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'fhejMéchanism’Bf Bromination of Uracil, 5-Bromo-
uracil and Their 1,3-Dimethyl Derivatives

N
. . .
b LS.

The kinetics of bromination of uracil, 1,3-dimethyl-
luraéil 5-bromouracil and 5-bromo—1‘Q-dimethylhracil
B ‘ . have been investigated in aqueous acid solutlon. Overall

. S

the reactlon is second—order: flrst—order 1n substrate

\

\\3 and first—-order 1n bromine. Consequently all kinetic
_runs were performeg under pseudo- first order .conditions —
with at least a ten fold excess of substrate. For both
dihethyl derivatives the second-order rate cohstants o
are in&arlant w1th acxdlpz‘whereas for uracil and |
5- bromouraCLl they increase with decreasing (acidity.

These observatlons(suggest that«at lower aéldltles reac-

e o ha

tion with urdecil and 5-bromouracil proceeds via

electrophllic attack by bromlne upon thelr anions T .o
resulting from deprotonatlon at Nl‘ An overall mechanlsm

I - .| of bromination of uracil derivatives based on these and

v

earlier results is presented.
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General Introduction . ', - ‘ _
~ The object df .phe work in this thegis was to. . = -~

study the rates of bromination of uracil, 5-b;omodracii

and t ir N,N-dimethyl derivatives in aqueous;. aci'd,"fj\"
with a v:.ew “to determlm.ng the mechanlsm(s),of these _ \ i
reactlons. e .’ ‘ . . :

Uracil (1a) and its- 5-methyl derlvatlve, ‘thymine . ‘
(21), are, naturally occuring compounds of great ' . R {

lmportance owing to their presence in )clelc a.c1ds.1

Thymine is the basge component of the nucleoside ot

thymidine fpund in DNA while uridine, the nuc%Eoside'

A

containing uracil, is present in RNA. Both uracil _ R J

and’ 'thymlne a.re hydrogen-bonded with adenin-e (3_3), [

in nucleic acids. - e - L s

(o

|
-

a) R“f—

2 N »
b) Ry =R, CH3 ; - |
c.) R1=CH3; R, = H p -
d) Ry = H; R, = CH, _ :

E
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- Much work as been devoteq to studvlna the bio~
. - .3
loqlcal activity and .clinical -uses of S-halouraclls."f e
‘ ', 4 ., .

5-Bromo- (6a), 5-chloro- and 5-iododraciis (29) are

usually considered as analogues'of thymine since the

< »
- .. 0 ‘ R
van-der. Waals radii af the S-nllo substituents are
‘bout the séﬁ!'51ze as that of the S—methyl grouv in
'thymlne. _For 51m11ar reasons 5 fluoaouracil (293'§FFW
is regarded as.an?anaIOgue of uracil since the flourine .
and hydregen at the 5-position of ‘these compounds are °
LI N ‘ o 2
of rouqhly the same size.® =~ ) . ; \
T~ = . . .
v v -\ i
’ N EY - q -
1 \4 . - . "
J{h 3 ! ! vo® \\
. , ~ . ) ' 2 Fl
° ! A *
v * 7] EIR
[s ) LI

.

p S-Brbmourécil'has been fouhd=to replace a
eon51derab1e part of the thymlne noxmally found in

bacterial DNA. The 1ncorporatlon of 6a in DNA increases ,
¥ a .
" the probability of incorrect base—pairxngﬁ " That is, 5-bromo-

4 ' ' . s

.
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uracil has a greater tendency to 1ncorrectly palr w1th
guanine (3_) lnstead of adenine (33) than thymlne has.
ThlS mutagenic activity of ba gguld be a résult of 1ts*
hydroxyotagtomeric form 6a' or perhaps due to the fact

oo .
.that 6a is appreciably ionized at neutral pH.é\kQ

S-Fluorouraéil can be incorporated into RNA in

" place of uracil but can not be introduced into DNA. —

Since uracil can Re uéed by  mammalian %issues for nupléic
acid synthesis, 5-fluorouracil is a very effective drug
in mammals. Its main effect is inhibiting the methylation
of uraéil)in thymine biosynthgsié, gesultiﬁg in a large
reduction of DNA replication.1 )

In spite of the biological. importance of uracil and
' “~8 '

e
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‘5-halourac{ls, f%nhag oﬁly been receptly.that mechanistic
studies of 'their reactions with»el?ctrophiles hQQe been
made. This is espeéiélly surprising sincé eiéetr&philic
substitution reactions at the 5-position of uracils have
enzymic countérparfé.uB It is hoped-that the results

of the present work will be of aid in éveﬂtually o
detegﬁining the‘mechénisms of thése complex reactio§s.

. i .,

Structures of Uracilsg

Uracil (2,4(1H;3H)=pypimidinedione)'caﬁ, in prin- -

ciple, exist in a variety of tautomeric.forms. However,

' various pieces of evidence suggest tha} it exists pri-

1

ﬁ)mari;y in the diketo form la in solufi&n,'aS'well as the

-

solid state. . b
"~ ~+ The u.v. spectra of uracil, 1-methyluracil (1¢), and
3-methyluracil‘(l§) in aqueous solution resemble that’

of 1,3-di@ethy;uradil»(gg) which,‘qgcesséril?, has a

diketo s"tructure.3 Similar results have been obtained by
) 4

the comparison of the double bond stretching region in-the

i.r. spectra (neat and in dioxane) for the COmpounds.u X-ray -

crystallographic studies,,firsf performed by Parry and

. later repeated by Stuart and Jensené, support structure

la. Less reliably, molecular orbital calculations also

favour the diketo structure for uracil,’ .

~

»Evidence for tautomerization of uracil comes from
. » v * :
fluoresence emission spectroscopy where structure la' has

been postulated as the fluorescing species. The above

structures are presented on the next page.’

. T
e e A o R« ren $nn e d i b I A
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"and .are therefore more acidic.

uracil belng about 8.0 as compared to 9. 5 for uracil

' would.

e ' . ' . : ‘ i (
5-Bromouracil (6a). has a greater inclination towards

L]

tautomerlzatlon than does urac11.9 N.m.r: studies in-

dlcate that the N1 and N3 protons of 5- bromouracil are in

regions_of lower ‘electron density than they are in uracil

10 pnig increase in acidity -«

is supported by pK measurements with the pK -0f 5-bromg-

11 As

prev1ously mentioned 6a can be 1ncorporated into DNA in"

.place off thymine. Due to the lncreased stability of 1ts
) enol form 6a' 1t ls possible that lt may pair with )

' guanine 1nstead of with gdenine as thymlne normally

12 . ., :
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"Electrophilic S<b titution Reactions of Pyr midine
The ring nitrogens of pyrimidine (30) can be coﬁ-

?1 31dered/as electron—w1thdraw1ng groups,‘each withan
oy
(!

effect similar to that of a nitro ;ubstltuent on a

/

be??ene r:.ng,13 which decrease“the pl-electron density

. Agﬁ\ -on the ring carbon atoms. Electrophlllc substltutlon

~»

occurs malnly at the 5-position since it is the Tbast B

e . y
/) - electron deficient position11a in the ground ‘state and

' in any transition state for electrophilic attack. .
; - R

. &
TS
" ) > 5 XN 3
6 Vv

N

. 1 ‘

! r

() 30 )

- successful electrophilic substitution of pyrimidige <f;

1% 2nd requires relatively severe conditions.

_,;éj reported
. In .all other cases at least one powerful electréh-

)

7
donating group such as hydroxyl or amino must be present

- N b
. .
© ' AN
s
A .

‘. Bromination of bygimidine hydr?thoride‘is the only

LN
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for the_regction to procegd.11a . . °
Nifration of.pyrimidiﬁég was erroneously believed to
: ‘fequire at least two ring—acfivéting substituents in-
opder to occur..Howevef, in the past decade or sq;
yy%imidines contaihing only one electron-donating group

=

have been nitratéd under vigourous’ conditions with .
vafjing.degrees qf'success.llb

The nitration of uracil is usually performed in a
nitric/sulphuric acid mixture but has been carried out
as well in boiling fuming ni’cric,aciq.l5 N-alkyl deriv-
atives of uracil s&ch as 1- and 3-methyluracil may be
nitraﬁed iﬁ good yield in sulphuric aéid at 40—5000.11a
6-Methyluracil may be nitrated in a nitric/acetic acid
mixture at 15-209.16 ' . * |

Johnson et a117 studied/thelfates of nitration of
uracil and its 6-mé€hyl— and 1,3-dimethyl derivatives in
sulphuric acid and concluded that the uracil reacts as the
free base diketo form (la) rather than as some other

f tautomeric form op- as the conjugate acid.

