important consideration in thé discussion as to the form of
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. The Cyclohexadienones

’

[ .
As mentioned earlier, transient 4-bromo-2,5-cyclohexa-

a 2
¥ -

. b X . 3
dienones have been observed during the aqueous bromination

of phenol and phenols possessing methyl groups at positions

2,3,5, and/or 6.28:29 These intermediates are converted to
: ]

" products by an enolization mechanism.2?

OH 0 OH
\..m ’
H,0
H Br Br «
1 2 « ‘
- o7 Scheme 7 -

Due to the effects of a-~cyclodextrin on the bromination ki-
netic% of the phenols studied, an investigation into the g

/Tpossibility of‘fate perturbation of the enolization process

~——py~a-~cyclodextrin was injitidted.
y N .
Kinetic experiments were conducted on a series of
" phenols capable of Qenerating the 4-bromo-2,5-cyclohexadi-

L

enone using the stopped-flow method and optical conditions

previously desc}ibed.28r29 All experiments -were carried
out Qndé; dilute acid conditions where the digsappearance of )
the respective intermediates show pH-rate dependence.

fgble VI summarizes the first-order rate constafts

obtained as a function of cyclodextrin concentration for

the "intermediate enolizations of phenols la, 1d, lm and 1ln.

. A \ .
L] - - , ,

ine
K
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Table VI: Rate -of Enblization of Intermeqiates 2 as a
'Function of Cyclodext‘r:in‘Concentration (25°C)
e ,
cyclohexadienone (CD), mM B 'k, 0bs, g-1
. “ i .
22, R= H 0 L 12.4
0.25 13.1
0.50 13.3
- 1.0 ‘ 13.3
2.0 13.2 |
‘ 4.0 1;.5' g
. . 5.0 12.3
' ' 10.0 11.1 _
2m, R= 3-Me 0 14.4 ‘
I 0.50 15.2
, 1.0 . 14.1
¢ 2.0 13.8.
- . 4.0 R 12.9 .RF?*
- 2 5.0 13.3
: 10,0 1.9
ég, R= 2,5~diMe 0. 6.87
. 0.50

6.67
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£

1.0
2.0
4.0
5.0
10.0

-

0

_0.10

0,25
0.50

. —1‘.k0 .

2.0

4.0

5.0
1 10.0

CXRry

-

0.427

0.460

0.466
0,477
0.48;
0.48;
0.467
0.463
0.441

Al reactions have (Sub)=0.5mM; (Bromine )= 0.,0'5mM*‘

2a,m,d run vwhere conditions were 0.0lN HC1, 0.1M KBr

2n: 0.1N HC1l, 1M KBr

o

/

~

f/‘!
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Each of the transient intermediates 2a, m, E-Snd 2d exhibit
little change in enolization rate with 1ncteaéfﬁ§ja-cyclo—
dextrin concentration. ,This lack of nate,perturb?tion may
suggest that intermedgate encapsulation ié unfavoﬁ;able.
If the extent to which the intermediate penetrates the
hydrophobic . cavity is small, then the presence of a gfta-
lytic enoligalion pafhway,may not be kinetically eJident.
The data show insufficient vatiaéionlﬁaith increasf;gfﬁ}

cyclodextrin concentration for guccessful analysis by an

Eadie-Hofstée (or. any other) treatment. Accordingly, -this

»
N

study was not pursued further.
! N ’\,

f -
o
" =)




(o] - OH
. / o Br
v 907
' 41_9_ -+ . Brz —
‘ BN\ | é
' R Br R - , .

_is converted to ortho .pgoduct.28,30,38
- ve 5 .
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The Ipso-~-dienones

-

The presence of a transient ipso-dienone during the
agqueous bromination was first detected by this laboratory

for the bromination of chfesol.28 ' Subsequently, several
\ ,

other such 4-a1ky1-2,S-cyclohexadienoﬁes (3), derived from

_other p-alkylphenols, were detected and studied.30,38

-

o H i

.

3 1

Scheme 8

The inﬁtiil fast cphsumption of bromine is partitioned

between ortho attack (~90%) and para (ipso) attack

°

(~109)28,30, However, the ipso-diénone represents a dead-

end since it cannot enolize. Instead, it decomposes by de-
bromination back to Ef;lkylpheqol'plus bromine. The bro-
Qineﬁso produced - is then repartitioned (-~ 90:10) between

ortho and para attack and so ultimately all of the bromine

[
B 4

The debromination reaction shows pH dependence and bro-
mide‘ion’ﬁependence which can be explained by the pathway

below and by treating the-liberated bromine as a stghdy- )

state intermediate,28,30,38

Initial studies involving' the debromination of the
. ¢ bl &
< .
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'limiting.

+ H + B = + sz '--D;

R Br - R

Scheme 9

ipso~dienone of Eféresol (1b) in the presence of a-cyclo-

dextrin showed a remarkable rate acceleration. These reac-

tions and those for all dienones studied were carr}ed out
p 4 . NS ‘
under phenol trap bonditionglpreviously described.30 gere,

M ' ’
Ehe presence of phenol essentially eliminates the back re- L

action ikb) forming the ipso—@ienone by "trapping®™ 1lib-

erated bromine. Under these coﬁditions, the forward réﬁc-

tion of ipso-dilenone debromination becomes solely rate-

-«
-

Figure 7 shows first-order rate'constants bbtained. for
.the .decomposition of thzidienone 1b as a function of cycio-
de#trin (in agqueous 0.1M KBr and 0.05N HCl). Aﬁféharkablé
dcceleration of the order of sixty five fold is observed
wh}ch clearly indicates the presence of a c§clodextrin- '
caigiysed pathway for debrominati?n. This observation,
coupled with the results obtained for the bromination -of
phenols in the Ptesence of the cyclodextrin follow the
theory of microscopic revetsibility.‘} Here, sinte

cyclodextrin effects the second-order bromination of

p-cresol, it in turn must effect the debromination

3



~

Figure 7: First Order Debromination Rate for 1b (p-cresol)

as a Punction of Cyclodextrin Concentration

[

!
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]
reaction.
The debromination of ipso-dienones in the presence of
a=cyclodextrin may be represented by an uncatalysed pathway
(ky) and a catalytic pathway involving either complexed

dienone (1) intermed;ate or complexed bromide ion.

R Ky
I + Br ——>
and o
]Il + Br ——
or 3 - ke -
l_)‘lI.*‘lBr( ,

Scheme 10

Mathematical treatment of the above expression involves

defining the fraction fy which is the fraction of (Eree .
intermediate. Ky is the dissociation constant of the ipso-

dienone complex. b

, : »
£ . 011 | | Ky )

; 16
(1],  (Kp+IcD})

The rate_eipréssion, under cyclodextrin conditions is shown

P

by: -
¢ - 17
kobs'- (ku + kq(l fI) -
* 7
kobs = (ku + EE[CD])fI ' o 18
Ky

v ¥
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Each representatién differs from the other in the term de-

fining the catalysLd debromination pathway ie. which com-~

.pressed as:

4

_plexed reactant’ is involved in the catalyseéd process.

