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The kinetics of bromination of pPyrimidone,, pyridones, and phenols
wére peasured in aqueous solution'by stopped~-flow UV spectroscopy. . .

Mechanistic conclusions were drawn for each &)f’ tﬁg three classes of
compounds as t‘:o' the probdble form of the reactive sbecie‘s. .
The results f‘or‘Z-, and 4-pyrimidone are consistent with bromination . . N
’of' ‘their covalent hydrates at PH < 4 and their anions at pH > 4. The
monomethyl de‘riva.tives‘ of 2- and “t-pyrimidone apparéﬁtly readt Wia their
~—

covalent hydrates at pH <5 and via their free-bases at pH?> 5. The

,B-dimethyl derivatives of the parent pyrimidones brominate via their

equilibration of these quaternary cations and their pseudobases. The
an"'alogy between reaction via cczwalent. hy%rates and vig pseudobases has
permitted estimates of the extent of covalent hydration of 2- and
4.pyrimidone in water.

. .

The free-base (lactam) form of .the pyridones (2- and 4-) appear to

; . .
be the reactive species at pH < 5. The pH-rate data indicate resaction
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via theii* anions at pH > 5. ’I‘ha-t the"lgctam tautomer 1is {f;é' reactiv;,

form at low pH is supported by the similar reactivity of the N-methyl

pyridones. Related atudies of the monobromo derivatives reveal the

origin of the facile dibromination of: hyridones and permit choice of

r -

conditions to achieve useful monobmination. > '

\The polybromination of phenol and hubromophenol was studied. The
‘ ‘ )
results have been diascussed by comparing the kinetics of 'bg‘omination of

phepol, 2-bromo-, 4-bromo-, 2,4-dibromo-, and 2,6-d1br'omophenol 'under,

. s
sach of these reacts via its trae—acid form or via its anion. g j
7\ ',

Bromination of‘ all the above compounds -leads to multibla i

4 .
substitution. Produc} studies (ac, UV, and NMR) were carried out t,o

ob.tain product ratios and -hence partial rate factors. with the la\.t;&'“

___the behaviour of the phenols and their anions could,be corr‘elated mbﬁw

<

pseudo-first-order conditions (excess substrate). Dependixgg upon the pHr -

X
‘

‘
o

4 (Nl

Hammett substituent constants. It is also posaible. to ﬁhcluae

‘r.‘

pyrfdonea, pyrimidones, and their anions in such correlations.

-

Various types of kinetic behaviour weré observed: zero-order,

3

first-order, second-order, and mixed orders. Approaches to analyzing

these are discussed, as well as ways to handle consecutive seconq-order 4
ey

processes such as found for the phenols and the pyridonea. 0 i‘w"f.n
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"We make our own world when we have made

it awry, we can remake it, approiimat:eiy

to the facts.".

_+truer, théugh it cannot be sbsolutely
true,
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GENERAL INTRODUCTION . -

"Derivatives of pyrimidines and pyrimidones are the fundamental
building blocks of nucleic acids. As a consequence much research on

their synthesis and structure has been carried om:.1 Studies on their

‘ reactivity, mechanism, and tautomerism are invaluable in understanding

the role that these nitrogen heteroc'ycles may play in many biocheﬁical
processes such as proton transport, enzymatic catalysis,: and spontaneous
or indﬁced mu‘tat:lons.2 ’ -

Ihterest in these compounds, as well as in the pyridines, has
shifted from theoretical to practical application. Interferon, the
purported new "wonder drug"3 1s an effective antiviral and
antineoplastic agent at subnanogram levéi, but it is very difficult to
-produce and purify. ‘Recent experiments have shown that

: , , .

S;halopyrimidones can induce interferon in vivo in several speclies, and
4,5

in vitro in mammalian cell culture, including human cgells.

Halopyridones, on the other hand, have found different utility in

" medicinal chemistry. For example, derivatives of 2-(1H)-pyridones were

found to have antiinf]?ffnatory and antipyrectic activity when tested
6

/ ,
orally in rats.” Di !do-ll—pyridones have been used as radiopaques or
- tramé for visualization of body organs or ,\cd'vities.'( While the

! [J
’/sodium salt oQAO/m)boxo-pyridine, l-methyl-5-iodo=2( 1H)=-pyridone,




~

and the sodium salt of 5-1odo-2-qxo-1(2H)-pyr1din‘g acetic acid have been . i

used as X-ray contrast age’rxt‘.s.8

- Phenols are important industrial substrates for} the manufacture of
poiymers. Even 30 phenol and polyphenols may be used as molecular
models to investigate® the nature of the interaction of more complex
biological structures havixig these moleties (caéechol'amine\s} tannins,
thyroid hormones, et;.cs.) with other systems sﬁch as NAD+, nucleic-acid
bases, proteins etc.9 The phenolic aromatic ring and, in particular,
the presence of functiona} groups capable of formiing intra-molecular
hydrogva bonds appear to be structural necessities for pharmacological
activity.9 Thus, many mai:erials thﬁt man uses contains phenolics:

9 10

pesticides and disinfectants, drugs, preservatives,” wine, . and

» &
beexr.11 Furthermore, when large amounts of phenolic wastes from pulp

Y
- and paper industries and from pesticides are dumped in waters,

{
ecological problems arise. Therefore, the halogenation or

»

‘dehalogenation of these phenolic compounds has potential relevance to

their effect on biological‘organisms’.

v

Such stimulus has prompted the study of thg mechanisms of

“4

bromination of pyrimidones, pyridones, and phenols which are the subject

- of this thesis. The abox're substrates have two, one and no aza nitrogens

respectively, and such a kinetic study should enable a gorrelation of
the effect of the ring nitrogens upon the electrophilic subétitption
reaction. Identification of the 1ntermﬂediates,17b’18' 19,95 ‘ and
analysis of their decay kinetics as ; function of acidity, leads to the
formulation of the individual reaction schemes. In some instances,

depending upon the reaction conditions, the ratio of m?nobromo products

.
t

LoV

[FOR—

1 e e St



PRI MG Y, e e

r“

\!

3

"were unexpected. Thus, an assessment of the role of the functional

groups is imperative to allow for mechanistic .correlations ~to be made

within the systems with the same number of aza nitrogens, and

!

{
Although much of the author's research work has already been

correlat:ion between systems with different aza nitrogens.

F>lﬂ>115!Yl't!t117".95 or presented in various colloquia and symposia, this

= thesls retains the style of an original work. In addition .to presenting

all the kinetic data, it contains an ample discussion of mechanism

s ﬁth

additional unpubMshed data pporting more elaborate pa%hways, and
' T

he synthetic reactions and product studi'&tf"

documents in greater detai
: Ll

performed. For clarity of presentation a division into.chapters was
implemented. The first thr’ee discuss the kinetics of bromination .of the

individual classes of compounds: the pyrimidones, the pyridones, and the

v v

phenols, reflecting the chronology in vwhich the studies were done. The

i . .
fourth chapter concatenates these three systems using the Hammett plots

(

, as a basis for discussion.

-<
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‘'of pseudobases has been reviewed,

- -

>

< 5

The covalent addition of water or hydroxide across the C=N bond of

r-deficient heterocycles has been .proposed, in earlier literature, as

38,49

being responsible for peculiar spectroscopio,13 synthetic, and .

. kinetie17a’b’18’19 behaviour of the pyrimidonesa. Although the subject

14-16 scarce first-hand‘dﬁta are

avallable to show the(existence and involvement of covalent hydrates in
various reactions. Interpretation of-the data is complicated by an
additiongl pre-equilibriuT pfotonation of the pyrimidone\ang a very low
equilibrium'conoentrapion of the covalent hydrate. Howgveri usefu%~
results can be obtained by indirect kinetic methods; as will be sﬁown in

this chapter.

Earlier work in this laboratory has shown the ;nvolvemént of

4

”long-lived intermediates in the aqueous bromination of'mono- and

18a,4b,d 18e

dioxo=pyrimidines: 2-pyrimiﬂones, 4-pyrimidones,

18e h9b

uracils, and oytosines. These intermediates could arise from

\ L. ' ' o,
attack of bromine, followed by the capture of water, or vice versa.
’ B

" Recent gork, including the present, has‘gought to differentiate between

¥

@ two possibilities. ~ ’
' % The formation of the intermediates is too fast to be studied by —

cdhventional meang:\,ﬂowever, by the use of the atopﬁed-flow method

o>

. N v

>
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these processes can be studied. Berké was ab)lé to éhow that f‘"(s{ - A

o ; . t
. \.u"aci]c.)s“9a and for cytosingsugb the intermediates ‘arise by brominé
- ”

attack, followed by the attack of water. In eontrés‘t, Berks and

' Thackray'? showed that the intermediate 19d, observed '°® in the

i . bromination of the cation 9d, ariges by the attack of bromine upon the

pseudobase 13d .
. L e .
. . H O ¢ .' -
Ny —CHy + ~CH, ‘ -
U SN N -H ' N . s
/& + H.0 /K L:% ' . . *
y - 2 ‘ . 3
o . CH' ) . :
9a 37 134 “3 - :
5 ’ - lBr'zny fast “ "\)
~ " N4
a H of H OH
Br g Br
N /CH + . -
N H N » 3}/, HZO' : 3 v
\ v HSY . o — ~*
N 0- - HY, =H.O N
T ‘ HO ) » TR |
. CH .
. k / 194d 3 . ’ CHy
" bt < °

Dependi.ng upon the pH, either the attack of bramine (pH < 2) or ‘the
) 19

»

[ IO

formation of the pseudobase (pH }\\3) is rate-limiting. A separate

. study of the kinetics of equilibratj\on of the cation 9d &nd its’

pseudobase fully supported this 1nterpretation.19 Y

The work of Berks and Thaekray19 was the immediate precursor to
' R th; present study of the bromination of, 2-pyrimidone and. 4-pyrimidone.

° It’ estaﬁliaheq' the utility of the stopped-flow method for monitorihg the

A

:
¥
¥
2
!
2
:

fast bromination step and“indicated that a change of rate-determining

step (with pH) could be anticipated if the covalent hydrate of these

o
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. documented belo'ug

. . constants cloéely agree twith those of

. rate profiles and reactivities of the N-methyl anaiogues.

26

1

substrates were involved. Such v";aa found to be the case, as is
. .

[

The resfxlts of bromination .or 2~ and 4-pyrimidones and derivatives,
reportéd in this chapter, serve to emphasize the existence 61‘ covalent
;hydrates, estimate their quaritity in water, and show the dramatic ‘et‘fect
that they can have on reactiiity, It: ma.y appear, for more complex
kinetics, that legerdemain was employed in ‘extracting the rate constants

from the data. However, the eiperimental traces soundly Jjustify the use

of equations for reactiona occurring via mixed-order pathways. it

. certain pHs, the complexity increases due to the concomitant reaction of

;lifferent' foms of the substrate. These v;er'e mathematically extricated
from a competitive mechanism in which only one reactive form becomes
dominant at the extrema of the pH range. &atalytic and equilibration

' ’the kinetics of brominat:'ior;
corroborating i‘ur'ther‘ the overall .mechanism and equations presented.

Moreover, the predom'inance' of tautomeric ratios (lactam/lactim,

_a-lactam/Y-lactam) for 2- and b-pyrimidones can be inferred from the

-

» n

STRUCTURE OF THE PYRIMIDONES .

. -
1 -
The electronic structures of the derivatives of pyrimidine,and

20,21

pyridine have been extensively studied by many investigators. In

particular some of these oompohnds suc;h as ur‘acils_, cytosine, thyniine,

1
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and vitamin B., have attracted special interest because of ‘their

biological importance.

Considerable attention has been paid, to the problem of tautomerism

between lactam and lactim forms, which can be expected in these
i

heterocyclic compounds because of the presence of 1ab11e hydrogens

atoms. The pivotal role x\mich prototropie equ‘ilibria plays in the

action of numerous therapeutic a§ents has been thoroughly documented.z‘?

Therefore the ability to prediet quantitatively one of the thermodynamic

parameters connected with these events would be particularly useful in

-

drug design and afford a unique advantage in the selection of analogous
;;-“:b ’ /(

S / N
member’s‘23 Moreover, the lactim tautomers, even at lower

concentrations, may induce érrora in transeription and replication‘?u in

nuclelc acid bases. Therefore their tautomerism is of relevance to the

theory of spontaneous xnut:agenesis..7~7

It has been shown by a UV spectroscopic comparison. with'

-?nethyl-2-pyrimidone 6 that 2- pyrimidinol 1 (2-pyrimidone), exists

predominantly in the lactam 2 form in agueous solution.?? ‘For 2- and

24,26,27

. 4-hydroxypyrimidines, a variety of physical methods . have shown

.

that these compounds exist as cyclié amides in aqueous media. However,
t the reverse situation is-found in the gas phase.27 Some of the

. . tautomeric conéﬁants are shown in.Table I below. In the case of

20,28-30

Y-pyrimidone protomer 4 pr-ed‘ominai;es in the aqueous and vapour

y ' phase. Beak remarked that at least one other protoiuer 3) or .5 was

responsible for the weaker absorption in the gas phase. :

[

-
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N K, o Y d
l — | 1.1
N OH }q 0
1 H‘
1 ' 2 .
OH ! o - §
| j _x_"'_s + | /ﬁ I.2 ‘
Z A
N ), )
3 . 4 3

Table I. Tautomeric Constants of 2- and H-Pygimidong.

K, (Solution)
Equilibriud K (Vapour)®’23 Methano1?727 H200,2",27 ]
1 =2 < 0.1 > 15 2200
le=2 .
= i +5 1.8 4 1.0 >4 ‘340
T - - LAY

& temperature of the vapour Vas 220°,

b pmbient temperature.

¢ )
Obtained from PKa data in aqueous solution.

)

w

Optimized MINDO/3 calculations¥ suggested that 5 is slightly more

stable than 3 in the absenge of solvent interaction. In general, the

» »

_s'tabilization energy of the lactam form upon solvatioh is greater than

that of the lactim form by about 5-8 Kcal/mol, as estimated from

experimental data27933 ap4 theoretical studies of the hydration

1

effect. 3 | _ R
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In this work N-methyl derivatives, for example
t ” A . \ '
\~-methyl-d-pyrimidone 7 and 3-methyl-U-pyrimidone 8, have been chosen to

serve as models of their tautomeric counterparth 4~(1H)- and

PP -
~

4-(3H)~pyrimidone 4 and 5. This choice should ensure that any

«

conclusion reached, in a mechanism or equilibrium, will be more

reliable.3”
'O
i ' R - ‘.
- 0
| XN N N—Ci3
FN ) J
0 , N N
) { 4
cu\3 CH,
6 -1 £
P . . N-F2
' 3 | } .
‘ /& | j
\‘ rJ
N0 N -
4 X
R, R,
g " 10
f 7} & ,
8 Ry = Ry =Hib Ry = H, Ry = CHjj ¢ Ry = CHy, Ry= H; 4R, = R, = Ch,

< ¢

Structures 9d and 10d were chosen to simulate the behaviour of the

cbnjugate acid of 2 and 4, respectively, illustrated as 9a and 10a.

These are w\r'itten with a delocalized charge to indicate their major

* R
v s
7

[

More important, perhaps for the parent pyrimidones, is that they
may undergo reaction via their anionic forms 11 and 12 at the

physiological pH. These forms are comparable to phenoxide and

t

b — =
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.} \’ ‘

s - \2 N .
pyridoxide anions except for the two aza-nitrogens which can be treated
as substituents (see later).

‘ , i
o-
A - ¢|
N 0 N \
11 12

Because of tautomerism in the pyrimidiﬁe derivatives, the issue of’

nomenclatupe has always been plagued by confusion. For instance i can

be named: 4-pyrimidone, 4-pyrimidinone, H4pyridinol, 4-(1H)-pyrimidone,

(Y

and 4—(3H)-pypimid6ne. The last three names assume a specific tautomer
as do 1,u-dihydro-h-oxo-pyrimidiné and 3,4-dihydro-4-oxo-pyrimidine.
The dihydro prgf‘ix has ;dditional disadvantages of leﬁgthening the name
and wrongly 1mp1313ng a reduced staté of the nucleus.' ' In this thesis

the first name'is adoptgd. Thus, 2 will be named 2-pyrimidone. But,

v

when a specific structure or tautomer is to be named, the long form of

the name is employed. ‘Therefore, 9d will be named
. ’

1,4-(3,4)-dihydro-1, 3-dimethyl-4-oxo-pyrimidinium... (X7).

hd e
1

REACTIONS OF THE PYRIMIDONES

.

{
Covalent Adducts

Nucleophilic addition across x-deficient aromatic apd
o f , . v R

’ "t .

u
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heteroaromatic systems has been studiedy13"36'39 reviewed,'w'w and

‘continues to be researched. Tgis meticulous attention stems in part

-

fron the relevance that covalent hydration has in biology. This, seems

« .
enzymes. FEor
—— T

to 1ie in the direction of understanding the action of

instance, xanthine oxidase catalyses the qxidation of aldehydes to
c ot

acids, purines to hydroxypurines, &and pteridines to hydroxypteridines

with the common feature for these three substrates of a secondary

aleoholic group present’ in the covalently hydrated f‘or'ms.wa

-

! Formal addition of -water to an he,t{;erocycle gives rise to a covalent

hydr'ate such as 13a-¢, while a formal acfdition of hydroxide to &

. quaternary cation produces a pseudobase 13d.1“
H OH : 0 Y
N—Ra2 | " R

¢ £R1 = RZ H H; E R1 s H’ Rz s CH3; S R‘I = CH3, R2 = H; E'R1 = Rz = CH3
| . ) , L |
‘ The processes 10a —s 14a and 10d —» “14d outlined in equations I.3

and I.4 are similar and thus, in acid.medium, the distinction between

4

covalent hydrate and pseudobase is not clear. Further complications

arise when adducts with “methanol, méthoxide, ammonia, and amide are also

| termed covalent hydrates and pseudcg--bases,m’16 terms which were éé‘in'ed

[J ‘ .
? ) for water and hydroxide adducts respectively. .