Nitrosation necessitates the presence of
18 '

{
stropgly activating groups. When three electro

leasing substituents are present r?action
pyrimidine“in aqueous écgtic acid with sodium rite
at room temperature results in a good yield of the 5-

nitroso defivatiyeflla Some pyrimidines with only two

4

’electronkreleasi@g groups can be nitrosated with min-

eral. acid/sodium nitrite. 12 . -
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"which there ié_initial'nucleoPhilic attack by OD” at Cg

‘uracils in basic aqueous meddia have been measured.

. Deuterium exchange studies of urac1ls have been

i s . ; '
made 1n acidic and basic med1a.19 20 The 5-deuteratlon -

of 1,3- dimethyluracil in acidic deuterium oxide prob- ’
N\
ably involves direct electrophilic attack by 30 ‘at C5

followed by deprotonatlonb/9 Under, basic cghAditions an

addition-elimination scheme has been sugg sted{%

followed by éabfure of D+, loss of H+,“apd finally loss
of OD”, ‘
The rates of loss ,of deuterium from 5-deuterio-

4,20 -

1 méthylated uracils the addition—elimination

mechanismMwas favoured, however for .uracils lacking a

For N

methyl group at Nl a scheme involving the electrophilic
attack upon the anion resulting from deprotonation at
N, was proposed. -

The deuteration of pyrimidine nucleosides in

basic media has been studied by Rabi and Fox, and by

. others.?! These N, substituted derivatives all séem to /

' ' - J
quergo deuteration via an addition-elimination P
. / ‘-
7/

mechanism. Ve , /
VA :

The broma.natlon or' ¢hlorin "glpﬁ of s:.mple pyrlml— ‘ L
dlnes in aqueous solution glves the 5 halogen@ ‘com- o
ounds as the final product.1la The rgacplqn proceeds 7

ﬁésily iflone or morq/electrpn-donating'grbups ére pre-

sent. Uracil and cytosine react.with excess ‘halogen

*

in hydroxyllc solvents to produce,;solatable 5, 5-dihalo S

. ’
?" . ‘\ \
Vo ' [
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Béominatiog of Uracils /

Early studies concerning “the bromination of

// uracils concluded that 8 was the final product

25 29 In '

formed’ warm aqueous’ solution 8 decomposes

into 6 and HOBr which behaves as an oxidizing agent.25'28‘

Heating results in the destruction of HOBr and increases
the rate of decompesition of 8. These structures are
shown' on the next page.-l 0 . ' ’ .8
Wang postulated that the addition of 1 mole~ ’
equivalent of .bromine to uracil (13) or 1, 3 dimethyl-

- uracil (1b) in aqueous' solution results in the_formation

N
— . R >
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of’; which undergoes spontaneous'dehydfation to 5-bromo-

‘uracil (6). In the presence of excess bromine, 5-bromo-
< ~ ' ‘

uracilamay be‘furthe? brominated to fhe 5,5-dibromo-
_6-hydroxy adduct 8. Wang concluded that the rate or

-~

dehydration of 3 was affected by the bulkiness of the
22

o

substituent at the N1 p031tion. These structures
are presented overleaf. Lo

Moore and Anderson23 discounteQ>the formation

’ of 1 during the bromination of uracil. They performed

spectroscopic and.potentiometric titrations_in acetate

buffer of pH 4.7 and ‘found that uridinéA(;g;'see next

- &

page) .and 1,3-dimet£yluraqil (1b) required 1 mole- T
‘e&uivalent of bromine for complete reaction whild uracil

° .

— . Y ' o N

; 0 o
k! N L
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\ ’ , o , 11
R
o | . 0
" \ - .
- § i ‘Br
NR, BT, ~H,0 °° NR,
P — L
2
[ N (o) | Nt 0 ﬁ
"1 3 “1 [

N

| ‘. (‘ g
~(12) needed 2 mole-equivalents. They\also notkd what they

believed to be the appearance of S—Hromourac'; (6a) during
the spectroscopic’titration of uracil. Th¢y believed that

the bromination of uracil iﬁitially produces 6a which

then reacts with excess bromine to give §g:~They qonsidered
' that the dehydration of adduct 3a at pH 4.7 would be
- too slow a step to account for the relatively quick

_appearance of 6a which was observed.

| o .. )
. ‘ ﬂ:jni:Ib | /
' - L/ 0 .
/ N~ .
HOHZC o} /
: H
f 1

X

o ek vy = st Aoty e W b b
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/ o \ /
J Banerjee and Tee3° 32 haye studied the bromination
\

oj uracil and its N-methyl.derfvativeé in aqueous °
s;lphufic'aoid solutions. Tﬁey performed titration

e?perimen%s'which confirmed ﬁhat at low acidity N1
uhéubs%ituted uracils undergo a 1:2 reaction with

bromine, but that N1 substituted uracils undergo a

111 reactiop. However at~high acidity the reaction

. ‘was found to be 1 1 for all uraclls

" of uracil (1a) and 1,3-dimethyluracil (1b), ky/kp=4.3

low acidity it was suggested that 4, for R1=H, existed

The hydrated adducts 3 proposed by Wang were

characterlzed by p.m.r. spectroscopy, and showed

_ two well resolved doublets in the region 4,30-5.40 )

for the 5- and 6-H. The formation of the adducts 3

was found to be too fast to be followed by the‘con—

ventional technlques However, it was possiblerto

study the conversion of 3 to 6. This dehydration is ‘ o
acid catalyzed with the rate increasing with increas-

ing acidity. The process is fairly slow having a t1/2 ~

of 1.96 hours for uracil in 4,ON sulphuric acid. The

observed isotope effects for the 5-deuterio derivatives

and 3.4 for la and 1lb respectively, indicated that ) y

. the rupture of the CS—H bond of the intermediate

s

cation 4 with, presumably, water acting as the base

y.30,31

is rate-determining (structores overleaf
%o try and explain the rapid formation of 5-bromo-"

uracils from N, unsubstituted uracils in solutions of

r ’
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in equilibrium with 14, The conversion of 14 to 6 was

po’stulatedBo'?1 to proceed via thé formation of the N-

1Y
bromo derivative 15, whicly should undergo rapid depro- ’
tonation at Cg» followed by aromatization to fa.
) A o . 0 o '
Br. - Br '
. "n \N O ‘ \ﬁ . O
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" The overall mechanlsm proposed by Baneiaee and

Tee 'for the bromlnatlon of uracils is presented on the

‘.follow1ng page.

The kineties‘of(;he debromination of the 5,5=

a

dibromo-6-hydroxy adduct (38) formed by the reactioﬂ(

of 6-methyluracil (3;§ with two mole-equivalents of

bromine in agueous solution has eI%p been studied by
Banerjee and Tee.33 In the presence of 6;methyiufacil
(31) the rate of reaction was found 'to be;depende§%
upon the acid concentration and upon the cdncentration
of bromide ion. It was postulated that the catlon 12
in equlllbrlum with the substrate species 1‘,-1s*trans-

formed to 5 bromo 6—methylura01l (j_) by zge action

of bromide ion. The debromlnatlon produces” free bromine- -

which then reacts .with the 6—methyluracil fo\give a

-second equivalent of Eibromo-é-methylurecil (36).

o - .0

NH  Br, O™

—_—

o H,0 Moy
Ho - : H
o

Br

Br

- HO

,'Me
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e.),R1 =R, =H .- /
. PRy =R, = CHy
.. .¢rR .=H; R, =CH

v¥

s, . ’ , b
The same authors also made a study of the rate of

bromination of é-azauracils lla, 11b, and llc in dllute

aqueous ‘acid. 34 The rate of dlsappearance 'of ‘bromine

was found to vary lnversely as she. hydronium ion con—

"centratlon when R1 = H, but the reaction hardly. .

] proceeded at all for the dlmgghyl derlvatlve, 11b,

‘fdsthe bromination of uracils to dete

under the same condltlons, Tﬁ//éﬁservatlons Just noted
were taken to 1nd1cate that 1la and llc react with
bromlne via %helr anions (22) formed by deprotonatlon
at N . The” proposed mechanlsm ls\ppesented on the

-

follow1ng page. - . .
I%_was suggested3 that uracil itself m{;;;\Fe?ct ;

'via a similar mechanlsm.’The obaect .of thd work report—

ed in thls~thes1s was *to apply stopped fl techniques

the wHether anion

formationy is involvﬁd in the reaction scheme.

2 . o ! A
N t N »

-

.‘./ . - | L6
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Stopped Flow Method

Thig method can ‘be used to study reactions with -
half-lives of a few milliseconds up to several Efnutes.
'The technique involves the rapid @ikiné of two reéctént
.solutions which are forced through an oﬁservatioﬁ _

11. After a few mllllseconds the. flow of the mixed
Vsolutlon through the cell is suddenly stopped, and . \
the progress of the reaction is followed by maklng )
observatlons of a.suitable property of the solution
by a suff1c1ently rapid method. The technlque was flrst
used for reactlon times of aﬁBut ten second535 ‘but was

{
later 1mproved for reactlons of -a few mllllseconds

‘dupatlon.Bé - a

L4 M !