Several analysis techniques were consideredﬁ%or data

,treatment. By substituting for the "term f1 in 17, then

upon rearrangement, a non-linear expression is produced

kg o KgKp + K [CD]

! © (Rp + (cD]) : : 19

1 4
Al ternatively, mathematical manipulation of 17 or 18 will

give Lineweaver-aurke and Eadie-Hofstée treatments. The

latter treatment (see Appendix for derivation) may be ex-
s,

(kopg™ k)= = Eplkop ="k ) + int’ 5 20

{cD)

'

The term defining the intercept .ir'xcludes ‘the catalysed de-
%
bromination rateiconstant, k. The magnitude of ks will

t is;e - The FEadie-Hofst&e

depend on which pathway

for its statistical superiority42

I3

approach wag chosen
in determining the parapeters K; and kq.-
Figure 8 shows the reBul'ts obtained for the cyclo-

dextrin-catalysed debromination of the ipso-dfhnone 1b at

EXN

0.1M and 0.075M KBr respectively. in all, four different

. bromide concentrations were analysed.“ _It can be seen that

[’



Figure 8: Eadie-HofstSe Treatment for lb in.a-Cyclodextrin

Y

at 0.1M and 0.075M KBr Concentrations

Fs 44

l

.é .
3 -
v 2 B ’
'c/)‘ .
—— -
- ¥|= - h
g 0.075M »
0,
D\ >
25 . 50 ‘ 7.5
-2y g -1_-1
(Ku-k,)/(CD)10°M s
# 2 .
W =
Conditions:. 0.05N HC1l, (Sub)= U.2mM, (Br25=0.02mM oo ’ v

o

“

(Phenol Trap), data from Table XVII, Appendix

rd

kY
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both sets of data, as ‘treated by .20, possess similar slopes

which measures Ky for the intermediate~-CD complex. A value
[

*

KI'=\.:4.8nM is obtained by th£s method indicating that bind-
ing of the ipso-ﬂdienone is quite strong. ‘In addition, the
intercept values vary in accordarte with the bromide ion
concentration, It can be concluded, i:herefore, that the
catalysed pathway is bromide ion dependent, which aqgrees
with L:he schemes presented above‘.for this pathway.

Table VII“‘yéummarizes the results obtained for the de-
bromination of 1lb at several bromide ion concentrations in
terms of K; and the intercept as treated by the Eadie-
Hofstée method. It should be noted that the results show
good agreement with both the Lineweaver-Burke and nonlinear

1;;.
fitting techniques.

Table VII: Bromide Ion Dependence Data According to eqg. 20

for the Debromination of 1lb in the Presence of

o ~Cyclodextrin (0.05N HC1)

Ja

(Br~), M Ky, ™ intercept
© 0,20 3.66 } 6.11
0.10 4,82 ' 4.01
0.075 4.59 2.43
0.05 6.65 2.37
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In order to ascertain whether or not there exists an
acidity dependence 1in the debromination rate-catalysed
pathway,” pH studies were conducted between pH 0-2 in the
presence of SmM cyclodextrin. The ipso intermediate gener-
ated under phenol trap conditions, shows noqabnorr.nal rate
behaviour with increasing pH, as shown in Figure 9.
An attempt at observing buffer catalysis for the intef-
mediate breakdown in the presence of cyclodextrin proved

fruitless. Here, the catalysis by & -cyclodextrin on the

debromin'at;ion rate was several times greater in magnitude

than that reported for buffer catalysis of 1930 resulting
in no noticable rate enhancement due to the buffered’
medium. |

Since it hés been determined that the debromination of
lb shovgs rate catalysis in the presence ;)E a—cyclodeitrin,
experiments were performed on_a sgeries of ipso-dienones
generated from various p-alkylphenols (see Figure 10). By
doing so, it was hoped that a more definite picture of the

catalysed pathway would be obtained since steric éfffects

A’ te

may be important.

)

In the absence of cyclodextrin the compounds lo-lr all

show a pH-rate dependence comparable—~to 1lb as shown in

Figure 11. Likewise, le shows analogous pH-dependence.3°

v

Phenol tra[S experiments were performed on these compounds

in the presence of varying cyclodextrin concentrations. As

found for 1b, significant rate catalysis was observed in

all cases. The first-order rate constants exhibit as much
. :

Y,

;
X

ere
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Figure 9 pHR-Rate Profile for the Debromination Reaction

Vet

of the Ipso-dienone of 1b at Constant

Cyclodextrin Concentration

e

&

- ' \ . o
R4 1 ‘

: o 'Me Br

-
~N

. M
\\Dn/

‘Intermediate generated under trap conditions, 0.1M KBr,

SmM CD. pH values corrected according to ref. (51), (Data

from Table XVIII, Appendix)

B

/
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Figure 10: "Compounds Which Undergo.an Ipso—dienode
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Figuré 11: pH-Debromination Rate Profilgé for Compounds
2 M V4 . )’ \,.
. lo-lr  ~
- {‘24

Reéults from Appendix, Téble XIX. All experimentE at 0.1M

KB!.‘, (SUb)= 0.5"’"’ (Brz)': 0:1""

.
~

-~

- .
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'section. .

-

as- twenty-eight fold enhancement upon addition of 5mM

a=-cyclodextrin.
- ‘' ¢
?

One can presume w1th reasonable confidence at this: '
point tht gﬁe ipso~dienones generated from phenols lo-1r,
le are influenced by the same catalytic pathway as “lb.
This being the case, the experimental first-order rate coén-
stants for the debromination of phenols lo-lr and le were
treated accord1ng to equation 20 (Bad1e-Hofstée analys1s).
Figure 12 depicts the cummulative results fot*lo-lr and le.
It .is evident Erom the resultant 910pes that the values for

K1 (slopes) vary between .xpso-dlenones indicating the

:size of the 4-alkyl substituent does influence the extent.

to which binding occurs. k

o

Table VIII summarizes the important parameters involved
5 ;
in the debromination reaction of the dienones 1lb, lo-1r and

le as obtained fitom equation 20, Although not discussed in

great iength, the importance of the intercept is in that it
‘t

‘involves theg term .for the catalysed rate constant kg.

Depending on which schemex is believed to gOvern the cata-

lysed pathway, ko will vary substantially. Treatment and

lanalysis of this term will be presented in ghe Discuss}én

i
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Figure 12:¢ Results for the a-Cyclodextrin Catalysed

'rreat?,d by Equation 20
h

(25°C)

" Debromination of Phenols lo-1r and le as-
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Table VIII: Summarized Results for a=CD Cat;a}.%eg

Debromination of 1b, lo-

4

p..

*

.

.and le According to Eqn. 20

]

Substrate \"K-I,mn ku(exp), ‘g-1 int., s-1 corr.
i
! A
1b 4.82 0.0520 4.01 10.9821
1o - 2.87 0.0591 2.26 0.9923
©. o 1p 2,43 0.0709 1.53 0.9731
1q 0.752 0.141° 1.51 0.9966
T 3.54 04175 ¢ 4.98 0.9836
le 2.53 0.0433 1.20 0.9997
- oy Conditions: 0.1M KBr, 0.05N HCl, 25°C
A
./ <
o
¢
N d .g\ E4 :
3

foe
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\) ’ Discussion .

