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Abstract
n’ 4
T@; Mechanisms of the Bromiﬁations of v
& .

Cytosines and Uracils -

Charles Gary Berks
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n

= The work reported in this thesis falls into

y three areas:

The primary project was a mechanistic study of the
bromination of cytosine, 1l-methylcytosine, j-methyl—
cyﬁosine and cytidine in‘aqugous'acid. The reaction—~‘ff ' -
follows an addition-elimination pathway wikh the
initial rapid\formation of long-lived intermediates
“observable by pmr. These adducts undergo relatively
slow elimination of water to yield the appropriate
5-bromocytosine product., The aéidity dependénce of
the initial reaction rate plus the fact that. cyto-
sine iodination is about 1000 times slower than its
bromination suggest that the attack of bromine

occurs on the free base form of the cytosine substrate

followed by capture of the cation so produced by water.

The kinetics of brominatiorn of 1l-methyl- and 3-methyl-

uracil has been examined in the pH range 0 - 5. For

iii
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1-methyluracil the reaction rate is invariant with

acidity whereas fqr the 3-methyl substrate the raté' ’
increases marked®y with decreasing acidity above pH 3.
Tﬁése observations are in agreement with our e?rlier
findings that N, unsubstituted uracils may undergo. '
bromination via their anions formed by deprotonation

at Nl.~ *

A kinetic study of the equilibrium between the 1,2-

*dihydro-1,3-dimethyl-2-oxopyrimidinium cation (Q:) and

[P

its pseudobase (QOH) has been undertaken in aqueous

ﬂediaf(pH 5.6 - 9.5). Using the spectrophotometric

108

method of Albert and Serjeant pKR+ for the ;

equilibration has been found to-be 7.16-at 30-2C. The
rate constants for the férmation and decomposition

of QOH compare well to those obtained ffom an earlier
study of the bromination of Q: carried out by Tee and

2l for which reaction was postulated to pro-

Thackray
ceed via bromine attack upon QOH. These reéults,
therefore, furnish additional support for the involve-

ment of QOH in the bromination reaction. .
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General Introduction //
- T 7
- s ,
- Pynimigiﬁes are compounds of great importance

" - ) )
owing, to a large extent, to their presénce in nucleosides
. /

and nucleotidesgl’lu

-

N;gefg;bcybléc'comiound, whether the-heterocycle is’'naturally

‘Any carbohydrate derivative of a

okcurring or not, is termed a nucleoside. Nucleotides, the
L N N . .

o phoéphate esters of nucleosides, are the structural
components of nucleic acids just as amino acids are the

.structural components of p{fteins.? .

4

v

A number of nuclecdsides have beeh found to
-havé useful antibiotic 'and antitumor-properties. S—Fluoro—
uracil (5-FU) and Its N, ribosyl (5-FUR) énd N, deoxyribesyl .
(5-FUDR) derivafives afe known to have conkiderable anti-

v
cancer activity.2 5-FU and 5-FUDR are converted, in vivo, to

&FU : R = H
5-FUR : R = ribosyl
/// ' : 5-FUDR :,R = deoxyribosyl
% . /~“ .
P e 5-FUDRP : R = deoxyribosyl monophosphate
1 -



the nucleotide 5-fluorouracil deoxyrlbose monophosphate
(5-FUDRP) which is a strong inhibitor of thymldylate
synthetase. The size of the fluorine atom is similar to that
of hydrogen and 5-FUDRP competes w1th deoxyurldlne monophos-
phate at the enzyme 81te. but its 5-position can not be
methylated 1nh1b1t1ng DNA synthe51s.1 (One of the main
distinguishing features between DNA and RNA is that.whefegs
thymidine is present in‘DNK/uridine takes its place in RNA.)
IS:FUDR‘has also been shown to inhibit oroéic acid metabolism
and the incorporatiéh of phosphate into DNA.>
’ 0

s ™ 5-Iodouracil : R

[}
.=

5-IUDR : R

deoxyribosyl ‘ )

5-Iodouracil also exhibits some antitumor
activity.1 It is converted in vivo to 5-iododeoxyuridine ° .
(5-IUDR) which can be incorporated into DNA. 5-IUDR thus .
differs in its mechanism of action from 5—FUﬁR in that it

) 2







nucleoside, has also been used as an anticarncer agent.6 It
inhibits tﬁe reduction of cytidine monophosphate to
deoxycytidine monophospﬁate in DNA synthesis. ARA-C also
exhibits antibiotic properties. It has been shown to inhibit

certain neoplasms in mammals and alsq to be active against

heri)es simplex \'rirus.8 ’ - &;

NH,\
5 e .
)
P \
N“ _o CH,OH
) OH
OH

. Cytosine arabinoside
' (ARA-C)

Nugleotide coenzymes have been studied due to

their importance as vitamins and due to their involvement

as the active sites for several important ehzyme-mediated

biochemical reactions.1 Thiamine (vitamin Bl) is a pyrimidine
derivative which also ooﬁtains a thiazole ring.1 A deficiency
of thiamine results in beri-beri in man whilst animals suffer
the condition of polyneuritis. Dietary sourceé of thiamine
include green plants, yfast, whole méal flour and the husks

4
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2N ‘ An important example of the role of TPP in
ox%gative decarboxylation is the pyruvate dehydrogenase enzyme
comﬁlele;The-initial reaction is attack of the carbanoid
thiazole ring position at the carbonyl carbon aéom. The
function of this enzyme complex is to convert pyruvic acid
and coenzyme A to acetyl coenzyme A. The deficiency symptoms
for a lack of thiamine are principally due to an accumulation

of excess pyruvic acid.in the system since the pyruvate

*decarboxylase process can not then be carried out propérly.1

N Riboflavin (vitamin Bz) is one of a group of

compounds known collectively as the flavins, the common

L

6
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feature. of which is a substituted benzopteridine.1 Riboflavin

r

*
-
w

Me

Me

\ - Riboflavin

\ R = CHZ(CHOH)BCHZOH

is a combination of the flavin ring syétem with‘the.carbohy;
draje ribitol. Like thiamine, riboflavin is oﬁiy acti&e'ih“a
phoéphorylated‘form (phosphorylated at the ribitol p;iméry
\iH) and- in this form it is ecommonly Known ds flayﬁ% mono-
ucleotide. A deficigncy of riboflavin does not lead to
specific disease but it does lead to inflammation of ~
the\ tongue, lesions at the mucotaneous junctions of the eyes

and \ips and several other problems of this kind.1

\ Barbiturates are perhaps the best known class
A\
of pyri‘idines of pharmaceutical importance. 5,5-Diethyl-
barbiturjic acid, the first known hypnotic barbiturate, was

introduced into medicine by Fischer and von Mering in 1903.13

7 ,
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upon the central nhervous system but for the most part studies
have only led to dggcripfions of their actions.® They are
known to elevate th;\zgreshold‘of neurons by stabilization of
the_cgll meﬁ%gg&f and prolongation of the time required for
recovery from excitation. Barbiturates are also known to‘
cause increased activity in the hepatic microsomal poly-
functional oxidases.®
N l
From this brief review it can be seen that
. pyrimidines have great ﬁiological, medicinal and pharma-
cological roles. A knowledge of the chemistry of these comp-
* ounds is cruclal for a complete understanding of the chem-
istry of nucleic acids and the biochemiecal pathway§ by
which pyrimidine drugs, such as barbiturates, act.
Wéurprisingly, however, relatively few mechanistic studies
con;erning the.reactions of pyrimidines wiih electrophiles
and nucleophiles have been reported.

This work includes the results of a kinetic
study 6f the bromination of cytosine (;,sfructure next pége)
and some N-methylcytosine derivatives in aqueous acid. The
reaction has ﬂéen postulatéd to proceed via an addition-

\ 15,16

elimination process and is now recognized to involve

the formation of an observable long-lived intermediate.17'18

-
The object of our study has been to elucidate the reaction

mechanism in detail especially with regards to the identi-

fication of the species undergoing bromine attack ‘and the

— 9 o I
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characterization of. the long-lived intermediate.

' N
_R
i 21; X =H
" 26; X = Br
Earlier19 we presented evidence that the rates

of bromination of 1,3-dimethyluracil (21, R1=R2=methyl) and
5-bromo-1,3—dﬁme£hyluracil (26, RléRzame;hyl) are invariant
with pH in aqueous solution whereas for the parent molecules,
lacking methyl groups, the ratés increase with pH. We -
suggested that uracil (21, R =R ;H) and 5-bromouracil (26,
R1 Z—H) most likely can react as their anions formed by
deprot?nation at their N, positions.
We have now extended this study to include
: 1-methyluracil (21, R1=methyl, R,=H) and 3-meth¥luracil (21,

R1¥H, R2=methyl).20 Should the mechanism proposed previously19u

10
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Structure of Cytosine and Uracil

A

An understanding of the tautomeric properties
of the fundaméntal bioldgical py;imidineé. cytosine, uracil
and thymine, is of extreme importance in molecular biology,
especiaily with respect to the theofy of muta‘tions.22 Theése
properfies are ascribed to the preSeﬁce of the electron- .
re%easing éubstituents NH2 or OH. The labileAhydrogen of *
these substituents may migrate.to one of the King nitrogens
resulting in tautomer formation. Some important analogs of

-

the above compounds may also contain the electron-donating
group SH. 22 . :
e
Cytosine is-'usually represented as the

l . . " &
1(H)-amino-oxo form 1 (structure next page) both for the free °

molecule and in its nucleosides and nucieo?ides. X-ray

23-25

crystal studids ori cytosine and its 1-ribosyl deriv-

26

ative, cytidine™, support their existence'in the amino-oxo

‘form. However as many as six other tautomeric structures
(structures next page) are theofetically possible27'28,
so tha% small amounts of rare tautomeric forms hay éxist
along with 1 and may pe important in the chemistry of ‘

cytosine. Nucleosides and nucleéotides contain ribose or

‘ ribose phosphate substituents at the N1 position and there-

fore\may exist only in the forms 1,15 or 17.

\

k)

Until reeently, evidence for the occurrence
of cytosine tautomers has been based on indirect arguments.

¢

\ 12 . a !

© e p—— e . 3
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NH . NH +NH,

| _ NH I NH ' \N
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‘NAOH . N*O N/LO“ f;: -
H ‘ T
\ 16 S 17 18

- ~

28 found that the u&ispectrum of cytosine

Kétritiky and Waring
in both aqueous and dimethylsulpﬁoxide solutions resemﬂles

"that of of 1l-methylcytosine but differé from that of 3—methyl:
cytosine.and of tg% anion of 2-pyrimidone; 100 (structure

next page). These results support cytosine exiéting mainly o
as 1. They alfso showed that tye spectira of‘the cations of -

‘' w6 Pt em IS s} ATEIMETL B A Y T4 TOT———

cytosine and its 1- and 3-methyl derivatives are similar,

and diffferent from that of 2-pyrimid6ne, 101 (structure next
page), indicating that cytosine undergoes protonation at -the

.N3 position (see structure 6, next page).

-
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More recently, QMb01s and co- worker529 under-

\ .
took a thermodynamic and kinetic study of tautomerization
.- in cytosine and 3-methylcytosine using the temperature-jump

‘relaxation technique together with uv and ir spectroscopy.

» o

\ .
to the 3(H)-amino-oxo form 5 as well.

3
TR —— LR R

Uracil (or thymine, its.5-methyl derivative)

11ke cytosine, can, in pn}nCLple, ex1st in varlous tautomeric

forms, 21 and 34-38 (structures next page) 27 However, a,
variety of experimental evidence points to uracil and thymine

having the diketo structure 21. This form'isvsuggesteé-by"

as the 1(H)-amino-oxo form 1 but tautomerizes slightly ( 0.25%)

They found that ih aqueous gsolution cytosine exigts primarily

R U

e

i it e el
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0

Fs

| 0 .
. R o
NH Rf\n NH
o L L
/LO , N)on NZ “OH
. H

37 38
R = H or Me

&

X-ray crystalloéraphip studies of uraci139'31; thymine32'33 )

and of dépivativesﬁéf these molecules.ju'37 This structure

has also been confirmed for uridines and deoxyuridines:,.38'“1

For all these uracils the lengths of the ring C-0 bonds:are
120—125 pm, .eorresponding to a very high double bond

charaqter.Z?