It is 1mperat1vé that the reactant solutlons be
L

thoroughly mixed in a tlme;whlch is much shorter thgn
the t1/2n°f the reaction to be fcllowed. The observation )
pgint-is usuall& loeeted'some miliimetens from the

'hixing cﬁamber to ensure complete mixing. However, : T
it musf not be too far away.sinee the tiﬁe between -

mixing and observation must. be minimized. The flow

must be stopped very suddenly because a gradual de—

. crease in the flow rate.could result in 1ncomplete mixing. 37,

Jo*

Also, the more rapldly the £low can be sf/ﬁped the
faster the reactlons that can be followed.

. € The progress of the reaction may be observed
by & number of suitable methods. The Gibson appafatus,38
‘ 1

the prototype of most of the contemporary stopped flow

-

\ e
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.mschiﬁés; originally ehponed s_sPectrophotomeﬁric .
‘obserVation‘unit. Other modes of obsefvstion include

e.m.,f. measorements with a'glsss e;eo{rode39 and - . -
conduct1v1ty measurements.Lpo'u'1 . ’ ) l — )

The.blg advantage of the stoppe;\flow technlque

over the contlnuous flow method is that very little solu-"
ﬁion is peouireg wgico'is_most—important when reactanf
soiﬁtions are difficult to~@ake or very expensive.42

The method allows one.to obtain a Rermanent-récord of

-

the progréss of”a reéction‘commenoing a few milliseconds e
after mlxlng and ektendlng as long as des1red Unllke - \\'
Kthe contlnuous flow method the results obtalned are
1ndependent of the rate and character of the flow down
the observatlon tube and are free from the d;stortlng
effect bf mechénrcal disturoances.42 o

“ In 'summary, the'stoppad flow technique, with a _ ’ of -
suitable observation systeo, allows *one to follow _ u )
reactions.with half-lives as short.as a few[milli- | /
seconds. For the purposes of this thesis the technlque

was used to study. the fast initial stages involved in’

the bromination of some uracil der;vatives. " ‘g .

’
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were.recrystallized twice from water prior to use.
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Materials , ' | . ) i
'The:urécil an% 1,3-dimethyluracil used in this
séudy were obtained from commercial sources (Aldrich

and I.C.N, pharmgceuticals, €2§pectively). The 5-bromo-~ . _ (f
uracil (previously prepared by Dr. S.\Banerjee3o) and . .

5-bromo-1,3-dimethyluracil were made by known literature

methods.22 Ai; compounds except 1,3-dimethyluracil

All inorganic reagents wre of analytical grade.
Sulphuric acid solutions were preparegnfrqm commeréial
(Anachemia or Fisher) standard volumetric concentrates.
Buffer solutions of 0.01M ionic strenéth were made
af‘t;e;'_Perr'in.'u'l'P

Bromine solutions Were prepared by either one
of two methods depending upon the acidity of the re-
action medium. Up to pH 2 bromine was generated by(
the reaction of bromate with bromide*? (all reactant }
solﬁtions)were 0.1M in KBr for reasogé dealt with
elsewhere). The stoichiometric equation for the !
process i; )

Bro,” + 5Br” + 61" — 3Br, + 3H,0 (1)

The advantage of this method is that one need not

b e i e T AT = B

worry about the loss of bromine due to volatilization ’

while transferring aliquots. Furthermore the salts

~used are very pure and can be easily handled and S

: 46 ( f
accurately\ weighed. ‘ \ ' ;

At higher pH the bromate-bromjde reaction proceeds
too slowly to be useful for our purposes, and agueous ‘ g

1 ~
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bromine solutions were ﬁrepared by the dilution of
aﬁpropriate amounts of a more concentrated ’solution.

*
The latter was prepared by the addition of .a drop

of bromine to a weighe& 25 mL volume of the reagtion

medium, Reweighing the solution’and assuming the

tion of the bromine concentration.

e R S, T S A g

e

Apparatus .

. ¢

on an Aminco DW-2 U.V.-Visible Spectrophotometer

chromatic beam.is chopped and aiternatelygpassed

volume change to ‘be negligible éermitted the calcula-

All non-kjnetic u.v. measurements were performed

21

operating An the gplit-ﬁeam mode. In this mode a single

monochromator is utilized for .the scanning and the mono-

through the reference and sample cuvettes. The emergent

beams are then compared by the detector system. For
5-bromo-1,3-dimethyluracil the rate of bromination -

is sufficiently slow that kinetic measurements were

Morrow Stopped Flow aLcc‘essoryL"7 to the DW-2 with the

optical unit functioning in the duai—wavelength mode.

Under such conditions one monochromator was set at.a

reference wavelength where liftle or no change occurs

during the reaction and the other monochromator at a
L coﬁ;énient u.v. wavelength_wheye thgre is a large

-

change in absorbance. The reference and sample beams

are alternately passed through the stopped flow

, ' . carried out_using conventional u.v. techniques.
: All other kinetic runs were made using the Aminco-
™ -
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observation cgll. The Déiz was balanced with mixed
reactants in the observation cell. Balancing equalizes
the radiation intensitiaﬁfffom both monochromators
causing the two eléctricg;\sigﬁg}s from the photo-
multiblier to be equal even théugh two different
wavelengtbs are being used. This procedure effectivelyl
removes the absorbance (at the monitoring wavelengths)
due to the unreacted excess of substrate.

The major‘aqvantages of the dual-wavelength mo@e
are: (a) light inténSity fluctuations are minimized
"since both monochromators are illuminated from the
same iight source;48 (b) the method minimizes aftifac%s
due to scat?ering of light in turbid solutiong beqausé
the reference and sample beams pass through the same
observatic?n‘cell;u'8 (e) in double-beam désign a
difference signal is observed (rgther than comparing .

the “transmission ratio of two absorption cells seen

at the same wavelength) compensating for the fluctuations

in source intensity, the detector response and ampli-
. ' ¢ .

fier gain.ug'So ]
¥ When using the stopped flow attachment one drive

syringe was filled with 2 mL of a solution of sub-

strate in the desired reaction medium, and the other

<« a

¢

. with 2 mL of bromine solution in the same medium.
y \ -

A driving pressure of 56 p.s.i. of nitrogen was used

to drive both syringes simulianeously, and to force

o

the reactant solutions into a dual path length flow

7l
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cell having,a 10 ﬁg light path a%ong.the line of flow.
.With this driving pressuré the dead time (the-time,
.requireg for the reaction mixturg to flow from the
igitia#\point of contact to the poin} of observation)
is about 4 msec. The volume under observation is
0.04 mL.y7 The stopping block is a micrometer with ag

;oscilloscope trigger switch mounted in its.tip.

Acidity | -

. The aéi@ities ofﬁZN'and 1N sulﬁhuric acid solufions
were taken as HO values }nterpolated from the data of
Tohnson et al.’l For all other solutions the acidity
Qas detgrmined using a Corning Digital 110 pH Meter. .

. Eelow pH 2 reactions were performgd_in aqueous
sulphuric acid solutions.'For higher pH's, buffers of
constant ionic streﬂgth (0.01M) were made up following
th? directions of‘Perrin.L"LF Since all solutions were
0.1M in KBr, the total ionic strength of the reactant- /
solutions was O.ilM. Chloroacetate, acetate and succinate

puffers'were‘used in the pH intervals 2.20-3.40, 4.10-
5.10, aﬁd 5.30-6.00, respectively.?

P
’
’

Kinetic Procedure

.

&

All kinetic runs were performed at 30.00 * 0,05°C,
Tempgratufe control was maintained by a Lauda (model
no; RC-20B) .constant-temperature circulating bath.

The bath was allowed to stabidize and all reactant

IS a
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- the DW-2 detector high voltage output (2 volts ﬁer

soluéiqns were equilibrated prior ‘to the start of
Dkinetic experiments.-

Reactant solutions were 0.1M in KBr. The ;Eaition
udf this large concentration of bromide ion.has several
worthwhile benefits: (a) it swamps the effect Br~
produced by the bromination reaction; (b) it enhances

A3

the stability of the b?omine solution since most of

the bromine is present as Br, ; (c) it reduces the rate

3

by reducingcthe free bromine concentration; (d)dt .

facilitates meaéuremeﬁts of rates since ij' ha;Sa.
larger extinction coefficient than does Br,; (e) it
ensures that the ionic strength %s high and constant
(at 0.11M) for all the expérimen;s in buffer solutions.
The ratés of bromine disappearance were measured
by monitofing ?he decrease in Br3" absorbance (Xmax =
266nm; log €= 61). The sample monochromator was
set between 28:%;235320 nm (depending upon where the
best signal to ngise ratio was obtained); with the
refepénce monochromator at 350 nm. '

In exﬁ%riments with uracil and 1,3-dimethyluracil

absorbance unit) was connected to a He&lett Packard
Storage Qscilloscope (model ho./lhlA). The gcope was
triggered by the stop piston just prior (3 to 5 msec)
to its stopping. If this stored trace appeared accept-
’éble it was photographed with a Hewlett Pékkard Polar-

'(
oid Camera (model no. 1974).