~

As is ev1dent frgnl the results presented, a-cyclo-
dextrin exerts a ren;rkable effect on the rate of bromina-
tion of phenols. All of the substrates studied® react via a
cetalytic bromination pathway. ’in 'the presence ofA‘;x-cyct:lo-
dextrin which makes l;p fgr the rate retardations due' to the
cogrplexation of reactants. 4 ‘

In the -bromination reactions proceeding via the sub-

. stratenphenol or its ionized form, fthere exist three pos- -
., sible patheays for the'CD-catalysed reaction (Scheme 115:

.o , 3
> L

-

a) free phenol reacting with complexed bromlne
b) free bromine reacting with conplexed phenol
c) ternary complex involving a-cyq;odextrin,
substrate and bromine’ B
] , ' . ‘)
0 ”
As presented earliefﬁ these”bathWays are kinetically indi-
stinguishable yet possibilities a and b may be diffetergti-
S

.~ ated by consideration of substituent effects.

. . . ;
. As seen in equations 11 and 12, the term involving

the °catalytic rate constant k,C differs in the significance
. of the slope obtained for the plot of 32°°rr/tg vs. cyclo-
dextrin concentration., For pathway a, kzca‘slope x Kp

whereas for pathway b, koC= slope x'Ks‘. Thus ,“ the\respec-”
{

tive values given for ky€ depend on the magnitudes of

Kp (bromine) and Kg (substrate). The dissociation con-

stent Ky is 'larger than. that of Kg by as much as 40
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fo,ld', depending &\ the ‘p!menol. One may argue that based on
steric requirements, the" gatalysed pathway involving com-
plexed bromine reacting with free substrate is the miore
ﬁrobabie. The size of molecular bromine is. much smaller
than that of the larger, aubstituteﬁ phef\ol ther_efore the

requirements of inclusiom and subsequent reaction favour

f

‘complexed bromine. ,’) - :

Table y! summarizés .the rate copstants. koC and kg

obtained using equation 12. The values of kj€ var';

_over a rénge of . 50,000 whereas those of k have a range

of :0,000. Moreover, as will be made more apparent later, .

there is a strong correlation between the two sets of
values. .Table IX also gives -the ratios k;®/k; which mea-

s;n:e t‘he efficiency of catalysis as a function of substi-
tuent. This ratioJ only varies between 3 and 28. Thus, for
substrates having a wide rangé of reactivity (~104) -Ehe
extent 6f catalysis is much the same. Furthermore, the
values of the rati\oﬂ seem to fall into two groups. For
substrates (la, 1lc, 14, 11i) having a vacant para position
(where reaction takes place) the ratio is higher (14-2%)
than for the substrates constrained té react at an ortho

position (ratios 3-8).

L @

Assuming the catalysed reaction involves pathway @g_, 'a
steric or geometric argument may be used to explain the
reduced gfficiency of the catalysis for the 4-substitut;d
phenols towards complexed bromine. As depicted in Scheme

12, para attack at a '2-substituted’' phenol can take place

4
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Table IX: Rate Parameters for the CD-mediated Bromination

T

of Phenols, obtained- from eq. 123

. ¢ .
a . . .
- =
Phenol  No. " kyx10-5 koSx10~6 kaC/k2
» ' L
B la h T 7.39 18.0
4-Me  1b 6.24 4,98 7.98
2-Me  1lc 16.2 45.6 28.1
2,6-diMe  °1d 12.0 22.5 18.7
4=-t-Bu le 5.86 1577 3.02 °,
2-Br 11 0.100 > 0.141 14.0
4-Br ~  1j , 0.0389 0.0179 " 4.60
4-COOEt 1k 0.0155 0.00704 ™ 4.54

4-CN 11 ~ 0.00155 0.000926 5.97

" a. Units of ky and k€ are M~ls~l (25°C)

]
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‘ Scheme 12
—_—f

;ith the ﬁ&drophi!ic OH group in the aqueous medium.: On
the other hand,‘fOt"ortgo attack on a 4-substit6ted phenol
the 0OY group is togard? the cyclodextrin #lip® and the 4-
subséftuent is directed towards the solvent.  Alterna-
tively, it may simply be that it is slightly easier for an
unencumbered para position to approach the bromine in thé
cyclodextrin cavity than. for an ortho position which is

necessarily flanked by hydroxyl.

In any event, the difference in behaviors of the 2-

‘and 4-substituted phenols is relatively small, . A rate

|8 o \
;gtio of 20 (typical for para attack) corresponds to a

" aAGT of 1.77kcal/mole whereas a ratio of 5 (for ortho at-

tack) 1is equivalent to 0,95kcal/mole. Thus, in energy

terms, the distinction between the two cases is not large.

I;Eéed, mich larger differences were anticipated. If
the data fgr the catalysed reaction are analysed in terms.
of pathway b (free bromine attdcking complexed substrate),
the rate ratios (ka€/kp) fall in the range 3-430."

-
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However, within this range ther‘e are no ¢lear trends or ob-
vious groupings according to the nature or position of the
substrate. For phenol, itself, the ratio is 430, for
2-substituted ph’:anols the values are 23-346, and for 4-sub-~
stituted ‘derivatives the range is 3-290. Within each
grouping there are n:: apbarent correlations between the
rate ratios and the e}ectronic or steric nature of the sub-
stituent. For reaction between free bromine and complexed
substrate one would have expected a lclearer difference
between 2- and 4-substituted phenols.

For p-substituted phenols the ortho ,positions are
above the lip of the cyclod;xtrin cavity and should be.
reasonably accessible for reaction (Scheme 13a). In con-
trast, the reactive para position of a 2-substituted phenol
is embedded in the cyclodextrin cavity and spould be diffi-

cult to approach by bromine from the outside (Scheme 13b).

OH .
B - X - OH
L :@C
Br-Br
a b
Scheme l3a,b o i

. - e —

=




66

Accordingly, 4-substituted phenols should show larger rate

ratios than 2-substituted phenols for reaction via pathway
b. They do not.

In contrast, trends in the data analysed for pathway

a art quite reasonable. As discussed above there is a

small, .but significant difference between 2- and 4-substi-

tuted phenols. However, the principle observation is that

substituent effects for uncatalysed and catalysed pathways

are essentially the same. Figure 13 show a plot of log
ka¢ (for pathway a) vs. log kj. The“slope of this line-
(r= 0.9872) is 1.1. Thus, the sensitivity of k3¢ to.
substituent- change is just slighty greater than that of
ky.

Figure 13 can be regarded as relating k;¢ to kp as a

function of the substituent on the phenol. As such it is
the superimposition of two Hammett plots with slightly dif-
ferent slopes. Conventional Hammett plots relate a given

rate constant k to the substituent variable.43

log k = log ko+ po

The term p, the slope of the piot is the .reaction variable.