&

. Analysis of the ir spectra of uracil, thymine -

and their nucleosides and nucleotides support these results.

‘M11954?»43' for example, has found that the spectra of uracil

and'thymine carryipg N1 and/or N3 po;itions substituted by

a methyl group or a sugar moiety are very similar to each

15 \ '

fy



P e

. ha&e thé diketo structure.

other in the carbonyl region but quite different from the
spectrum of a corresponding enol ether. Strong additional

evidence has been obtained by the comparison of the double

’

. bond stretching regions of uracil, 1-methyluracil and of

3-methyluracil with that of 1,3—dimethylﬁracil, which must

3
bl These results have also been

mru7'u9Jand uvLm’_So's2

4

confirmed by'RamanuS'ué,

) spectros-

copy studies.

¢

. Direct evidence 7or the existence of uracil

M 4

and thymine tautomeric- forms comes from fluorescence emif-

53,5k ; Sk

Daniels has shown that the

sion spectroscopy.
fluorescing tautomef contains an enol group and based on uv
data he assigned it to th form 35 (see page 15 for struc-
ture). The second tautomerj'in equilibrium with 33, he
aséumed $0 be the predominant’diketo form 21.
. o

5-B;6mouracil is known to have a greater
tendency towards tautomerization than does uracil.L'L9 Tﬁe'_
bromine substitpént‘at the 5-position helps to stabilize
the enol form 39 (structure next-page) by decreasing *
electron density about the riné nitrogéns. This is ﬁorne
out by pKa measurements, with the pKa of- 5-bromouracil
being about 8.0 as compared to 9.5 for uracil.55 5-~-Bromo-
uracii,can reLlace a considerable amount of the thymine

normally found in bacterial DNA. This incorporation has

been shown to increase the probability of incorrect base-

1 e ——————————
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pairing. That is, 5-bromouracil has a greater inclination ' .

to-incorrectly pair with guanine instead of with adenine
: += . than does thymine. Thislmutagenic activify may due to the

increased stability of the enol tau*'tomer56 of 5-bromouracil;

| -

ﬂ.

T\)\ N Br
N ¢ :
\\
. v
The Chemistry of Pyrimidines - '
The pyrimidine ring exhibits definite aromatic
: properties including resistance to oxiﬁation.55a The -

. electron-withdrawing capability of "the two aza nitrogens ,
. J . t
L - results in the 2,4, and 6-positions being markedly electron
4 deficientuz (structure next page). In this, the positions

resemble, in a qualitative fashion, the 2, 4, and 6-positions

o ' P

¢
.~
'
L4 ‘\
¥
.
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of nitrobenzene and 1,3-dinitrobenzene. As a result
pyrimidines ﬁ;adily‘undergo a wide variety of nucleophilic
substitution reactions, but electrophilic substitution is
confined to the.5-position and is very difficult in the

55

abgence of electron-releasing substituents.

4
.9 \\5*h13‘
6 2
N
1
Pyrimidine

Thus, for example, & halogen at one of the

" three electron deficient positions (2, 4, or 6), is easily

replaced by an amino group by reaction with ammonia or

amines.55 The 5-position, on the other hand, is the least

electron deficient position in pyrimidine. Therefore a 5-

halogen atom does nof'vsry readiiy react with ammonia or

amines. >0 - .
- The presence of electron-releasing groups

. 1 . 18

4
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such as hydroxy or amino substituents, particularly at
positions 2, 4, and 6, counters the inductive effects of the
ring nitrogens and helps to strengthen the pi electron
system.55 This increases the aromatic character of the.ring.
Hence the 5-position in cytosine (1, structure page 13),
fon, example, readily undergoes bromination in aqueous
media.*s7 Conversely, potential -leaving groups in the 2, 4,
and 6-positions show reduced reactivity towards nucleo-
ph‘ilic reagents.55 Thus halogens at these positions are less ’
easily replaced by amines (vide supra).

(4

Electron-withdrawing groups with large

resonance or inductive effects have only been successfully

introduced at the 5-position of pyrimidine since they are
labile at positions 2, 4, and 6.55 A 5-nitro substituent,
for instance, strongly accentuates the electron deficiency
of +the othér positions, and thereby increases the ratés of
nucleophilic substitution reactions at these sites. As a
result 2,Ll-—dichloro.—‘S-nitropyrimidine reacts quickly with
ammonia at 0 °C to prod&\LP-amino‘-z-chloro/-S-nitro-
pyrimidine. The new amino grQ}lp, which is of course electron-

relfaafsing. now acts in opposi,-fion to the electron-withdraw- =

o

ing effect of the nitro group causing substitutioh of the

second chlorine to occur only at temperatures above 100 0.558‘

' ( For many years it was believed that at least

two electron-supplying substituents must be present for

- 19
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. 3 v
pyrimidines to successfully undergo nitration or nitrfosa-
55

tion.”? The positions of these substituents is also of
critical importance. That is, wherea{s. 4,6-dihydroxy-
pyrlmldme, O, can be nitrosated uracil, 21, does not

undergo nltrosatlon at all. 552

e

L}
¢

In the past fifteen years, however, it 'has
been shown that 5-nitration can occur under very rigorous’
conélitions fo.r pyrimidines containing only one -electron-
donating group. Thus J:.2-dihydro-1—methyi—2‘—oxopyrimidine '
(102, structury;ext page) can be nitrated to yield its

5-nitro deriva'tive. 55D *,

;Phé nitration of uracil is usually performed

‘in boiling fuming nitric acicl.58’59 Cytosine60 and N-alkyl

20
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derivatives of ur‘acil61 require less‘hars}‘x condit.'ions. The
joes‘,c‘ prc;cedure‘ is to carry out the reaction in sulfuric acid
with the addition of the theoretical amount of nitrict’ acid
at ko-50 ©,558

5-Nitrpsop&rimidines are, most commonly pre- .
pared by the addition of sodium nifrite to an acidic solu-

tion of the appropriate pyrimidine. When three ehlecron—

donating groups are present the reaction may.ta.ke place.ip

. é.queous acetic acid with sodium nitrite at ambient temp-

_erature,”>2

21 -
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Pyrigniﬁines with at least one eleéctron-

/

releasing substit\/zgnt ¢an couple with diazotized aryl amines

-

to g;/eld--ﬁfarylaZQ derivatives. > Subsequent reduction
under very mild conditions provides a convenient metr;od for
produ'cing 5-aminopyrimidines. This route nis especially useful
§vhen sugar moieties ar other potentially labile groups are

present.

Sulphonation at posit‘ion 5 takes place
normally only uncier very rigerous conditions and requires ’
the presence <'>f at least o_ne.-!a;ninp or hydroxy group. Chloro-
sulphonation ‘of uracil at 110 ° forms 5-chlorosulphonyluracil

62-64

in reasonable yields. Similar treatment of cytosine

and 6-methylcytosine, however, produces the corresponding
5-sulphonic agid rather than the desired 5-sulphonyl chlor-
ide.éu’65

[

Direct halogenation always occurs at the 5-
position. These reactions proceed very easily if more than
one electron=releasing substituent is( prese‘n‘c.s,Sa Pyrimidine
hydrochloride under speéific conditions, however, can be

: 66,67

!
brominated to-yield 5-bromopyrimidine.

Chlorination by gaseous elemental chlorine
can be difficult to perform and often leads to poor ylelds.
-~ \ F
Nevertheless, 2,4-diamino-6-chloropyrimidine can be: con-

verted with this reagent to 1lts 5—chloro' derivat;i,\«'e.68 Often

v




sulphuryl chloride or N-chlorosuctinimide (NCS) are used as

convenient chlormat;ng agents55 1 for instance, NCS in

"acetic acid has been used to make 5-chlorocy‘tosine.69'

Direct bromination using bromine, often in '

acetic acid, usually gives yields greater than 82%.55b

. Uracil (21) reacts with excess bromine in aqueous solution
to produce an isolatable 5,5-dibromo addition product,

namely 5,5-dibromo-6-hydroxy-5,6-dihydrouracil (28). 16,57, 60-62

e >
N
/L 20 H ' /L ‘ "
N ' N 0
' H H .
'21 26 28

Aithough 28 is quite stable, it can be converted into 5-
15

bromoura011 (26) by boiling in dilute mineral acid.
Cytos:me also refacts with excess bromine, but produces the
uracil derlvatlve 28 as the major productls, ratzer than

the expected cytosine derivative, 4 (structure next page).
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This is due to the ease with which dihydrocytosines undergo

deamination in aqueous media, 18

Brominations are sometimes pérfdrm,ed wi‘th
N-bromesuccinimide, especialiy where the pyrimidine bears
acid-sensitive groups. In this way, for example, the 5-

bromo derivative of ll-,6—dirri'efhoxypyrimidineAhas been rnade.?3

*
i

-

Iodinations are best carried out using ¥

\ ,
N-iodosuccinimide.55b Iodine.monochloride, however, can be

" used to prepare 5-deqouracil in good yield.74 It has also

‘been used tzconvert -benzyloxy -and 3-benzyloxyuracil to

- dérivatives. 75

J

onding '5-io
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Pseudobase Formation

A pseudobase is the covalent adduct formed
by the formal addi tion of hx;hqxide fon -to an unsaturated .
heterocyclic cation in agqueous solution. Even though such

76 and Han‘t:zsch'??'\78

adducts were first observed by Decker
near the close of +the 191:h century it has only been
recently that the kinetics of p'seudobase-cation equilibria
have been s*t:udied.89 One such investigatioﬁ is presented
further on in this thesis (see Table (Lf Contents for page

number).

e —

The congept of pseudobase formation is very

79‘f82 and to . "\

These reactions

similar to .that of covalent hydration
Meisenheimer complex formation,83-88
involve sigma bond formation by nucleophiiic addi tion to aIn
electron deficjent aromatic species.

Spectroscopic studies have been extensively
used in pseudocbase inVesti.gati'onsl since pseudobase form-

ation results in pH dependent electronic and nmr spec‘cr'a..a9

‘Therefore should the” cation contain no eaéily ioni zable

protons, such spectral changes accohpanying the addition
of hydroxide ion can usually be attributed to pseudobase
formation, .particularly when very similar changes are seen "

upon the addition of methoxide ion.89

25




Relatively large spectral chanées accompany
pseudobase formation especially if it diéruptg the -
aromatic char;acter of aring. For example, the 3,4-dihydro~
1,3-dimethyl~L-oxoquinazolium cation (103) recently investi-
gated by Tee, McClelland and co-(workersgo has Amax~295 nm
(€V6000) whereas its pseudobase (104) has Rmax’v 340 nm.
(E&~2500). ,

. —_——

Y

Normélly these spectral changes ar'e. reversible,
Appropriate acidification of a solution of the pseudobase
results in the reformation of the cation, a test which may
be used to'rule out ifreversible chemical reactions. Some-
times; however, the pseudobase may undergol ring-opening t0

prodq’ce its amino-carbényl tautomer. For example, 104 with K

- : .26
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basic methanol and the spectrum in aqueous base suggests
»tﬁét the pseudobase is undergoing ring-opening to some

extent ihlthe aqueous.solution.
e
o ",r D
w \ 0 I T 0

(8

" NMe . ~ NMe NMe -
. N-OCH, NN-"OH. “\\#
Me ‘ Me

Lo Sz 08 - 109

286 - 289 231, 262
. loge 4.00 3496 " h.06, 3.47

B . - ref. 91 - 92 ' 92

[
) .