4
-
/// v
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Before performing kinetic,experiments the stdpped.

flow system was f{ushed out 4 times with distilled '
water to ensure that no éir bubbles wére present in

tHe flow cell or connecting tubes. Trapped air in the
system may result in excessive noise in the DW-2 out-

put sighal. With the stoppéd flowoaccesspry propérly
positioned in the DW-2, the total noise envelope of ‘

the outpﬁ%-signal should be less than 1% transmit-

52

tance. One driving syringe was then fi-lled with the
bromine solution and the other“with the desired sub-
strate solution. The syétem was washed out three or
four times to be sure that all the distilled water
had been flushed:out. The experiments were done using
a response time of 5 msec3 (denoted as FAST response).
It is advised to choose .the response time which pro-
duces the'beét signal to noise ratio. The optical
chopper was operated at a rotating/speed of+ 1000 Hz M'
{one saﬁple and one reference beam hit the mixing
chamber every millisecond).53

The reactiqnsaof bromine with 5-bromouracil were

’
Y

sufficiently slow (except for the fastest run) to

:

allow the detector output to be displayed. on the DW-2

“recorder. The recorder has a time constant of 300

msec,S? too slow to successfully monitor fairly rapid

» reactions. A 150 msec (MEDIUM) or FAST response was
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“(referénce and sample beams are sample& every 4 msec

“"Normal" Treatment of Data54

For a first—order reaction where the Beer-Lambert

- .

used and the chopper was operated at a spégd 6f'250 Hz
53).

or the experiments with 5-bromo-1,3-dimethyluracil

. the same response times and chopper speed were used.

These reactions were slow enough tp permit the mixing

of the solutions in a 1 cm cuvette to be by hand, and

the moniforing of the absorﬁanbe change using the

split-beam mode, , '

Since all the reactions appeared to be,’and were
ppoven to be, second-order, all kinetic runs were

carried out under pgeudo-first-order conditions.

Generally, ‘substrate concentrations equalled sxlo‘“m,
s

and the bromine c¢oncentration equalled 5x10—5M

after mixing (1077M and 10"%M, respectively prior to

1:1 mixing in-the stopped flow cell).

Normally 10 or more absorbance values were taken

/. over at least 2 tl/z's from each decay curve recorded.

A

ObSd) were cal-

Pseudo-first-order rate constants (k,

-

26

1cylated using "normal”, Swinbourne or Guggenheim treat-

2

ments ' of the data.
/

o
4

Law is obeyed

(A; - Aoo)e-k'lt
In(ay - A - kit

(A - 4))
and . In(A - &)

Ly

where AO is the initial absorbance at f=0, A is the

AN
°

-
——c
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final absorbance when the reaction is complete, A is
the absorbance at time t and k, is the first-order rate

constant. | ‘
A plot of 1n(A - A;) against time should give
‘>? straight line of slopé -k,. Only those data which o
in least squares analysis gave correlation doéfficientsl :
> 0.9995 were deemed accgptable. Low,corrglation.coef;

N .
ficients are often obtained for data arising frem ex- oo

o T AT M i g i e
1)

cessively noisy .decay curves. A small éigﬁal to hoiée‘l'
'ratio is an indication of either air beinévtrapped-in .
the stoppgd“flow syspem. inefficient mixing, oratﬁe
use of an impropey response tiﬁe.' |
The validity o} such an analysis requires a cor-

rect assessment of &Q.'Smdll variations in Ab\can ng$e . A
) \ relativel&ilﬁrgs @ifferenc?g in ¥, whi;e hardly'affectiq _
V"ing the least squares correlation. For example, Collins55

found that an error-of 6ne'part in A can be enhanced T
up to fourteen times in the rate constant.

All runs aone using the WW-2 recorder were ob-
served for more than 10 tl/z's (>9?,9% reaction) in order : R

to‘accurately estimate A When the detector output was'°~" E

‘., »
§

recorded on the storége oscilloscope a -baseline was
obtained by scanning a previously reacted solution in , d
the observation cell immediately before- initiating

the reaction. Thus each picture contained a baseline and . f
¢ N : .
a decay curve. Errors in A can be attributed to drift

in the DW-2, drift in the scope, or thg/oﬁset of a
. N . o

-

<
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" second step in the overall reaction. In such instances ' .

-~

. & Swinbourne treatment- was performed to dgtermine A,.

r o
v

Sw:.nbourne Treatment of Data56 . ) -,
. For.a f':Lrst——order reactlon if A, AZ’ oo Al ‘are
the’ absorba.nce readmgs at times t,, t,, . .. t_ and

i

Al'“" Az', ees A 'o are a second series of readings at
P r

tlmes t1+'1‘ t.+T, ... t +T where T is a constant, then

2
: (A" = &) = (Ay.- Qe EL (WD) )
* Dividing equatlon (2) by equation (4) gives ' - ‘;
- AP ‘ﬁf{.' Al = g1t \ N €))
s . ta k ° c T \" c b
* \ Therefore Aoo(l - eM1Ty 5 prpki? L (6)

-
A

1

L

";. k14

Guggenheim Treatment of .Da‘l:ay+ .

) Thus a plot of A versus: ‘A' should give a stralgh't line

of slope ele and 1ntercept A1 -/ kiT)

Therefore Aod—u(lntercept)/(l - slope) ‘ . (7).

For best results the data should span a perlo*d

iR}

of tlme greater than 1 t1/2 and preferably* greater

than 2. The.value of T _should be between .5 and 1 t1/2t

<

-
4 & o '

’

This method nay he used for a- first—order reactlon

where .1&,, is not measurable. Subtractlng equation (2)

from equatian (4) gives . ‘ . _
< (A' - B) = (ﬁo A,)e k1t(e le - 1) ~(8)
and hende ' |
' ) ' 1 _ ] “-k4T - A
In(A' -"A) = In((A, - A )( 1% .-1)) - kit (9)
’ = constant - Kt . o
4 { 3 N .

[y ' ) . N
[OIN . . ¥ %
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*,-measurement. The,value of tHe rate constant/thus

A plot of In(A' - A) versus t should give a stralght

line of slope 'kl' For good results the data should /

be spread over 2 t1/2 s and T should be between .5. //
- . v, A

and 1 tl-/21c

The vallues ef klobSd cited in the ﬁesulge d

Discussion sections of this the31s were all obtalned

using the "normal" method Usually Ag° was detefmlned

i

from, the Sw1nbourne treatment rather than by direct

vobtalned was then compared to that determ/ned by the

’ programs“wrltfen in BASIC by Dr.

' ALLKIN ThlS program i's desi,

"Guggenhelmfmethod for the same data. Th;/rate con-

stants were found to agree to within 5%/in all cases.

LY

Computer Preg;amé'

All- computer calculatlbns were performed on a

Vg

'cﬁc\CYBER 172 Digital Computer usifg the following

0.5. Tee and by the

author. g
a ,‘\

%

ed to calculdte k, from

1

absorbance data by the Gugge elm, Sw1nbourne and/or

A
"normal®” methods. It will ¢ ry out the approprlate

<

least squares analy31s utilizing equatlons (3), (6).

or (8) glven earller. Th program is. set up to accept

'Swinbourne and usual

5

data Ln wthh there is

! : constant time 1nterval be-

-

tween successive points. It shguld be noted that

- Guggenheim treatments require

-

29



:@p even number of data points since these methods

inﬁolvewcoqggderation-of pairs of data points.;Rate

deviations giong with correlation coefficients are
obteined fo? each type of E;gaawent performed. The - —
outﬁut of the Guggenheim and "normal" methods. .

alse contain’ A ‘determined from the 1ntercept value,

A, 1s obtained by the Swinbourne analysis and may

be automatlcally inserted into the "normal"” treatment

A
if des1red Otherwise, an observed value of A , may’ %ﬁ

kbe entereéd as input. The "normal" analysis permﬂ%s 'u/
the rejection of one poor middle point and as many

poor end ‘points as dedired (that is, points'@ﬁose
values do not agree well (usually more than 5% dif-
ferent) w1th the calculateeglalues obtained from

the parameters of the linear_regression enalysis of

the data). The program then redbtérmines the rate
constant for this new set of data.. (

LSQ: This 1s a genéral least squares program used,

in substrate and acidity dependence studleeﬁto cal-

A culate sécond-order rate constants. o

+ "

b ' o

/_’:/,

constants and intercepts with their respéctive\standardf**
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\ Introduction - ' ‘ | o -
nFor’this #thesis the rates of reaction of b;omine

with uracil (la), 1,3-dimethyluracil (1b), 54bromo-‘

uracil (6a), and with 5-bromo-1,3-dimethyluracil (ép)

in aqueous media have been studied. Substrate depen--

31

dence experiments were performed to determine the order

of the reaction for each of the. substrates concerned,
anid then the dependence of rates upon acidity was in-
vestigated to try. to ascertain the charge type of

. : . “ I

the reactive species, for each substrate.