Hammett's original proposal involved the use of pKa
values of benzoic acids as the basis of the scale of
values. The value of o is, by definition, one for the ion-
ization of substituted benzoic acids. For a gi:en reaction

P measures the sensitivity of the reaction to the change in
B

A

v
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[ Eigure 13: Plot of log kyC vs. ki for Parent Phenols
la-le, 1i-11 Treated According to eq.12
’
- N 2,6-diMe @ < 2-cH,
®
) 7 !
v N
i 6
o B
| L
5k
L 4
A i
1 1 1 4 ] Il

log k,

J
The slope of the line is me 1.1
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substituents.

e

The slope of Figure 13 is essentially unity. In

terms &f the Hammett approach, this means that the p values
for k¢ and ky are, in essence, the same. Thus, the cata-

lysed and uncatalysed pathways are equally sensitive to the
nature of the substituenﬁ on the phenol; whether it bev’
electron-withdrawing or electron-releasing. Moreover, the
fact that is unchanged for the catalysed reaction sup-
. ports a reaétion pathway proceeding via an unrestricted or
free phenol reacting with complered bromine, since .the pat-
tern of phenol reactivity isn't substantially changed due
to complexed bromine.

Also, since the reaction variable is essentially un-
changed in the catalysed reaction, it can be concluded that
the o -cyclodextrin does not show any covalent catalysis;
’ By not taking part in the catalysed reaction, the molecule
in essence is providing an environment favourable t&wards
reaction ie. non-covalent c;talysié. |

If the data had been treated according to eq. 11,
namely free bromine reacting with complexed substrate
pheﬁol (paphﬁay b, Scheme 11), the calculated values ob-

tained for k¢ would be increased by one or two orders
of magnitude. Subsequent plotting of log k3¢ vs log k3

" .
showed extreme scatter and poor linearity. As discussed
earlier, there are no obvious trends in the way in which
k7€ varies with ko as a function of the nature or the

. position of the substituent for this pathway.
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Taken;as a whole, the data for the CD~catalysed bro-

mination of phenols make much more sense when considered in

terms of pathway a. The cyclodextrin provides an environ-

ment slightly different ffom that of the bulk medium and in
which bromine is somewhat nore,reactiQe.

4
Bromination of Phenoxide lons

.The present results for reactions proceeding via the

-

N
anionic form of the phenols provide addit#8nal evidenge

which supports a non-covalent catalysed reaction pathway

involving complexed bromine reacting with free substrate.

The uncatalysed rate constantg Eorﬂthese reactions are all
of greater magnitude th?n if reaction proceeQed by the un-
ionized form,

Table X shows the rate parameters and catalytic rate
ratio for phenols 1f-lk as treated according to case a
where:

i COrr <« C N
k Ka (k2 + EZ;[CD]) /

+ .
] Kg « r

Hho N

(H 21

0f striking interest are the magnitudes of the catalysed
rate constants, These values all resid; very near the dif-
fusion-controlled 1limit for reaction, with éhe greatest
catalysed rate constané belonging to m-nitrophenol (15).
Results reported earlier in this thesis regarding a
possible bromide ion depéndence of the cyclodextrin- -

mediated bromination of lh showed no significant contribu-

tion by the tribromide ion in the reaction. This.result is

<
N
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Table X: Rate hParameters‘for the Bromination of

Anions of Phenols 1f-1k as-Treated by eq. 21

Phenol i} 1-,5 ?p./q ' kox10-9 kz‘?x10'9‘ )EgC/!(z )
A TN

4-NO3 - ‘1£b | 1.15 " 7.45 .48
2-N0z . 1g Lo 12.0 7.50

3-NO5 lh 4,17 59,0  14.1
2-Br | T ) 616 .. 16.5 2.68
a-Br 13 ',v'lh_O.;'-’I 41.6 3,89
4N 1k o Bas e 12.2 ' 3.90

0 3 >
a. Units of k3C and ky are M-ls-1,

b. Average results.
2L .

t
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%

in disagreement with ‘reported results22 yhere it was
found that 2% of reaction is attrfbuted to the participa- "
tion of the tribromide ion in the normal bromination. In
the catalysed reaction however, yh; gnhanced reactivity of
molecular brémine may simply swamp the effect of the tri-
bromide ion as a bromination species. ' ‘ A
The mﬁgnitude of ko€ provides additional sup-
port for pathway‘g.as the catalytic mechanism. The resul-

ﬁ , ‘ tant slope, as tregted_by equation 21, would be equal to

k2C€/Kg after consideration of the ionization ratio Ka/(H*).

' ‘ v

The values for k€ as'shown in Table X are of the order of

109-1010 M-1g-1, These rate constants are at the diffusion-
controlled limit for reaction as discussed in reference

(25). Alternatively, the data treatment required for path- |
i s
%ay b produces catalytic rate constants between 1011-1012

m-lg-1 Clearly, the magnitude of these rate constants are .

undisputably above the diffusion-cqptrolled rate as defined

by nuherous sources. 2544

The magnitude of the catalytic ratio for the reac-
tion proceeding via the ionized form of phenols 1lf-1lk fol-
low the general trend of meta> ortﬂo> para. The three
nitro isomers of phenol (1f-1h) exhibit this trend in the
values of both the uncatalysed and catalysed rate constants
obtained."This obseFvation tends to substantiate the argu-

A p .

ments in favour of ‘pathway a. Since the' substituent ef-

fects for the uncatalysed and catalysed pathways are much L

-
—

the same, it seems reasonable that the substrate is outside
e
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the. cyclodextrin cavity and in a largelyﬁqueous environ-

' ment when.the reaction ée:'kes place.

The slightly lower ratios of ky€/ky which are shown

for para substituents compliment those found in phenol bro-

mination. They presumably have similar steric origins.

_Ipso-dienone Debromination
The cyclodextrin-mediated debromination of the

ipso-dienones of- phenols 1b, le, and lo-lr ‘exhibits sub-

stantial cétalysis, ags presented earlier. Also, ‘the Eé"ac'-‘

tion shows proton and bromide ion catalysis at constant

eyclodextrin concentration. These results are consistent

)

with a CD-catalysed debromination analogous to the reaction

observed in the absence of cyclodextrin.

-
-

. . . ,
As a consequence of the Principle of Microscopic Reversi-

bilitiy one expects to see catalysis by cyclodextrin for the

debrominatior: reaction ;_:_1_ since the bromination of phenols

exhibits catalysis (see above). In keeping witH{ the Prin-

ciple and since t.he forward reaction ‘appears to involve

-
-
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- .is present as complexed ion.

p ' ., 3 .13

3

.
- i . .

conpl;exed bromine reacting with free phenol \;_, the debx':'o—‘

mina}_:io"n of 3-Ih must involve uncomplexed inﬁerk\diate reac-

z ¢ , ’ . \ @

ting with complexed bromide ion (see eqn. 20). \\\At first

glance this.appears unlikely since the respective complex
: ’ \

dissociation constants Ky and Ky are considerably different

. .

in magnitude (=3mM and 0.286M7). This means that binding
by the ipso-dienones iis muich stronger than .ghat of the

bromide ion and so intuitively one anticipates a reaction

of complexed dierone. . Under the experimental conditions
o i >

used, however, the tg@al concentriation of bromide‘i'on- is
v .

arge enough that a sizable proportion ofothe cy‘clodextrin

™.