The pseudobase 108, for example, undergoes

-
o . ‘
i reversible ring-opening via its anion to the 8-formamido
§ I acrylamide 110 (see next page)s The uv spectrum of this
| \

solution shows maxima at 250 and 289 4mm a noticeable

. change from that of the methoxige adduct. 7%
’ . ‘ ) - b {

> Y
e o .

';;‘»~ o \’ Another, though often less satisfactory,
ce test for ring-chain tautomerization is a comparison of the

spectrim of the dihydro 'derivative’of the cation with that
™~

D “of the pseudobase. Even though the different electrénic
‘ g .

k]

.
.. - . ‘ K , 28
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effects of OH and H can sometimes lead to relatively large

.
differences in absorption maxima, Bunting and Meathrel93

\
have successfully employed this approach to show that

¢

the N-mé%hyi cations of diazanaphthalenes exist predominant-
: ' .

\ .
" ly as their pseudobases in aqueous base.

° (
o

Pseudobase formation can also be identified
by pmr spectrosco;y. The saturation of a formerly unsatu-
rated carbon, which occurs in pseudobase production, results
in am~characteristic upfield chemical shift of approximately
¥ ppm for the signal from a hydrogen on that carbon.®? The
chemical shifts of other hydrogens on nearby carbons may
< e ) -

29
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\\;~ decomposition.

~

' \
involvementj of pseudobases and covalent hydrate intermedi-

1

- ates in the bromination of various pyrimidine derivatives.

It has been established from the pH dependence for the

rates of bromination of derivatives of M(BH)—quinazolén-

one95, 2(1H)-pyrimidone128, 5-bromo—2(1H)—pyrimidone96

[y

129

and 4(3H)—pyrimidinone cations that bromine attacky

occurs upon the pseudobases or covalent hydrates of the
M &

starting substrates. C

°

This thesis includes a report on the forma-
tion and decomposition of the ﬁseudqﬁaée of the 1,2-dihydro-
1,3-dimethyl-2-oxopyrimidinium cation, Qi (structure next
page), in aqueous media. The bromination of Q: was

148 To

postulated to proceed via its pseudobase, QOH.
provide support for this hypothesis and to complement
the brémination stddies of Thackray%;, we have observed
the uv spectrum of the QOH and measured the equilibrium
and ratg constants associated with its formafion and

\

~—

\ Stoppgd-flow Methods

For the most}pa:t the kinetics presented
¥
in this thesis required the stopped-flow technigue. The

/
origins and characteristics of this method were %Xten-
4 1
19

sively reviewed in our earlier thesis~”, and therefore
A . .

they are not discussed herse.

-
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2) Another objective was to provide additional suppert for °

the conclusions of our earlier thesisl9 on the bromina-
]

I
Lo

tion of uracils., For the most part this was also

' successful and a paper on these studies has appeared.20'150
However, there are still some anomalies of the uracil

system that we have not solved.

3) It seemed profitable to study the equilibration of the
cation Qi'and its pseudobase QOH in aqueous solution
(vide supra). The object here was to provide an
indépendent determination of the.rate constants
associated with this equilibration, and to provide
complementary evidence for the bromination study of Q:
carried out by Thackray.21 These results were quite

concordant and were published sometime ago.21'151’
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;1-Methylcytbsine

Synthesis of 1-Methylcytosine | =
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Cytosine (4.8 g, 43 mmol) and chlorotri-
methyl;i;aﬁe (4 mL, 32 mmol) were mixed together in 200 mL
1,1,1,3,3,3-hexamethyldisilazane (HMDS, 943 mmol) and
refluied for 1 hour. After cooling to room temperature,
iodomethane (40 mL, 643 mmol) was added and the resulting
mixfure was refluxed for 2 hours. The yellowish mixture
was stirred at ambient\temperature for 12 hours and then
rotary evaporated leaving yellow crystals. Dissolution of
the crystals in 110 mL of 10% aqueous acetic acid produéed

a two phase mixture. The mixture was then rotary evapor-

“ated until only one phase remained and a precipitate was

beginning to form. The yellowish-white crystals wersg

éollected at the pump and the filtrate was reduced to half
its volume which, #fter cooling, allowed more l-methy1-

cytosine hydroiodide to be obtained: 6.5 g (60%, later

_preparations gave yields as high as 77%); mp 260-265 °C (dec).

~

Conversion to the free' base was achieved by
stirring a suspension of pulverized 1-methylcytosine
hydroiodide (14.9 g, 59 mmol) in 47 mL of concentrated
aqueous ammonia for 2 hours‘at am?ient temperature followed
by refrigeration at 0 °c for 1 hour~ The white crystals were
collected and recrystallized from absolute efhanol: 6.1 g _
(82%): mp 290 °C (dec) (it mp 285 ° (dec), 300 ©)77+99,

5-Bromocxtosine18'57= This compound was first obtained as

\its‘hydrobromide. Bromine (1.16 mL, 23 mmol) was added
\ 1

36 , y
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dropwise to°d warm solution of cytosine (2.5 g, 23 ﬁmol)
in 70 mL‘wath. The yelloyish crystals of the hydrobromide
salt wﬁich separated from solution were collected and
recystallized from ammoniacal Hébl 2.2g (35%); mp 245-
248 "Tdec) (lif mp 2?5-256 ° (dec), 244-255 o (dec)).la'101

The hydrobromide was éonver?ea to its free
base by stirring in base. A suspension of fulverized
5-bromocytosine hydrobromide‘(0.38 g 1.4 mmol) in 7 mL
of water was treated with concentrated aqueous ammonia (1,1
mL). After stirring at ambient temperature for 2 hours the

[

mixture was kept at 0 © for 12 hours. The white crystals

qof 5-bromocytosine were collected, washed with cold water

"

and then recrystallized from water: 0.24 g (90%); mp 235-
240 © (dec) (1it mp 240 ° (dec)).loz'103

N-aceéxlcxtosiﬁe98: C&tosine (4.9 g, 44 mmol) was added to a
mixture of acetic anhydride. (50 mL) and acetic acid (10 mL).
After refldxing~the-ng§q;t%pg éhspension for 24 hours, gie
white crystals of producf were collected and washed with cold
ethanol followed by ether: §:3 g (93%); mp 316-318 ° (red-
dened) (1it mp 326-328 °).10%
fully recrystallized frqm dimethylsulphoxide.

N—aceng—1-methylcvtosine99: 1-Methylcytosine (0.5 g, 4 mmol)

was added to a solution of acetic anhydride (1.2 mlL) in

pyridine (11 mL). After refluxing the mixture for 1 hour

* white crystals of N-acetyl-l-methylcytosine were collected:

37

i

N-acetyl cytosine was success- |,




0.64 g (96%); mp 269 ° (1it mp 268 °).99

4

61: 2-Thiouracil (10 g, 78 mmol)‘in 5N NaOH

J-Methyluracil
(45 mL) wagyreacted with dimethyl sulphate (211 mmol).
- | After standing, yéllow crystals of 1,6-dihydro-1ivmethyl-
'2-methylthio:h-oxopyrimidine (I, 2.4 g, 12%) were collected.
. Reflyking I (0.97 g)~for 1 hour in‘aqueous HC1 (20% w/w, ‘10
mL) Afforded. after the removal of‘solvent, 3-methyluracil:

0.55 g (70% from 1); mp 176-177 © (1it mp 179 ©).6%

Bromine solutions were prepared by the
dilution of appropriate amounts of a more cgncentra%ed
solution: The latter was usually made by the addition
of a drop of bromine to a weighed 25 mL volume of the
reaction medium. Reweighing the solution and Assuming the
volume change to be negligible permitted the‘calculation of
the bromine concentration. -

&

All inorganic reagents used for kinetic
" !
experiments were of analytical grade. Buffer solutions

of 0.01 M-or 0.02 M ionic strength were prepared according

to Perrin.105 Perchlorid acid solutibns were maQe from

commercial 60-62% solutions (Anachemia or Fisher) by weight.

Procedures
1 , - ¢
i Kinetic experiments were performed using .
o . ’
- tw
| ‘ /38 - ~
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19,106

an-Aminco-Morrow Stopped-flow Accessory attached to

"an ‘Aminco DW-2 Uv-Visible Spectrophotometer ioperating in
fl . K

the dual wavelength mode. In this mode one ﬁpnochrom-

ator is set at a reference wavelength w ere 1ittle or no
i%sorbance change odcurs durlng the reaction undeffobser-
Vatlen and the other monochromator is placed at a sampling
wavelength where. there is a relatively arge‘change in
abeorbance. The reference and eamble beahs are then
alternately passed through the stopped ~-flow observation
cell at 250 or 1000 Hz. The procedure fof setting up the

stopped-flow apparatus has been«descrlbed\ln our earlier -
4

rl i

\
1

Temperature Fontrol was maiﬁ;ained by a

-

Lauda RC-20B constant température circulatiﬁg batb. The
bath was allowed to stabilize and all reaotépt solutions
were equilibrated prior to the start of klne&ic experiments.

Absorbance qhangessfrom stopped-flow experi-
ments were recorded with a Biomation 805 Waveform Recorder,
and the stoeed traees were displayed on an auxiliary
oscllloscope. Acceptable traces were plottedfonto large
graph'paper by connecting the Biomation 805 %o~¢he X-Y
éecorder of the Aminco DW-2. For a few cases| the stored
digitized traces were outputted {gom the Biogation 805 via
a Datos 305 1nterface to a Teletype Model 43 prlnter.

However, obtalnlng hard copy of the stored traces in thelr

39
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analog forms proved to be the method of choice especiélly

when dealing with extremely fast reactions or with traces

of small’ absorbance changes which contain considerable
} ‘ noise.

. Reactant solutions for ‘the bromlnatlon

' ' studies were 0.#M in KBr. The use of this relatively large

X

concentratlon of bromide ion (substrate concentratlons'é

A

5%x10° -4 M) has several advantages:

- 1) It swamps the effect of Br produced by the bromination
, | ~reaction. ' ‘ ! '

.ZZ.It Encreases the stability;of thezbromine'solujidn sirce

~

most of the bromine 'is present as BQB'.

[
. - v
‘

. 3) It decreases the rate of reaction by radﬁbing the free

)

bromine concentration.

»

" 4) It facilitates measuremest€ of rates since Brj' has a
much larger extinction coefficient‘than Brz.
) . ' Q‘.
5) It ensures that the ionic strength is high _and constant

- (0.11 M) for all the experiMents in buffér solutions. -

1

r

° " . ' The rates of bromine“disappearance were -
. . ]
measured by monltorlng the decrease in Br3 absorbance

S ‘ ° (Rmax-zéé nm; log€=4. 54)107 with time. The sample .

' o ~ . ko
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ly represanted as’ (see next- page) ¢ ’ 0

L4

. monochromator was set as close to 266 nm as posiible,

depenﬁing upon whith wavelength gave the largest signal

' to0 noise ratio, and the reference monochromator was

placed between 300 and 350 nm depending on the substrate

used. .-
S

-

Solutions used in ihe cytosiQe iddination:
"experiments were 0.1 M in KI' The preeence'ef_l_ provides
beeefits aqalogoﬁ% to those'esc;ibed to Br  in the

bromiﬂation experiments (vide supra) . The’rafes of iodine
consumption were monitored at 350 nm, where 13- strongly

absorbs, relative to 400 nm.. 4

The value of pKR+ for the equilibrium
between 1 2 -dihydro-1, 3- dlmethyl -2-oxopyridinium cation,

Q_, and 1ts pseugobase, QOH, was measured spectrophoto-

108

metrically at 30 °c, [KB§]=Q.1 M and a total ionic

strength of O.li M.~ The reason for choosing these experi-

mental conditions will be discussed ir 'the Results

Yy 4

and Discussion gection, Q_ and -QOH have uv absorptlon

maxima well separated from one another. dnd since ‘the
¥

absorbance dlfferences between Q_ and QOH are very great
at ;hese wavelengths, both wavelengths were suitable as
‘anglyf%cal‘wavelengths.