" ) /

L A LI
a) Ry = R2 = H a) Ry = R, = H
b) Ry = R, = c:H‘3 b) R; = R, =JCH3

1

Order of Reaction

In the presence of at least a tenfold excess of

substrate (1 or §) gzég/f{rst-order rate cons*tants

(klobSd) were obtainad for the rate of disappearance

/

4

P e
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¢f bromine. Hence - : o
o = 1 .., ebsdfg.. . ,
rate = —d[BrZJS =k -[Brz]s \
dt - ’

¥

where [sz]s = st01chlometr1c bromlne concentratlon

[Br ] + [Br. -
obsd

. 5]
Valueé of k1 %Fre‘obtaiﬁéd for a range’ of
substrate concentrations for each of the uracil
substrates. The results, présented in Tables I and
II, and plotted in Figures 1-4, show that the first-’

order rate constants for-each substrate are a function

"of the éubstrate concentration. Thus

‘ obsd _ app .
. < kT =k PPs]

where kzapp is the apparent-second-order rate constant

and [S] is the substrate concentration. Therefore

L
¢

overall
rate = k,*PP[s] [Br,]_

>

. That is, the reaction is second-order: first-order in

substrate and flrst order in bromine. The ordir for
uracil was determlned at two acmdltles to verify thata
it did not change with pH.

Since the~¢xcess of 1 or § over bromine was

obsd should be directly

not particularly large, k1
proporfional to ([s] - IBrz]s), the cbncentratignlof
substrate which does not vary during the reaction, as
proposed by Bell and Rémsden57 and -used by Tee et

a1.3%158:59 1inear regression analys1s of k;°PSd did

indeed give good correlations for all four substré#es
. ] : - :

(10)

(11)

(12)
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Table I ‘
. 4 3
Variation in the rates of bromination (kiobsé) of B ;
X . B
Uracils (1) with substrate concentration?® !
i
' — J . ‘ !
Uracil pi  [S]x 10% k0P84 caled
() (s™h CsTh |
12 0.11° 5.0 8.41° 8.57
R ._.R'=H v10.0 1?.0 17 0 )

12 “)y5?0\ 25.8 25.4
. 20.0 33.5 - 33:.8°

464 5.0 17.5° . 17.8
7.5 28.2" 27.6
\ 10.0 37.2 37.5 .l
!
b 1.26e 5.0 16.3¢ 15.7 ;
R1=ﬁ2=Me ) 7.5 24.0 25.0 i
10.0 34.7 34.3 ;
15.0 53.0 52.9 _i,
a o obsd

At 30°C, [Br,] = 5.0x10™°M, [KBr] = 0.10M. Each K

is the average of several determinations, at least 2, o
usually 4. The values of klcalCd were calculated
from least squares parameters.

b Corr. coeff. = 0.9995

£ Corr. coeff. = 0.9987 : .

4 Corr. coeff. = 0.9989 | - .
£

This is a value of the  acidity function HO.51_




34

0c

.

¢
)

.

ypTM TTOBJI JO UOTHBUTWOIG JO 2}BY @Y} UT UOTIETIEA *T SaNTTd

-

S

}

s_¢o

.

*UOT}BIJUIDUO)H d3BIFSqNS

I X A Jwbmw loT _mm..:_ v

!

99'y =Hd (q)
10 =Hd (e)

(®)°

LY - .0

{

v




"gonc entration.

¢

30 .
T
— N
o .
m /
2 -
o bl
4
15 T -,
< ’
"o
( [13-omu]_ = [8r,)] ,)\ - '
Figure 2. ’Va.ri.ation in the Rate of Bromination of , . _—
1,3-Dimethyluracil at pH 1.26 with Substrate
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. Variation in the rates of bromination (k1

b
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Table II .
obsd) of‘

Bromouracils (§) with substrate cqncentrationa

’

b obsd ,03 calcdxloj

5-Bromouracil pH [§] x 107 k
: 1 X X
() (s (s71)
L . .
— o }
éa 0.11¢ 5.0 10.4° 0.3
R1_=R2='H 7.5 15.5 ) 15.8 L ,
10.0 21.4 21.3
6b 1.03 2,58 1.80° 1,84
R =R,=Me 5.0 3.19  3.25
C s 5.06 4,81
10.0 6.22 6.37

-
~ , —

o .

a jo I

lo

—
klobsd

is the average of several determinations, at least 2,

At ;o°é, [Br,] = 5.0x10"°M, [KBr] = 0.10M. Each

usually 4. The values of klcalcd were calculated
from least squares parameters.

Corr. coeff, = 6.9991

Corr. coeff., = 0.9960

n
This is a value of the acidity function HO.SL

,[Brz] = 2.5x10" M

o
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(12 (r = 6.9995 in aqueous sulphuric acid and 0.9987
in pH 4.64 acetate buffer), 1b (r = 0.9989), 6a (r =

g

0.9991) and 6éb (r = .9960)). From the least squares

caled

parameters values for kl were ealculated and

.-

these are included in Tables I and II for comparative

obsd caled

1
.. are a fdw‘per cent qriless, and are thus of the order

purposes. The differences between k, and k

of the experimental error.

{ . . In summary, for each/uracil studied, substrate
i ’ . .
% dependence experiments iridicated that their reactions

- with bromine are second-order.

Effectlve Bromine Concentration

In the preV1ous section it was concluded that -
the reaction of 1 or 6{31th bromlne is-second-order,

‘that is, ' g

obsd

As mentioned earlier k1 is more accurately

" proportional to ([s] - [Brzls)f Thereforeé

ky

'For reasons explained in the Experimental section' )
all solutions contained bromide idén, and so account

must be taken of the depletion of free bromine due

to formatidn of tribromide-ion.60

L3

., Br. ==y Br

Vs
: where 7

: Ky = [Brg] [Br~] = 0.0554 at 30°c°7 \\ -(16)

| | o T \ifrB‘]
| : _ S s /

" : t

o * Br- 3 (153

rate = kIObSd[BrZJS = kzapp[s][Brz]s T (13)

obsd =.kéapp([sj - [Brzjs) ] ';. (147ﬁ'

.
e T P

3
e e e s e

o e



As mentioned previously, the stoichiometric concen- - o =y
. ’ - v

“tration of bromine is given by
[}

& N ——

i . [Brylg = [Bryl + [Brg7] Q (£7)
' Accordingly, -for the reaction of substrate S with !
free bromine ‘mt ) ( v S
"rate = k,°®%9(Br,], = k,°°%%([s] - [Br,])(Br,) . (18)
Hence one obtains the observed-second-order rate con- '
stants'(kzobSd)rusing. B |
RSt e .9 N (19)
| ) j ([$1i— [Brz]s)[Brz] ‘
pr" .[Brg]s = ([Brz] + [Br3' ) a "
[szj [BFZJ S ,
| ’ b =1 + [Br,~] ‘ . {o .
- I L
4 f ’ .= (Kﬁ [Br"]) ' - (20)-
’ - K S e
using the definition of K, .
Thus - k20 = K, 0P (k, + [ (1)
([s] - [Br,lg) - ¥ o o
For all of the experiments bromide ion is in large '
éxcess (20,000 fold) relative to ﬁrominekand so its
' concéntration is effectively constant até%Br_j = 0.1M.
Furfhermore, for all the acidity dependence studies
[SJ = 5x;p' M and [Brzjs;; 3x10'5M. Making these |
?substituiions in equation (21) gives ° ~ e
N k%080 = 62336, %% o L (a2




> o .
. ‘ | e’:. «" ) b1
. ' -» ,“ ~ , -
X . The Value of kzobSd'was therefore qalcﬁlgted o,
; a _ by muPtiplying giObSd éy\6233, a ;onétanf factqf.‘ d
é_ ' .. which takes into aﬁéount the depletion of free bromihe

o

due to tribromide formation as well as the §ﬁbstrate

concentration.