/
OPCe encapsulated, the ion

. may react by the mechanism shox;n above,

Assuming then that the catalysed reaction 3-1 in~

B ¢ .
volves complexed bromide ion, data interpretation and

treatment by fhe Eadi‘g-ﬂofft@,e method. (eqn. &Q_)'N:akes the
: . . ' V\"‘«’-“ : b . x

. N [

form of: . . -
© g 0bs LT ' ' S
o KT k) L KK Ky o,
.‘ . r[CD] ¢ Kl ‘ i -
9 Lo “ ' . T

. Table XI summarizes ’{)he rate constants k, and k¢ and the

i
‘catalytic rate ratio for the ipso-dienones 1b, le and lo-~lr

: Y
undergoing debromination by this model. . ’,

)

The extent of catalysis, as shown by the ratio
Th—

-

ke/kyr is largé, rén@ng from 2300 to 4600, Most

¢ . A
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Table XI: Rate Parameters for the Debxomination of the
. . - .

Phenols 1b, le, and lo-lr as Treated by Equation 22.1 <

.

2

Pheénol R Kyrs~1 ke,s™1 ke/ky
-
1b Me 0.0520 238 . 4580
1o E} ~0.0591 225 3810
1p ' i~Pr . 0.0709 180 2540
1g n-Pr 0.141 574 4070
ir ' 3,4-diMe. 0.175 402 2300
le t~Bu . 0.0433 136 3130

’

values.

L

~

‘Data~oqtaiﬁgd from reactions conducted in 0.1M KBr, 0.0SN
HCl with an excess of phenol as a bromine trap. Values of

. ’ :
. ky were experimentally determined, they are not‘intercept\\
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3

remarkable is that the ratio is Gety‘sindlér {only a range’
of two fold) for substituents of varying 1eﬁgth‘(l-4 car-
" bons) and siiE“%Mef ETBP)' ﬁoreovg;, with the disubsti-
tuted compound ig‘(R- 3,4-diMe) the amouni of catalysis is
similar to that.for the monosubstituted compounds. These

N

observations are consistent with the formation of a transi-

-

tion ‘state in which the'alkyl group>R'is outside of and
away from the cyclodextrin cavity so that to a first
approximation its size and shape isgof little consequehce.

(see below).

ot

Scheme 14
¢ This arrangement can most easily be attained from reaction
, .
of free dienone with complexed bromide ion. N

Tpe above model also has the'virtue that it is com

&

patible with the conclusions of the bromination studiés)
discussed earlier. Tﬁere, L it was argued  that reaction
arises from free phenol and complexed bromine)(see Scheme -
15). Again it }s emphasized that since bromination and de-

* - . B Y ‘ * I
bromination are the microgscopic reverse of one another they
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. Co -
/  gmemis

| : ‘ . Scheme 15 ‘

o o | - . \ : / - ' - /

;‘ ' \ mist have identical ‘transition states. ' .

An alternative tc; the proposed model for catalysis:
involves the reaction of free bromide ion with c?nplexed
ipso-dienone. The mostly likely arrangement for this would
involve the alkyl group R insidé the Ci) cavity and‘ the
ipso-bromine outside, accessibl;a to attack by Br~ (see

s,

Scheme 16 below). .

5. - [ ]
) Br :
. 4 Br. /
| \®
\ l - 3 ’
' Scheme 16 . -

)

.

For this model the appropriate rate ratio (ke/ku) vaéy only

b from 12-78, Th}s seems gquite unlikely given ag;in‘ the

‘ ‘variabililty in R both‘ in respect to chain léngth and steric
bulk. In particular, for R= Et, i—Pr,' t-Bu and for the

3,4-diMethyl compound the ratio is virtvally constant
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(39, 23, 28, and 29, respectively). For these different

sized groups the dienones should sit progressively higher .

|
f ' in the CD cavity and so attack at the ipso-bromine should
i o be easier.
| : It is also noteworthy that the values of Ky for
the ipso-di?none/CD complexes do not vary greatly. For
R= Me, i-Pr, t-Bu and thé 3,4-diMethyl derivative the
respective values (in mM) are: 4.8, 2.9, 2.4, 2.3, and 3.5.
f ‘ Again, this lack of variability makes little sense if the
binding of the dienones is largely due to the presencé of
the alkyl group Rnin the CD cavity. ™ The binding consta;ts
of alcohols, alkylphenols and alkylphenyl acetates, for

example, show a much wider variation with the nature of the

alkyl group. 45 However, the lack of variability for the

which enters the cyclodextrin cavity (see Scheme below).

This orientation is not unreasonable s’nce bromine bound to

carbon has a lipophilicity similar to that of the alkyl

) " groups present in the ipso-diénone.45

1 v
i A possible exception to the binding\ portrayed above
. - ’ N
[ . ’ . [

»

dienone Ky values is reasonable if it is the ipso-bromine -

[ J
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’is the case of R= n-Pr. For this thé binding is
appreciably stronger (Kgs 0.754), ° This may représent
aikyl group binding where éh‘e extended propyl ;:hainl can

better occupy the CD cavity (Scheme 18).

o

«r

Scheme 18 . ’

In the above discussion two conceivable modes of"

binding havg been ignored. Firstly, the mode in which the
aj.enone bindsv with its carbonyl group in the cavity of th‘e"
cyclodextrin: This mode is con;idered to be most unlikely
since the carbonyl is the most hydrophilic part of the
ipso-dienone and ﬁydrophobic interactions are of primary
:inportance'.v“s Secondly, t;xe' si'mltaneé)gs binding 'of the

bromine and the alkyl group of the ipso-dieripne in the CD

cav{ty has been rejected. Space—filling models, which have

been extremely useful. in analyzing resulfs and designing

. novel systemsl/l7 clearly show that such simultaneous bind-

ing is sterically not feasible. | o & r
’ In summary, the results from the study. of cata1y31s
| of debronu.nat].on of ipso—di\o/nones appear reasonable for a

reaction between encap"‘éulated bromide ion and free dxenone.

-

e
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This conclusion is also consistent with that arrived from

’brominatio‘n studies, viz. that free phenol reacts with the

~cyclodextrin-bromine complex. /

*I‘hroughom: this study, the possibility ofé dis-

crete ternary complex promoting catalysm has not been ex-

Y

tensively addressed. . This pathway g&r catalysis is kineti-

cally indi,stinguishable from those discus'aed in data analy—

sis for the phenols and the —d{en f intermed1ates.

hx*‘ .

Evidence for the intermediacy ;of such “a conplex has been

cited for the a-cyclodextrin-mediated Riemer-Tiemann reac-

. tion,46 : o

The formation of such complexes where both reac-

tants would be coirplexed to varying extents could pro'mote

reaction.’ The presence of cyclodextrin would essentially
facilitate the approach of the reactants to each other.
Such a pathway would satisfy the proposed steric and sub-

stituent arguments presented for the bromination and debro-

mination processes, assuming that the ternary complex had

the sort of geometries depicted earlier.