-
.~

The equilibrium ‘under con81derat10n may be

-
. »
-~ |1 N ‘ Q
© N v

41
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o K where!0% M

o IR o Egr = [ood] [K] - (2)
. . . o ‘ . ‘
[QJ' : }
. - \\ ' ’ }
‘ %
. ! r
The value of pKR+ may be obt?ined using the following
~  equation: 108 . : : o

P
" P
Dt F

- e

« Pyt = DH + logld, - d v (3)
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where .-

M 0D of QOH at the analytical wavelength,

[~
] n

1 = 0D of @ at the analytical wavelength,
r S\

and = 0D of a buffer solution containing a mixture
of Q: and QOH. - <5

/ The analytical wavelengths were 239 nm,
Rmax of QOH, and 314 nm, near thel ° of 9: The value for

-max
éM was obv’ained from the spectrumtof QOH in a NaOH solution

‘of'pH 9.10. The value :for dI was measured fyom the spectrum
of _qf_ in a buffer solution of pH 2.67. Using A= 239 nm és
the analytical wdvelength gave 7.15 %1 0.04 for pky+,
whereas with A= 314 nm aé the analytical wavelength a

value of 7.17 ¥ 0.03 was obtained. Accordingly in the text

-

we have adopted the value of pKp+ = 7.16. N : X
'
&

N

® Kinetic studies of the formation and
~{ N

hecompositiqn of QOH were performed in the manner of

110

Bunting and Meathrel. One drive syringe of the stopped-

uMinQ: in pH 2.00

flow was filled with a solution 5x10
sulphuric acid solution {or QOH in pH 9.10 sodium hydroxide
solutign) an‘d 0,1 M in KBr. The other drive syringe con-
tained a buffer solution, prepared after PerrinlOS, but of
_double the usual_i?nic strength 'of 0.01 M with pHD> pKp+

(or pH £ pKR+) and 0.1 M in KBr. Hence after mixing the

ionie st"rength of the solution under observation was 0.11 M.

P
-




The dlsappearance of § (or QOH) at 316 nm (or 239 nm)

»-

relative to 270 nm (spectrum minimum) was then monitored.

Proton nmr spectra were obtained on Varian
= :
A-60 and'T-60 spectrometers. Chemical shifts are reported

relative to internal DSS. Brominatﬁn\\geactions were
[ 4

initiated by the addition of one or twg/\dropé‘of bromine

ively concentrated solutions of substrates (0.5 to
&

1 M) in acid, usually 1 N'DCl. This acid masks the effect

of HBr produced and facilitates solubilization.

.Q ! ¥ k

(

Treatment of Data-

' For reactions exhibiting first-order behavior

.rate constants, klobSd, were obtained using "normal",

Swinbourne or Guggenheim ana&ysés of the data. For certain
bromination reactions the substrate concentration was not
present in any large excess and therefore the data for

these runs were analyzed directly for second-order behavior.

} , oy
111 :

\ ‘
"Normal"” Treatment t For a reaction which follows first-

order kinetics the rate may be represented as

-
L4
dx = k, (b - x) - - (&)
at :
* . k ra
/where b is the initial concentration of the chemical
A < ”

L]

gpecies B at 't 0, x is the amount of B which has reacted

. L&b) . ) :
| Y
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-
by time t and k; is the first-order rate ®nstant,

-

:,  Integration of equation 4 gives

k.t = 1n b , ' (5)
1 \lb—xs

Consider the .foll:owing reaction which goes
to completiori in which a, the initial concentr.ation_of A;
is in'/a large excess with respect to b, the i{litia,l concen-
tration of B. If the progress of the reaction (rep;esented,

by 'équation 6) is monitored 'spectrophotometrically,

A+ B—>)P ' ' (6)

assuming the Beer-Lambert Law!1? is obeyed and unit sample

thickness, then the following relations will hold.

) .

‘ / . t .
REXORES oo - v ex (8)
. " .
_th , - Aw=&yla - b) +&p -, (9

where A, is the initial absorbance at t = 0, Ag,is the final .
absorbance when the reaction is complete and A is the

absorbance at a time t during the course of the reaction.

o B




S )
; The extinction coefficients &,, EB' and EP refer 1o those
{ . .
L . associated with A, B, and P at the analytical wavelengths
' used.

i
, For a»pb, equations 7 to 9 may be manipu-
lated to give '

-

Jb= Ay - AL, © (10)
- Ep-%p
and b-x=A-A4g v (11)
€ -Ep '

\

. k,t=1n__b__=1n (A, - A) (12)
1 0
| ©-%  wea

{, _ . E /

' In (A - &) = ‘In (4 ) okt (13)

or _n -ﬁA‘p = 1n (A4 - Am7 -k 3
) ' The value of k, can then be obtained from,the slope gi’ven '
Y by the least-squares analysis of 1n (A - Aa) against time,

Only those data which covered 3 _to 4 half-lives (about 90%

reaction) and which in least-squares analysis gave

L

f’.correlat.ion coefficients = 0.9995 were deemed acceptable.
. N {

The validity of the above'analysis requires




a correct assessment of Ay Small variations in Ay, while
hardly affecting the least-squares analysis can cause
relative;y large differences in k1.153 Therefore it is
important to monitor the reacfion for a~s long a period of

time as possible.

Heénce all first-order reactions were
followed for greater than 10 half-lives in order to obtain
the best possible assessment for the valu\e of kl. However,
since absorbances become small relative to noise towards
the end of a reaction the Sw1nbourne treatment was performed
and the Value of Age determined by thls approach was compared
to that obtained by dulrect measurement.

113,161

Swinbourne Treatment of Data ¢ For a reaction

exhibiting first-order kinetiés if 'Al' A2’ . A’n are"the

absorbance readings at times tl,‘t tn and A,', A’

2’ 1 2!
An‘ are a second series of readings recorded at times

4

tl + T, tz + Ty v tn + T, where T is a constant, then

equation 13 may be rewritten as
(A - Ag) = - ag)e kgt Lo (1)

for the first set of readings and as

/ , .
(A - 8o = (hy g AeF(t+ T (15)

for the second set of data. ' [

k7
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L] . -

(A - a) = e . (16)

Therefore A = Ag(l - e¥17) + are¥1T (17)
l S A
A

Least -squares a.nalyms oi' A versus A' -allows k\ to be.

‘ obtamed from the slope (slope = ef1") and Ago from the

intercept and slope since

Ap = _intercept - (18)
{1 - slope) . C

For best results ‘éhe data shou'ld,span a period’ of time
.greater than one half-life and preferably greater than two.
Normally oui\- data spanned. three, The value of T should be
‘between one half and one half-life,

- . The value of A, obtained in this manner can

be inserted into the "normal" method. The values for klobsfi :

B

.

referred to in this thesis were _all determined by the

© "normal” treatment utilizing the Swinbourne value for A,.

-
=

AL, oo
T

- ) ! Guggenheim Treatment of Datallls 161, Thi@:hod.can also
i S " be used for first-order reactions where AN¥s not known.

Subtracting equation.14 from equation 15 gives (seé next

page) ‘
T

~
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and hence

iIn (A" - 4)

Linear regression analysis of ln (A' - A) against t yields _- '
a straight 1line¢ of slope -k,. For optimum results the data

should cover at least two half-lives and T should be

between one half and one half-life, as for the Swinbourne

treatment.

The rate constants determined by the "normal" i
method were always compared -to those obtained by the
Guggenheim treatment. The rate constants for accéptable

runs were found to agree to within 5% for all cases. P

Second-Order Treatment
chemi cal gpecies A and B to produce P. If the reaction

N follows second-order kinetics then the rate equation may ‘

be written as

where x is the concentration of A or B that has reacted by

= (8 - Ae1Ee™T 1)+ (g

In((ag - A (e - 1)) -kt (20

constant -~ klt

/

= . I

111: Consider the reaction between

»

+

& = ky(a - x)b - x) () SRR P
dt , ¥
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.Thus x at various times t during the life of a réaction can

r

be qbtained from absorbance measurements. Linear regression \
\ .« \
anglysis of equation 22b may now be carried out allowing \\- .
-\ k, to be obtained from the slope. : !

For the. sz;ecial case where a = b equation 21

reduces to’ “ .

& = k(b - x)? (28)
at

which upon integration becomes

1 -4 =kt . (29a)
b - x b o
or L x = k.t (29b) [
° bz‘b - x; 2 -

Again if the reaction is monitored spectrophotometrically

and the Beer Lambert Lawllz< applies then for a = b equa- }
tions 7 to 9 may be manipulated to give ;
. P
~and A - A= (b - x)(§, +$B -&p) (31) S

‘ ‘ ‘ 5
N\ " |
“ ' Ve ! L4 . 4
., . ;{ . - \ 3;
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Therefore . = A - A <(3‘2)

and equation 29b may bs written as

J | Ay- A =kt . ‘ (33a)
‘ (A - A, - -
k .
; or , AO - A= b_(kzt) . (33b)
\ A - Ag ’ 1
NI . S |
\ Hence least-squares analysis of, equation 33b allows k2 to

be deternined from the slope. Por the Rro;;er’ analysis of the
data it is necessary to know A, ‘and A,;(see t_éQu‘a'tion's.ﬂ'z("?

! . and 33b). All reactions were followed by monitoring an
absorbance "decrease -with time. Reasonable estimates for

A, were obtained by extrapolating the z»fécorded absorbance
curves back to t = O. The value for A, was estimated by

’ obée~r‘vin'g the reaction for greateQ_‘fha.n-éO half-1lives,

Computer Programs

v
| N n

Most computer calculations were performea on
____ a CDC CYBER 172 Computer using programs written ifn BASIC by
Dr. 0. S. Tee or the author. Progra:'ns were wri’ttehwlch
permitted linear regression analyéis of kinetic data by

Toate -
£ ‘ 52
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.Q [y . . _ app - ‘ a
i , rate = k2 [é_][ﬁrg]s (34)

N d For reaso}ms -explained in the Experimental

. P 54
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Effective He{lo gen Concentrati Ol"l . ,

, . ¥
Q The reactions.of bromine with uracils and \

cytosines wére found to be overall second-order (vide ‘
t

infra): first-order in bromine cohcentration and first-
A\
order in substrate concentration. Hence

4

‘

N A

/

where 1[5] is the substrate concentration, [Brz]s is the a
stoichiometric bromine concentration and kzapp is the

apparent-segond-order rate constant.®

P ‘ (\' o «

AR

‘Kinet¥c experiments were ndormally carried
4 ’

out with at least a teAfold excess of substrate. Under

[R—.

such conditions, where the excess of substrate over

»

bromine is not particularly large, the obgerved first-order

obsd

rate constant, kq , is directly proportional to

([S] - Er;l s)' the concentration of substrate .that remains

constant during the reaction, as first proposed' by Bell

114 20,96

and Ramsden’l™ and later used by Tee and co-workers.

That is, : SR ‘ ! ‘

n

klobad - kzafo('[sjl E”zjs’ | | (35)2

"

4

gection (see page 40) all soiu‘tions contained' a large.

A3

3







where K

BIR © e
@r]. '

0.0554 M at 30 °c9?

-
]

-

0.0562 M at 25 °c114

iancvl o [ I %rjl[ﬁoar] . (81)

= 9.6x10 ~9 M2 at 25 °cC

e e L

0107 -~

Hence the gtoichiometric bromine concentration j./s given by

S Y O % R

¥

Therefore one can derive

"; . , . :‘. ] 1
I A T R N R T P
‘ Brj Er] -
,' [2 *2 4 . _' I3 .