B

w———d )
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1.3
0
’N/CH3_ Ko y— CH3 .
lj + HO s | op * H ,, 1.4
i "‘"'k;.l
c'm ZH -
3 - . 3 .
10d ) 14d
10d + “OH m————s 1id . 1.5

i .
The nitro group in 5-nitro-2-pyrimidone stabilizes the ‘covalent

ethanol adduct _]_-’1 (31 = H, CH20H3) permitting its 1solation and

' 1dentificat'ion,38 However, time presence of the nitro group is not a

1

.necessity for their detection. Observ;ation was possible for

" heterocycles oontainihg one or two electron-wi-thdr-awhmg éroups, where

the presence of these hydrates caused deviationé in some pKas,13 in
. ~—

electrophilic brbmiizat':ion, 17a;b,18, 19 isotopie’ exchange,39 and

.spectra.13 , ' .

. . i
* . -
’;
13 .
- . .
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Morsover , the pseudobase 14d in base undergoes several distinot
reactions with ring opening and ultimatehly formation of the amino

S , acrylamide (10d —=p —> _,1_6_).1&0

' : yCHy ' / Hy
. ) l.-- Z:’_ 144 --a )< ._) ..._; + E~isomer
NH

. CH3
16

’ ' : [

LS

When the stronger nuoleophile NH s In liquid ammonia,ais reacted

with 5-bromo-ll-pyrimidone the 6-amino-14-pyrimidone is recovered.uJ This

~

product préesumably arises from the C-6 amino adduct formed because

[ negative charge is induced, by initial ionization of the substrate, on

the uaual,electroposifive C-2 centre .‘”,

- '
o 13

g

On the other hand, 1S}J-J.abelling experiments have shown that for
' 5-bromo<4-methoxypyrimidine (a model for a tautomer of
S-Drmo-u-pygihidone above without the labile hydrogen) when reacted

with amide in liquid ammonia gives the usual C-2 amino adduct. _This

ol TE TSRO

intermediate subsequently, through a rjﬁng-opening process, analogous to

H that found by Tee et al.,uo prod‘uoea the ‘6-am1no--ll-met'.hoxypy_r'1m1d:|.ne.l'1

~

\ - w N - s B . .o
N e ' . P T
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The importance of these adducts formed from amide and methoxide is

their utility to serve as models f‘o;' ‘tovalent hydrates and pseudobases,

which otherwise would be unobservable. Suc‘h adducts have the property '

of not markedly altering the UV or NMR spéetra: vis-a-vis those resulting

from.ﬁttack of water. For. instancg, N-me'thyl pyridinium cation does not
form a pseu&obase in aqueous solution, but its properties could be
conveni‘ently studied in 1liquid ammonia. The amide ion is a much
stronger nucleophile and’ the amino ad&uet forms readily for this;-

substrate. 16

Ring Transformations *

’ \

The following newly-discovered rir(é trémfofmationa demonstrate a

cori_venierit path in the synthesis of some substituted pyridonesu6 and

‘phenols.%'w Van der f"las“6 has coriverted 1-methyl-p;r1m1dinium

sulphate to 1,2-d1hydro—2-oxo—nic.otinic acid with ethyl acetoacetate.

»

This reaction goes through formation of an adduct at C-6 (of. covalent
3

amination). Reaction of 5-1'11t,x*o-pyx*:lmic}ine“6 gave the products

outlin‘ed in equation I.6. i"o:u:"7 during studies aimed. at, qynthesis of

inhi%itors of enzyme involved in pyrimidine metabolism, found a similar

[

intermolecular transformation (ef. covalent hydration) outlined An

equation I.7.

OSSNV

[§a)
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" "The ratio 17:18 for R = CH3 was 9:2.38 This may then be a good
estimate, for the isomeric ratio of covalent hydrates ldc:1db, to.be - '

expected in uneous solution.

.

.
-
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' Hydrogen-Deuterium Exchange

The most recent work.,on the H/D exchange of 4-pyrimidones was done
by Beak. 2,43 This- work Q}osed that the U-pyrimidone series underwent
.a fast protonation equilibrium followed. by rate-detenﬁining ylide

formation énd subsequent deuteriation at C-2, as shown in equation I.8.

3
4

.-
- /R 20 N/R ' ’
or — 10 ——» /] */k 1.8

3

*

Ylides have also been sgown to be of importance in hydrogen-~-deuterium

exchange of pyrimidine N-oxide.“

Katritzky et al.. :‘interp et;ad the increased reactivity of* 10a-d

versus the pyridones as ocourring via their covalent hydrates ilda-c and

pseudobases w.39, 45 \

~ J
Disappointingly for Beak a comparison of u-pyrimidinqnes with the

pyridones was not possible. Hydrogen-deuterium exchange for these two °

sets of compounds proceeded via two different mechanisms a's suggested by .

the base dependenge on the N-methyl-2-pyridone and zero-order kinetics
in base for 7 and 8.

-

L]

Nitration

<

At the synthetic level38 j,itration of 2 occurs at C-5 in

concentrated sulfuric acid/potassium nitrate medium with production of

- ¥ sl e wedh e g de - e o e e, : B M rave

~
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15 (R = H), which is dehydrated, under vigorous condit‘ions, to the

5-nitro-2-pyrimidone. A4-Pyrimidone is also nitrated, 1thhe same
N . /

medium, to give the 5-nitro-l-pyrimidone with‘no observable adducts.38

Kinetic studies'®

'

of the nitration of g-;;yrimidone and its
N-meth;l derivative, indicated that reaction at C-=5 occurs via the
depicted free-bases 2 and ~_6_. This conclusion was confirmed by the
unreactivity of the dimethyl ca’tion 10d undetr chpmparable conditions.

us. 38 i

Katritzky could not nitrate 4 as was reported.

Bromination

v

The bromination of. 2—1;ynimidone and its“der:tvatives 6, 4, 21,
22d, and ,_2_4 '(struot;z'x‘es in Scheme I) was postulated to occur via
covalent hydrates 13a-o, -23a-¢, and pseudobases 13d and ?_,_ig.wa,b,d
These substrates react rapidly with bromine to givé observable

-

intermediates which were converted to their respective 5-bromo or
18a,b,d

1

5,9-dibromo producta. The work of Banerjee afforded
spectroscopic.evidence of pseudobase 23d, the intermediates 19 and 25,
and the ultimate products _2_1 y 22d, and 24 (see Scheme I')- |

In strong acid sglutions, kinetic evidence was obt;ined for i:he
qduilibrim 22 = _2_3.1&1 A mechanistic study was aubsaqﬁen“tly carried
out f‘or’ the process 23 —» ——p g_g.‘ed

The bromination of 9d could not be a.;icertained by Banerjee to
proceed via the‘eorresponding pseudob,asej_ﬁi_. However, f‘r‘om the

inhibitory effect of acid upon 9d, where it exists > 99% as _94, slow

appearance of 22d, and by analogy with the methyl derivatives,- he

-

g e s
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assumed that 13d was the reactive form. Stopped-flow kineti’cs on the

Pl

bromination of 9d in weakly acidic solution and on its psgufi‘obéée
formation and decomposit:ion,19 pointed convinei'ngbly to 13d as reacting

. %
with bromine (see Scheme I).

Thus, in Scheme I tr;e processes 19 —» —3 25 had been studied and
there was evidence for all but the 1ntermeti1at.es/gg and 26. The only -
processes nol studied were 2 and 6 — 9 d/ls: —» — 19. Kinetic

/
%dence was needed for the covalent hydr es 1_3_:a-_c.
This chapter will, inter alia, /present da’tafand discuss the

bromination step 2 and _6_-—»‘—9 19 which éan be easily followed by

stopped-flow UV spectroscopy. also answers the quem} of Joule and
smith® g whether( 2 itself is involved in:‘t’h‘e bromination step!
Electrophilic bromination of 1, '1, 8, and 10d were also studied by
B_qnerjee18° at high acidity following the appearance of product 27
(Scheme IT).. However, he was unable to study the fast disappearance of

bromine accompanying the reactions a4 —_ —s 29. Similar spectroscopic

. evidence and deductions outlined as above for 2-pyrimidone and

derivatives, suggested the intermediacy of covalent hydrates j_l_l_a;c_:_ and
32a-c and pseudobases 14d and _3_2_d-18° (see Scheme II). The analysis of
bromination products of the 5-bromo derivatives 3ta-d were not pursued ’
to the same extent mainly due to complexity leading_ to

18¢

.deéomposition. ‘Again by analogy with the steps 22 —» —p 25 (Scheme

I), it was suggested that 31 initially produced 32 which brominated

further (see equations I.68 and I.69). -
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Scheme I. - Mechanism of Bromination of 2-Py;'imidonpe.18b’d »
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Scheme II. Mechanism of Bromination of U4-Pyrimidones.
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RESULTS AND DISCUSSION )

- -

This chapter deals with the bromination of 2- and U-pyrimidone and
their \ethyl derivatives. ‘This study was carried out by following tfle

disappear‘&noe of bromine at the tribromide band-~( max ° 266 nm). The

pertinent ! data for t';he compoundé with quil‘l-pl(a values are
summarized 1‘{ fables II and III. ' ' . '

) For the parent substrates, the kinne.ticS 6‘f bronain'abion were carried
out beyond pH 6-3',thereby unco%ering four distinet pathways for
consumption of the halogen. They are: (1) br;xnination of thé covalent

>

hydrate (or pseudobase), (2) the competitive brominaticn of the.adducts,

N
. the free base, and the anion, (3) reaction of the free base, and (U)

reactior; of the anion of the parent substrate. s

The earlier mechanistic proposal, that the initial bromination of
2_18b,d

-

18c involves a-covalent hydrate, can be

and U-pyrimidone

1) d
generalized by the following equation I.9 and rate expression I.10.

if R=H k, + kg Br
P+ H «wo PpR' 4 H,0 g—+ PROH + H' —=——Z products I.9
;)\ Kai k-1

where [PR*] is the concentration of the conjugate acid 9 or 10 and [P]
is the concentration of the free base of the substrate at a givep time

\.t. The rate of bromine disappearance is given by equation I.10.

e +

rate = -d[Br,J/dt = k,[PROH][Br,] | I.10

’

VAssuming a steady state concentration o ron 19 then:

S

I N
. ~ .
-

S g i—t
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Table ITI. UV Spectral Parameters of the Pyrimidones. , LN
— ’ i i a -
Compound (Reference) plfa pH or H, A pax in rm (loge )®
T - <
1,2-Dihydro-2-oxo- 2.24 0 309(3.75) - \
. pyrimidine (20a) 9.17 6 298(3.68), 212(4.03)
-b 292(3.66), 220(4.07)
1,2=Dihydro-1-methyl~2-oxo~ '2.50 0.3 313(3.85)
pyrimidine (20a) " 6 239¢3.93), 296(2.70) .
1,2-Dihydro-1,3-dimethyl-2-oxo- T7.03° - 0.29 316(3.93), 215(>4.0)
pyrimidinium hydrogen 7.16¢ 10,1 239(3.93), 296(2.70) . -
: N
sulphate (19,39¢)
3,4-Dihydro-b-oxo- 1.85%0  _1.0 251(3.47), 22“(3.6&)\
pyrimidine (30¢,50) 8.60 6.2 260(3.57), 223(3.86)\_
1,6930c _b . 263(3.55), 227(4.04)
1,4=Dihydro-3-methyl-4=oxo~ 1.84 -0.4 258(3.47), 226(3.96) ) ’
pyrimidine (20d) < 5 269(3.59),°221(3.83)
4 ’ / ) ,
1,4-Dihydro-1-nethyl-4-oxo~ 2.02 o 250(3.42), 229(4.01)
pyrimidine (20d) 6 .240(4.16) )
1,4~Dihydro=1,3~dimethyl-l- 7.534 2.0 266(3.46), .231(4.00)
oxe-pyrimidinium iodide® 7.54d,f _b 289(3.96)T
2 Underlined results are inflections or shoulders.
b [NaOH] = 0.10 M. * C- o . \
C Determined potentiometrically. \ * l
- ? This is pKp+ at 30°cC. ’ |
® This work. / i :
£ Obtained by extrapolation using 'thq same approach as I-‘:l.fe.f"l ‘ i O

- ‘ .
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. . . .
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Table III. UV Spectral Parameters of the S-Bromopyriﬁidonea.

5-Bromo... (Reference) pK pH or Ho X pax in nm \(;ch. ¢)

\ f & M
__~2-pyrimidone (52) 0.44  0.22  343(3.65), 222(4.19)
4.0 322(3.54), 222(4.16)
- __=1-methyl-2-pyrimidone ' ‘0.55 =2.0 346(3.55), 224(3.956)

LY

(52) ' ) ) - 4.0 326(3.43), 225(4.0)

- =1,2-dihydro-1,3-dimethyl-  3:08  0.29 346(3.85), 222(4.10)

[ :

: 2-0x0~-pyridinium dbromide (18b) 9.18 252(3.88), <200(>4.00)
s * | ' . S

: __=H-pyrimidode (52) 0.43 2.4 241(3.80), 273(3.73)

; ( 1

__~t-methyl-l-pyrimidone (18c) ° 0.29 246(3.91), 269(3.78)
£

: ,

;. __=1,4-dihydro-1,3-dimethyl- 0.29 215(3.84), 277(3.72)

R-oxo-pyrymidini'm bromide (18¢)
] .

—\\t
N
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k., [PR*][Br,] ,
1 . '
rate = 2 re 2 I.1
k_,[H"] f\l<3[Br2] | .
Since ‘ _
[P]_ = [PR*] + [P] + [Br,]_ % [Br,] ’ I.12
o 270 7 2 ‘. :
where the subscript o refers to stoichiometrig concentrations, then
+ + +
[PR®] = ([P1, - [Brp], + [Br,DIH"1/(LH') + k) I.13

.

~

’ For the dimethyl cations 9d and 10d, ‘there exists no protonation.
equilibrium, thus: -

[PR*] = [PR] - [Br,]  +"[Br,] I 14

Reaction via tribromide has not been studied. This, however,

.should account for only 1-3% at most of the total reaction,' when .

v

compared to the work of Bell53 on anisoles and ﬁhenols. Its neglect,

therefore, should not invalidate our mechanistic conclusions. However,.

-

a correction factor was incorporated in the determination of the

»

. second-order rate constant k,, because the presence of bromide i6ns

lowers the concentration of free bromine relative to its attpichiometrie

’ . W
concentration. Bromine, in the presence of bromide ions, is partitioned

-

=
in solution as outlined in equation I.15.

» - h . !/
[Br,lp = [Br,lp + [Bry"] + [HOBr] + [Br07] -7 Y15
In this equation [Br~2].r and [Br‘le are the total and free (or

reactive) concentrations of bromine at a given time respectively.

+

K »
- 1 -
Br3 — Br'2 + Br . . . I.16
K2 '
Br, 4+ H.O ——a H' + Br~ + HOBr ’ ' I.17
2 2" «—— . \

..

T B wa
v .
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§
. K3 , ".
HOBr® —3a H' 4+ “0Br =~ . -, 1.18
g—— e
Thus, -
" [Br,)Br) : o 54
K1 S n——— = 0.0554 M (30°C and 0.10 M I)
1] - \ 4
(Bry ] 0 55
= 0.0625 M (25°C and 1.0 M I)
[u*][ﬁ;‘][Hosr] : "’
K, = — . = 9.6 X 10‘9 2 (260¢)5
[Br,]
2 ) , *3:>,
(“oBr][H*] <
Ky = — = 2.06 x 10~ ¥ (25°c)6°b
[HOBr] ¢ .

Assuming equilibrium conditions for all the specieé in equation

1.15, the expression for EBrle “is: o
, (Br7] K K.K
: 2 23 :
© [Br.l. = {1 . . ‘ (Br.} I.19
SET U Tk et ([Br']tu*ﬁ} &r
Since
rate ;‘-d[Brng/dt s kz[BrZJF[PROH]

subsiituting [Brle .in equation I.19 into the rate expression obtains:

»

d[BrZJT \ k [Br ][PROH] ‘ .
dt {1 + [(Br~ ]/K + K /([ﬁ I[Br-]) + K2K3/([Br 1K)

+T— " I.?O

It becomes obvious that the correction factor is given by the
expression I.21:
: A , .
{1+ [Br71/K, + E/C([HY)Br]) + KR,/ ([Br1[K1%)) : 1.21 -
1 2 . 3 U .

for a rate which is first-order with respect to bromine.
All substrates react readily with bromine in aqueous solution to

»
]
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.
Y

give the corresponding 5-bromo derivatives18b’°

(see also Experimental

section), although for synthetic purposes it was more convenient to use

methanol as a solvent.