Unfortunately, the presence or absence of aternary

" complex cannot be adduced from the present data. 'The for-
,mation of such a complex would only distort Michaelis-

Menten kipetics if 1its dissociation constant was in the .

concentration range studied. ’ Such is clearly not the case.

Whether the reaction involving cyclodektrin‘ pro-
ceeds by a ternary complex or no‘t, the rate data presented
in all cases supporfs the process involving non-covalent

catalysis by a-gyclodextrin. The cyclodextrin may ‘lower



R

AR

_ ) 80
the barrier to reaction by.bringi‘ng the reactants together
with greater ease and in a relative geometry that is appro-

+ priate for reaction if a ternary complex is involved.

'
e £
- L
- P,
‘
* 2
N
N
Ls
v
13
-
;
. - fd
.
" P
.
- f
. .
- -
»
. ' o
. $ [} R
.o
- o N
- \
h
3 v
@
. \
’
+
|
.
.
" ’
 J ;
.
P
Ty . - - "
- ’N'
- R .
Lo Pema PR
b XN A\ . bl .
PN s ;
a
A | ~
.
)
. .
»
o “ . -
: '
™
\
LIRS
[ ’
.
”



8'1
Conclusion

The kinetic evidence and arguments presented in
this thesis support a a-cyclodextrin-mediated bromination
im'rolving a non-covalent pathway. Catalytic rate constants:
were greater than the uncatalysed rate constants by as much
as one’ order of magnitude for the phenols reacting both
with the parent and anionic forms. Steric and reactivity
arguments support a nog-covalent mechanism involving the
Areaction of free phenol with the CD-bromine complex.

In the debromination of the .ipso-dienbnes formed
from ‘p-alkylphenols, the kinetic results show ‘remarkable
acceleration in the presence of a-cyclodextrin. Here, the
catalytic pathway which is operating is thought to involve
complexed bromide ion reacting with ‘ftee M@-dienone.
This mechanism is sypported by arguments regarding steric,
geometric a;\d kinetic theory pertafning to reaction rew;er-
sibility.

The studies of both bromination and‘debromination
in the presence of a-cyclodexttin lead to a consistent pic-
ture for the reaction transition state, as they should.
1t is a\rqued that in the transition staté the two bromine
atoms involved /are basically in the CD cavii:y whereas the
organic moiety (and its substituents) are essentially out-

\

side of the cavity and in a largely aqueous environment,
Accordingli(, substituent effects for the catalysed and un-~
catalysed reactions are closely similar.

The involvement of a ternary complex (sﬁbstrate,

\

2
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'reagént, CD) is mooted but the present results shed little

light on this possibility. The formation of such a complex

could facilitate reaction by bringing the reactants to-

. , s
gether and in a favourable arrangement.
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Experimental

All substrate phenols and a -cyclodextrin used in this

- study were obtained from commerc¢ial sources. In cases

where impurities were present, the sa}ples were puriﬁied by
recrystalli&ations or distillation.

The subsérate phenols used in kinetic and 'spéctrai
studieg originated ‘from 0.1-0.5M stock solutions prepared
in analytxcal grade methanol for solub111ty reasons. Aque;
ous u~cyclodextrin stock solutions of 0.1M at fixed pH and
ionic strength were used within t:wenr;y-fciur houurs of prepa-
ration. —

Bromine-solutions were prepared by dilution of a ‘small
volume of a stock solution (0.05-0.1M in 6.1M KBr) with the‘
desired medium. The parent solution was made by weighing a
small amount of liquid bromine into 10mL of 0.1M KBr and
diluting to the required concentration.

Although most of the kinetic studies wefé carr}ed out
under dilute acid cond;tions, pH dependence and experiments
on certain substituted phenol bromination experiments re-

quired a range of acidities. For these buffer solutions

N

were prepared according to Perrin.47 All solutions con-

tained 0.l1M KBr and, except at higher acidities (pH'; 2),
the ionic strength was 0.11M. In bromide"ion dependence
;gudies, the ionic strength was adjusted to 0.1&*b9 the
addition of NaCl. , The mixed concentrations of substrate
and bromine for stopped-flow experiments ranged from 0.1l-

0.5mM and 0.01-0.05mM, respectively.
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Ipso-dﬂénone - Phenol Trap Experiments

Thesé exper iments required considerably more manipulat-
ion th;q‘conventional stopped-flow studies. SOIutioqs of
0.4mM substrate and bromine were prepared at a fixed pH=
4.5 iﬁ the absence of added bromide'ion. SmL of ,each were
pipetted into a common container in order to generate a

[

solution of the ipso~dienone intermediate (=0. 02M) This

soiution was then mixed in the stopped-flow chambet with a
pAenol solution- (0,4mM before mixing) containing twice the
required KBr concentration and acid or buffer of the de-
’sired pH. Immediately after mixing the‘conventrations of
the ipso-dienones and phenol (bromine trap) wcere 0.1mM and'
0.2mM respectively, at the bromide ion concentrations
cited. The presence of the large excess of phenol assires
thé répid consumption of liberated bromine, as previously

discussed.

Spectral Studies

Complexation dissociation constants were determined
on either an Aminco DW-2 UV-Visible or Cary 2290 spectro-
photometer uhder constant temperature conditions (25°C).
Monitoring wavelengths were between 310-380nm. Substréte
solutions of 0.1mM at fixed pH and ionic strength contained
various a-cyclodextrin concentfations between 0-0.01M.

Data analysis wused a Hildebrand-Benesi approach as

prgviously discussed 20,21, : )
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RKinetic Studies

The kinetics of bromination were examined using an

Aminco DW-2 UV-visible spectrophotometer operating in the
&
dual beam mode with stopped-flow accessory.4® The cell was

thermostatted ‘at 25°C+.1°C. Due to the gradual reaction of

o

A
a-cyclodextrin with bromine, the stopped-flow experiments
involved: the mixing of equal volumes of CD/substrate phenol
in buffer (syringe #%1) with a bromine/buffer solution

(syringe #2). The second-order bromination process was
' v

monitored by the decrease in absorption at 275nm due to the

tribromide ion. Under the conditions used (a ten-fold ex-
cess or substrate over bromine), the reactions showed ideal .

pseudo first-order kinetics. For the ipso-dienones, the

. first-order decay was monitored between Apayx 240-250nm.