. ’ @ - . ¢ v
(HOBr) must be also considered. The appropriate

equilibrium is .
; Ny ce ¢

' g o . ,K2

-
P . :
s oo Br, + H201<:::::=i>"1-{+ + Br~ + HOBr
k/” o whegé . . ' \ ) S - ‘
t\‘- | K, = [H']{r7][HoBz] - ..
) —— . [Brp] - T
C . = 9.6x107%M% at 25%¢8%
ang.[HbBr] = actual hypobromous acid concentration °
" Under .these conditions ) ) '
i . [Br, ], = ([BrzL] + [Br,”] + [HOBr])
» C o [Brz] [Brg] ,
R =1+ [Bry7] + [HOBr ]
| g v Bryl [l
L : 5
. . =1+ [Br7] + K, ,
£ ' L ‘ faT + n -
IRV g : - \ Ky [H"] [Br ]'
e and so equation (21) becomes |
', obsd _ .., obsd - '
R il E1LS Sl
' ([s]-[Brply | ¥ (1" 1[Bx"]
_"fop‘thé*same concentrations of reactants and bromide
| D B ‘ : - .
L ‘ A “"’ “" ‘ e

- a ., - ' ~ {.‘
For pH > 5,10 the formation of hypobromous acid = -~




gk

' ¥ ig equal to that-of Br

é £, he
) ! i
AU |
.o ‘ ‘ " ) \ . ‘
- considered on the previous page - ‘
= 6277k,°%%% for pHY= 5,31 -
| S . (27)
3
% 6368£1°b5d for pH = 5.80 '

Th se values were employed in the studies descrkbed 3

ln the next sectlon
/

In the ﬁxperlmental section it was stated that
" the progress of the bromlnations studied were

"monitored ‘by following the decrease in absorbance
. - ¢ [}

. obsd

‘ dueﬁfo Br3'. In the derivation of kzr just presented

it has been assumed that the rate ‘of Br, consumption

2

ry”. That is, Br, and Bry” are |

in fast equilibrium.“if this were not the case the reac-
tions WOuld not show any ac1d1ty dependence (as was
observed) since the ratio [Br ]/[Br2] is acid 1ndepen-

dent (sée equation (16)). Furthermore,. if the dissécia-

tion of Br3' were rate-determining then one would not' '

have:obssrvedla dependgnce\upon substrate concentration

as presented earlier. & .

‘,\ ‘ . . ‘. .‘

Acidity Dependence’ ‘ ' ’ N

The "acidity depenaence of the second-order bro-

mlnatlon rate constants of the four substratégﬁwsre

observed at varlous a01d1tles in aqueous sulphuric‘
" acid solutions anhd in bufferd. The results are shown.

in Téﬁles‘ill and ‘IV for the uracils and 5-bromo-

obsd

/ | .
. uracils respectively. The log k, - pH rate profi;ss

™
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appear in Figure 5, ©8 . : oo
The rate of reaction of bromine with 1,3-dimethyl-

uracil (1b) was found to be invariant over the range .
\

of acidities considered, épﬁfbximafely pH 0 to 5 (see
Figure 5).nfor uracil (la), however, the rate @as acid
independent in stnoﬂg acid but increased with incféésing
‘pH for pH§>3: Similar results were obtained for theé

. \ :
brominations of 5-bromouracils (6) except that the

acidity dependence of 6a commenced at a lower pH.
It appears, therefﬁre, that ﬁhe observed ratz//
constants for the bromination of uracil and 5-bromo-

uracil are the sum of two terms, one acid invariant

<

and one showing inverse dependence upon acidity.

ﬁ»Acco:dingly,,the data for these two substrates were

i Obsd _- k, + kz'/[H50+] ) T (28)

- 2’
* Least squares analysis of kZObSd

analyzed in terms of an equation

versusvthe

inverse of the hydronium ion concentration for 1a and
’

6a gave straight lines with very acceptable correlation

coéfficignts. .
Uracil: k,°Psd = 5.14x10,LL + 1.31/[H.0"] (29)
. Pk Lty . 2
) 5-Bromouracil: kZObSd = 64.1 + 1.36/[H30+] (30) -

" The values of kzcalCd in Tables III and IV were
' obtained using the least squares parameters in' equations

(28) and (29) respectively. The calculated rate pro-
files are shown in Figure'5. ' X

o . /
ZObSd obtained for uracil at pH 5.8

{

The value of k
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o

Table III

e ————————————

Variation in the rates o? bromination of uracils (1)

~

with pH?
. Uracil. pH k0088 0PSdyjo-t  caledypoh
9 (s™h) wisthy o Tartsth
1 o011 8. 5,240 5.14
" Rapiy .28 N 8.00 4.99° 5,14
| ‘ 1/F2 1.84 " 8.21 5,12 " 5,15
| 3.00 7.79 4,86 - 5,27 .
¢ 420 11.5. 7.17 7.22
L6  17.5 10.9 10.9
| 4,91 26.6 16.6 ™  15.8
g © *5.05  32.1 20.0° _ 19.9
‘ 5.31  50.3 31.6 32.0
: 5.80 108 (68.8)° —-- (
b~ -0.30% 17,9 11.2 S
. R.=R.eMe 0.119  17.6 11.0 —_—-
(o - 12126 16,3 10,2 --e-
| ( 4,20 1h.5 I —
S 5.00  14.3 © 891 . —ee-
S C > - T
2 at 30%C, [Slk= 5.0x10'“M, [Br2] = 5.0%x107M, [KBr] =
' Q.lOM. Each %, %P5 ig the average of 3 or more

1

determinatiqns.‘The values of k,

kcﬂcd

. culated from least squares parameters.

log

. = Corr. coeff. = 0,9992

£ Not included in the least squares analysis (see text).

4 values of H°.51

s

&

were cal-

a4

v



Table IV
Variation in the rates of bromination of 5-bromouraci¥s

(6) with pH®

)

5-Bromouracil pH k obsd, 143 kZObSd o, kzcalcd

| (shH wtisTh Cisth

6a ~ 0.11°  10.4 64.8" " 65.9

R.=R.=y’ 089 12.6 " 78.5 4.7

! 2, 1.26 13.9 86.6 88.8
1.52 16.9 105 109

< 1.73 22.3 142 - 137
2.13 L4o.1 249 . 248

AN © - 3.05 256 1580 1589
-, 3.30 432 2780 2777
4.95 18400 115000 +121190

b+ 1,03 3.19 19.9 ———-

R.=R.=Me  2+25 3.22 20.1 B

e k.15 3.05 19.0 ~ SR

2 at 30°%, [s] = 5.0x10'4M‘\ [Br,] = 5.0x107M, [kBr =
0.10M. Each kIObSd is the average of 3 or more
”//determinations. The values of kZQQlCG

'from least squares parameters.

were calculated

® Gorr. coeff. = 0.9999
€ value.of H.°! .
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was not included in the .linear regression analysis éz::;

. the value (68. 8x104M—1S'1) is only 78.1% of kzcalcd
by-1g-1

(88, 1x10 M. ) for this pH, even after correction for

ety 3 4 e P TEE SIT

t -
g 1o "

HOBr formation. The most probable cause for the low

value is the 1nab111ty of the lnstrumental set-up to
accunately measure a first-order rate as fast as that
which is expected. Under the conditions of- the e}perlment

the expected t, /s, Should be 4.90 msec (i.e. klcalCd =

B s
: P

1418;1), approximately equél to Fhe\FAST instrument -
responge (5 msec)53hused for all the other expériments.
Hence the reaction was 50% completed before the (
.
spectrophotometer was capable of mo&%gggzng it. A
'g _ response time of less than or equal to 0.1 ti/z is
— recommended for optimum results.62 The Aminco DW-2
Spectrophotometer can be 0pergted with _a still faster '
"response time- (22 microsec) designated as KINETIC
| , resPonse.53 We found, however, that this éesponse
'.‘ reéulted in an output signal which‘was too noisy
to be of any use. Sifee the completion of the work
for this thesis the instrument set-up hag been god-
ified so’that the DW-2 output signal (using KINETIC
‘resPonse) can be passed through a variable low-pass’
. ° filter for the removal of unwanted high frequency
| noise which is mainly due to the chopper operating
i at the AINETTC speed of 1000 Hz.53 In the future
it is hoped to/bg able to follow reactions with tl/z's

as small as 4msec, the dead-time of the stopped flow.47

’ J
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the rates of bromination.

- to be a significant brominating agent only for reactions

 atom or group Y increases. In line with this generaliza- o

bromination of sodium-p-anisate in dilute ‘solutions

Brominating Species o . e 'J

In this work the most likely brominating’species ‘ E
are Brz, Br37 aﬁd HOBr.'df these thre; the first is . ‘ 5
pfobably the only'significéht one,.and so, in deter-
mining the second-ord%p fate constants (kZObSd) it

~

— . wj , '
was assumed that all the substrates were being brominated

by reaction with free Br,.