After comple(:e disappearance of bromine there was a slow optical

density increase assignable' to the substitution products. For the

~

'pur‘pose of analyzings the initial halogenation rate eonstantv kz,
superficial product analysis was sufficient. Proton NMR resylts can be

found elsewhere.1_8b'd ' T
' For an excess of substrate at fixed pH and high acidity,
pseudo-rirst-order behaviour was obaerved. Equation I.11 explains the
situation well, since for k_ [H"’] »> kz[Brzl, its denominator reduces to

.

k_.l[H"'] and the rate expression is then given by equation_ I.22.

rate = (kyk,/k_,[H*1)[PR1(Br,) I.22

At loy acidities, when k,[Br,] > k_,[H"], pseudo-zero-order

kinetics were observed. The rate expression I.11 reduces to equation

I.23.

rate = k1[p1r("'] ‘ . I.23

-~

For this equation, the '‘assumed inequality in equation I.11 will
eventually break down as the reaction proceeds since [Brz] diminisheg.
Towards the end of the reaction, the traces again become first-order.

However, analysis can still be performed in a conventional manmner up to

&

90% reaction depending upon the acidity.
Where no such inequalities apply, the full expression for the rate
L 4

must be employed. Substitution of I.13 into I.11 producés the

integrable expression I.2X.

- e et i e an e e e f A .




/
=(a[Br,)) {k_4IH*] + k,[Br,]) _ IEkgy(et) ' .
Y n .
([P]) « [Br,] )Br,] + [Br,)® (K., + [H'D)
Therefore,
1
(Br,3 - - ., E (Br.,] '
| 7 i |7 wtarer,)) 3
5 =
* ({P)_ - [Br,]1)(Br,]) + [Br,]* ((P]_ - [Br,] ) + [Br,]
[Brzlo (o] 2% 2 2 [Bralo 0 ﬁ;o 2
Ik kol (R, + THYDE ’ 1.25
This yields the following integrated equation 1.26:
CkalE o [BrpoR), - [erplg + [Bry)
. n e -
ky([P], - [Br,])) [(P],[Br,)
([P), - [Br,)_ + [Br,))  [H*Jk.t ,
0 270 2 = 1 1.26

In
, (r), (Kyq +[H'D)

)
For the simple case where [P]  >> [Bﬁzlo, I.24 can be rewritten as:

S(alBr, D) ey (8] + delBey)) BTk, (o)

-~ / L.27
(P, (Br, 1) (Kgq + [E'D)
which 1n£egratgs into:
k_.[H"] [Br,] [H*1k,[P] ¢ . oo
1 {ln 2 o: + ([Brzlo - [Brzl) ] -—-l--g- 1.28 .
k (Br,] : (Kyqy + (WD) -

2
) 3

On the other hand, subtitution of I.14 into I.11, and applying the

same logic and assumptions as above, the simplest expresaion I.29 for

the quaternary cation ocan be derived:




R

k-

28-

(a*] [(Br,]
1 ln{ 2%

+ ([Br,] - [Br.]) = [PR*] k.t ) I.29
K [Br2] } ‘ 2°0 . 2 o1

2

This 'last equation, and similarly 1.28, can be analyzed as shown in

_ Experimental (page 218). -

I.

" Altogether, the observations consistent with equatiens I.22, I.23,

28, and I.29 were realized for all of the substrates studied. Samples

of experimental traces foﬁ\each pound are reported in ?igurea 1«6,
A\

I

B N




fIGURE 1 FIGURE 2

FIGURE 4

FIGUNRE 2

A emeeme...

A BS ORBANTUECE

FIGURE §

Figurés 1-6. Sample traces of‘aﬁgorbance versus time from bromination
of’ 4-pyrimidone, 1-methyl-d-py;1midone, 3-methyl-4-pyrimidone,
1,3-dimethyl+4-0oxo-pyrimidinium perchlorate, 2-pyrimidone, and
1-methyl-27byrimidone at different pHs respectively. Note the changes

in order for increasing pH: first, mixed, zero, mixed, and first.
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4-PYRIMIDONE AND ITS DERIVATIVES

The’ bromination data for this series of compounds are reported in
Tables IV-VI and IX. For the purpose of c}ear analysis, the results are

d‘vided into pH regions.

-

pH 0-1.22 ~ -~
_ The kinetic order in this medium is pseudo-first. The increase in
kéObSd with decreasing acidity, as shown in Figure 7 (dotted lines),

exclud_es the conjugate aéid forms 10a-c as the reacting species by
contrast to 10d which also shows Q:lmilar profiles ﬁis quaternary salt,
if it were reacting as _H)_d, should have producéd a zero-slope rate
profile in this region. Reactivities on the free bases 4, 7, and B were
also excluded on the basis of ;he ébserved kinetic behaviour beyond
their respective pKa1s {see later). R

A constant positive salt effect is illustrated in Figure 7. The
magnitude of this effect is 1.5. Superimposed on this is some other

A

effect or reacti\ire int;émediate causing curvature in the rate profiles
for the most dcidic region studied. The slopes taken from the two runs
at pH -0.035 and 0.264 are calculated from Table IV to be 0.55, 0.53,
0.47, and 0.62 for _{l_, 7, 8, and 10d respectively. The overall trend for
the rate profiles is towards a zero slope. - This result mé& point to
another intermediate brominating competitively with the covalent hydrate
(ﬁseudobase) and/or possibly changes in ionic strength of the buff?'er

alters the activity coefficients and the pH as a eonsequence'.
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Table .IV. Second-order Rate Constants for the/Reaction of Bromine with
4-Pyrimidones at High Acidity and High Ionic Strength (I = 1.1).2
L \
Derivative of pH [P), or [PR*], k,obed g obed
4~Pyrimidone X 10° ! 'x 103 X 1072
/(Structure Number) M :fc'1 'M'1 sec™ "
‘b c l \
W -0.035°* 200 12.1 1.30.
- 0,264014 200 17.1 1.90
0.614%1% 7 200 30.4 3.22
= 0.908P2f 200 49.1 5,24
1,228 . 200 " 83.4 8.89
=Methyl-___ ()  -0.035%:¢ 200 \ 30.1 3.21
0.264P»d 200 \ 41.6 " 461
0.614Dse 200 SR (X 8.23 .
0.9080»f 200 , | 140 14.9
1.228 200 | 2u9 26.6
* - - ,
3-Methyl-___ (8) -0,035%1¢"’ .00 \\ 5.29 0.566
0.264Psd 200 '7.05 0.783
0.164s® 200 . 13.4 143
0.908%f 200 23.6 2.52
1,226 200 tn 6 4. 44
1,3-Dimethyl- _ -0.035%:° 200 23.9 2.55
(104, X = €10,7)  0.264%»9 200 35.2 -3.92
' : 0.6140s® 200 61.7 . 6.52
0.908Psf 200 11 11.9
K ‘ 1.228 zoo 22.0
aat 30°C, [BP2]° 5.0 X 10~ M. Each datum is jLe average of at leaat

-

]
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tgree runs.
.b pH = =log[HBr].
¢ ([HBr] + [KBr])

v

= 1.100 M, 91,144 M, © 1.088 M, £ 1.098 M, B 1.097 M.

Correlation coefficients are > 0.999

N

f
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Table V. Second-order Rate Constants for the Brc:ininai on of
4-Pyrimidones at High Acidity.® ’
. ) *. . 1
v oo 4-Pyrimidone pH  [P], or [PR*], k1°b°d“‘ . k2°b’d
Derivative x 106 x 1073
M Seq‘1 M1 spc""
. _w, Y 0.96 200 - Q.u68>" ¢ -+
‘ 4go -0.u55%
19 " 0.u63°
1000~ . 0.453°"
1.26 500 0.0868 , ©.541
. 750 '0.123 0.493
1.56° 2000 0.648 0.993¢
1.78 2000 - 0.858 . - 1.31°
. 4000 . 1.92 1.46°
p ) 1.98 & .2000 0.973 . 1.0
* 2.06° 2000 1.07 1.55
2.34° 1500 1.02 1.98
2,64 2000 1.50 c 2016 .
2.95° 1500 T8 2.47
S -2000 1.62 2.33
. ‘ . . 3
I-Methyl __ (D . 0.96 - 500 0195 1.29
o / ' 750 0.278 1.18
1000. .- 0.378 1.19
4 1500 40.583 1.20
T . 2000 0.780 1.19
. ‘ , 148, - 1000 *0.818 2.57% -
R 2000 1.62 ‘2. 48f
. ' : ¥ )
2 - & i ’ r,¢
e . “ NIV
- ) — ) ! I, ! —l_-__:// ~.’
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' 4 fable V. Continued. , ) NN :
- : 4-Pyrimidone . PH [P]c; or [PR*], - k1°b.°d .k2°b’d .
o - ?JEenivqtive : x 108 X 103
L - ’ ' ) , ‘ M ,aec"1 M~ sec™!
.- e A -
. - - -
) . N ,
o ,
. 1=Methy1l (D 1.98° 1000 1.77 5.23
. - 2000 % 3.60 5.18
« . . 14
LT 2.71° 500 1.56 9.721
. ‘ ” 1000 3.43 10.1
x o / 1000 7, ©3.72 T 11.0
- R o
K . : : / b
; . - 3<Methyl ___ (8) 0.96 500 0.184
S S . . 625 © ... 0.178P
e ‘ ” . : o ¥ 750 C o 0TTP
| - v 1000 ' , 0.180°
" . : - - 1500 - 0.181°
| | 2000 0.179°
X ‘ 1.48 . 1000 . 0.144 0.452F i
< ' ~ _ . 2000 : 0.294 0.450f
¢ _ e ,"980 - 1000 . ) 0.291 0.859
2000 0.532 No.765
", L. 2.m® 500 0.233 1.45
1000 0.491 1.45
4 . - . .
. 1,3-Dimethgl __ . 0.96 © 500 0,168 1.11
Y
- - (10d X = ClOF - 1000 O» 402 1.26 . :
g - . 1.26 - 500 . 0.298 1.86 o
' ‘ ‘ 1000 o 732/ 2. 16 : _
. . . : o /
s ) , ‘ l - |
. : S N
S e ' |
h I .
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Tablé V. Continued. -* . ’
_ 4-Pyrimidone © P [Pl or [PRY], [ k,0PAdT 0080
: , Derivative o ox 108 - x 1073
- ¢ & 39911. ) M7 sec!
1,3-Dimethy} _ 1.78 200 . 5,190,
‘ (10d X = C10,7) ' I, W 5,300 @ .
T : 2.05 200 8.56°
300 © B
| 400 8.81°
) 2.42¢ 200 . 1.29 24,2
. ) L 400 - 2.83 22.7
p! : S T 2.53° 250 2.32 . 32.5
: L | 500 5.35 33.3 o
\ 4o e 1000 10.9 32.2
~ 2.95° 500 13.6 85.0
' 1000 21.8 " 81.9
8 At 30°%C, {Brp]l, = 5 X 1072 M, [Br"ly = [HBrl + [KBr] = 0.100 M,
I = 0.110 M except where otherwise noted. Correlation coefficients are
. ,,' better than 0.9995 except for mixed-order kinetics where they are'bétter
"than 0.999. ° . | .
b Obtained directly from second-order analysis and corrected for N
ytribromide\ion formation. B .
. @ ron mixed-order analysis. e
4 [Br1p = 0.1975 M, ©0.1088 M, £ 0.1111 M. / .
. o . - ' " R N
. . - . ’{\.,
, . ~ .
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Figg' re 7. pH rate profiles for the reaction of bromine with

4-pyrimidone 4 (O, ®), l-methyl-d-pyrimidone 1 (O, W),

: P
“ 3=-methyl-4-pyrimidone 8 (V,W¥), and 1,3-dimethyl-4-oxo-pyrimidinium

perchlorate 10d (A,A). The average ionic strength is 1.1 M (dashed

lines) and 0.11 M (solid lines) espectively.

' »

N

pH 1.22-2 ' .

At a given pH in the presence of excess substrate, measuring

bromine disappearance afforded pseudo-first-order Eato constants

47‘\: . -
e '

, L

o
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_‘ . ]
(k1°b’d) which varied linearly with substrate concentration (see Table V
and Figure 7 solid lines). Some kinetic runs, which were. carried out

for substrate concentrations not in large excess, were analyzed directly

for second-order behaviour employin’g equation I.22 in c¢onjunction with .

'I.13 or I,14., Thus, for 10a-c¢ the fir:st,-order and second-order rate Y.

_and 50 k, = 3.3 X 10° M~ sec™'.

J

¢

constants are —given byYequations I.30 and I.31 respectively.

k1’0b8d

kyka([P]) - [Br,] )/ik_ (K, + [H*])} . 1.30

+* f
kyKo/ {k_y ((H'] + K_y)) I.31

*

absd
ko

For substrate 10d integration of equation I.22, after substitution

onI.M, gave simpler forms for the observed rate cénstants illustrated

. 0 ! . .
in I.32 and I.33. ) ‘
oSsd - :'-;- ‘ -+ -
k7 = Kk (IPRT), = [Brpl )/ ik _ W71} _ I.2
; , ) « /
kZObSd = k1k2/{k-1[H+]} qj ' } 1033

Values of k2"’bsd obtainearom straight second-order analysis are
denoted by superscript e in Table V. ‘ Coe > .
Altogether, the data in this region are éonsistent with equation

I.22 and are plotted with open symbols in Figure 7. In this figure, the

) v

straight line of unit slope tf‘or 10d was drawn assuming that k2k1/k 1’.—.
kKp+ = 97.5 sec”'. Since PKp+ = 7,53 (Table II), Kp+ = 2.95 X 10~8 M,
-1 ) g

For the other substrates, similar behaviour was observed, with a )
tendency for the rate profile to level off as the pH values approached

their protonation pK_,s. Since in this region the substrate is largely

protonated as ‘10a-c, thé pH dependence of k2°b’d obeyed equation I.31

¢
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‘Where Ka1 << [H*]. The durves were plotted uéing 2 curve-fitting program

through the experimental points and assuming only one value for Ka'l or

KR"' for Figure 7 and Figure 8. \

) 2 ' D
pH_2-3

, In this region mixed-order kinetics were observed. This order can
be distinguished from a simple exponential decay (see Figures 1-6) by
two distinct features. The beginning portion of the absorbance trace

forms a straight iine. Second, towards the end of the reaction, the
s
curvature, for mixed-order kinetics, is greater than for simple

exponential.
” Y

The analysis described in the experimental section was similar to

obsd

that 6:‘ Challis and Rzepa\.57 The first-order component k1 was

" extracted from the data by treatment with equation I.28 (I.29 for _129_)?,‘

obsd
where l»c1 2

(I.32 and I.33 for 10d) respectively. Values of these rate constants

are given in Table V and denoted by superscript f. {{alues of k2°bsd

were plotte& as closed symbols in Figure 7 and beshayed as expected from

equation I.31 or I.33. *

R ) .
The zero-order component was also extracted from equation I.23 for

4, 7, and 8 as:

k2% = [P] [ Ik /(R g+ [H'D) | i 1.34

While for 10d k °* 1s given by I.35.

obsd + ’ " .
K, = [PR'], k, - 1.35

From these pseudo-zero-order rate constants are derived the

f

and k obsd were those given in equation I.% and I.%

.t RUf o
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k1°b’d' by diﬁ.ding by [P]o for 4, 7, ‘and 8 and [PR+]o for 10d.
Thése are represented by I.36 and I.37. i

ot;sd' V + + -
K, = [H ]k1/(lcm+ [(8'1) I.36
obsd' .

Values of zero-order rate constants obtained from mixe»d-order
analysis are denoted with superscript b-in Table VI and plotted as

closed symbols in Figure 8.’

H 3-5

In this regioﬁ the disappearance of bromine in the presenée of an
excess of substrate exhibited pseudo-zero-order behaviour (see Figures
1-6), and ko°b3d varied linearly with substrate ‘concentrations as
expreslsed in equat’ions'l.3‘4' and I.35. Values of k°°b°? and k1°b8d"'
are, presented in Table VI and depicted as open symbols in Figure 8.

For the substrates 4, 7, and 8, where Rg >> ("), k1°b5d'

‘decr-eases‘with increasing pH, thus verifying equatio_n I.36. However,

for lO_g_, k1°b°d' should be independent of apid'ity of the medium (eq
I.37). AE‘in,. this is what is seen in Figure 8 and the _valug of k1. was
corroborated b@(equilibration study (see later). The rate constant
l(1 corresponds i‘.o attack of wat;r upon 10d, feading to the -‘pseudob#se

14d, with a magnitude of 0.26 aec". for. this compound, sincq K

-8

+ =

R

2.95 X 10" M (Table III), k_, is then calculated from equation I.33 to

6 1

be 8.8 X,10° M 'sec 1.,

.

R

1
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Table VI. First-order Raté Constants for the Bromination of
4-Pyrimidones at Low Acidity.®

/

4-Pyrimidone pH  [Pl, or [PR*], k°°b’d k1°b’d'
_ Derivative . - x 106 x 105 X 102
' M M sec”! sec™!
i .
) 2.06P 2 6.1 . 8.05
2.34b 1500 8.10 5,40
2000 10.4 5.18
i 2.64° 2000 6.02 3.01
2.95% 1500 2.43 1.62
. ' 2000 . 3.26 - 1.63
AERT 2000 1.94 0.972
3.36 1500 0.991 0.661
. 3.55 1500 0.796 . 0.531
2000 1.03 0.513
3.720 2000 ' 0.260
‘ . ' 25Q0 0.246
4,25° 2000 0.0946 -
. 2500 0.0869
1-Methyl __ () 1.98b 1000 12,0 12.0
' * 2000 24.0 12.0
2,71% 500 2.96 5491
1000 417 .17
3,360 500 0.610 1.22
— | 1000 1.39 139
K' '3.70 1000 0,561 0,561
400 1000 0.328 0.328
_ .40 1000 0.185 0.185
" 2000 0.412 0.206
N * 5.05¢ 2000 ’ 0.0378 °
N 5,500 1500

0.0117
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Table VI. Continued.