Data aquisition used the apparatus and methods previ-

ously described.49 least-squares analysis of ln (A-A_) -
versus time showed good linearity (r=.9995). The-reported
first-order rate constants are averages of four individual
runs. They were converted to apparent second-order‘ rate
constants By division by . ((8)q ‘(Br2)0) for reasons given
elsewhere.50

* Most of the kinetic data .analysis used the¢ normal 6r\
observed A, in first-order rate constant déteminations.
However, 16 analysis of the cyclohexad jienone breakdown, the
Swinbourne value for A, was“®mployed. This was due to the
presence of slight spectral tailing even under trap’

2 LY

;
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The computer programs used in this study were as™ fol-

°

lows: TRIST, ACTIVE, NEWEQN, LINEW and-INTFIT, These.wgre
. L . ) gse

written in BASIC by Dr. 0.S. Tee and used in successful

data analysis. ¥ B - ’ ’
‘The programs NEWEQN, LINEW and .INTFIT were developed

sg,ecifically for the react'iops and equations introduced in
. i

this and previous work.20,21 NEWEQN was used to obtain

» !

results based on equation (12), “linearly correlating
kCOrT /£y {lith cyé’lo'dextrin concentration.

'LINEW was used for spectral and kinetic determinations
based on thé Lir"\eweavelr-.-Burke'\:and Eadie-Hof;tée data treat-

ments specific "to  this study (equations 20 and 22). The

INTFIT program, based on non-linear least—sqdapes ’fitéing

techniques, was used to substantiate the "k,inetinc' results

obtained, . o

A

The degermi»nation of the pH:values at highér:' acidity'

»

(pH - 2y was based on the Davies equation5l (ACTIVE pro-

gram) which considers the H* activity in calculating pH.

]
values.

- -

< * + ’

2
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Table XZX: Apparent Second-order Bromination Rate

Constants for Phenols lb-le as a Function UOf Cyclodextrin

g{ .

. Concentration
Phefiol |  (ep )"‘,\fn‘ﬁ k23PPx10~5M-15-1
1b: o.m"m'a;, pH= 2,07 o o | 2.37
0.10 2.39
R
0.25 SN T
qf;so | 2.39
1100 2,38
2.-00 | 2.28
- 5.00 Co2.09 €N
1b: 0.05M RBr, pH= 2.08- 0 | 3.12
' 0.10 . +"3.21
0,25 3.42
R St -t e, 3.39
n FRLS
1.00 -7 aus
2.00 . . 3.47
5.00 . O am
, . . ‘
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Table XII continued... - S '/‘
A
le: 1.0M RBr, 0.0IN BCL'"- 0-. <. ' ' 0.86
S o . 0,50 | 1.35
o 1.00 " L 142
2.00 1.49
4:00 ' 1.50
. \
. 0 ~ .
| \ 5.0 ) 1.53
~ 1d: 0.1M KBr, 0.0IN HC1 0 ' v 4,31
6 . 0.25 ‘ . 5.68
q : " 0.50 \ 6.41
. . "y & 4:)‘11000 ‘: " . 7.46
L 2,00 ] 8.47
Abﬂ » . .
" 5.00 8.26
lE: '001“ KBL‘, 0.1N HC1 '0 ' 2.11
© 0,50 »1.26(
Y 1.00 s 1,04
) 2.00 . 0.859
B L
- ° b
& ) ' .
Phenols 1b, 1d, le: (Sub)= 0.10mM; (Bry)= 0,01lmM

Phenol lc: (Sub)= 0.5mM; (Brj)= 0.05mM °

Iy

2 ¥
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Table XIIT: ko2PP vl Cyclodextri,zl Concentfatior/‘) for the

+

93

/
7
! !
/ " L
L]
k3 ‘ .

‘ ' .
Bromination of Phendls li-lk (Parent Forms)

4

Phenol , (CD),/mM

k2PPx10~5M-1g-1

%

1

i

.
.

0.1N RCl 0 362 ey
| ARl
5.11
5.40

5.60
5.60
. 5.53
5.31

w40

1.04
0.851
0.624
0.424
0.260
0.224

,0.128
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Table iIE?cont’inued... * %

R

s

lk: 10N R , - ¢
\: B a " 0.50

NN e 1.00

.0

R o 2.00
oo . 4,00
\r'D VT * .‘ ,. ’ 5-00

4 N 1000
. 2,00
A ‘4,00

e . 5.00 .

10.0

L

0‘.5Q )

. 0.0558

0.0444
0.0427
0.0369

0.0298

94
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. . Table XIV: Apéarent Second-order Bromination Rate
Constants for the Bromination of Phenol (1f) as a Function.

of anyclodextrin Cdncqntration (25°C)

f
(CD) , mM k33PPx10-3y=-lg-1
© " 0.1M RBr, pH= 2.07 4.44
\ ' 4.33
4.09
K 3,36
fg"f( N ) 2.73
' 2.04
: kY <
f ¢ 17.50 ‘ 1.64
s ) .
i : 10.0. C 1,39
' . ' // y .
0.05M KBr, pH= 2,09 0 ‘ . 6.67
» R 0.10 L 6.58
- R : 0. 25, 6.44 -
| ‘ 0.50 T 6.29
o / 1.00 5.91
z ) i
2.50 . © - 4,89
S S ' Cos.00 7 - 3,69
o L | .
s — | ‘ 10,00 - S 247
) \‘ d"v .
g i
co '
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' Table XIV contfnugd..f

0.1M RBr, pH= 2783

¢ \!

0.05M RBr, pH= 2.92

0.25

0.50°

1.00
2.50

5,00,

7.50
1000

0.25
0.50
_iloo
2.50

35.8

29.6

26.9
23.1
18.4
14.4

©11.9
10..2

46.9
42.4
38.9
35:3
29,1

96

Concentrations of phenol and bromine are 0.5mM and 0.05mM

respectively (all expefinents).

C¥p
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Table XV: pH-Rate Profiles for the Bromination of Phenols

, ) 1£-1k, 11 . o
. N , N ’ '
/
{ ) /
.
' . b, -/ L \
Phenol o . //pH . "k2°b5x102'ﬂ‘ls'1
: ‘ / r
: 7
- /
1 AN / .
1£ ‘ /00 2.7
' i - g 0.50 \ ' 4,26
B // 0.70 6.16
‘.. 0.88 ° ‘ 9.12 -
o 1.10 _ ' 14.8
) 2.08 | Y 123.0
¢ 2,93 ©1000.0
. .
1] . \ . ‘ s
¥ . lg " 1.10 v 1. 55
‘ . ' 4 .
C ‘ g ©1l.s9 B 45.7
| o ! 2,02 T o132.0
L J 2.45 ’ B63.0
V. » ' 2.82 933.0
;T Co, .o
/ h. 2.49 . 3,09
3.25 . - 17.8
¢
‘ 4.09 . .- 123.0
5.18 ' - 1550.0
7
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. ' Table XV continued..! .o ' ' N4
* -’ ’ . N « - -
" X . < .. ' " N i i .
L1l " Lo 0.10° © 1,55 X
' - : ' - 3 LN
. e 1.0 . 7.08
, . ' T /ro S L
: ‘ 2.08 - _ 46.8 s
? . b Y 2,96 . T 3410 -
- 4071 © '3980.0 .
N '
ST 14 0.10, - . 9550
; - . . *
e 1.10 - , 19000 )
T o1.s90 “ 20400 '
“ i 2.08 - 20000, - )
2.38 : 20000
O _ ‘ . . .
2.87 . -~ 20400
: 3.97 -~ 20400 ,
‘ N =,
- \
. T X
5 . ™~
Conditions: Phenol Trap
M
pH values < 2,08 were calculated according to the Davies
. oo
equation (based on HY act::lvit:y’)s‘0
- . i u
I 4 -
K v 7
-, N ° b . -
V , v
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> . Table XVI: Ap'pare(t Second-order Rate Constants as a
: . L ' ;
X ' Function_of azCyclodextrin Concentration (25°C)
. o . <7 - -
/ ' ’,
E N . . N .
.)g Substrate . - (CD), 'mM k2§PPx10’3M‘ls,‘1
. . ' ' . ) . 1 9
el v : : )
9 Mo
- .
. . 1g )@' 0 ' : 4.58 -
' . ’ 0.50 438
) 1.0 . . 4.29
“ . . . \ ! .
; - : .28 401
4.0 S /3).'39
‘ A 5.0 - ©3.78 >
- ' 10.0 : 3.51
1h RN -0 S 0.671
: 0.50 .. . 0.878 —
3 i |
| S0y " 0.898
y ) IR 2.0 0.847
40 To.740
5.0 S 0102
. . 10.0 : 0.533
o« " X ’ . o e > ‘.
i, = > 0 -+ 273.0
. . “c 17100
ra o ‘
139.0
F !
ST
L B
1 '