[ 4 .
e o | (43)
- TRl EE
N Y S L= : S
! using eﬁuations 40 to k2 since Er'] and E-I"'] remain

4 constant during each redction. Equatlon 37b may then be

IO

rewrlt‘tfen as equation 44 (next page) .
‘ Yy

—“ . | - | | ' N 56 '
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The Bromination of Cytosine and
Its N-gubstituted Derivatives

It has been known for some time57'that .

cytosine (la) reacts with excess bromine in aqueous
[ N . b

solution to form 5, 5-dibromo-5,6~dihydro-6-hydroxycytosine

(4a) as the final product (‘'see Scheme I). % .. .
3 o - Scheme I\
NH, NH,
\ B!' \
21 e | |
N0 ~N 0
. R1 . R1
‘ i 2 3
a) R,=H g
b) Ry=Me . . Br, |H,0
/c) R,=ribosyl
YV .
’ NH,
g — Br, XN
i Br )
. H
/ HO ;g 0,
L] , ’ 1 .
» & R




>
During the course of his study of uracil

brgmination Banerjee observed by pmr the formation of a
léng—lived intermediate 2a resulting from the attack of
agueous bromine upon cytosine.17 It seemed probable,
therefore, that the reaction proceeded via an addition-
elim?gation mechanism such as presented i? Scheme I.

To verify Scheme I we have undertaken a mechéhistio
study of cytosine bromination employing both stopped-
flow and pmr techniques. We particﬁlarly wished to-

investigate the manner by which bromine attack occurs
and to characterize the adducts 2 formed during the
course of the reaction.

After our studies had been initiated Taguchi
’ | and Wang18 reported uv spectral evidence which supports
Scheme I. For a number of cytosine aerivatives they were
able to observe th® involvement of adducts 2 (or their
6-methoxy analogs). The final products of bromination
using excess bromine‘were 5.5—dibromo-6—hydr2}y-5.6—
dihydrouracils, an indication of the ease with which
dihydrocytoéines such as 2 or 4 can undergo deamination
in aqueous media. This observation is consistent with the

116,125,154,156 157

on the

work of Shapiro and others

hydrolysis of dihydrocytosines.

The substrates &% chose for our study were

cytosine (1a), 1-methylcytosine (1b), cytidine (l¢c) and

60
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NH, ' NH,

.
Y A/NR

2
a) Ry =H \ a) R, = H .
b) Ry = Me &b) R, = Me
c)‘R1 = ribosyl .

-

that in aqueous solution cytosine exists to a small degree,
~0.25%, as 1ts 3-H tautomer 3%a. These two tautomers most
likely interconvert through the-common cation 6a in a01dlc .
media (structures next page). The two meth&l derivatives

1b and 5b were ghosen, therefore, to serve as models for

the principle tautomers of cytosine. Moreover, their

protonated forms, éb.and 6d respectifely, can be used as

models for the cytosipe cation 6a.

. 61
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»

| . NH, 'NH,
' \ H Z NRz
| L=
™ . N NoReH) N Yo
R,
1 ' ' 5
a) R1=R2=H
b) R1'=Me. R =H
c) R1=ribosyl, RZ?H -

" in order to observe the formation and decomposition of

d) R1=H, R2‘=Me . - 7 g

Proton Nmr Studies

We carried out a pmr study of the reaction

" “the bromohydrin intermediates 2. To ensure the complete

éolubility of the cytosines and also to mask the effects
.of increasing acidity (HBr is produced by the reaction)
1N DCl/DéO was usually used as the solvent: Besides using
fhe substrates chosen for the kinetic experiments (1 and

5b) pmr studies were pérformed with 5-bromoc&tosine 3.

N 62
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N-acetylcytosine and N-acetyl-l-methylcytosine. Nu-acetyl-

cytosines undergo acid-catalyzed hydrolysis rather

easily.98 For the l-methyl compound §f our pmr study

was carried out in D

20 as the starting solvent to

minimize the effects of such hydrolysis. The data

obtained is presented in Table I (next page). At the

acidities used the substrates exist as their protonated
22,28,124,125

forms 6 or 9a.

e) R1=R2=H,'R3=acety1

N

f)_R1=Me. R,=H, R3=acetyl)

-

a) R1=R2=R3=H
b) R1=Me, R2=R3=H.
c) R1=ribosyl, Rz;R3=H

d) R1=R3 2

e) R1=R2=H, R3=acetyl

=H, R,=Me

'T) R1=Me. szH, R3=acetyl

The spebtra of the starting materials are

quite simple.,The 5- and 6-protons appear as doublets

e

—

' '
i 4.
i Auwﬁv o e gl A b s e A e
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Table I L
Pmr spectral data for (i) cytosines, (ii) bromination
adducts, (iii) 5-bromocytosines and (iv) 5,5-dibromo ‘
derivatives in agueous acid golution.? ‘ .-
Structure Jd 5,6
HBZ& (Hz)
(i) 6{ 8.0
6b 7.9
6c 8.0
6d 3.62 7.6
6e 7.2
6f  7.56 8.41 3.71 7.6
(i1) 7a 5.23 5.52 2.1
: 7b 5.22 5.53 3.26 , ; - 2.b
7¢ 5,18 5,71 o - 2.1
c7d®  s.21 0 532 3.45 2.2
7e 4.51 5.27 . 2.5
7f k.70 5.46 3.25 ' 2.3
(1i1) 9a%- 8.37
%9a 8.40 !
9b 8.55 ' 3.61 ‘
9¢ . '8.83" .
9d ) © 8.2k 3.71
9e 8.21 .
9f . 8.41 3,56 2 .
(iv) 10a® 5.61 o
10a 5.58 |
10b 5.61 3.22 1-:;ﬁ
104 5.2 .. 3.27 e
© 10e . 5.45 s
10£ 559 3.26 EE
S
64 \ a?;%
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Table I (cont'd)

in D20. After addition of bromine acidity increases due

to the formation of HBr and so for 7, 9 and 10 the acidity
et -,
‘' is greater. .

~ S

.111 concentrated DC1/D,0. In 1N DC1/D,0 the solvent peak’ .
(HOEQ\obscured the 6-proton peak. ’ -

o

Authentic sample of 92 in 1 N Dc1/b20.

4 Formed by the addition of bromine to authentic 9a in

initially 1 N DCl/Dzo.

Initially in 1 N DC1/D,0 except for 6f which was initially -

N ——

-6 -
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having chemical shifts at approximately, 6.5 and 8 ppm
respectively and coupling constants of about 8 Hz. The
presence of an electron-withdrawing acetyl group at the

Nu—position results in a slight downfield shift in the

position - and 6-hyArogen peaks (see 6e and
6f in Table e

: ‘ The addition of Br, results in the reduction
pf the spectral lines due to the starting mater{gls 6 and
the appearaﬁbe of peaks at higher field attributable “to
intermediates such as 2. For 3-methylcytosine the
observable addyct would be 8 (structure next page). In
all cases the€ intermediates are most likely in their
protonated forms 7 since the protonation pKa's of simple

116 phe 5- and 6-

5¢6—dihydrocytosines are around 6.5.
hydrogens appear as a simple AB quartet (J5’6f\/2.2 Hz,

see Table I) at o/;J5.2 and 5.5 ppm, respectively. These
chemical shifts aée definitely further downfield than those
observed by Banerjeel7’117 for the corresponding uracil

adducts 22 (structure next page), consistent with the

cationic structures 7.

The values for the coupling constants J5,6
of adduct 7 are very similar to those found by Banerjee
for the uracil intermediates 22 (J5,6f\/2.3 Hz). 170117
This suggests that the stereochemisfry of 7 and 22 should

be similar with bromine trans to the hydroxyl group, as was

'
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a) R1=R =H

3

b) R,=Me, R,=H
~N

3

c) R1=rib%syl, R3=H

e) R1=H, R3=acetyl
f) R =Me, R3=acetyl

NH

NR,

1

a2

. Ry» R,=H or Me

N
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shown to be the case for 22. 117 Nofre and co-workers118 -121

x

have also concluded that the thymine adduct 41 and ‘the

dihydrouracil 22 (R1=R2fMe)'ﬁhye this same trans stereo-

A chemigtry. Likewise, Robins and co-wyrkerqlzz

have prepared
the adduct &2 from S-fluorouracil and found the bromine to

,  Xrans to the methoxyl,éubsti%uent.

S i S

£
« Moo
3 o
£
/
- b [ ‘ 4
. ’ A 4
: 0
Br.
NH E NH
) CHO™ ™\
\ H
- \
. Lg/( ! ’g
¢ »
o "/‘4 - . ‘
' . ~ 2
' ) For the intermediate 7¢, derived from R
o cytidine, the apectral lines for the 5- and 6-protons
4
) appear somewhat broadeneq. This may be'the result of the

N chirality of the ribose” oiety giving rise to two

diastereomerlc forms of* ZQ, and/br rotation about the Nl
W""

riboeyl bond.




- The absorption peaks due to the intérmediates
1 gradually decrease with time and are replaced by those
characteristlc of 5- bromocytosines in their protonated forms %
‘Btrudture page 63). Table I alse includes the spectral
roper es of an authentic sample of 9a récorded in 1 N
Dc1/b20 This. spectrum compares well to that of 9g produced
in the pmr tube by the addition of Bzz to cytosine in 1 N« e

DCl/DZO. The addition of further bromine leads to the

formation of the 5,5-dibromo derivatives 10 which are also
\

A a et e g b

most likely protonated. , ; ‘ ‘
| »
N\ a
\ B . ) -
i ’ i
. b -' ’ - - i
a) Ry=R,=R=H . o | I I
b\) ‘Rl-‘MG, 2"R3-H ' ) 3 . ., N ‘_\w , . E
Y, d):“(ngRj—HQQR =Me / . N “" ‘ R |
) R,= R,=H, R3=acetyl . ‘ Yo
. f) R1=Me, Z-RB_H . - } y . B ‘ "
. TJ ' .
B Lo : .




Some final specé}a contained a singlet ~~8.15
"ppm due to the 6-H of the a.ppz%pria&e 5-bromouracil formed
,via ;he hydgolysis of the dihydrocytosine addﬁcts z and
\ 10. As menihned earlier Taguchi and Wa.ng18 have reported
that the bromination.of 5-bromocytosine leads to §,5-
dibromo-6-hydroxy-5,6-dihydrouracil, 22 (structure page 67),
as the'isolatable‘%rdduct. This aﬁduct is known to undergo

aci'\dl-catalyzed decomposition to 5-—bromom:‘acii.16
¥

These pmi' gpectral study r‘esults‘ lend

supporLt to the validity of the addition-elimination
o mechanism outlined in Scheme I (page 59) for dytbsiﬁe and
l-substi‘tuted cytosines. An analogous mechanism applicable

shown in Scheme II.

‘a

to 3-methylcytosine i

&

*

Scheme,II
'NH, o : "NH
Br Br —Ho0F Br
N | NMe—H;zé%- H me —H20 5
P W00 /L .
"
SR 8 Yy
g ’ ’
. .
V@ ! L
- - {
7

JE——=-



" (la, r .= 0.9999; 1b, r = 0.9997; lc, r = 0.9996; 3b, r =

Kinetic Studies '

We have gtudied the kinetics of the broming-‘
tion reaction with the cytosine substrates ia-¢ and 5b in
aqueous acid. At thése acidities (pH 0-5) the reactions are
fast and so stopped-flow methods were employed to monitor
their progress.

In the presence of at least a tenfold excess.

of substrate good first-order rate constanfs, k1°b3d, are

obtained for the rates of bromine disappearance. Values of

k1°b8d were determined for a range of concentrations for

each substrate. The results, presented in Table II (hext

»

page), show kloPSd to be a direct function of the cytosine
concentration. Thus ,
. obsd _ , app - '] )
<% = (5] [er,] ) » o (50)

where kzappis the apparent second-order rate anstént ané
-([S:]— [?ré]é) is the concentration of?substrate which
remains constant during the reaction. For further discussion
concerning the*form of equation'SO please refer to page 54.

s

\ : L
\Li ear regression analysis of klode versus N

¥
([S:]-'[?ré]s) gave good correlations for all four' substrates

0.9999). From the least-squares parameters values for | ) i

. hid
' ' . .