Br3- is less reactive than Br, as a brominating

.species since the addition of Br to reactant solutions

(resulting in Br3' formation) causes a decrease in

63-66 Br3_ has been shown

w?th the most reactive organic substrates. Even with

highly reactive phenoxide ions Brj' reactivity is only

1-3% of that of Brz.éu'With phenol (k,°°5% = 1,8x10° ' )
M s 1", of the same magnitude as the largest k2'°b3d \\ \

in this study) no evidence has been found for Br3'

acting as a brominating species.64 »

67

For a halogenating agent X-Y, Norman and Taylor
generalize that the electrophilicity. of the'halogen

atom X increases as the leaving grogg/ability of the

o e b Wb BBl e SNl n s £MED

§lon hypobromous acid (Br-OH) is/a less effective

pbrominating species than molecular bromine (Br-Br). .. - . o

68

For example, Derbyshire and Wa#ers studying the o,

of phosphate buffer (pH 7-8) found HOBr to be about - '

‘,’.' ) - .\ , ]\
S v

|

.
S B ' ,/.
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2000 times less reactive than Brz. Many other examples
72

I

may be found in the literature. On the basis of
these precedents it seems unlikely that HOBr is the *

brominating agent in the present study, particularly

.when one takes into account that at pH 6 only 9.6%

of the Br, is present as HOBr, at pH 5 only .96% is
preéent as HOBr, and so on (from equation (245).

Positivéﬁbrominatioq,dﬁe”to the formation of the
highly reactive protonated ﬁypobro%@us acid (HZOBr+)
can also be discounted.69 Reactiéﬁ via this species
usually proceeds only in strong minepal acid and- should’
not be a factor in aqueous media. Positive'bromination
would requife the reéctions to bé acid catalyzed. )
whgch is contrary to the kinetic resulfs}(see Tables'
III and IV). '

-Therefore the assertion that Br, is the only -

brominating agent in the present brominations is a

very reasonable one.

PR

Acidity Dependence ' . . o

L

1,3—Dimethylurabil (1b) and 5-broqo-1,3—gimethyl-'

"'uracil (6b) are necessarily fixed in the diketonic -

form and are not involved in any acid-base equilibria

in the pH region. Shugar and Fox> studied the acid

.dependence of the u.v. spectrum of.1b and found no

variation in 1ts shape up to pH 14 1nd1cat1ng an -

absense of dlssoclable groups.

#

1
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ra
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It is most likely, therefore, thdt the bromination
" of these éomp;uhds involves direct aitack by bromine )
- orf¥ the neutral molecules‘wﬁa\'th;results support. As
shown in 'l‘/ables ITT and IV the second-order rate;*,

of reaction are indefendent of acidity, as reqqifed for
reactions involving neutral species. The kinetic

data for 1b thus support direct attack by ﬁfz leading
to the formation of the' cationtc intermediate 4b, and

’

hence 3b (see Scheme 3, next page).
b + Br, ——>Br~ + Llb——=2 3

L

Adduct 3b is a long-lived observable intermediate,
whose dehydration kinetics (to £b) have been studied

by Banerjee and Tee.%'31 por 6b the results may be

co ‘ 50
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explained by an analogous mechanism.
. H,0,—H*
60 + Br, —>Br” + 9o g—2—>gp

‘Combining the two processes just described for

~1b and 6b togetheg*with the dehydration step (3b -—>6b) --

the ogerall bromination mechanism proposédxfo; uracil
&erivatives-; (R1 = Me; R, = H or Me) is that showh )
in Scheme 3. This mechanism is in accord with the
titrétion results of Moore and Anderson that the -

reaction be 1:1, since the dehydrations 3&— 4 -—->_6_

are quite slow in weak acid .23

I

The rates of bromination of uracil.(la) and of
.5-bromouracil (§a) 4re constant in strong acid, while

fhey/yary inversely as the acidity in'weak acid. Thus

e

o " ‘ o

| | NH ' B | NH ,.

- 0.(s - ’ /ko . < 4 e
1 o g

o3, )
L —

v

the obéervéd.second-qp&ér rate constants (kZObSd) are r
composed of two terms: one acid independent, one acid T
dependent. This was expressed earlier in equation (28)

obsd _ . , +

’



which gives an excellent déseriptian of the observed
' :3 .

data (see'equations (29) and (30).and Figure 5). The .

a01d 1ndppendent term, kz, is presumably due to
reactlon upon the neutral molecule, wﬂereas the acid
dependent term, (k' /[H30 1), may be ascribed to
reaction via an anion. The overall situation ﬁay be

_ presented as

SH<_-_%_—K;_2‘-¥—. S” + 1,07
'.-N\\‘ , ‘ -
\ Br, |k,b  Br, | k,° _ '
— o Y N v ’
pdts pdts
yhere S -
‘ " SH = neutral la or é% o
S” = anlon of la or 6a
.kzl = second-order rate constant for the
| bromination of 1la or é;‘ -
“k22’= ond-order -rate constant‘fdr the ;
- mnatlon of the anioys  of. 1& or 6a .
Ky = [s7] [Hjo ] S
[su] . B S e ¥
= 1077*3 for ila ) '
= 10780 £or 6a %

Now

5wl

[Su] +{s7] | “ -
[sH]([Hy0"] + K,)

' ‘[H30+] 3

a

(31)

(32) °

(33)

PN
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]

. . e ' . .
All experiments were done at pH < 6 therefore /

[H30+] >> K, and [SH] = [SH]. Considering that two

reaction pathways are possible ‘ —
, bed B ) .
_d[?rzj = k,° % [sH ], [Br,] / e

at .
k! [sH][Br,] + k,2[s7][Br,]

*-1 =
1 2 : : | .
= [kg(\+ k,“K ][snjs[srzj : | (34) e
+ . 3
[H30 | | “
, © ; obsd _ ., 1 2 ) ’ . .
Therefore V k, =k, f kK- (35) .
; ’ [H30+] ” . )

2
—_—

Equation . (35) is of the same form as'qqugfgon"(28);
and the correlations expressed by equations (29) and
(30) for la and 6a respectively. Thus the observed |
data for la and 6a are consistent with reaction.

taking place upon their neutral species at:higher . NN/(

-acidity, and uponAfheir anions at lower acidity.

In Table V are presented the second-order rate

1 and k22) for ;g‘énﬁfég_obtained-by‘

constants (k,
equating the correlation equations (29) and (30) with
the -theoretical equation (35). Also included are

the corresponding values for the 1,3-dimethyluracils
(1b ap&'gg) and for Fhe analogéus 6-azauracil system
examined by Banegjeé and Tee.BA o : ’ ‘.

In .strong acid it is the acid independent texrm

which makesthe largest contribution to the value of

2

%,°P%¢ for 1a and 6a. It should be noted that the
values of k.l for la and 1b and for\6a and 6p are of

]
o




Table V

, Cogparisoh of the kinetic parameters for the ,
brominations of ‘uracils (1), 5-bromouracils (6), 6-aza-
uracils (11) and 1,2-dihydrdl1}3-dimethyl—é-oxopyrimidinium

catﬁon (52) K - - o

r.

. ’ ' 2 .2
Compound K, k, ) k, Fa k,
m  wlsTh  (s7h (m~1s-1)
. ; X
a .
1a 10795 s5.1bx10% 1,31 “4,15x107
f “p. ] . N ) -
‘ .1.'2 C ammeee ioooxlos e pn s e o e .-
a - o
* 6a 10897 gy, 8 1.36 1.36x10°
b 1 mmmee- 20.0 j-/- ------------
* - ) -
174°  ~1077'% 1.2x1073  2.2x107%  ~7x10°
R1=R2=H | . j .
11cP - 107952 5.6x10™%  3.5x107%  1.0x10°
.R1=H;R2=Me ¢ ] a T .
. 13p® pomheee ~ix107H L N
=R .= . ¢ \ S -
R =R,=H | ‘ 0
. ,
52¢ cmmmeem2x20° oiloen oo ——cee
\ ) X=H v .
. c R o 6 . \ ‘ -
52 [— bx 0 SR -
X=Br v
\ - .

8 Rer, 11 2mef. 3% S Ref. 74 .
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the same order of magnitude. Furthermore, titration‘
results for the bromination of uracils 1 (H“ = H, Ré = H

or Me) have shown the reaction to'be 1:1 in strong acid.31
These observations suggest that the reaction under

\. these conditions can also be expressed -by the mechan%f
prev1ously described in Scheme 3 for the dlmeth§l o

P

derivatives. .