Table XVI dontinued...
B N
14 - o,
5.0

10.0

1] .. 0

0.50

2.0
4.0
5.9
10.0

o : 1.0

0 ' 2.0

. I ’
¢ : 4.0

/ . * %-0
10.0

2.0°

0.50

\

62.7
46.2
%36.9
25.3
17.1
10.4
8.62
4.87

1.91
" 1.26
1.09
0.891
0.702
0.611
_0.456

a

(,‘ All cgncentra}:“ioné: (Sub)=0,5mM; (Brz) =0,05m4 except .

- 1'_1. wherg concentrations weré 0.0lnM and 0.01nM respec-

-+ B
‘tively. ' All solutions at 0.1M i'(Bt. pH values were

b . - .
[ 2002' 1.89' 4040' ‘4057' and 2007 for the SeriES S.-_k_-

]
o
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' Table XVII: ‘Observed Rate of Debromination of Phenol lp

as a Function of a-Cyclodextrin Concentration (0.05N HC1)

1

Conditions . (CD), ™

W/i’ag‘

kjobs, s-1
0.1M KBr 0 0.0520
- ' 0.50 - 0.337
1.0 ‘0. 605
. 2.0 0.930
: " 4.0 ‘1,58 g
o 5.0 1.86 ' )
< " . ‘ )
10.0 2.49
a _/).. /.f
0.2M KBT 0 </ 0.0764 -
. 0.50 ¢ 0.526 -
1.0 0.898 ’
. 2.0 1.54 ’
4,0 2.62
‘ * 5.0’ [ 2.91
| 10,0 3. 67
ce ] AN
0.1M RBr* (0.50N ‘HC1) 0  0.427
' ‘ 0,50, 2.52 )
e R
1.0 '

4.42.
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Table XVII continued...

o

0.50
1.0
2.0
4.0
5.0
10.0

7.44
11.0
12.9 .
15.7

0.0262
0.167
0.299
0.510
0.845

. 0.955
1,35

<

0.0381

0.225

. 0,396

0.657

1.09

1.20
1.51

102
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Table XVIII: pH-Rate Data for the Debromination of the

Ipso-dienone of 1b at Constant CD Concentration (5m)- .

'

B

pH , kq0bs,s~1 log k;©bs
7
" 0.42 ) ‘12,9 S 1.1l
0.61 ‘ 7.21 .- 0.858
' 1.10 . 3.06 0.486
\ . .-
1.39 1.7 , 0.243
1.59 ., . 1.14 ' 00569 -
2. 08 0.317 ‘ -0.499

\

Conditions: 0.1M KBr, pH cglculated acco:dinglﬁp (51)

Phenol Trap conditions
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lo-1r (0.1M KBr)

Table XIX: pH;Debromination Rgte Profile for Substrates

104

-106.4ﬁ

~ Substrate pH kpobs, s-1 log kj©bs Jﬂ
:
lo 0 0.624 -0.205
0.5 0.177 -0.752
1.0 0.0598 ~1.22
1.5 ° 0.0223 \\ -1.65
2.0 . 0..00545 -2.26
ig o *0.755 ~0.122
" 0.5 0.210 ' -0.678
1.0 ' 0.0716 -1.14
1.5 . 0.0255 - -1.59
1 0 1.29 .0.110
0.50 0.349 -0.457
1.0 0.112 -0.951
1.5, 0.0415 -1.38
_ 2.0 0.0135 -1.87
ir X 0 . 2.00 0.301 j
' 0.50 0.547 ~0.262
1.0 0.183 . -0.737
- 1.5 0. 0630 -1,20
2.0 0.0228
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' Table XX: Observed Debromination Rate Constants as a

Function of a-CD Congentration for Phenols lo-lir, le

a o

S.ubstr.ate (CD), m™ ‘k6bs, s-1
lo 0 0.0591
\ 0.50 0.314
' 1.0 0.516
2.0 0.840
4.0 1.21
5.0 1.39
10.0 7.63 |
1p 0 0. 0709
0.50° 0.273
’ 1.0, 0.417 | '
2.0 |o:632 o
4.0 0.978 bk\_p\\*’j7
5.0 1.04
‘/
10.0 1.15 '
1q 0 d.{él.
‘ ; " 0.50 10.630
| 1.0 0.906
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Table XX cpntinued...

-]

A ‘ 2.0 1.15

4.0 1.36
{ -

5.0 . 1.41

10.0 1.48

g - 0.50
1.0
2.0
4.0 .-
5.0

10,0 -

0,50
1.0
2.0
4.0
5.0

s
.

Conditions: 0.1N HC1l, 0.1M KBr, (S)- 0.1lmM, (Brp)= 0.1lmM

(except le where 0.05N HC1)

Phenol Trap
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Eadie~-Hofst&e Treatment for Ipso-dienone Debromination

/ Rate Data (eqn. 22)

/

L3

Given eqp. 18:

obs ;
k=7 = (k, + k [CD]) £,

y K,
4 1
Y
the fraction f; is defined by: -
; K
£, ‘+I .
KI [CD]
: xobs a
- K,k - (K + [CD]) _ Kk, + k,[CD]
K1

obs | obs
K.K, k + K kTUICD] = KKk + Ryk [CD]

s obs k°bs - - _
K.K.k + K,k [CD) - k Ky [CD] KIK k, + Kk, [CD] Kk, [CD]

°

grouping of like terms and rearrangement gives:

obs_ obs_ '
(k k )[CD] = -Ky (k k) o+ (chI - k K;) [cD]

Ky

obs
KI(k - ku) . chI _ ku

o1 K

kobs_ k

.
4

It should be noted that the reaction dependencg on Br-~
is embedded in the terms k, and k; (as is .eqn. 19). /-

)