- -
e , f S
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Table II

Variation in the rates of bromination (kiObsd) of cytosines

la-¢ and Sb with substrate concentration.?
Substrate [Slx0®  x,P%%a0? 81002
(M) (s7h (s71)
1a® 0.98 5.0 5.74 5,72
(R,=H) 7.5 9.36 9.40
10.0 13.1 13.1
1b° 0.98 1.0 23.2 23.5
(R =Me) 2.0 46.5 k5.9
3.0 68.0° 68.3
104 2.30 5.0 5.94 © 6.00
(R,=Ribosyl) 7.5 10.1 9.98 °
/ 10.0 13.9 “1b4.0
5b® 0.98 2.0 1.64 1.64
(R,=Me) 3.75 2. b2 S, 2.42
’ 5.0 3.21 3.21
R
o 2
. 72
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klcalcd were determined and are included in Table II for

L 4
comparative purposes. As expected from the values for the

correlation coefficients agreement between k1°bsd and

klcaICd is very good, differing by only a few percent

or less in all cases.

Therefore overall the reaction must be
gsecond-order: first-order in substrate and first-order
in bromine, at fixed pH. Accordingly, observed first-order
rate constants were converted to second-order constants
(kZObSd) as gxplained earlier (see page 54).

. oS

The acidity dependence of the value of
N

obsd
k,.

acidities in aqueous perchloric acid and in buffer

*»for the four substrates was observed at various

H

solutions. The results are. shown in Table III (next page).

Most of the experiments were carried out

under pseudo first-order conditions with the value of

klobSd obtained converted to kZObsd

by taking into account
thé substrate concentration and correcting for the
reduction in free molecular bromine due to the .formation
of tribromide igp and at higher pH's hypobrqm?us acia (see
equation 44 and discuésion on pages 56 and 57). In two

cases the substrate was only in a 2:1 excess. Here the

absorbance data were directly analyzed as second-order with

~obsd

k;

obtained from the measured apparent second-order

! . +

[ ?l" . . ,




P - Table III
Variation in the rates of bromination of cytosines la-¢ and
5b with pH.2 '

e

PR

Substrate pH k1°b:q _ kzobsjkig'j
(s7%) (M~ *s77)
1a 0.98°  o.05%%° . 0.358
(R =H) 1.0 0.116 0.723
‘ 2.00 0. 564 + 3.52
2.45 TR ' 8.79
T 3.01 4.88 30.4
3.1 12.6 78.5
4,19 52.1 325
k.65 98.4 613
1b ~ 0.98° 0.0158 0.488
(Ry=Me) 2.30 0.232 7.16
, 2,93 otz 4.6
- .. 3.2l 2.42 ’ 0.7
. 3.59 " 6.86 a1
3.95 . 18.1. : 559 |
_ Y 4,25 31.7 978
; oo '  b53 38.0 - :1._17x1o3
v k83 . 52.1 1,61x107
537 . 66.3 . 2.06x103

T

§
i
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Table III (cont'd)

8 at 25 % with [KBr] = 0.1 M. [S] = 5.0x10™" M and’
[Brz]s = 5.0x1077 M, except where noted otherwise.

o

Value of H,. 123 ' :

u .

o

[s] = 2.5¢107% ¥ ana [Br;], - 2.5x10f§,?a.

4 [s] = 1.0x10™" i ana [Br,]_ = 1.0x107 n.

o

[S] = 1, Oxlo =% and [Brz:] = 5.0x10 5 M. Absorbance data

a.nalyzed directly for second-order behavior.

>
-3,
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.range studied. For all cases the rate profiles have slopes

rate constant, kzapp' by ;:orrecting for tribromide ion
production using equation 37a (page 55).

The log kZObSd - pH rate profiles appear
in‘ Figures 1 - 4 (see pages 79-82). The profiles for 1a,
1b and 1c are very similar being virtually superimposable
one upon the other. That for 5b shows an inverse depena't;nce
of reactivity with respect to acidity throughout the pH

1

of +1 for their linear portions. These profiles are

H

consistent with bromine attack occurring upon the free base

forms of the cytosines. Since compounds la-c¢ have

22,124,125

protonation K,'s b, 5 a levelling off in

reactivity is expected ~~pH > 4. 3-Methylcytosine, 35b,

however, has its pKa = 7.Lt928'considerably higher than those

of the other substrates studied. Therefore a levelling off

‘in the rate profile of 5b should not be observable until

pH ~ 7, at which acidity the rate of reaction is much too

fast to be monitored by our equipment.

For cytosines 1 a possible mechanism for
the reaction is presented in Scheme III (pagg 83).
Bromination of the free base 1, which is in equilibrium
with its protonated form 6, leads to the formation of the
cationic intermediate 11 v{hich undergoes rapid attack by

water to form the adducts which are observable by pmr

(2 1'-:32) . These long-=lived adducts can undergo slow <:*‘;~}§

-

78 - ' :
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dehydration to the appropriate 5-bromocytosine.
. o ¢ ~
17,117,126

'
. ' BanerJee and Tee have studied‘
the kinetics of the 'dehydratior of the analogous urfacil
<intermediates 22 (structure page 67) férmed,éuring
- uracil brdmin;;ibns. They found tﬁe dehydration to0 be acid-
"~ catalyzed with the rupture of the CS-H bond Being rate
determining. W% were able to foflow the decomposition of
n thesé bromohydrln adducts 2;:2:27) to 5- bromocyt051nes

durtng our pmr study of the reaction (vide supra)

T

JFof 3-methylci;osine, jg,'a similar
' mechanism must be‘involved (see Scheme IV, ﬁext page);
Here too; the acidity dependence datajpoint to rea?tibn.
invg¥¥Png the free base fGrm\bf~t£e subétrates. Scheme
IV is somewhat dif}erent from Scheme III in that the
Sationic intermediate 12 formed by tﬂé attack by bromine *
on the free base 5b must pasé through two proton- )

transfer equilibriaxbefore capturing water to yjield the ,

obsgervable adducts 8 &=27d.
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" The bromination reaction presented in
o ‘ Scheme® 111 ‘may be expressed as L o
' ‘ X [
' ’ , l 1 + - ,
7 L ‘ 6 /2 1 =+ Hp0T (51)
‘ , “‘ Brz kz !
products
" 4 i . N . ’ ‘, X
where k‘z i's the second-order rate constant for the
s k)
v bromination of 1
| | - BT 50 '
; and Ky =[1][H0] = 10 for la (52)
| | [s]
l ' T = 10“4'55’ ﬁ;“_if&"*‘“ o T
': - 1074022 5o 1127
| Q¢ '. '
L M Cw ‘ ’ "
Now <[], =[a]+[el . (53),
p * . . ' R f
L) N ‘.
(
where [l]s is the stoichiometric concentration of _]_.
2 ‘ . .
£
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. Y
rate = kZEL]CBrZJ . . (54)
f x
‘ g | B (1], Cer,]
Kl + [H+J AN \ |
Therefore kZObSd = kK, T (55)
(K, + [H*]) . | ]

. . l
The calculated curves shown in Figures 1 - 3 were “ ‘ ‘ %
constructed u‘éin‘g quation 55 and the approi)rriate values. ) |

found in Table IV“(n"extb page).
‘ ~N

> k4 1Y \

. From Table IV it can be seen jﬁhat cyto“s‘ines’

6 y-1s-1

1 undergo direct bromine attack with k M "S™". The

2 ~10
oclose similarity in the behavior of cytosine, 1la, to that
of its Ny substituted derivatives, 1b and 1lc, strongly ) [
suggests that it reacts via its 1H taut.omer. However the

\ 3H, tautomer 3a (structure page 61) may also undergo reaction

[

with bropine (vide infra). . ' iy ' :

For 3-methylcytosine (5b) P, = ?.4928 (see
> Table IV) and therefore [H'] )~ K, in the pH range .

. studied. Therefore equation 55 reduces to equation 56 (see -

s

page 89).
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Table IV - ‘

-

¢

K n/eiic parameters for the reaction of dbromine with c‘ytosfnes.

‘ ' 4
-

’

C}fto sine pK1 | kZKJ. \\ k,
‘ ' (sh) st
1 T T 9. 5x10° -
—Ip i 60 2. 1x10°
ic 4.g2° 56 9.3x10%
* \
3b .- 7.49° 13 ' ‘ll.. Oxlvo8

" & Reference 50, ? . ,
' i
E\Reference 127. n
) \
£ Reference 28. - : '
w 1
: 88
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Equation 56 was use( % generate the
calculated curve in Figure 4 with kzlg1 = 13 s~1 and k

2 -
4.0x108 m-is1, - :
Y | ' '
obid _ L '
‘ . kz = 'kgKl (56) |
. [4*]
. 2 . .o
. ¥
The kinetic data then can be successfully.
- interpreted in terms of Schemes II1.and IV: :éeact’j.on of

5b with bromine results initially in fhe\ formation of
the relativ;ly stable amidinium cation, 12, whereas
bromination of the cy‘tosines 1 leads to a less stable
iminium ion, 11. This would acco‘unt for the reacfivity
"of 3-methylcytosine (5b) being 200 times greater than
. that of l-methylcytosine (1b) towards bromine (see Table

v

IV).

@

In summary, the kinetic results are /

. h f
consistent with the adducts 7 arising by way of bromine
attack, followed by attack of water. We now consider the

possibility that the timing of these events is reversed.

} Should the formatiqn of the adducts 7 come
| 1 about due to bromine attack occurring upon the covalent \
i hydrate (13) of the free base then a mechanism such as
detailed in Scheme V would apply (see next page). This .

meéchanism seems a plausible alternative since Tee and

89
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involves a similar mechanism.™.

< diffusion-controlled 11m1t.

7,
. w.

Pa‘ventl have shown that the bromlnatlon of 2-pyr1m1d1nones

128 Moreover, mechani sms /

1nvolv1ng covalent, hydrates have been found by Tee and v

co-workers to apply for L&—pyr‘:.nu.dJ.m'meslz9 and for ‘;

95 -

f-quinazolinones. ;

)

The' covalent hydré;te 13 should be extremely

r

reactive towards bromine. The rate constant k2 for bromiﬁe
’ S

!l

H
" NR, .
N 0
R, .
QoH ?

.attack upon the related species QOH (Rl-R =H), the covalemt

hydrate of 2-pyrimidone, . is ~109' M 1S 1., approaching the o,

128 ~

Additionélly, 13 'may be regarded as being

i
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an enam:me twice over and should react with. .bromine as

quickly as the solvennt allows (TN 1010 w151 158)

It is known, for ins ce, that simple enamines react

with iodine, which is normally® less reactive .than bromine, N b
at the diffusion-controlled limit.ljo-

Scheme W can be represented as

k

~ 1 , 1 B
, -;(orj_:q)*fﬂjo“? 2 (& 213 + H30+
‘ | Ky - (57)
.\L ' . ' n. ’ ! N ° &ZW BI‘Z )
' ’ - products i
= ~ * . —
Assuming a steady-state concentration for the highly '
‘reactive covalent hydra\e}za' 129 gives N .
| - ~dfer,] =k [_3]5 [Br (58) |

dt

B
where [ Q]ss is the steady-state concentration of 13.

\

T

__Now.

E%,

k(03] B, ]+ x 1] (i3], - xf6] (59

=Y
24

| — ' - 92 . i
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1 A

therefore [;J.]SS =' kll.—.g:' K - (60) - ’ (‘
L ie,(or, ] + x,[H"], ' ’

-~

Hence equation' 58 becomes

-alpr, )<k fe] [, "(61)
at i, [Br; ]+ k_,[H"]

Additionally, equation 53 (page 86) may be rewritten as

co -[_'1]51 [éjé{l + (H*])' E | (65) | -f\ .
~ [v*] . o L
“ thus -d[:BrLjé W ‘lkzklf}{’k_'l [ _1_13 [Br, I] , (63)

, + +
- at (e, lor, 1+ & [H" Dix, +[6))

[ _

To obtpin a second-order rate law which.1is compatible

“1 ) ‘. . & . . . . +
with | ¢ observed kinetics the cond,t\utnkk:;ﬁil .]» k2[Br2_]
1

nust pply . Equation 63 thereby reduced\to

A PR ru N L B B
dt k, + [¥*]) S
" vhers . Kp+ = k, - (63).
K,
S~ v
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. ‘ ' |
- . ~ N
E. Therefore U kZObSd = kzk3+ ' C(66)
| (x, + [5') .