At higher pPH 1a and fa appear to react via the9
‘anions 2 and 7 respectively (see Scheme 4). It is
' proposed that bromine‘reacts rapidly with 2 to give
a neutral speeies 5 which may be in equilibriuﬁ with
- the hydrated adduct 3a (analogous to 3b described in
» . Scheme 3). Loss of a proton from the C-5 position
‘ “of 5 results £n"tﬁe anion of 5-bromouracil, Z, in
equilibrium with 5-bromouracil, 6a, itself.iLikEWise.
1the brominatiop>of 5—bremodracil may proéeed via the
N anion 7 which may react with bromine to give the
¥ neutral speciésiig which is.in equflibrium with the
dibromo prgductlg. These mechanisms are presented in

Tltratlon studles of Nl‘uns bstltuted uracils

" with bromine have previously shown the reaction to,

¢ Scheme 4. o . o g”

" be 1:2 in weakly acidic solutions. 23 In térms of the
mechanism in Scheme 4 this implies that the deproton-
ation 5 —>7 occurs quite raéidly. Kinetic studies
performed in strong acid (>'0525N H,S0,) have shown,
however, that the rate of this proton loss is slow

e (ki - 10755” 1 (t1/2' 20 hr)30 » 31 w1th water acting

L 4

Bt g o b 5T S
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as the base. At higher pH (> 1) it is possible that
hydroxide ion is the base invol?ed and bge should ,
expect the rate of deprotonation of S5 to increase
‘greafly as the pH[increases. In the future it is
hoped to obtain e;idence.to support tﬁis proposal.

Other systems besides uracil have been shown

~ to react with bromine via their anions. Phenols are

known to react as phenoxide anlons except in strongly

63,64,70

acidic media. wOrk done in this laboratory

has suggested that N1 unsubstituted 6- azaurac1ls

-

(11 31 = H, or Me) react w1th bromine as anions even

7/

N

. o !
iﬁ 0.05-0.50N sulphuric acid solutions. >’ The mechanism
is presented in the Introduction section (Scheme 2,
page 17). . Lo | A

Besides the anion mgchanism -(Scheme 4) presented |
above,/other possiﬁilities werg considered. ‘The %n?ersép

acidity dependence could also be explained by an _

- . .
\ .
, . - i
) - . . ¢ ‘
. ¢ .

© e v v o
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.
addition-elimination mechanism (Scheme 5) in which
there is firstly nucleophilic attack by OH™ td, form
an enolate 42a which then reacts with bromine to

give the intermediate 3a.” A similar mechanism has

been proposed for the base catalyzed H-D exchange
19,20

N\

. ’ of Ny ‘substituted uracils.

The mechanlsm in Scheme 5 appears lmprobable

| for several reasons. Flrstly, 1f ura01l 1la reacts
3 thls way, one would expect 1,3~ dlmethyluraCLI 1b
toreactllkew1se at a similar rate but it does not.
Secondly, the enolate (42b) would react with bromine
| at a diffusion controlled rate which would pesﬁlt
in zero-order (in bromine) kinetics (cf. acetocne -
; 71) ,

halogenation . However, this also was not observed.

Thirdly, the sequence la => 4223 >3a in no way

contributes to an explanation of the 1:2 titrations

simge the 3a converts to 5-bromouracil quite slowly.30'31

4
Comparison of Regcti&ities '
Uraéil is much more reactive than 6-azauracil
— with respect fo electrophilic attack (see Table V).
The re?ctivity of gracil towards bromine is 4x107 more
J%han that of 6-azauracil aﬁd 1,3-dimethyluracil is

- 109 more reactive than 1,3-dimethyl~6-azauracil.. .

L] . ‘ . L
The reason for this increased reactivity may be
/ ! ' .
/ understood by considering the relative stabilities. =~ .

- of the intermediates formed by the attack of ‘bromine
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in each case. For uracils, 4 has carbonium ion character
and is therefore.relatively stable. With 6-ézauracﬁis.
the corresponding inf;rmediate ﬁas ifs pqsitive charge
residing sélely on nitrogen atoms and should be less:

stable resulting in decreased reactivity.

O ’
Br N ‘
H N Rz .
R \ﬁ/Lo
Ry ° B /}

O

+N .
. ) _ ‘ N
R1 - . ) R1

3

Uracil was found to be 800 times as redctive
towards bromine as 5-bromouracil is. This not sur-
priging since the presencé of a-bromine at'the 5-

/ 'ﬁqsition in 25 should retard -the rate of bromine °
;ttack (25 —™>26) for steric as well as electronic
reasons (see next page). By way of compépisoﬁ, the
‘pseudo%ase‘formed from 1,2-dihydro-1, 3-dimethyl-2-0x0~

b4 .
1

L

. o) 3 S |
: Br — Br '
- ~ <——-—ﬁ
| P . / /’LQD ‘

4




g |
\
C 2
@ \ .
X Br N
l NH B"z X NH
-—Br—
NAO \ﬁ' o — t
H H
25 26
1 . ‘/rg
) s - : g . ¢
, o

pyrimidinium cation (52, X = H) reacts with bromine
500 timés as fast as its 5-bromo derivative (52, X =

* ~
Br). 7Y ‘
' " H. OH
X , : o
. I ‘N m . ﬁ .

Z

lﬂ‘ z

/

o

*ulsly 19 0
of the same order as that for. phenol (1.8x10° M~1s~! at

259063)' Similarly, k22 for the uracil anion ’(4x10° m~1s~1) | AN

The value .of kél for uracil (5.14x10
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P

is close to that for simple phenoxides (10941010 M'ls'l);

and approaches the dif&usion controlled limit,

From Figure 5 it can be seen that the reactivity
of 5—br6mouracil approaches that of uracil in very
weak acid (pH > 4). In this pH range the value of

kZObSd is predominantly detefmined by the product

k, Ka (see equation (35)). From Table V it can be

seen that this value is virtually the same for .uracil
and 5-bromouracil. Hence, at acidities whefe the two

compouﬁds react principally as anions,'but below

'thelr pK s, their rates of bromlnatlon are nearly * -

the same. Moore and Anderson 23 found that during the
1:12 tltratlon of uracil with bromine at pH 4.7 there
was not a lérge build-up of 5-bromouracil. These

observations are in agreement with the present kinetic

results which show ‘that 5-bromouracil can ,successfully

compete with uracil for free bromine at higher pH's.
ﬁ

Conclusion . —

*

The brominations of the uracils 1a, ;Q, ba, and_
6éb in aqueous acid solutlons are second-order: first-
order in bromlne and flrst order in ura01l ,The

mechanism for the reaction involves two discrete

" gchemes, Schemes 3 ‘and 4..For'uracils bearing a sub-

4 there is a'rapid attack by bromine

.-leading to an observable "HOBr' adduct which then

undergoes a slow acid- catalyzed dehydration to the

Lt

I

At

8
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™ o /
. | /Ez
N~ O «
% R1 .

A 8"

- a)R =R, =H d) Ry = R, = H

B A ) R1=R2"=CH3 ; b) Ry = R, = CH,
\ ' ' -
’ qv/

. - .
. R
A

.5-bromo derivaﬁive (see Scheme 3, page 51). The kinetics
of this dehydration have been studied elsewhere.3o’31'
A similar scheme applies to N, unsubstituted uracils

__ at higher acidities.

", C For uracil (qg), the rate of bromination increases -
: b

with increasing pH for pH > 3. Similar reactiv1ty is

i . shown by 5-bromouracil (gg), except that the acidity

dependence of 6a commences earlier. It has béen
concluded (see Scheme 41 page 57) that the bromination |
bccure upon the anion resulting from deprotonation

at the Nl position. of the.intermediates-found in
Scheme -4 only the existence of 5 and 10 (see next page)
have notﬁbeen proven directly or indirectly.

, Further work in this area could include a study

e 'L'U‘ ~ 'of the behaviour of 5-bromo-6-methoxyf5,6-d1hydroq

.. wuracil (13g) a oempound most likely s%abie at neutral

i . . o ‘ . " o

P
e
{1 . ~




T

O (0]
B NH Br NH
Py T
3 ) 10
@) O
Br ' Br '
() SR G
H . R, - C
la | 13

L 4

3

pH. This would serve as a model for intermddiate 3a.
Compound 13b has been suécesgfullycprepared an& iso-

lated by Szabo et al.’J If 13 should react witthr2

an understanding of the mechanism would enhance our
v . —~
krrowledge of uracil bromination. ‘

This study could also be extended to other

‘related pyrimidines such as thymine, 5-fluorouracil,

S5-chlorouracil, etc.. This would providé‘comparativey
%eta concerning the effect of the substituent at the
05 pdsition. Cyfosine, which reacfs wéth %:2 in-a
manner similar to 'uraeil, should also be included

in the investigatiep.
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Tgerefore it can be seen that'éork has still to .
be done before the readtion of uracil with Brz is ™
completely undersfoodf It is hoped that the results

‘aﬁd conclusions reporteé in this thesiswill shed
valuable liéht towards rationalizing much“of the

observed phenomena of the reaction as well as in- )

dicating areas where future investigations must be

undertaken. - ) o .
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