4-Pyrimidone pH (Pl or [PR*], k,0bsd kq0bsd',
Derivative _ * % 106 X 10° X 102,
' M M sec-1 sec-1
3-Methyl . (8) 1.98b 1000 3.45 3.45
2000 7.80 3.90
\ 2.7 500 0.595 1.19,
1000 .13 o 1013
3.36 ' 500 0.130 ~0.260
1000 0,270 +  0.270
3.69 1000 _ 0.188 0.188
3.99 1000 0.168 0.168
4,34 1000 0.0650 0.0650
2000 0.140 0.0700
497 2000 0.0449 0.0225
5.09¢ - 2000 0.0146
' 5.53¢ 20Q0 o " 0.00616
5.762 . 2000 0.00310
o 1,3-Dimethyl-___ 2.42b 200 5.64 28.2
(_1_99_\x = Cl0y7) 400 10.8 '26.9
Eﬂi\?, _ -  2.53P 250 6.12 24.5°
W b 500 12,0 < 24,0
T}} : 1000 25.2 25.2
2,95 500 12,2 24.5
_ 3 1000 24.9 24.9
A 3.32 250 506 - 20.2
Wy , 500 10.3 20.5
¥ 3.96 500 15.0 . - 30.0
,R 1000 . 30.2. 30.2
0 4.23 300 8.52 28.4
@;f,\ 4.55 100 2.68 26.7

', - ® same as footnote a in Table V.
® From mixed-order analysis equations I1.28 and I. 29. - See text pages 27
and 28. :
C From different mixed-order analysis equation I.52. See text section:

pB_4-1.
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* Figure 8. Plots of k1°b’d versus pH for 4-pyrimidone A (®,0,0), |7
. ' ';:W’T.‘
lsmethyl-4-pyrimidone 7 (®,0,d), 3-methyl-4-pyrimidone 8 (¥, 7, V), Bt \
-~ ‘ )
and 1,3-dimethyl-4-oxo-pyrimidinium perchlorate 10d (A, ) illustrating i)
the changeover in rate orders: mixed from.first (shaded symbols), zero. ), )
(open synbols), and mixed from zero (partially shaded symbols). The ;’{"

fitted k, (eq 1.9) are 0.24 + 0.02, 0.32 + 0.03, 0,15 % 0.10, and

1

0.26 + 0.03 sec™ respectively. ' ‘ ' .'":':f :

Y




42

The above rate.constants also support the use of the steady state
assumption in deriving equatiom.ﬂ. Up to pH 2 a pseudo~-first-order

process arose from the inequality k_1[H*] >> kz[Brzl, wﬁere k2 for 104 ;

was calculated to be 3.3 X 10° M"1sec'1.‘ Therefore,

l

-

2 8.8 X 10” sec

9

)

minfk_, [H*]) = (8.8 x 10%)(1 x 107

-~

(3.3 X 10%)(5 x 107°)

< .
1.6 X 105‘ sec_1 (t = 0),

/

|

and only after mixing at pH 2 were these two terms comparable. put, as
|

6

max(kz[Brz])

the reaction proceeded, (i.e. [Br,] —s 5 X 107° M for 90% reaction)

k_1[H"'] > k,{Br,] is a true inequality. For pH < 2, it can te shown

that the inequality holds for all times.

t

At PH 3 and above, the assumption was that'k_,[n*] kZ[Brz]g\: .
—- = %
\

8.8 X 103 .-.tec'1

(8.8 x 10%) (1 x 103)

max(k__1 (et

min(kz[Braj) (3.3 X 109)(5 x 10'6) 1.6 X 10“ sec™ (90% reaction

L]
"

completion)
)

Thus, the inequality holds true for pH > 3. -
The acidity dependence shown by k1°b5d' values for 4, 7, and 8 in

Figure 8 are explicable by rate-determining attack of water upon the

conjugate acids _1_05:_0_, forming the covalent hydrates _1_14_&_-_0. A feature ]

of the data plotted in this figure was the presence of deviations above

the calculated curves mostly evident for the 3-methyl der'iv'ative §_.

These deviations were ascribed to incursion of succinate buffer

catalysis, particularly since the dimethyl cation 1od shoged buffer

cat‘alysis (see later). ’ . o

<
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. In au;mary, the data for all the ,four substrates over a wide range

0<pH <5 1is gxpli’caﬂle by the mechanism of equation I.9 and 1its rate

© law equation I.11.. Bromination occurs on 14 from the cation _1_(_)_ with the
rate-determiqing step depending upon the acidity. But in the‘ next
section the mechanﬁm is more complex, though simple analysis\gas

sufficiept to place all information in the proper perspective.

The Competitive Mechanism

Al

In Figures 1-4 different kinetic behaviour can be seen in the -
region 4 < pH 7. This is due to a Qecond type of mixed-order kinetics
~
which can be dedyced for the anion of the parent U, the free base, and

the‘cow‘/alent hydrate reacting competitively according to Scheme III.

Scheme III. Competitive Bromination of ihe 2- and 4-Pyrimidones.

+

k k

+ 1 R
PR° oww=p PROH —=—=» product
k Br
-1 2
=
'H“Kﬂ
ky
PH —=wp product
Br
2
3
e
- k3
P 3 product’
Br2

The rate ‘law for this scheme is:




Ly

A

=dLBr,Viat = kylbry)TB7) + ky[BeylIP] + k,lor,]CpRoH] 1.38

N
N

Substituting for all the equilibria in terms of [P] the rate law is:

- Kk, [H*I0Br, ] k.K
rate = [Br2] + 12 , 2 ) 3 a2 + ku}[l’] I.39
koK o . - (w*3

J

Where from ‘equation I.12 and I.13 the expression for [P] is:

’

[l’]O - [BrZJO + [Br2]

(P] = - = 1.40
14 Kyp/H'y + [H X, )
Let :
| ‘o
kg (H)Br,]
A = 1 2 2 = I.‘“ )

Ka1lkgRgp/(H'] + ky)(k_y [H'] + kp[EBr)))

. N . (O
and .

-

- (kg /H'] + k) :
Bz - 3Xa2 A ‘ f 4 .42 o
(1 + Koo/ [H'] + [H'VE ) -

. then ) D n \’.\ | . " L

%
i
- . : ' ' - 3
k]
1

rate = ([Bry] + NBCLP], - [Br,], + [Br,D) g I.43

'For k_1[H"'] << k2[3r2], where this inequality must be true in this pH
n .

range (see above), A is a constant value given by: ' ‘
\\ B

i ) k1 [H+] ' .
A= - . . . I-uu
Kgq (kK o/ [H] + k) ' : .

The rate expression can be rewritten in the integral form:
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[Br.]
2 d[Br,]
= -Bt I.us

([Bry] AP - [Br,] ) + (Br,1}
{Brzlo

Let q = 4ACIP] - [Br,]) - (([P], = [Br,] ) + A}

q

= = (([P] - [Brply) - a2 v ' _

Thus, for q < 0 (i.e. [P]o > [Br2]° + A), this expression can be

o . 1ntegrated6°a ,into:

[Brzl
[Brzl + A -
| 1n = =([P1, - [Bry] »- A)Bt I.46
(Bro} + (IP], - [Brply) ‘
l . ) [BI‘ZJO F
% I ) .
; ' or )
| | ’
f o ([Br,] «+ a) - exp{(A + [Br,], - [P]o)Bt}'“'f 47
E CUIBr], « ANIBrp) + [R1, - [Brply) < R},
f{ . . Therefore
; o .
([P), - [(Br,1)([Br,]_ + A) ‘ -
( 2 : ]2'° 20" exp{([Br,] - [P], + A)Bt}}- A
' . P CL
[Bl‘z] = ° . I.48
. ([Br2]° + Ah)
1 - - expi([Brzlo - [Pl, + A)Bt)
. P
o]

The ‘value of B has no boundary in this equation. Suppose that
x.
Be 10 M'sec™! [P] =2 x 103 M, and [Brp] =5 X 1072 M. If A is
varied from 10"4 M to a small value say 10"7 M, then the evaluation of

———— e—
\

"[Bf'zl as a function of time is possible from equation I.48. These

i
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values are represented in Table VII and plotted in Figure 9.

'Fable Vii. Values of [Br2] Obtained frém Equation 1.45"7 at ‘ﬁiffergn.t:

Values of A Assuming B = 10 M'1sec'1; [P]o‘ = 2X 16'3 M, and [Br2]o =

5 X 1072 M.
' T A (M)
10~% ’ h;o""‘ | 1076 0T
t [Brz]" \ . t,‘ ‘[Bral C t [Bré]z “t, [Br,]
sec X 10° M ‘sec x 10°M  sec x.,165 M séc X 10° M
0 5.000 0  5.000 0 5.000 0 5.000
1 4.703 5 4430 | 15 3.682 20 3.354
2 4.3 10 3.915 30 2.709 40 aléss_ .
3 4,128 15 3.450 | 45 1.990 60  1.518 _
3. 656 20 3.030 60  1.456 . 480 1 .0”22:‘
5 3.577 25  2.651 75 14059 100 0.6875.
6 3.311 30 2.307 90 0.7639 120 0.4617
7 | 3.049 35 . 1.997 105 ‘o.gliuz - 140 1013091
8  2.794 40 1.716 120 0.3805 160  0.2060
9 2.543 , ° #5  1.462 135  0.2585° 180-  0.1362
10 2.298 50 1.232 150  0.1675 200 0.0889
11 2,058 55 1.023 ‘ . 220 0.057
12 1.823 60 . 0.0834 "
13 ‘1.592 . . 65 0.0663 E a N ;
w167 700 0.0508 e

~20.54 0 91.05 0 2004 0. - 375 0

neare
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Figur'e 3. Theoretical plots of the data in Table VII. Compare the

experimental traces of Fi°gur‘ea 1-6. The integrated expression I.43 vas

used with [P1 . 2 x 1073 M, [Bry]_ = 5 X 107> M, and B = 10 M ' sec.”’

VA
: . ‘
The particulars Wwhich are reac!fily perceptible in Figure 9.are’

-
-

firstly that for large valﬁea of A the overall order is zero as it

_ ¢ . I |
rate = A B ([P]O - [Bﬁ'a]o +* [Brzl) ° ' Iohg .
; f '., o N ! . :

-\

should -bg sin‘ce the rate expr’eiaion I.43 reduces to:

"and for [P] 5> [Br,], the rate is constant. Secondly as the valie of A

< ol - v

[y ) .
vy b -
"
’
3 .




{
decreases, the rate approaches that for a first-order process. ‘q'hirdly,
for values of A comparable to [Br‘zlo, the concentration of bromine
’reéches zero abruptly at a value defined as tf.. By contrast of Figure 9

— .

with Figures 1-4, it can be said that the conqspt of"reactivity of the
substrate via the processes sh

wn.in Scheme III ‘13 valid. This is also

. W\
corroborated with experimental data below (see Tatle IX).
To analyze for values of A and B, in practice, I1.48 is approximated

by equation I.50. Usins1k1°b8d and tf values, which can be obtained

from the traces, A is estimatéd‘ (I.50). B is calculated from equation
¢

"1.51. N '
N 1 "\‘\ )
- ([P]o - [Br2]°)[8r2]o CoL.
A = . bsd I-50
[P] lexp(k," %)} - ([P1) - [Bryd,)
M\ f ) .
B = k,°%9/(Lp], - [Br,]) - ' . I.51

~

~ For continuity from the pseudo-zero order kinetios, k,°°®d' 1s

given by equation I.52:

obad’ obad | ' '
k, & Ak T/ (IPY S - [Brpd ) n | I.52
f
Notice that the "calculated value of A (Table VIII) t'ronﬂequation

I.50 may be lower by ovep 10%, ‘l‘:ut the calculated parameters, employed
" in the plots, such as k.|°b’d' and B are less than 6% of the true values
' for A ¢ 10~% (see Table VIII overleaf).

For values of A larger than 10"‘, the rate law reduces to

{ ~
zero-order (I.49, where {Plo >» [Br?_]o). From the foregoing, whenever
’ such an order appears, >Ze analysis of the data should be of a’
first-order type to minimite cumbersome calculations and retain high

confidence level in the evaluated conat?nta.

| L

:\\~ "\
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Table VIII. Comparison of A and B Values from Equation I.48 and from

NEWIST Program.? . . / .
- ~
28 x '107 B2 (k1obsd)b,c t’fc Ad X 19? ¢ (k1obsd')f . »
M M 'sec™! X 10° 390'1 sec M M 'sec™!  sec”!
. S '
ve oo / N
1.00 10.0 1.969 317.5 ’ 0.941 10.1 0.950
» . 10.0 ) 10.0 1.976 200.4 9.47 10.1 9.60
‘\\ 100 10,0 2,007 . 90.05 '93.0 10.3 ¢ 95;7
" 1000 ‘0.0 2,070  20.54 " 879 - 1.6 933

1 \

3 D S ﬁ
% Input of equation I.48. . [Br2]° =5X 1072 M ,[P]o =2X 1073 M.

b Normal analysis uuiné Swinbourne infinity velue, gave correlation : {

coefficients of 0.999999f - . ‘ *
© Data from Table VII. )
' N
4 calculated values from I.50, © 1.51, and T I.52. ’
) ‘ .
] . N \
} . . .
t . ' A
i * pH 4=T o )

b
4
£
i
?

« Table IX gives the experimentally c‘l’culltqd values of k1°b°d, t p
. I . .

obtainable from traces, A from equation I.50,and B from I.51 corrected

for the presence of tribromide b& the factor given earlier. Values of A

*# are plotted as -log A versus pH in F:lgure\ 10. It’‘can be said that 7 and

§an reéacting via their free base, since there can be no stable anion.

The first ferm in the rate equation I.38 disappears and A takes the

!

form: .
: . b

/ ..
. .
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and this plot should yield a slope of cne.

The true teast of the proposed mechanism was for the parent
B .

subastrate. For low acid solution k3K32 >> ku[H"], for equatj.on I.43,

and A 1s reduced to the following expression:

42
A =k, [H) /{xa1x82k3} . \\ ’ I.54

. A plot 6f -log A versus pH therefore should yield a straight line.of
slope 2. This deduction is verified in Figure f“IO for ﬂrpyrimidone.
Values ot‘,k1°b°d' obtained in this manner, are indicated as
partially shdded symbols in Figure 8 and clearly sShow that the trend
continues. Assuming that the mechanism 1n|Scheme III is valid, a value
of kl& can .be extracted for 7 and §. Thel data showing attack of bromine
upon the respective free bases of 1-methyl and 3-methyl-4-pyrimidone are
plotted in Figure ]1. The’ hem‘i-shgded symbdls represent the k y values
. extracted from analysis of equation I.51 and I.41, whisle open' symbols
\}are from simple e ponentiaq. analysis. Thq constancy of the kl& values’
w 5 < pH < T corroborates the proposed mechanism. " Thus,

bromine attacks the free bases of 1-methyl and 3-methyl-h-pyrimidonj

1

with rate constants 15 M'1aec' and 8.5 l‘i'1sec'1 respectively.

~ For the parent 4-pyrimidone, bromination occurs via a second-order

14
process which varies linearly with pH. Table IX gives the data which

are plofted in Figure 12. The unit slope is in agreement with equation

I.41 where K_, << (H*] << K Also from Figure 10 k, is non-existent

al’

for 4, since the slope is 2 (see above discussion). .Thus, the
expression defining B in this pH region is B = k3xa2/[n"] which shdws

the reaction to be on the anion 12. The partially shaded symbols in

©

-
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Figure 12 are derived from the mixed-order hnalys’is discussed abo;':e.
Their behaviour is also‘ comparable to those obtained from‘rirst-ord:er
analysis illustrated as open symbols in the same f‘igure. The rate
constant of _ll_via its anion is calculated to be 1.1 X ‘IO7 M-1geo-1 a
value which is conaiderabiy less't;hln that expect.ed't‘or the bromination
of its covalent hydrate:(an estimate is given later).

In summary, thg data for all substrates over a wide range

. W
0 < pH < T are explicable by the,variyus mechanisms outlined in Scheme °

III and its rate law equation I.38.

-ng A

. - v
Figure 10. ‘Relationships of - log A versus pH from equations I.53 and

I.54 for U-pyrimidone & ((J), ‘l-methyl-b-pyrimidone 1 (@), and
3-methyl-4-pyrimidone 8 (V).

¢
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Table IX. First and Second-order Rate Constants for the Bromination of
“—Pyrim;dones at Low Acidity.a

4-Pyrimidone pH [Pl,  kOP8d ¢, A i Obsd’ - obsd
Derivative X 105 x 103 x 106 x 1g¥ or B
. M sec-! sec M aec?! M-1sec!
) __ () 3.72 200 137 6.05 37.0°> 26,0¢ 1979
N *250 178 4,98 3u.0° 2u.6° 204d
k.25 200 412 6.00  4.48> g.u6°  sgud
250 500 5.05  4.26 8,69°  573d
. 459 200 768 1130
. 250 , 1000 - ] 1150 .
. 5.03 200 2150 3100
" 250 2670 y 3000
5.55 50  16K0 . 10300~
: 100 3500 10400
5.73 100 3840 11500
- 6.08 50 6430 ) 41700
T 6.25 50 7300 48300
. 100 17200 " 53900
6.44 50 13200 90000
' 1-Methyl __ 5.05 200 8.80 50.2  84.0b  3,78° 12.64
(D 5.50 150 - 7.18 153 23.7°  1a7° 13.99
6.02 100 ..  6.37® 19,807
3-Methyl __ 5.09 200 5.31 119 53.70°  1.46° 7.634
(8) 5.53 200 . 4.81 223 25.1b  o.616° 6.91d
5.76 200 6.16 290 " 9.77%  0.310° 8.869 ,
6.44 200 6471 : " 9.65
6.52 150 4.95 9.58
’ , 6.84 200 5.91 8.51

™

% At 309C, [KBr] = 0.100 M, I= 0.11 M, [Brp]l, = 5 X 10-5 M. Each datum

» is the average of at least three runas all having a correlation
coefficient of at least 0.9995.