Eq#ation 66,is of the same form as equation
55 and would therefore provide a good&descfiption of the
kinetic data. However, the values which must be ascribed

k

to ky, k_;, and Kp+ in order to use eguation 66 do not
"n .

geem reasonable.
!

»

As mentioned above, kz, the second-order

rate'constagt for bromine attack upon the covalent hydrate ¢

~ should be~ 10’ 7257t ana [Br, ] - 5x10'5xM>initia.lly (see

Table III): Therefore

Y
N k,[Br,]~ 101 w157t x sx1075 M _
| ~ 5x10° 571 67). . -

At the lowest acidity under ?onéideration, pH = 5,

‘

¢ ‘ © [H*] = w00 m -~ (68)

For iquativn 64 to be a.pplicable the condition is (l
k_i[H+] > szBrz] (vide supra), hence (see next page) Z_
- = t ) . "

-

i

[OS

pren
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- sx1010 mlg? in aqueous solution. 32 In our case k_y o

represents the proton transfer to the bseudobase 13

o . ! -
accompanied by a concerted C-0 bond brea}(agea9 !
' ’ '

should be significantly smaller.

-
/ ) ' ¢ .
;/ Additionally, applying equation 66 to the

and therefore

\ : .
kinetic data in Table III yields values of kZKR+ = 13 -

60 s~ (i.e. corx:espénding to kK, in Table IV). Assuming

kleolo M-ls"l, as discussed above, leads to KR+ =_k.3x10’9-
6.0x1077 M (pKp+ = 8.2 - 8.9). >
Now, Ko+ =k, (65)
[ ] - . N t
kK3
. = 1.3x10"7 « 6:0x1077 M
and - k_, > sx10t0 wis™? L (69)
hence - o ky »( 65 - .@OOS']‘ o (71)

, °
These values for KR+ and k, alslo do not se‘ém acqeptable.
For tﬁe 2-pyrimidinone cations, _Q: (equation 70), I;KR+ =
5.7 - 7.2 and k, ='1.5 - 10 5~1,1284131 gince the cytostne
cgtions _6_.aré more stable than the pyrimidinone cations ‘

Q:'. due the presence of-an electron-supplying amino group

at the 4-position, the attack by water on 6 should be

4
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and bromine at the same rate

13

slowér than upon Q:. Hence the value of kl for the cytosine
equilibria should be smaller rather than larger thqﬂ\those

A
obtained for the 2-pyrimidinone systems (9" €= qoH).

Even more convincing evidence agiinst the

covalent hydrate mechanism, but supporting bromine attack

=

’“bccurring upon the cytosine free bases (Schemes III or IV)

comes from.our iodination study. The highly reactive
covalent hydrate 13 (Scheme V) should react with iodine
IBQL the diffusion-controlled

1imit., In fact, cytosine iodination is about 1000 times

~ glower than its bromination, much more in keeping yith

. - 97
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To summarize, we have completed a study of
the reacfiops of bromine with cytosine, 1l-methylcytosine,
cytidine and 3-methylcytosine in aqueous media. Initially
- adducts (5—bromo-5,6-dihydro—6—hydroxycytosines)'are
produced which we were able to observe by’pfotqn nmr
as their bfotona;ed fopms~iﬁ(acidié media. ‘!&p time these
adducts undergo elimination of water to yieldfg;brpmb;
‘cytosines, the substitution products of the‘{?action
Kinetic measurements of the\initial reaction in the pﬁ
range 0 - 5 are consistent with the adducts resu;ting
from rate-determining attack of bromine on thé free base

/ .
form of the cytosine substrates followed by capture of

~

the cation so produced by water.

e
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which they felt conflicted with Scheme VI. They carried
out spectroscbpic and potentiometric titrations of
uracils with bromine in acetate buffer of pH 4.7. It was

found that whereak 1,3-dimethyluracil (21d) and uridine

(21; R,=ribosyl, R2=H) react with 1 equivalent of bromine

to form, presumably, 22, uracil (21a) itself appears to
consume 2 mole equivalents to quickly form initiall&
5-bromouraci1:(g§g) and then 5,5-dibromo—6-hjdroxy-5,6-
dihydouracil (28a). However, the dehydration of the adduct
22a at pH 4.7 is too slow }o account for the rapid <
appearance of 26a obsprved.117

19

{
" For an earlier thesis”” we carried out

\gtopped-flow kinetic studies of the reactioms'of bromine -
&'th uracil (21a), S-bromouracil (26a) and their 1,3-

dimethyl derivatives, 21d and 264, respectively.19'20

For\all four substrates the reaction is second-order,
‘being ‘first-order in uracil or 5—bromouracil>and first-
order\in bromine. The rates of bfomination for the

\ )
dimeth&i derivatives (21d and 26d) are invariant with

acidity fhroughout the entire pH range 0 - 5. This is l
consisteﬁt with the reaction steps_g;"‘_‘>22,and
26 =™ > 28 shown in Scheme VI. For the parent compoupds
(21a and 26a) the kinetic data demonstrated definite °
acidity dep\ndence, With uracilthe rate of reaction varies
little betyeen pH 0 and 3, but incféases significantly with

decreasing acheity above pH 3. 5-Bromouracil exhibits

<102
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and the derived rate constants, klobSd, were converted

to second-order rate constants, kZObSd

, taking into
account the‘depletion of free bromine due to the formation
of tribromide ion and hypobromous acid (see page 5U4ff).

.

The values of k2°bsd for the uracil
substfates 21b and 21c at various pH's are listed in Table V.
Over the‘wholé pH range studied £he rate constants for the
reaction of bromine with 21b remain virtually constant.

For 21c, however, the values of kZObSd

show marked acidity
dependen@e above pH 3. Thus l-methyluracil Q1b) behaves like
1,3 dimethyluracil (21d) whereas 3-methyluracil (21c)

behaves like the parent uracil (21a)19'20'(see Table V,

" next page and Figure 5, page 107). It appears, therefore,

that the observed rate constants for the bromination of
3-methyluracil (21c) are the sum of two terms, one
acid invariant and one showing inverse dependence upon

acidity. The data for this substrate are well reproduced

by equation 73 (compare k obsd and k calcd in Table V).
. - ptted s 6.47x10% + 0.89 (73)

N

C These results support the validity of

Scheme VII. The kinetic data for 1—methylﬁracil (21b) are

consistent with the simple pathway 21 + Brz'-f—?

. \
24 &—— 22 (where 22 is the long-lived intermediate b

105




Table V - N

4

\
v

‘Variation in the rates of br_omina’cion of 1-methyluracil (21Db)

and 3-methyluracil (21c) with pH.2 -

Uracil . pH . klobsd kzobsdxlo-i& K calcdxlo-b
(s7h - (st (m-1571)

21b 1.26 12.0 7.48 -

2.94 11.6 7.23 J—

, ‘- b.go 11.6 ’ 7.23 —te
21¢ 1.26 10.4 6.48P 647

2.94  10.5 ° 6. 54 - 6.55

4. 3h 13.5 R B ‘ 8.42

4.90 21.3. 13.3 \ 13.5

5.01 25,0 15.6 15.6

© 82t 30 °, [s]= 5.0x107% M, [Br,]= 5.0x10"% M and [kBr] =

0.1 M. The va}jes of kzgalcd were talculated from least-

Isquares parameters.

2 r = 0.9997
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Figure 5. Acidity dependence for the rates of bro
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observable by pmr), the mechanism predlcted for N1
19,20 .

«

- substituted uracils.
(l
. The pH deﬁendency of’kzObSd for 21c ﬁ;;‘;k : ¢
form which indicates that at high acidity it also reacts -

by the pathéay 21 + Br, —> 24 &= 22 but that at .- ’

R L T CRL PV S A b -

low acidity it reacts via its anion according to ‘the ' 3
route 21 4“:?_3 + Br """‘"__5 . 24 ¢==2 22 The
entlre 31tuat10h may be represented as R
. K ! ] . '
z:::::::::t + S . : 4 Y
a 23 + Hp' . (7h)
o A ' |
[ ko ¢
d pdts
‘ where 3 ‘
- - ,,94 L4
k.T® - gecond-order rate constant for the bromination E

- ety

9 of thelfpég/base, 21, protonated at‘Nl.
P . \

A. \ .
k2 = gecond-order rate constant for the bromination
N B M R
i of the N, deprotonated anion 23.
N . . A
and k, = [23] [E,0"] ¢ (75) .
| 4 (2]
\ “ T

,.
»

{

{

|

[

i

m.. rone w0~
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. 753. the correlatlon equatlon.contalnlng the least-squares

1 e i e £ b

v e T T . WOCISp i ——— i ——— s = &

[217+[23]

Now [21] -
=[e)@io’lvx) - (76)
[ri50]

v
.

where [21]8 = stoichiometric,ponoentration of 21.

¢ : K

A1l experlments were@Qerformed under conditions where

‘ \ [_H 0+]\> K, and therefore (1]~ [21]s SlHC?TWO reac‘pi‘on *

pathways are p0531b1e

»
$

-afbr,] = x,°"% 21 ], [Br,] S
¢ , dt . & . ‘ ' . Py
. =k fat] @rg{;\ k" [23] [r,] S
IR L kgA Kk, [21] [3r,] (77) !

. ' , . . hY
. " [1y07] - ‘ '

- i

+ k K, © o (78)

N

.obsd _ ; HA A

%herefore . k

. Equation 78 is of the same form as equatioh.

¥

Calcd

parameters uséd to calculate the values of k, listed

1p Table V. Equatlng the correlation equatlon'73 to the .

theoretical equation 78 gives for 21c (next pa e).

El
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k

H 4 -1.-1

k, A 6. u7x10" M ls" (79)
AT -1
and . kA K, = 0.89 S (80)

B ]

Similar theoretical equations have been obtained for the

other N, unsubstituted uracils, 21a (Rl=Rz=H) and 26a
(R1=R2=H). that we étudied earlier.19'20 A complete

tabulation of all the kinetic parameters ascrihed to
the reaction of bromine with the uracils that we have
studied appears in Table VI (next page). For comparative
purposes Table VI also lists the rate constants for the
bromination of 6-azauracils (43, structure on page 103)
investigated by Banerjee and Tee.13u
‘In'strong acid it is the acid independent
term kZHA
value of k2°bSd (see equation 78 and Table VI) for the

which makes the largest contribution to the

N1 unsubstitutéd uracils 21a, 21c and 26a. Also the values

for RZHA for 21 (R1=H, 82=H or Me) and 26a are very similar

to 'those obtained for their analogs containing a methyl

substituent at N This would seem to indicate that all

1°
the substrates are reacting as their free bases at these

'acidi%ies. a covalent hydrate mechanism having been ruled

20 . .

r

At higher pH(> 3 for uracils 21 (R =H, R,=
H or Me) and > 1.5.for S-Qromoﬁracir (éég)) the term

2A Ka makes the largest contribution to the valué of
( .

110

. o >
[

1t S e 1t ey R TR IS b ¢ A o i 2t W soaa sy - - [ ar e

apre P pon

e



$

Table VI

. Kinetic parameters for the reaction.of bromine with uracils

(21), 5-bromouracils (26) and 6-azauracils (43).

v

Compound k2 kA ot Kk, kA
tsh (sh  rtsTh

21a® ~9.65 5.00x10% 1.33 ~6x107 4
(R1=R2=H) . !

2lb° 9.75 oxtot | oes -
(R1=Me, R2=}{) l

21¢ 9.95 - 6.47x10" 0.89 7.9x10%
(Ry=H, R,=Me) o ‘

214 —— 10x10* — -
(Ry=R,=Me) _ _

26a° ,8.0 64 1.36 1.4x108
(Ry=R,=H) ,

260" -—-- 20- ——-- -—--
(R1=R2=Me) .

43a° 9.5 = 12x107" 2.2x10°%  7x105
(Ry=R,=H) v |

43c® 9.52, . 5.6x1o'? 3.5x10"%  <12x10°
(R;=H, R,=Me) . :

43g° ——— nvixlo'u —  ————
(R1=R2=Me)
a references 55b and 124 except where

otherwise noted.

e

Reference 19,

Values taken from

£ Reference 134,

4 Reference 136
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kzdbSd (see equation 78 and Table VI), corresponding to

reaction via the anions 23. Similar behavior has been

138,139, 159,160

observed for various phenols and for

6-azauracils (43) unsubstituted at the N, position (Ref. 134
and Table VI). In fact, &1.(R1=H. R2=H or Me) can react with

bromine as an anion even in 0.05 - 0.50 N sulphuric acid

134 14

t
solutions. Furthermore, Santi and co-workers 0 have

proposed that hydrqgen-déuterium exchange of uracil and
3-methyluracil proceeds by way of their anions in basic

media (pH 7 - 10) at 90 ®C. Since bromine ‘can be as much as

105 - 10t

ionlul, it is quite reasonable that bromination via the

times as reactiVe an electrophile as hydronium

~

'same anions is_operative at pH > 3.

I

From Table VI and Figure 5 it can be seen that
the reactivity of 5-bromouracil (26a2 approaches that of uracil

(21a) (and even surpasses that of 3-methyluracil (21c)) for

pH > 3 since the product sz Ka; the term making the largest

contribution to'kZObSd

in weak acid, is virtually the same
2
for 21a and 26a. This would seem to explain-Moore and

Anderson;s135 observation that during the 1 : 2 titration .

R

-.of uracil with bromine at pH 4.7 there did not appear to

be any large buildup of 5-bromouracil (see page 100). This
implies that at high pH the deprotonation 25aT 227 can
happen fast with, perhaps, hydroxide ion acting as the}PaSé.

We have found that even in 0.1 N sulphuric

-
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acid the titration of uracil with tromine is 1 : 2. This
is most surprising since at this acidity.(pH 1.26) reaction
must occur Vvia the free bases 21a or 26a. Our kinetic
resplts. however, show 21a to be ~B00 times as reactive
towards bromine as 26a is.(see Table VI and Figure 5). '
Furthermore, the deprotonation of 24m to 26a (see Scheme
VII) proceeds too slowly at this acidity to account fﬁr any
rapid formation of 5-bromouraqil.12§ A1 : 1 mixing of
bromine with uracil produces an absorptién spectrum with a
zmax of 264 nm. This spectrum can not be associated with the
long-lived intermediate ggg, which does not absorb in the
uv, or 5-bromouraé§1, 26a, which has an'absofption maximum
at 276 nm. Addition of a second équivalenf of bromine
results in the disappearance of the absbrption spectrum of
the intermediate‘indicating that it is capable'of reaction
Qith bromine. This Qouid seem to account for the. observed
results fer the titration of uracil with bromine iﬂ 0.1 ﬁ
sulphuric acid. ’

7

N We ‘have attempted to study the kinetics of
the reaction between the intermediate and bromine. The
intérmediate, after being generated by a 1 : 1 mixing of
uracil with bromine (mixed togethéf in the stopped-flow
apparatus), was reacted 1 » 1 with bromine and monitored
using the stopped-flow apparatué; The resultg of these
experiments, however, do not analyze well by traditional

methods for the determination of reaction order.~162
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Likewise, the 1 :+ 2 reaction between uracil and bromine
gives kinetic results which do not analyze well by

conventional means of first- or'second-order analysis.

We have alsc carried out kinetic experiments
under ,c?nditions where the uracil bromine ratio was 1.: 1
and 3 : 1. The?absorba;ce/time data do not give satisfactory

second-order analysig using the observed A, values,

However, they do analyze well for first—c;rde‘r behaviorj.’
Use ‘of the van't Hoff method énf determining order'163 also
suppor,ts the oxtder being one, and not two. These resulfs
differ from those previously obtained using a sizeable
excess of uracil over bromine which appeared consistent

with second-order behavior (see page 102).

Table VII (next page) shows values of
kl‘ObSd obtained at two pH's (4.7 and 5.15) by cofwentiénal_.
analysis using the observed values of A,. At pH 4.7 the rate
constant increases monotonically with the urac.jll
concentration. This is.begt seen by the values in the
column headed klobSd/[uracilJ which remain essentially
constant. Moreover, there is agreement with the analogous «
vallie obtéi\ﬁéd‘@/@n uracil was in ten-fold excess.
Unfontl\l\nately, there is no such con‘sistency amongst the
results obtained at pH 5.15 (see Table VII).

The exact significance of these results

114
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, ' ﬂ ' Table, VII

. Observed first-order rate constants (kIObSd)

for the

reaction of uracil with bromine at pH's 4.7 and 5.15.

——— —

7

. pH ° [Uracil] [Bromine] klobsd kIObSd [Uracil]
y ' | - (M) ' (M) (s7h) [vracii] [Bromine]
. (M-ls-l)

b70 21075 2x1077  0.710  3.55x10% 131
471 5x10™9 5x1070  1.73  3.46x10% 111
4.75 1.5x10‘_“ 5%1075 5.32 3.55x10“ 311
i 4,702  sx107%  5x107  18.8  © 3.76x10% 1011
& b .
- 5,17 5x10°7 5x107°  3.31 6.62x10%  1:1
5.15. 1.5x10'“ 5x10'5' ” 5.34 3.56x1o“ 311
5,152  sx107 % 5x1070  37.9 7.58x10%  10:1
: a
a

bromination of uracil presented in reference 19.

Rate constant obtained from the rate profile for the

.

T

/
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remains unclear at| this time. It does appear, however, -

‘ . |
that the mechanistic picture is more complex than we thought

19,20

earlier , at least for the uracils having an ionizable

hydroéen at N1. It may be the case that the principal ]

' pathway followed depends not only on pH, 'but also on the
ecvoncentrations of the uracil and the bromine and the

way in which they a,z‘é‘*mixed (stopped‘-fl’o:n? versus titration). .
#The possible incurfgion of N-bromo species needs to be

?
seriously considereci‘q).
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Pgeﬁdobgse Formation gg_dLJDecqmpc'Jsit;' on of the l,g-Diﬁxer.l-l.j- 3 |
_dipe thyl-2-oxopyrimidinium Cation
~ An investigation of the bromination of |
1,2-dihydro-1, 3-dimethyl-2-oxopyrimidinium cation (g’j) by
T'ee'ana Thackraym‘had fquh’d‘ that the reaction involves
‘6romf1ne attacp,k upo‘n the pseudobase, QOH. The proposed

, mechani sm ispresenfednp'in Scheme VIII. In relatively strong .

wt

acid (pH O - 2) bromine attack at the 5-position of QOH is
\ '

rate-determining, whereas at lower acidities (pH 4 - 5) the R 3
formation of QOH is the slow step. THis change’ occurs L
\: because at high acidities the rate of acid-catalyzed
: W ' o
117 o -
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followed fifst-order kinetics with good first-order

behavior observed for >90% reaction. The measured jE'i'rs;t—k

order rate constant for opposing first-order reactions
approaching equilibrium is the sim of the first-order
rate constants for the forward-and reverse_reactions.w6

Therefore the observed pseudo first-order rate constants,

kIObSd, for the equilibration of Q: with QOH is the sum

of the pseudo first-order rate constants ke and kg for

the formation and decomposition of QOH. The situation

L
N

may be presénted as

. _
B - ¢f &=————2qH (81)
4 Ka |
for which . | k1°bs‘i = kg o+ Ky - (82)
Now at equilibrium 14
ke[ Q7 ]eq = kglai]eq | (83)

€

where [Q:]eq and [ QOH ]eq irepresen‘g .the equilibrium
concentrations of _0:_ and QOH respectivgly.

NN Al

' Additionally, - K.+ =[aoH]  [¥] (84)
. e ,
[Q7], .
) And so “ K+ =,&[H+] “ :
. B kd ,
120
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4{
The symbol K.+ is used to point out the similarity of -
cation-pseudobase equilidria such as.,g: «— QUH to
carboniurti ion-carbinol equilibria for which KR+ was
originally‘intended.lu? Equation 82 may then be rewritten
as '
¥
N -*»
obsd _ + :
k, = ko + ko[H ] (85)
KR+ . ’ .
o D
: obsd _ . .
or k, = ky + deB+ (86) ‘
[x"] |
- . ‘ .
Therefore rearranging equation 85 gives ‘ Lo
-~ ' ;
T obsd . . . = . |
k= Iy Kp* L (87) ? R
Y (Kgr ¢ B;: 4 . » I
‘ “Ne ' ' ‘
w
and rearranging equation 86 gives.
- obsd +
,kd = k]_ [H ] . - (88)

(kg [07) L

-

Thus the values of ke and ky at each acidity studied can

be calculated from thewappropriate kidbSd provided PR+
'is known. N ' 1

4

% -
-
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. Table VIII
L—-—"ﬁ‘ Rate constants for the f‘omation and the decomposition of
pseudobase QOH.2:
'5! g
: " obsd : .
- LN pH k1 N l(f k.d N
: (s7h) wwh s
| T , i ]
i L7 5064 70.6. 1.38 69:2
" ; \q\ 6-05 - 22:Bb 1-6“" - 2102
i 6.20 16.8 1.66 15.1
) ! 6.50 K 510-6 . 1.90 » 8.?0
6.96 ©5.60 2.16 3.
70“‘2 4-30 L3 [" 2-?8 . 1-52
8.00 T L.07 ’ 3.56 e 0.51k
‘ . '8.55 8.35 8.02 0.327
4 - R - ‘
: 8.96 31.5 31.0 0.491
;‘F '9114‘5 61-3 | 61-0 '\00313
4o . 2at30°%, KBr = 0.1M, ionic strength = 0.11 Ms\,iach
] . '
N klobSd 1s the average of 3 or more ,runs.
» ‘ +

) Average value (¥ 1.0) obtained in a&phosphazze buffer.

Average value obtained in a succinate buffer was 28.8 * 2.0

s-1, V ,

123 . ' 6 »
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" Figure 6. Acidity dependence of rate constants for

formation (kf) and decomposition (kd) of

-

'pseudbbase QCH.
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A possible effect of buffer catalysis is that at pH 6.05

it was found that klobSd = 28.8 1 2.0 s!ina succinafz~

1

buffer and that k,°°%9"= 22.8 ¥ 1.0 5™% ima phosphate

buffer.

s

It is 1nterest1ng to note that Buntlng and
Norrls 9 have reported-that the ratio OH/k varied very
little ('\’107 M'l) for a variety of cations whose Kp+
values covered a 106 range. With repec¢t to a mechanism
such és equation 93, koH and klkare ascribed to hydroxige

ion and a water molecule, respectively, acting as general
: -~

' bases assisting in the nqpleophilic attack of water upon

128
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QOH. The ratio ky,/k, is therefore a measure of the
relative basicities of hydroxide ion and water. For our
system the ratio is 0.14x107 M1 which is in good agreement *

: ]
to those values obtained by Bunting and Norris. %7 .

.

. The values of k; and k_, }rom our study
(1.5 571 ana 2.2x107 M"25™! respectively), although a
little high, are in good agreement with those derived
from the bromination sfudies of Tee and Thackray21
(k, =1.3 5% ana k_, = 1.9x107 wls™Y). Thus the
presentlstudy of the equilibration of Qi and QOH
provides strong independent support for the mechanism
shown in-Scheme VIII (page 118), which was proposed

to explain the bromination kinetics.2?
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