D From equation I.49, © I.51, 4 1.50 and corrected for the presence of
bromide ion equation I.21.

® [Brp], =1.00 X 10-4 M after mixing..

/
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Figure 11. . Rate profiles for l-methyl-l-pyrimidone 7(@,0) and

' 3-methyl-4-pyrimidone 8 (¥,<) showing constant rate of bromination of

the free-base forms. Note partially shaded symbols indicate mixed ordar
(from zero) analysis, while open symbols that from r:}rst order. )

e .

8 .
¥ PH
Figure 12. Llog k0b8d versus pH for the bromination of 4-pyrimidoxide
12; mixed order (from zero) (B) and first order (O) analyses.
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Equilibrium Studies

In order to“provide further support for the interpretation given

above, the kinetics of equilibration16’19 of the quaternary cation 10d

-

and its pseudobase 14d (equations 1.4, I.5, and I.55) were studied.

+-H+ , I.‘O
O
ks .
Jod + TOH -—--)Ek lud ‘ : . 1.5
=5
. - K + .
10d + HZO + B ———)Fk 14 + 'BH I.55
-6 ¥

B in the last equation is the symbol for a general baqe;\_fet

” -
kr = k1 + kS[HO ]+ k6[B] I.56
]
+ + ‘

kg =k g + k_1[H 1+ k_6[ BH] 1.57
then,

d[14d1/dt = k[10d] - k,[14d] ~ 1.58
It has been shown elaewhgre16 that this is a first-order process where:
k2% . (kf + ky) 1.59
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Ps At equilibrium: s
] Kee = [14d1(H"1/[10d] ‘ : 1.60
,{ : ' .
? and also .
) - N ’ ‘ ‘:61
ke[10d] = k,[14] , I
., Substitution of equations I.60 and i,61'1nto 1;59 obfains:
\ ' obad _l +
: . k‘ = kf([H ] + KR+)/KR+ I.62
After substitution of kf from e?uation 1.56: ‘ .
e ?
? bad - k%[n*] kK, kK k6([H*] + Kp+)K [B]
k.‘o 8¢ . k.' + +* + = % ; - g I1.63
K.+ K.+ (8] (KR+)(KB + [H'))

R R

RACorger ey 2o v

~ where K 1is the ionization constant for ufeX(pxw = 13.833 at 30°¢C)

1 Ka is the dissociation for the base B

ahd [B]o is the total

concentration of the base B.
\

'{ Values of klob’d_ are tabulated in the second columd of Table X.

Rate constants kf and kd were calculated using KR* = 2.95 X 10'8 M, in

column three and four of the same table and plotted in Figure 13. 1In

the absence of much buffer (I = 0.01 M), equations I1.56 and I.57 reduce

to
. )
: ke = kg + kglH'] _ 1.64
T K, sk, ek HY) 1.65
~ a = kg + K4
' ’ \ . ) \

. The last two equations, desortbe the bebaviour of the data plotted

in Figure 13 for pH < 7.5. The ocurves shown herein were calculated

Using k, = 0.2 sec™ 'y ks ¥ 2,0 X 107 M 'sec™,

-«

k_é = 10 sec", and k_, =
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7TX 106 M"sec". The values of k; and k_q are in reasonable agreement
with k, = 0.26 sec~! and k_,=8.8X 106 M'1seq'1 obtained from the
bromination of 10d described earlier. This 'agreement provides strong

support for the ihterpretation of the mechanism of bromination of 10d
and, by implication, the other substrates also.

Table X. Rate Constants for Formation and Decompoxition of the
Pseudobase 14d.® *

PH k1°b’d (sec™ M) ke (sec~1) kg (sec~1)
4 4,72 122 0.200 121.8
5.02 70.6 0.200 70.4
5.25 . 434 - 0.200 43.2
5.47 30.1 0.300 29.8
5,69 22.6 0.300 - 22.3
6.09 14,7 0.500 _ 1.2
6.21 12.0 . 0.550 1.4
6.60 11.7 1.53 - 10.5
6.79 11.3 LT 9.56
6.94 11.6 ' 2.37 9.23
Te11 12.2 3.36 - 8.84
7.24 .4 88 . 7 952"
7.41 15.0 6.47 8.53
7.64 23.3 13.1 10.2
7.85 52.7 28.9 - 13.8
8.04 52.4 40.0 12.4 .
8.18 88.6 72.4 6.2
8.38 128 112 16.0
8.60, 165 152 13.0

8 2t 30°Cs [KBr] = 0.10 M. Each datum is the average of three or more
runs each with a correlation coefficient > 0.9995. The bxn+ used to
caloulate ke and ky.is 7.53. Ionic strength was 0.11 M.

———
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Figure 13. Plots of log kf and log l,cd versus pH for the formation
(kf’ (@®)) and decomposition (kg» ( O)) of the pseudobase 1id.

-At pH > 7.5, the scatter of‘the data above the calculated curves,
can be acool;nted for by the second term in equation I.63 which'ia due to
general buffer catalysis in the formation of the pseudobase. Tl'éere have
been indications of such catalysis in other systems.16’19’,6_2’6'3

Equation I.54 suggeats a general-base assisted nucleophili;: attack
of uater63 upon the cation 10d and that the r\e\verse reaction is
general-acid c,,talyzed. Since both [B] and [BH*] are proportional to
[B]o’ the total buffer concentration at a given pH, this requires that

1
of k1°b°d obtained at various concentrations of the amine TRIS at four

k °b’f’ should be directly proportional to [BJO. Table XI shows values

pHs in the region where the deviations are apparent in Figure 13. In

each case k1°b’d inoreased linearly with [B]o’ supporting the
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involvement of buffer catalysis. These plots are displayed in Figure

14. As remarked earlier, ‘the deviations for 8 in Figure 8 may also be

due to buffer catalysis and, therefore, the operation of equation I.5d4.

Table XI. Buffer Catalysis Study for Formation and Decomposition of
Pseudobase 14d .8

pH [TRIS] | (HBr) kP34 pk, of Slope® *Intercept®.
. M M sec™1 TRIS M-lsec=! sec-?
T.77 0.0317 0.0200 19.3 8.00
: 0.0238 0.0150 17.7 8.00
0.0119 0.00750 15.5 8.00 201 13.0
0.00891 0.00562 14.7 8.00
0.00594 0.00375 14,2 8.00
8.07 . 0.0489 0.0275 40.5 8.18
0:0367 0.0206 35.7 8.18 '
0.0275 0.0155 33.3 8.18 v 305 25.1
0.0155 0.00870. 30.1 8.18
. 0.00774 0.00435 24.4 8.18
8.45 0.0733 0.0275 107 8.23 -
0.0550 0.0206 97.9 8.23
0.0275 0.0103 79.2 8.23 641 60.9
0.0206 0.00773 73.7 8.23 '
8.69 0.0800 0.0220 199 .27
0.0600 0.0165 177 8.21- 1120 110
. 0.0300 0.00825 144 8.27
0.0225 0.00619 134 ./ 8.27

8 Same as footnote a in Table X.

Y Taken from least square analysis.

¢
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sd
k?"_‘
(sec™)
100
]
. 50
f pH 8.07
- L‘.‘____..,-—-D-"PH7.77
R B

10% x [TRIS], (M)

~, .
Figure 14. Variation of_the rate constants k1°b8d versus concentration

of TRIS at different pHas.

. The m;:ercepte of th; plot‘s in Figure 14 (see Table XI) should
behave as the first bracketed term of the function I.63. When a least
squara_rogreaaion is performed on these intercepts, a good straight . line
is observed (Figure 15) with gk, = 2.2 X 10"7 M sec™! and kg =
1.5 X 107 M"aec'1, which is typioal16 for attack of hydroxide ion upon
a quaternary heterocyclic cation. The intercept from such plot gave an
absurd quantity for k1x -6 sec'1. This is perhaps not surprising when a

number of unknown constants are to be found from regression analysis of

2

“a single set of data.
The slopes in ?1gure/1u (see Table XI) should obey the second

bracketed term in equation I1.63 as well. But as seen from this table,

the PKa value of TRIS is not constant probably due to changes in ionic
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or wrongly measured bﬂs. However, for a given ratio
[BJO/[HBr] the pk, value is constant. If K. is also introduced as a
varying parameter in equatidn I1.63, assuming that the protonated form of

the buffer equals the added amount of hydrobromic acid, then a plot Qf

s i , . +
the slopes in Table XI versus {([H"] + KR+)Ka/(KR+([H ]l + Ka))} should .

glve a straight line of slope k6. However, a poorly-defined

(c-c = 0.950) 1ine is obtained in Figure 16 from which k6 was roughly

estimated at 4 X 105 M™ 'sec” .

B

k

100 |
1000 }
Te0
H sSLOPES
=~ !
" 80 (.-‘ l.ﬁ")
s
gao 800 |-
-
E
20} s
o 1 A i . A " A PN 1 A ad hd ] '\o'. 0.7
o 20 40 sc_ 90 100 ’ S“"' + [".]2 X, ‘
LTLL L A : : .
[K'o ¢ 6”9 ® (K. + [N']) Kne - co
Pigurs 15. Plot of interoepts (Figure 14 and Figure 16. Plot of slopes (Figurs 14
Table XI) versus lk.‘[ﬂ’]/lno . ksx"/[n"]) of and Tabls XIJ) versus

equation I.63. (UKo o (DK /(K + [H'DR)]
of equation I.63.

i

S

It is suggested, by contrast With other buffer catalysis work that,

L]
since the data increase parabolically for pKa = 8.06 , this effect 1is

- e e - e TS B 6 ne ‘-' N

® This is the "]:oKa of 'I'RIS6 correptéd for t'emperature and lonioc strength.
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. \\
due to hydroxide catalyzed addition of ;hc buffer forming 1?-‘ )
i
- N3 @
NH2 OH  eip H + Hzo' 1.6 |
N NH
ol S
» 3
32 [ - 4

P

- RNH, ®in egﬁation'l.66 is the free-base component of TRIS. Sb far this

]

mechanism has not been subatanthtpd by further experiments. ‘

Tpe rate constant k1, a8 ‘discussed by Bunting,m' represents water
r'g

S acting as a general base in equation I.4 and k_ representa the

1

L .
hydronius ion acting as the general acid. On the other hand, k. likely

5
4
correabonda to direct attack by hydroxid; ion since there would be no

thermodynamic advantage if it acted as a general base. 53165

. ‘ )
Itgshould 'be noted tha?ﬁ’wh:lla ‘the puudd‘&se 144 is stable enough
B i 1}

to permit obaervationmi and the kinetic c&\ygrinents outlined above, it

doss uhdergo. irreversible ring op-niixg in alkaline medium. Prd\im;lnary

- obad -1

,8tudy indicated that lid disappeared with k1 = 1.98 X 10'3 sec

L

“1/2 x 350 sec) at pE 8.70. Assuming this was due._ to catalysis by

hydroxide ion only, the second-order rate constant for tﬂia ig’

267 M1 sec™'. The disappearance of the 289 nm band of 10 was
4 ' [ .

accompanied” by tﬁ appearance of a new band ~“260 nm which may liave been’
K . ! < . N

- . N
due to the f-forsamidoacrylamide derivative 36. - ,
- T ‘

{ . o . ' . {

e

[



4]

Dibromination

wh.n Hap

- are nnoted wi h two and one equivalent of b:‘on:lzle respscsively in

! ‘ ' ‘ {
! 62
¥
0 ‘ .
x~ 3 v
| ® , 1.67

NGHO ) .

CH, °

LG I

£ .
. At longer .times-the 260 nm band dipppears presumably due to hydrolysis, -

as oonfimd .h s

PP

A detailed lt%y of this reaction is being carried out

and the reaction sequence is outlined as 10d —» —» 16 (page 130\

A

S

/' , \ .

. In the earlier work of Bancx';po@1 Bo

the bromination of 31
(e'quntiox.x I1.68) was said to produce a dibromo adduct which by analogy

with the bromination of s-brono-z-pyrinidonéa, ‘ )‘uis %lmd to be 31.18"

‘o

unfortunately he wn unauccuarul in the separation of 31. Jlowonr.

one 4 pd S-bmo-h-om-pyrﬁidinim bromide (31, R =R -H).

‘ -
v I

methanol, a stable crystglline substance is isolated. The procedurs and

, ) B “,

Ar e sk 1 M

|-
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elemental analyses are given in the Experimental for compound 33

’ (equation 1.69).

\3110 proton NMR: for this produet (38) in D,0 showa two methoxyls at

!

2, 3.64 6 (s, 3) and M.O'J)3 (s, 3), H=6 signal at 5.52 8§ (s, 0.75) and .

5.69 8§ (s, 0.2'5), and H-2 signal at 8.28 & (s, 0.25) and 8.55 & %

(s, 0.75). The npu;t 1nt.enul,t.1¢& of the peaks assignadle to H-2 and H-6

respectively are assumed to reflect the relative amount of the cis and
W ¢ 13 |
trans isomers of 38. The “C NMR

d

311 intensity ratio for carbons roaonating above 87 ppm, but the

in methanol also shows this peculiar ‘o

methoxyl carbdbons are not clsily distinguished bcoauu of solvent

-1

1nterf'cnnce. Two N-D strotohing frequencies at 2500 and 2310 o™ may

be due to the presence of \N D and /N*’D Morsover, loss of
aromaticity is inferred from the lack of nbuorption bands above 220 nm

in thc v lpoctr\n. Taking sccount of the mechanism outlined in Scheme,

II, 1t£ appurl reasonable that the dibromination of u (equntion 1.69)

i I

" leads to the cationic adduct 38.

Br
N’H .
@y IR
A5
H.c0” ,°\  TOCH
, 3& H H - 3 .
. ) Br ) :
. 38 /
. 'Y
& ¢ ) ' ‘\’ ¢
- - ﬂ ’
-, gmemeeeses ' 1 - . : /
Recorded by Dr. W. J. Chazin, . , r_.\ 4 )
1] * ’ . M . v’ ’ .
. ) , , ”




. \ Quantitative Aspects

At this point the overall g’alidity of equation I.11 and I.46 has
- been successfully demonstrated by analysis of the experimental results

obtained from various pH regions. It is possible, by making estimates

of k, for 4, 7, and 8 (equation-I.11), to extract all the individual
rate constants outlined roz: the process obeying this rate law.
Moreover, estimates of the the extent of hydration were carried out and
the results are summarized 1n"l‘ab}e XII. §

For the species 10d all the individual rate constants can be
extracted from bromination and equilibnt.?on at{.\diea. Such an analysis

ylelds the value of k, = 3.3 X 10° K™ 'sec™"

for atteck of bromine upon

- the‘ pseudobase _1}_9_. From the values of k1 ang KR"’ k.1 15'ealcu1uted
as 6.8 x 10° M lsec”! (7 x 105 M"1 ec”! from equilibration). Thus,
all entries for 10d in Table XII are based firmly on experiment.

The eatimat.ion of other constants (k,, and k 1) in Table XII was
done in the following way. Reaction of the peeuq,obue j_lﬂ with bromine
is dirfusion controlled (discussed in Chapter IV). There is no obvious
reascn why the bromination of the other substrates sﬂhould not be also
pa::ticularly since the driving force for the brominaticn is simply the

lone pair on the nitrogen atom of the enamine (depicted below) and

+ similar t‘o; the different adducts.

" \ R B{/\Br' ‘ ’ ‘ o

A

-

[PERIOPVER VN
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Argiments for choosing different estimates of lvc2 would imply that the
diffpaion-controllqd rates for very similar substrates should be
different. However, as is shown for phenols and pyridones in Chapter
IV, the dift‘usion-cogtrolled rate constant 1is similar! Thua., 152 is

1

approximateg at 3.3 X 109 M"1see' for H-pyrimidone and its

derivatives.

The value of k, (Table XII), for reaction of the free base of .

Y-pyrimidone with bromine cannot be obtained from kinetic studies due to
the fact that the reaction of the anion was much raaf;exvj even at pH

3.72. However, an upper limit can be estimated. The lowest rate for

reaction of this substrate via its covalent hydrate is k1°b°d'

9X 104 aec" at pH 4.25. Thus, the second-order rate for direct
; ,

attack of bromine upon ¥ must be less than 2 X 1075 Msec™'.

6

rate = ky[4)[Br,]_ < 2 X 10” Msec™ ! I1.70

Insertion of the appropriate concentrations into equation 1;70' leads to

1

the conclusion that k), < 20 M~ sec™! for direct attack upon 4. If the

same trend of reactivity as their covalent adducts is assumed, then the
value of k) for 4 should be between that of 7 and 8 vith an estimate of
1M 1390'1». ¢ .

The value of k, in Table XII ought to be constant (and it is)

1
since this reflecta the similarity in the ansele of approach of the
hydroxide on a planar molecule in the formation of the paeudogaae from
its conjugate acid (see below) which 15. 1ndepende;‘;€:{%}‘ interactions from
Ryy Ryy and the lone pairs as is the case in th; adduct. Such
interactions are the driving force for thé rate of decomposition (k_1)

of the pseudobase or covalent hydratu.‘ Unfortunately lé_‘1 is not
5 e

» ~

r3



calculable from the bromination kinetics of the covalent hydrates.

- 0

"OH H
} 5 , .. ,

I o k, / "‘ '
R. ——b + other conformers ¥
ke 2 < |
-4 R, R

] o 1 2

However, the overall forward rate of bromination (kzxao) shows the

similarity in reactivity between 4 and 8 and between 1 and 10d. This,

and other constants in Table XII, indicate, perhaps weakly, that the
preferential protomer of 4-pyrimidone is ‘the lactam form
3, 4-dihydro~4-(3H)~pyrimidone 4. ' .

. . * .

A

© - Table XII. Summary of Constants from Brominatica (and Bquilibration) for ¥, 7, 8, snd

lod.* |

Subastrates )
Constants (units) L) 1 2 104
kqkp/k_q (sec=')  40.D 121 21.3 97.5 |
Ky (sec”!) 0.24 0.32 0.15 0.26 (0.2) :
k, (4 'sea™") -3.32109  -303x 109 -3.3x ¥o9 3.3 x 109
Ky (500" ) =2.0x.107 * -8.7x 105  -2.3x 107 8.8 x 105 (7 x 105 “
Kpe » ky/k_ -1.2x10%  ~3.7x10°% 651109  2.95x 10t
PRye ,7149 7.4 ~8.2 7.53 )
PRy (fitted) 1.80 2.00 1.87 -
PKy (11t.)P 1.85 2.02 1.84 -
Kpe/Ky -8.0x10°7  =3.7x10°¢ -86x 1077 —
kg 0r'sech) 1 x 07 . — . .
ky (" Tsec™") 1 15 8.5 — ¢

\

are from qQuilibrius study, { those preceded by (") are estimates (ses text).
P See Tafle II.

4

% Befer to Scheme III for lbgi,qiﬂm« of the rate ocomstants. Mumbers in brackets - . |
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2-PYRIMIDONE AND ITS DERIVATIVES

s

The data for this series of compounds are reported on Tgblei
XIII-XV and are interpreted for small pH interv;ls as was done for
4.pyrimidone above. Data for _9_(1 were taken from the 11terature.19
Figures 5 and 6 give the experimental traces which are comparable to

those of the 4-pyrimidones and lend support to the .same mechanism.

pH 0-2 . .

'>The raw data are presented in Table XIII. No deviation from
linearity was observed at high acidity for the two compounds 2 and 6 as
can be seen from their plots of log k obsd versus pH (see Filg‘uire 17),
ulthough an expanded scale plot of the same data at I g 1.1 Mand I =
0.11 M, shows a negative ionic strength erfect ot‘ 1.2. The linearity
supports further the reaction via the respective adducts even at pH O.
The éata in this pH region are entirely consistent with equation I.31
for 2-pyrimidone and 1-methyl-2-pyrimidone. The dimetpyl eompound
obeyed equation I.33. The rex;;rimental points depicted in solid symbols
;:ere obtained from mixed-order analysis equation I.28 and I.29.

By analogy to the behaviour of the U-pyrimidinones, it can be

concluded that the 2-pyrimidones also are reacting via their respective

covalent hydrates 13a-c and pseudobase 13d. Eanfior studies afforded

§
18b

spectroscopic evidence of the paeudobaae 13d19 and 23d and the

/s

ultimate products 25. . ~ - '

The values employed to draw the rate proriles of Figure 17 were

- -1 for 6, and 135 sec™ ' for

t

for 2, 540 sec

Kiko/k_q = 2000 sec”
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» 9d. For the last s_ubat.rate the value of kz was calculated to be

2 x 109 M Ysec- . i ’ 8

-,

Table XIII. Second-order Rate Constants for the Reaction of Bromine
with 2-Pyrimidones 2 and 6 at High Acidity.2—

2-Pyrinidone pH [Pl, X 108 k0P8 7 . 0bsd x 4973
Derivatives M sec™! M! sec™!
(2 © =0.035P1¢ 2000 0. 140 1.50
g 0.2649+9d 2000 - 0.285 ‘ 3.16
0.61401® 2000 - 0.658 6.96
"0.9080»f 2000 1.37 14.6
. .96 500 2l 17.1
. 954 5,44 16.9
1.228 2000 2.65 ; 28.3
1.55 1000 19.3 57.0
) 2000 = 39.5 56.8
- 1.99 1000 51.7 %3
; 2000 106 , 152
\ . 2.52 1000 113" 461
\ . 2.99- 1000 1568 461
. ‘ 2000 318" 457
AN 3.51 1000 1540 © 455
1=Methyl _; (6) =0.035°C 2000  0.03711 0.396 -
SRV 0.264P+d 2000 0.0714 ©0.792 '
0.614bre 2000 0.173 1.83 °
0.908b,f 2000 0.365 3.89
0.97 1000 1.62 ' 5.09
« 20000 . 3.36 5.1

1,228 2000 0.755 8.05
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Table XIII. Continued.

2-Pyrimidone pH (p), x 10% k0% 1 x 10 3
. Derivatives - M sec™! M ue.c"1
\-Methyl 1.50 1000 5.49 16.2
2000 1.2 1641
1.97 1000 13.7 4.5
’ 2000 28.5 41.0
v o 2.21 1000 23;7 70.0
¢ _ 2000 . 48.4 69.6
| 2.42 1000 33.4P 98.6
2000 67.3" 96.8
- * 2.90 1000 48.6" i
2000 9B.oP
3.12 1000 57. 9" m
’ S . 2000  ng® M
‘ 3.83 1000 71.28 210
& at 3o°c', [Br ] = 5.00 wi'5 M., [KBr] = 0.10 M, I = 0.11 M." Each
datum 1is the avemée of at least t\hree runs all giving a correlation.
6oeff‘icié§t\.ﬂ, greater than 0.9\\9\\‘9?\ except where noted otherwise. ° '
b pH ='-1’§;lg[!mr].‘ '. 3 ;,f Q! | ) .
¢ ([giﬁr] ¥ [KBrd) - 1.100 M, _",gn..ndu. M, © i.oas M, T 1.098 M, '1.097 M.
N h k 1°b°d ﬁ'rrom #nixed-orﬂder ana’Iyisii,’gfl (c—\c p 6.999).' bee text..




70

re i A

|
|

0 1 2 . .

Figure 17. Rate profiles at high acidity for the :brom’inntion of
2-pyrigidone 2, 1-methyl-2-pyrimidone 6, and
1y2=dihydro-1,3-dimethyle2-o0x0-pyrimidinium hydrosulphate 29_.’9 The
sezi-shaded symbols (9, & ) are at 1.1 M ionic strength all others at
0.11 M 1ionic strength. The second-order rate conatants u%re obtained
from pseudo-first-order (@,0,® ,0,40) and nixed-order (@ ,8,A)
analysis. -

H 2=
In this pH range the full rate equations I1.28 and I.29 were used to
extract the values of lf2°§’d (Table XIII) plotted as solid symbols in
Figure 17. Also k1°b’d' were obtained from this analysis and plotted
28 closed symbols in Figure 18. The oﬁr’vature of the plots is due'to

the pK,  for each species being close to the pH values. The fitted pKaa

agreed to the spectrophotometric pK_s found in the literature (see Table -

©

I1).
For 9 no such pk.  exists and the rate profile continues to be a

straight line of unit slope (equation I.29).

’
.
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- Table XIV. First-Order Rate Constants for the Reaction of Bromine with
2-Pyrimidones 2 and 6 at Low Acidity.® .

2-Pyrinidone pH [P), X 105  KkOMd x 105 Kk obd
Derivative M : M1 gec= 1 sec™!
(@ 2.52 100 387 3.87
2.9 100 1850 1.85
200 366° 1.83
3.51 100 84,5 0.845
4.00 100 21.5 0.275
» 200 56,4 0.282 ‘
‘ 4,52 100 1.4 . 0.114
' 200 22,8 0.114
5.00 . 100 0.0308°
- 200 : 0.0311°
5.48 100 - 0.0103° |
' 200 0.0107° ,
1-Methyl __ (6)  2.42 100 283 2.83 i
i 200 5580 2.79 |
! 2.90 100 133 1.33 ,‘
i 200 266° 1.33 |
f 3.2 100 1060 1.06 .
3.83 100 21,9 0.219 ‘
2 200 43.3 0.217
4.53 . 100 6.k 0.0614
200 12.4 0.0620 'r
: 5.00 100 2,04 0.0204 N
: 200 , b1 0.0207 f
5.45 100 0.736 0.00736
200 1.54 0.00770
... 5487 . +100 : 0.00331¢+
6.02 - 100 0.263 0.00263
644 200 o 0.000616°

& )3 footnote a Table XIfI. . -
b From mixed-order analysis (¢-0)> 0.999)2 See text. .
© Fronm second type of‘mixed-crder analysis. See Table XV.

i
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Figure 18. variation of k.°%' yith py for the bromination of
2-pyrimidone 2, l-methyl-2-pyrimidone 6, and
1,2~dihydro-1,3-dimethyl-2-oxo-pyrimidinium ‘hydrosulphate 9. The
different symbols represent constants extracted from mixed-order
(®,8,4) (following first-order), zero-order (0,0 ,4 ), and
mixed-order (P,@) (following zero-order) analysis. ,

pH 3-1 ,

The significant rate co‘nstpntna are tabulated in Table XIV and
plotted in Figure 18 (see above). The so0lid symbols represent values
from mixed-order analysis and the open symbols were obtained from

pseudo-zero-order analysis.

.To this pseudo-iero-order kinetic behauviour ias gradually:

auperimpoaed a pseudo-first-order process leading to a second type of

. * {
mixed-order analysis. The process outlined in Scheme III is also

appli;:able to the Z-pyrimidohe and its N-methyl derivative. Its rate
- ) .

law was discussed at length prov;.oualy. Application of equation I.46

>

-
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leads to the calculation of klot’Sd (equation 1.51) whose values are

superscripted ¢ in Table XIV and plotted as semi-closed symbols in
Figure 18. The best-fit curves in this figure are drawn utilizing the‘ o
same pKas of Figure 17 and yielded k.' value of 11 + 2‘560-1,
5.0 1.0.7 sec", a;xd 1.3 sec”! for g, 6, and 9d respectively. These
data are thus éonsistent with equation I.51.

To discern whether the free base or the anion of 2-pyrimidone and
1-methy1-2—pyrimidcyle was rea_cting at higher pHs, the A values of Table
XV were plotted as -193 A versus pH in Figure 19.. As discussed earlier
a slope of two would imply, from equation I.53, that bromination occurs

5

via the anion, while a slope of ome would imply reaction via the -

free-base form (equation I.52). It turns out, that 2-pyrimidone reacts

via its anion at pH 5.00 while 1-methyl-2-pyrimidone undergoes reaction

} upon its free-base form.
»'5 ’ /
H Y +
# '
a ) [
. 56}
Al L e !
i -log A '
Tt
? slope=2 / |
% 50
. [' L, K

s

44

o /‘ S.r v 6 7 , ‘
:l," . DH - ' @ | |

Figure 19, Relationships of -log A versus PH from 'equat,ions 1.53 and
I.54 for 2-pyrimidone 2 (@) and 1-methyl-2-pyrimidone 6 (d).
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The magnitude of the rate c¢onstant kl& (see Scheme III) for _ﬁ_waa ’

estimated from the values ot"__B_(Table xv),‘ ac!obdir}é to equation I1.50
and plotted in E;igure 20. At pH 6.84, only the last 15% of the trace
was arialyzed as firat-ord'er. It is evident from Figure 6 that there is
an initial fast process followed by a slower one. Other traces at
difrere;xt pH}a show that /this process increases as the acidity is

E
lowered. At this point speculation points to bromination occurring on

adme other form of the substrate. ;I'hia in'temediate also enhances the

°©

apparent reactivity of l-methyl-2-pyrimidone leading to the deviation
. -
shown in Figure 20 above the calculated line. The horizontal line

indicates k, = 250 M sec .

For the parent substrate no such anomaly was observed; however, the
very :upid disappearance of bromine did not gemit further study beyond
pH 6.3. The experimentil points from both mixed-order analysis and
pseudo-first-order analysis follow a straight lin: of unit slope.. This
second-order bromination of 2-pyrimidoxide ion 11 has a rate constant of
5.1 X 107 M 1sw"‘. The results are listed in Table XV and represented

in Figure 20.

/
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Table XV. ° Second-order Rate Constants for Eromination gf 2-Pyr:ln§1donos

»
at Low Acidity by Mixed-3rder® and First-order Analydis.’
4

- ) o - > ' > K 7
. : .\ obsd - - obsd' ’
2-Pyrimidone HL/\ [Pl k, to A k1‘ B
Derivativef X,10° x 10 x103 '
' M sec”! sec M sec 1 sec! &
- N y \
- '_ (2) 5.00 100 d 1.31 0.658  24.5  '30.8 3860 |
200  2.49 0.437 2.4 31.3 3580~
. AY
5.48%2 100  '3.95 | 0.760 2.48  10.3 11700
' | 200 7.64 - - 0.384 2.75 0.7 , 11000
. 5.73 - 100  6.13 = - : 18400
- . ' :
" 6.01 100 10.4 i 31800
200 21,1 . ! ) 31400
\ - . r - .
. 6.25 100 18.0 , | Co- 56200
1 ' J )
, J
1-Methyl __ . 5.87® 100  0.0753 :9.70 ° 42,0  #3,31 222
- (8) #  6.84%° 200 / 0.201. 11,0 . 6.0  0.619 290
. 6.81;3'“\00 0.274  12.0 1.88 0.265 ' 394
.
. -, \

8 Some of thig data is also shown in Table XIv. -
[Br2] = 5.00 X 10'5 M after mixing. Solutions were O, 10 M in KBr at
30°%C \gith a buffer strength of 0.01 M. Each datum is the averhge of <at .
least three runs each with a*"§orre1ation‘ cobfficient > 0.9995.

¢ Only the last°50$ of the traces were analyzed.

d Only the last 15% of the traces were analyzed. See tnxt:..
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versus pH for the brominati¥n of 2-pyrimidoxide

11 and j-met:hyl-Z-pyriﬁlidone 6: mixed-order (@, ﬁ) and first-order (Q)

‘

analyses.,

" ~.The order of rractivity for this series of compounds is 2 > 6 >

"Quantitative Aapects

.

9d

o This’'is a complete rgvprhal for what was @bserved in the U-pyrimidones

vis-a-vis aubst:_itution .

\

On the basis that gxperimen\tal data are compatible with the

mechanism outlined in Scheme III, it

is possible to corisider the

. , .
magnitudes of the-various rate constanza and estimate the degree of

“
L3 ‘
-

- e s W g




hydration. - ’ . ) - -
The pértinent bromination and equilibration rate constants for/9d l 7~

- were determined b;{'ree, Thackray,, and Berks. '3 -They found KR/* = .

! ~

. 6.92 X 10‘8 M and ké =2x10° ‘1sec'1.' The relative rates for attack ' \
of bromine on tthe covalent hydrates may be estimated 1n the following ‘ )

' way. Firstly,‘ addition of brom'ine is always a to a tertiary hydroxyl : ooy
group. Thusy the value of’ k, should be relatively independent of* the _ e

two possible adducts at C-4 or C-6, although i€ has been shown '
47

-

ear‘l;er in euquatinn'l.'?, that for unsymmetrical quaternary
2-pyrimidone cations, ‘adduct formation occurred prefer:ential}y a to_ the
nitrogen bearing the amaller subst::lt;uent‘..u7 Also app}ying‘aimi‘lar
reasoning as for the jopyrimidones, the diffusion-controlled bromination
rate for the dimethyl cation 9d (2 % 10% ™" sec™") should be the same
rqr all the 2-pyrimidones. A 1list of these rate constants‘i is gi#ven in '
, p
.

Table XVI. L IR : -

A

2-Pyrimidone does not react vi; its ff'ee-base form 2, If it did

A the rate constant for attack 6f‘ bromine u'pon g (1.e. k3) may be , - .

obsd

- '

_ estimated in Ythe following way. At pH 5.00 k,

3.57 X 103 M'1se¢'1 and 2 is reac’tin\g via its anion, which, places ﬁ

' "
.reaction rate via its free base at k3 < 3600 M~ 'sec™ . Probably ty

ki

1

'same value"k3 = 250 M'1aec' as for l-methyl-2-pyrimidone is reasonajdle

because thea/e« two compounds react similarly throughout the pH range.

o
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Table XVI. Summary jf Rate Constants for the Reaction of Bromine with
2-Pyrimidone 2, the tfMethyl Derivative 6, and thefCation 9.2

~

"4
ﬁ" \ Substrates

X

Constants ° Units 2 6
. I
© Rqko/k 4 sec™? 1900 550 ‘&"135'
K, o sec”! 13 5.0 1.3
kp/k_y 170 amn 104 .
Ky v lsecs! 2x 109 . - -~2x 109 . 2x 10°
Ky o M- lsec!  -1.2x 107 1.8 x 107" 2 X 107
Kp+ S -9.5% 107 .~2.7x 10T " 6.92 % 1078
'pKRM/~ 60 ~6.6 7.16
RKy (fitted) > 2. -2.58 __
PKy (11t.)P . 2.24 2.50 _
Kpe/K, 2.1 x 1074 9.5 X 10™3 o
ky M~ Taec™! =250 250 -
Ky M1 secm!  5.1x 107 ____ R

R
-

8 gee Scheme III for description of rate constants.

b sae Table II.

1

’

Summary for the Pyrimidones

4

“,
The values of k, for 4-pyrimidones are almost two orders of

qggnitude less than those of the 2-pyrimidones. This s}gnifica}xt

difference can perhaps be rationalized by the conjugate acids of

~

2-pyrimidones which 'have the positive charge delocalized over four ring
. L

atoms compared to three for the conjugate acids of U4-pyrimidones, making

them "softer" acids.

base: covalent hydrate or pseudobase. Moreov'er,

/

i

b
§
fi
J
§

This then favours the formation of the "soft"

aqueous adducts are




-

. &
for U-pyrimidone relative to the 2-pyrimidones.

/ to ' , 79

formed only at C-2 for the 4Y-pyrimidones. This statispical'factor of

two 1s also responsible for the overall decrease in‘the magnitude of k1 N

[2]
- J\ '
. In hoth sets of compounds the rate constant for the acid-catalyzed

decomposition qf the covalent hydrate and pseudobase is roughly

t

estimated at 107 M~ 'sec™!

A

- ‘This is consistent with the 1dea that
protonation is influenced little by steric effects.

Adducts form less readily for the 4d-pyrimidones than for
¢ ] .

»

+ values Table XIT and XVI). The fact that
; 2

there are less adducts in solution per mole of substrate decreases the v

2-pyrimidones (compare KR

apparent rate of brominatidn. Moreover, it increases the possibility
{ . ‘ . :
that some other form of the substrate may react competitively with the

.

N r

covalent hydrate or pseudobase.
Quantitative approximations set the extent of covalent hydration,

defined by the ratio Kp+/K, (Tables. XII and XVI) at ~0.0001% for

.N-pyrimidones. That: for the 2-pyrimidones is about one hundred times

<

greater at""0.0‘IS. A generalization may be made at this poin{;

concerning .covalent hydration: the more stable thé‘ 'conjugate acid, the

greater the extent, of hydration. In fact, 2(1H)-q\ginazolinone 39 exists
102 '

\

to the extent of 25% as its covalent hydrate (i.e. F(RHK1 z 0.33).

Thus, relative to 2-(1H)=-pyrimidone 2 there ts ~1000-fold more hydration

o
(AAG) = 4 Kcal/mole) in the case of 39.

‘.

r
N
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The degree of covalent hydration of 4(3H)-quinazolimone 40 is not-

known,a’sn altﬁough its covalent hydrate is involved in its bromination
in aqueous solution.su‘ Thus, comparison:between 4 and 40 is not
possiblé at this time. -

Conclusions- ‘ .

In aqueous solution 2- and Yopyrimidones ‘react via the pathway

shown in Scheme III (page 43). At high aci‘dity pH < 3 the process

defined by equation I.12 is 'dominant in the rate law. Although a very

limited amount of covalent hydrate (pseudobase) 13 present, its high

-1,

reactivity k, > 100 facilitates bromination of these

substrates. 1Indeed, at pH > 2 formation of the adducts from the

]

. S

7conjugate acids is the rate-detemining step, whereas at -pH < 2 attack

of bromine upon 13 or 14 is rate-limiting.

At pH.) 3, the apparent reactivity qf the covalent hydrates
decreases linearly with pH due to the decrease in ‘conjugate acid
concentration above the protonation Ka‘l . of the. substrates.
Conseqdently, for substrates not containing an ionizeable hydrogen,

except for the quaternary".salts, undergo bromination via the }'eapective

L

free-base forms. The‘ parent substrates, on the other hand, reacted +via

their anionic forms 11_ and l@_with rate constants of ~107 M'1sec'1.

-_....__--2_..

8 Estimation of the degree of covalent hydration of ‘lO from bromination

"

data is not possible due to lack of a reasonably accurate value of K_+

R,

for its dimethyl derivative.
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J‘ ! ‘ 2
/ These results domonstrate quite dramatically the effect that

'n cbvalent hydrates may have upon reaetj.vit.y.

w

For the pyrimidoxidea the

,“{;,‘“t'bactivity is reduced "100-fold compared to the respective covalent

/
. hydrate.

controlled (-7 X 109 p'sec™') in aqueous solution. For the K-methyl
- L N

2

derivatives covalent hydrates increase the second-order rate constant by

a, faqtdr 1(}7-108 compared'to the raté constant for attack of bromine

-

A} upon the free-base forms. .
@ . .
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In many cases anioniec reactivity (see later) is diffusion ,
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II. THE PYRIDONES

B ‘.,

v
. ' -
. . .
¢ .
3 ’ ‘
N f

The ayatems, 2- 41 and 4-pyridone -_N_; and their reapective tautomers

42 and 44 are the prototypes f'or the prototropic tautomeriam that may be

f )
shown by many heterocyclic systams.26 ~ . (
.- : . .. J/
* 1]
bH
N N
l v——: ’
H/ OH N/ -
k2 1]
-
Extensive stuéies on tautomeric equilibria in gas pha_se68 and fn

20b, 66-68 79b

uo,lut.ion

have asserted the preddminant laciim 42 or 44
and lactam 41 or 43 form respectively. Such studies on the static

systems, however, cannot differentiate between the reactivities of the

PO

two tautomers (lactam and lactim). Therefore, bromination was chosen to

. study the dynamics of these systems and elucidate the main features of

kS

the reaction.

-

fhe object of this work was firstly to ascertain what are the

- derivatives were also studied for comparigon. Perusal of the

\1it_erature69 does mot clarify ti:e preferred orientation “of‘ the >

il

82
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.reactive forms of the tautomeric system. Thus, suitable N- and O-methyl

>
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-

1 4
s

bromination fgn the unsymmetrical ‘2-pyric10ne system. Another object of
this study was to uncover the preferential (if hny) reactive site. To
this end, the kinetics of bromination of the 3~ and 5-bromo and
resp'ective N-methylated derivatives were also carried ocut.

Pyridones ,- much like the pyrimidones, are'amphoteric. It wiks thus
limport,ant to ascertain whether the cation, the free-base, or the anion

is the reacting éntity at a specific pH's. This was made possibie by

. comparison of the various rate profiles with those of the appropriate
4

model derivatives.

The halogenation of the pyridones occurs very easily,69 and

. kinetic complications were to be expected t‘romf?ﬁfr‘omination. Thisa

prbblem led to the derivation of the consecutive secdrd-order kinetie
analysis and soldtion as outlined in the appendix. For such a study the
kinetics of the monobromo derivatives were also needed. Apparently the
speed of the bromination react;on has precluded kinetic studies by
conventional means. However, the stopbed—f‘lowi pethod was successfully

applied to the study o}‘ the pyridones in the present work.
Lastly, 1t was desired to correlate the anionic rate constants to
- - ' '
- the number of aza nitrogens. This is in fact an issue of Chapter IV and

requires no further comme : at the moment\.

&

Id
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simple unsaturated lactams.

14

. [ 1 ! \ ' ’ N ’ r
Tautomerism ‘ - ‘ /
The aromatic 2-' and u-pyridoﬁes do not have the properties of

70 It has been estimated that 2-pyridones

have about 35% of the aromaticity of beniene as defined by the%r ‘abiuty
. 7 .

»

"and as calculated by the SCF

’

to sustgin an induced ring current

+

N K -
treatnent . 12 : (
The infrared spectra of 2- and l&-;iyridonea are consistent with the

1&0&715 structures 41 and u_3.73 The contribution of the dipolar form 45
g

18

or 46, as studied by "0 labelled compounds, was found to be minimal.

Comparison of IR and Raman spectra of 43 with those of 4-pyrimidinium
ions and rationalization of ‘the dipole moment, has led to the estimate

that the -upper 1imdt of the contribution to 43 by 46 is 10 to 15’_714

-~

0 0
' Pl
AN X N
— (. | ) — (.
N (o] . N 0" ¥ « N
| . | 1!,
H H H :
41 U5 \ 43 46

The UV spectrum of 2-pyridone in water indicates that it exists as

).20b,55,57v79b The lactam fofm of

H-pyridbne (43) was deduced from NMR studies in aqueous sogfut,:l.on.".5

the ahide tautomer ll_}' (> 99%

deuteriochloroform a very fast intramolecular exchange was shown by the

ionizeable hydrogen of 51.76 the amount of 42, as judged by 1‘5lq-~H-,'

. o
B )

l ’ ’ )
- el B T T . ,\
sradiin g mg e . o n e o e i e et —
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coupling in deuteriochloroform at low tempexjaturcs ia 2!.76V ol

'S
Electron-withdrawing groups alpha to the aza nitrogen shift the

equilibrium 41 —a 42 and ﬂ == b4 in tavdu'r of the pyridinol

‘tautomers. 70

Beakés

Groups beta to the aza nitrogen have a smaller effect.

’

has showl that in the gas phase the hydroxy tautomers 42 and 44

predominate over 41 and 43 by a ratio of 2:5:1 and > 101 reapectively.
0{: the other hand; in the strongly polar solvent yater the pyridone

tautomers 41 and 43 are favoured bi % ratio of 910:1 and -1900:1

‘ .
respectively. . ™,

Dubois has shown, by temperature-Jjump relaxation spectroscopy, that

L

2=pyridone in aprotic solvent interconverts between its two tautomeric

7

forms via dimerization. Water and methanol appeared to be efficient

catalysts for thia‘pr'cu:mss.77

78

Similarly, heterodimers are formed

‘between carboxylic acids
towards the lactim in aprotic so_lnnta.\!lowever, basic solvents and
metal cations inhibit dimerization.'' _ .

By analogy -to the process put forth by Dubois, water should

" catalyze the equilibrium 5_1_ e ‘_13 as illustrated in equation II.1.

B B |
H:0 < -H.0 A
2 N 0 N 2 N OH II.1
— | Eg.—-‘ « : | ==

H-- /H ' H\ H

0 0 52

g A
47a H 47b ,

CNDO/2 approximations, with full geometry optimization, placed the first

hetex:odimer ﬂi with lowest energy of formation for one water

Bo £

molecule.

and 2-pyridone which enhance the equilibrium
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Protonation on the pyridones occurs #1” the oxy'gen atom as
) . .
81

, deternined by NMR in concentrated D S0, for 2-pyridone.’ The anion of 2

3 . e -
2-pyridone. (48) in its ground state has the negative charge distributed
4 — ; .

-,
mainly on the oxygen atm.82’83b Both 2- and 4-pyridone anions (48 and '
49) respectively; behave as bhehoxides in electrophilic reactions (see

13 - ’ ‘\ \
later).
& «
\ - .,
0
®
| A
} ' ' N
[} t u C.‘
I"REACTIONS OF THE PYRIDONES
Hydrogen-Deuterium Exchange ) ‘\
S : '
Treatment of N-methyl-4-pyridone (50) and
4-methoxy-N-methylpyridinium fluoroborate with deuteriatéd water in base
R [
produce the respective 2,6-dideuterio compounds. In the case of
"1,246-trimethyl-4-pyridone the 2- and b6-methyl hydrogens are
exchanged. 84 '

Beakau " justified these 'sbservations as occurring via the ylide
) 9

intermediate 51. A concerted protonation of the oxygén atom of the
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» ,»‘
. ’ ( .
carbonyl group may be invoked to strengthen the analogy to the
relatively facile exchange of the ll-me_thoxy-N-nethylpy‘ridhiun.
[ ' - *

1

t'l.uorpborlte ’

50 (5

50 T

4-Pyridones exchange at C-3 and C-5 via their free-base as in the

_cas'e o/f 2,6~-dimethyl-4-pyridone, d-pyridone, and

e e o e et o w o g e

85b ' -

&

i=-hydroxy-4-pyridone.

~

For .E-pyx“idone and its derivatives, exchange occurred at C-3 and

81,85a

C-5 apparently 70 ~t.he same extent. However, the kinetics were

complicated by the .unequivalange of the reactive sites and poorly

858 1n1s study concluded that the exchange

a
occurk-red on the free-base form of the substrate.

separgted NMR signals.

} ." A , ‘ )

t, A .
‘&-Pyridones can be mono- and di-nitrated smoothly at positions 3

Nitration

-

and'5.79786 atritzky et al. studied the nftration kinetics of 2--and

* 86

'll-pyridones in acidic media. Since the shape of the rate\profiles for

4-pyridone, Y-methoxypyridine, and 2,4 6-tr1methylpyrid:lnim cation were

all azmilar, they concluded that t.he subatrates undergo(‘hitration as

their conjugate acidi in 80-85% sulfuric acid. Th&y Aimilnrity between

e ——

T
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' Halogenation

/ \ 88
B v

the actual rates for U-pyridone and its 0- and N-methyl ‘derivatives at

\any one aeidity and temperature provided further aupport. for thig view.

In contraat, the rate profiles of 3-nitro 4~.pyridone, 3- and

b

S—methyl-z-pyridone, and '1,5-dimethyl-2-pyridone close)ly resembled jeach

“other but differed from that of the 2 y,6- trimethylpyridiniun cation.
]
This suggested that the 2-—pyridones may be nitrat‘ed via the small

portion of the free base. For low acidities the reaction of u—pyridone .

with NOZ" ions proceeds by ‘way of its free-base form. 89

" . ., *

]
’

The kinetics of nitration of 2-pyridone itself have not beeén
studied. Thé problem with this substrate is two-fold: to determine the’
reacting form and the orientation of the electrophile. On the synthetic

séale, 2-pyridone is nitrated mainly at position 3 with some

3 5= dinit\-o 2~ pyi'idone formed. 69 Similarly, reactiop of -

. 6-methyl-2—-pyridone with nitric acid in glacial acetic acid gave the

produ’o’ﬁ of nitration at C-3.69 The preferred ortho nitration is in

- .
marked contrast to the behaviour of 2-me\bh pyridine which is nitrated

4

v .
at C-5 only,69 sugsesting that the moleculf in the pyridbne form whicwe/\

is undergoing substitution. . ) R -

’

N-methyl-2-pyridone reacts similarly in 62$\lnitrie acid in the

‘

absence of sulfuric acid to give 3=nitro and 3,5-d1n1tr6 products. By -

<

analogy to its 2-pyridone tautomer, it also reacts via its free base. -
(3 . N .. . ,) ‘I\ I

g .
Direct halogenation of 2-pyr1done in weakly alkaline polar solvents

re'adily leads, as is well known, to polychloro and polybromo compouqu,-

LR Y
-

o »

o ' ) -

-t '
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while on iodination 5-iodo-2-pyridone is produced in poor yield. In

o~ '
most cases the reaction of 2spyridone with bromine in water or iodine in
o ,

X .« o . potassium carbonate soil:tipn, gave rise Eo the 3,5-dihalogeno-2-pyridone
' _ c even under mild .condi’tipns.sg " There have been instances of
T ® monohalogenation accoz;xpan'ied by the formation of the 3‘, 5-dihalo product
! - with an apparent para directing69 abllity of the hydroxyl group.

( N-substituted 2-pyridones react easily with bromine. Thus,
N-(2'-pyridyl)-2-pyridone has been reported tS react with one equivalent

of brémine to give the product ratiog_futlined in equation II.2, after

gas ohmmatograbhic analysis of the pr‘oduc:t.s.88 ..

.
)
" S
. . v
'
s

R ) C IR Br Br ] Br
o . D
. ’ N 0 __23 ™ 0, - N . I1.2
s AcCOH .
. - l NN ., l AN | N R
“ [ 50-55% 15-208 3%
Y // N-metﬁyl-E-pyridone Qahowed/the same r'gaetiv:\i;y‘ towards halogen as
~ ’ X N
, 2=pyridone and the reactions are summarized elaewhere.eg As noted
above, ethers of 2-pyridone are halogerlated exéluaively at C-5.83’89

. *

4-Pyridones behave as expected and are usually dihalogenated at C-3
and C-S.69 Iodination of U-pyridone appears to be the only reaction
reported that is controllable, to give 3-iodo-li-pyridone with the -

formation of appreciable amgunt; of the 3,5-diiodo product.wu
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/ ’ ’ Careful scrutiny ‘of the literature revealed that Y4-methoxypymidine

" 18 not brominated in aqueous solution under normal conditions.: The
90

) A . f
reported bromination of 2,6-dibromo-lU-methoxypyridine (51) by Hertog

yielded 52 after 48 hours.

~ t
' i R OCH3 . ]
. X
_ - By
g Br N Br A60°c v
§ -
! sealed tube "
{ o
§ . 21 ° 52

- - ‘ \
[
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Tautomeric Equilibrium C&mtants and UV Data

&

' The UV spectral parameters, needed for the determination of product
ratios, are listed in Table XViI. Also in this taple are reported the

various equilibrium constants needed for the interpretation of the
\ .

kinetics and of the rate profiles. The pKas which were not available

: from the literature were measured spectrophotometrically to complete the

'

set. - : .

After the unambigous synthesis of the 3~ and 5-br‘omo de:rivatives N

S
- t
o . ' ~ ° 0 ’

e b o et @ <
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"of 2~ and 4-pyridone (and their N-methyl\‘erivati_ve’s), product ratios . )
v;ere determined by compariqg their NMR; qv, and IR data w:l_.th thoserof ;
the brominatien mixtures. | *

Equilibrigm constants a;'e important tools in the' inteppretation and

1

Illustrated below

: deiemination of rate profiles-and rate constants.

(Scheme IV) are four tautomeric forms of 2- and 4-pyridones capable of

»

being brominated. The various equilibria ,indicatgd with letters are' i

also liSted in “Table XVII. Stfcﬁ constants are an ihtegral part of the

|

rate law and only the right choice will enable a cdrrect interpretation
|

of the results. Fortunately the magnitudes of anﬂ are sufficiently far \\

apart that at a particular_' pH only one or two of these forms may be

competing for bromine.

1

\

Scheme IV. Representation of Equilibria for 2- and 4-Pyridones.
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v Table XVII. UV Spectral

and 4-Methyl Ethers.

~ 92

Parameters and pKag

for the Pyridones and 2-

233(3.90), 313(3.64)°

&

Compound (References) pK PH or H, Apax in nm (log ¢)2
2-Pyridone ° A 0.75° .9 209(3.51), 277(3.82)
; (20v,28,29, 83b) B = 3.71° 0.7 <22508.3%), 281(3.74)%1¢
Pz 11.625 7.68  226(3.37), 294(3.79)%
°= 8.66°0 T 288(4.00), 292(4.00)
t® s -2.96° . .1 230(3.95), 298(3.66) .o
~, \\ .
1-Methyl-2-pyridcne - 0.32P 0.7719  <225(>3.54), 288(3.69)%s®
* (20b,28) 5 226(3.78), 297(3.76)"
7.68 227(3.42), 297(3.72)
. 2-Methoxypyridine 3.28  -3.6 - 279(3.85)
(20b,28,83b) 7 v 269(3.51)
3=-Bromo=2-pyridone -2.15 7.0 . 226(3.47), 290(3.90)
(83) 10,42 0.7 231(3.59), 306(3.85)%s®
7.68 230(3.61), 306(3.89)®
-8 231(3.93), 303(3.81)
. S-Bromél-Z-pyridone -0.06 =2.6 225(3.86),--296(3.75)
(83) e 10.03 0.77  231(3.94), 306(3.69)4s
‘ ) ‘ ‘ .7.68 232(3.91), 310(3.65)®
; -b © 237(4.09), 306(3.62)"
i \ 5 * .
f 1-Methyl-3-bromo- 2.2 0.779 232(3.57), 308(3.85)9r¢
2-pyridone 7.68  231(3.57), 309(3.89)®
: .
/ 1-Methyl-5-bromo- "=0.1J 0.77¢ 233(3.91), 311(3.64)9»®
§ 2-pyridone (838) . - Hy0  235(3.91), 313(3.65)
é , 7.68"

| 3
1

|

-y araang

|
1
0
i
!
;
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Table XVII. Continued.
|

Compound (References) pK ‘pH or H{N- vmni in nm (log )

. . » ! \\ ’ .
3,5-Dibromo- ” w245 | -7,0 216(4.23), 235(3.78), - o
2-pyridone (83) ° L 313(3.79) :

| - -8.43 0.7 232(3.81), 322(3.81)%s°
‘ | 7:68  235(3.86), 321(3.84)°

-h 240(3.96), 318(3.6%)

1-Methy1-3,5-d1 bromo~ -2.53 0.77% .236(3.80), 324(3.84)4re )
2-pyridone ‘ 7.68  '236(3.74), 324(3.78)°

’ 4 @ N !
3-Bromo- ‘ Kooos 220(3.78), 280(3.71)

2-methoxypyridine “(83)

| 5-Bromo-+ - BB ~3.6  225(3.93), 300(3.78)
2-methoxypyridine (83) =~ . - - 5 222(4.01), 284(3.54)
3,5-diBromo- - =150 . -3.6 217(4.19), 236(3.75),
2-methoxypyridine (83b) ' 305(3.83)
4-Pyridone | A= 3.27° 1.0 2343.96)

(29,91) v B® = 6.56° 13.4 . 239(4412)
' - c® = 11.09°
pb = 7.80° {
tb = -3.29c\
1-Methyl-l-pyridone (28) 3.33
4-Methoxypyridine " 6.62 4.0 236(4.04)
(29,91) X 9.0 18(3.91)

243(3.71), 263(3.51)! .
262(4.06)®

243(3.94), 271(3.76)°

3-qumo-u-pyridone 1.371 0.70!
' 9. 46m 7.02
-8

-~
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n’a Underlining indicates ¥ shoulder or inflection.

Table XVII. Continued. '
- .

A ]

|

Compound (References) pK pPH or 7{0 ‘ A gax in nm (1108 )2
-l / f

“'1-Methy1-3-bromo- 1.521 0.961  248(3.74), 270(3.67)%s1

4-pyridone . 2.43-  270(h.04)® '

&

® at 20%. ‘
€ Refers to equilibrium in Scheme IV. ' .

d pH = p[HBr} (t.itration). "No KBr was added to the solution.

€ This work: [KBr] = 1.00 M (unless otherwise noted) and at 25°C.
f [NaOH] = 1.00 M, 8 0.100 M, P 0.010 M.

]

”

1 Solvent was cyclohexane. . .

J Assumed. ? R
k Hydrolysis was too rapid. \

1 [HC10,] + [NaC104] = 0.150 M at 25°C} .
B [kBr] = 0.100 M at 25°C. '

)
-’ “
- !

The Rate Law

-

e »

E All the pyridones studied in this chaptqr, were easily brominated
in 1.00 M aqueous KBr to give mono and disubstituted products. The

gener%} equaf:ion II.3 describes the reactioﬁ, where PHO is the pyridone

" substrate.
» KBr . ‘ C
PHO + Br, ——p products II.3
Hzo
The rate of disappearance of the tribromide band (g‘ma;t = 267 nm) was
- . R . . "

LR P A S

—
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\ ’ A ¥ '
followed in double-beam experiments, where the reference waveler;gth was
sqt at 340 nm. Assuming hegligible tribromide 1 reactiori, the more

eneral rate law for the brominidtion of the pargnt compounds 41 and 43

is given by equation II.4 (structures are depicted 'in Scheme IV).

ra\te = (k,[P*HO"} « ky[P'HOH] + k, [POH] « k,[PO”1)[Br,]" II.4

AN

1

. In this equation P*HO™ is the zwitterionic form (i.e. U45'or 46) P*HOH

is tﬂg protonated form (53 or 54), POH is the hydroxy form: (42 or 44),
- ' & ) '

and PA\ is the anion (48 or U9). With the exception of the equilibrium

defineq‘\by t, all equilibria are pH dependent and as such the terms in

r

equatioh\ IT.4 will vanish at different .pH.

Canb\ining the pH dependent forms:

‘\
]

rate =* (k [PHO] + k,[PO"] + k3{P*H0H])[Br2] 11.5
Y P

7/
\ v L]

where PHO (&\efined in II.3) is either 41 or ﬂL' Subs.tituting the

appropriate eguilibrium constants, the rate law in terms of [PHO)] and

[Br‘2] is given \by:

rate = (k, + kal‘(cxu[ﬂ*]# k3[H+]/KA)[PHO][B:'2] - ' 1.6

\

Substituting for stbichiometric concentrations, equation I1I.6 becomes:

(ky + kXo/LHY) + kglHY/K)) ' -
rate = - ([PHO) ; - [Br,], + (Br,D[Br,] II.7
(1 + K /[H*] + B*1/K,) ‘ : »

&
-

-

This second-order \equation can be analyzed as outlined in the

E-:xx;e,rimental for equatib\n V.2 (page 212) for [P]o > [Br The

2]o'
first-order rate constant'if given by:
p \

o
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The second-order rate constant is glven by:

K obsd _

for the process in equation II.3.

2]o)

"k

(1 & K /IH'] + TH'I/R, ),

obsd
16

-

et
- ((PHO1) - [Br

2
-

2]°).

o

 (ky + KRG/ GlH /K (LPRO), - [or
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2-PYRIDONE AND DERIVATIVES,

. Product Study

v

Product analysis was conducted via UV (see Table XVIII) and NMR

97

spectroscoples. Attempted gas chromatographic study was unsuccessful ‘

due to lack of elutioA of the silylated products (ef. GC study for
phenols) and was not pursued further. ’ N

g UV spectra of 1:1 mixtures of bromine and 2-pyridone at pH 0.77
(tl:xis is p[HBr]) yielded a broad band at 304 nm (log ¢ = 3.72) whose

extinction coefficient was less than that of 3-bromo-2-pyridone
(log € = 3.81 see Table XVIII and compare value with Table XVII). The

maximum absorption wavelength was situated somewhere between that for

’

3-bromo &nd 5-bromo derivative. Since t’le extinction coefficient for

the 5-bromo derivative is about one half of that for 3-bromo, it was

* qualitatively deduced that more 3-~bromo-2-pyridone formed compared to

, 5-bromo-2~pyridone.

N N
| > I |
N X
55 . 56 51 58
a H'bR:CHa

The N-methyl derivative-55b-after a .1:1 molar mixture with .bromine. .

-
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in water, produced a UV spectrum Apax = 308 nm, log ¢ = 3.74. The
appearance of the apeétrum and extinction coefficient at the maximum,
pointed to the 3-bromo isomer ﬁ as being the major product. From the

broadness of the band, it was impossible to exclude 57b, 58b, or even

some residual 55b as components of the mixture. In acidic buffer there
was a preéference for the 3-bromo product in the aqueous bromination of

2- and l1-methyl-2-pyridone. ° ‘ .

In basic gn\edium pH T7.68, Z;pyridone and bromine mixed in a 1:1°

molar ratio in 1.00 M i(_Br produced a band Apax = 402 nm log € = 3.71.
This band was shifted towards the visible relative to bromination
mixture in acid, pointing to d;.brominat:!:on. The lower extinction
coefficient was perhaps suggestive that more 5-bromo-2-pyridone (67a) be
produced initially. In fact, by analyzing the absorbance changes at
several wavelengths, using the mass balance and extinction coefficients
of 2-pyridone 55a and the bromo derivatives: 3-bromo 56a, 5-bromo 57a,
and 3,5-dibromo 58a the ratio [2_'_7_5']/[5_6_11_] = 4.4. Since

5-bromo-2-pyridone 57a is twice as reactive as 3-bromo-2-pyridone 56a at

pH 7.68, this value probably represents a lower limit for the isomer

.ratio 57a:56a at pH 7.68.

s v man e
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Al

* Table XVIII, UV Parameters of Mixtures of 2-Pyridones after N

/

Bromination.. .
Compound | ;[ffi?- pH Apay 10 Am (log ¢ )
 (Lsun),) [Br,],
2-Pyridone . 0.667 Y o0.71®  231(3.87), 309(3.70)
(é.oo x 107 m) ' 1.000 - 229(3.79), 304(3.72)
h - 2.000 gf 221(3.65), 286(3.68), 304(3.62)
o N 0.667 7.68°  232(3.73), 313(3.72), 525(3.60)
1,000  229(3.65), 302(3.71), 32§(§.§g)
2,600 x 228(3.56), 297(3.75)

1-Methy1-2-pyr1doné 6.667 0.77°  233(3.85), 312(3.73) K

(2.00 X 107 M) 1,000 231(3.80), 308(3.74)
2.000 . °  227(3.68), 299(3.69)
° . ' £ 0.667 © 7.68° - 232(3.50), 311(3.25)
© 1,000 " 231(3.51), 307(3.45)
2,000 . 229(>3.47), 298(3.64)

-3

Refers to concentration of prod% mixture which was always

2.00 X 10'“ M. Underlined results indicate shoulder or inflection.

b'pH s p[HBr], no added KBr.

¢ Universal:buffer was used with a constant ionic strength 0.10 M and

Q

[KBP] = 1.00 Mc . /

B T —
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The NMR data for 2-pyridones and derivatives are collected 1n 'féﬁle

+

~ XIX. For 2-pyridone the NMR spectrum taken after a 3:2 ratio of

substrate and bromine were mixed, clearly showed the.presence of
3-bromo-2-pyridone 56a. The H-5 'signal, a triplet, assignable to 56a

was well separated; however, the H-3 signal was chovered by those of

2-pyi'1don.e itself and other products using the Varian A-60 spectrometer. -
- .

%
NMR spectroscopy ';'n‘oved more useful in discerning orientation in

the caée of bromination of the N-methyl derivative. The isoheric
\'l:'.

bromopyridones 3-bromo 56b and 5-bromo 57b were easily distinguished,

even in mixtures of the two. After about one equivalent of bromine was.

added, the‘ratio of [56b1/[57b] was found to be 7:2 by. integrati:gn of

signal intensities of H-5 and H-4 respectively. ﬁoreover, the less

soluble dibromo compound 58b was seen as a precipitate in the NMR tube.

-

"

W

-
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Table XIX. NMR Parameters® of Substituted Pyridinea.

Substituents on

Chemical Shifts (%)

Coupling Constants

e -

Pyridine (Medium) 3-H 4-H S-H  6-H  CHg (Hz)
2-oHT4a 7.3 8.2 13 8.2 - J3,4 = Jy5 = 6.5 Lt
J5,6 z 6.5, Ju,ﬁ z 2.5
3‘BP-2:0H - 7-73 6-56 8.20 - Ju's = J5’6 2 7.0
{D20) Ju,6 = 2.0
5-Br-2-ONa (D20) 6.45 7.67 == 8.06 --  J3 =10, Jy g = 2.5
3,5-d1Bp=2-0H ==  7.82 ==  7.82 == )
(D20/NaoD)
1-Me~2-02 6.57 7.26 6.15 .31 3.59
1=Me=2-Br=2-0 - 6.64 8.12 B8.12 3.86
(D20)
1-Me=5-Br=2-0 7.75 6.60 == 7.98” 3.61
(D20)
. - ‘ -
2=-0Me 7-20 7.9“ 7020 8071 u026 J5'6
(Neat/TIMS)
1-Me3,5-diBr-  ~y  “9.4  -= "9 4.3
2-0 (c- DC1)Y,
\ e \
5-8!‘-2-0"30 6.87 7.88 - . 8060 ‘l.O‘l J3,u = '9’ Ju,e 3 2.7

2 From this work unless otherwise specified. The standard reférence in
D,0 was DSS, (sodium 2,2~dimethyl-2-silapentane-5-sulfonate). ’

b No standard was added.

€ Neat bromination mixture.

-

§

Reference &ns-TMS. -
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Or; A synthetic scale, the reaction ef ;quimolar quantities of
‘Zépcyridonc and bromine 1nl acetic acid yielded 85% (based on bromine) of
3, S-dibromo-z-pyridone (583). The same reaction in water cont.aining one
equivalent .of KOH also produoed 583 in the same yield. Howe;rer, when
the medium used was ].00 M aqueous KBr, a 78$ yield of
3-bromo-2~pyridone (56a) was obtained‘., This material had ideptical NMR
and IR spectra to those of 56a made by the’ 1iterature gro‘\cedure. Also
methylation gave %g ioentical to that.:%‘epared by other routes.

Bromination of 1-methyl- 2-pyridone (55b) in aqueouq ‘%eréhloric acid
gave its 3,5-dibromo derivative 58b, which crystallized fx{)om solu’cion in
67% yield, and unreacted starting material.

A ‘'synthetic neaction of equimolar’'amounts of bromine and
L4

2-methoxypyridine (59)+in 1.00 M aqueous KBr containing 0.5 equivalents

of KOH, gave after work-up a 63% yield of 5- bromo-z-methoxypyridine
(60). 1Tt is not {o be implied from the yield t/hat the remaining
products are those of‘ ditromination. The reaction is slow with possible
loss of bromine or incomplef';; bromination. In fact, tne NMR spectrum of
the ‘px‘oduct mixture, after extracting with chlorofom, indioated 60 and
starting material 58. Compound 60 had been previously synthegized in

~
acetic acid containing sodium acetate. .83 The reaction in water was, to

LY
confirm that no change in orientation of’ the bromine molecule occurred

]

upon .changing solvent. Compound _§_Q was further identified by its-
)}

~

hydrolysis in 4 M aqueocus sulfuric acid to _5_7_:_3_.

.

.< 3 “ . Br , '
' T KOH/KBr H,80,
~ +* Br,’ —ecly —— 5Ta
N CH 2
3 H20 - HZO
23 "

~f
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It should be stressed, as a final point, that in none of the

spectral studies (NMR dr UV) was there any evidence ot“intermediate of

-

significant lifetime between the substrates and their brominated

products.-

. P
Kinetic Studies

The rates of reaction .of 55, 56, 51, and 53 with bromine in agdeous
¢ :edia in. the range 0 < pH ‘< '8,were measured by.‘ the stopped-flow method.
In the preéence of a large excess of substrate, bromine disappearance
was first-order and the pseudo-first-order rate constants (k1°b°d)
increased linearly with the substrate concentration (see Table XX \ahd
~  Figure 21). - ' S

Second-order rate constants k2°b5d were obtalined from k'10b3d by

- - dividing by the difference in concentration of reactants and multiplying
. : by the correction factor for free bromine at _dif‘f‘erent pH Qquation

I.21). In some instances, for example when [PHO]c> < 5[Br,] , absorbance

data were analyzed directly for second-order behaviour. In such cases,

no value of k1°b8d is given in Table XX. However, the reported values

A of k2°b3d\ have been corrected for the fraction of free bromine. They

were invariant with both substrate and bromine concentrations.

obtained from botMpproaches agreed

Moreover, the values of k2°b3d

- well. Thus, at any given pH the reaction of &rbmine with tt‘xe %pbstrates

-
[y

follows a second-order rate law.

4 N
- L

¢ . - . Y
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Table XX. K First- and Seécond-Order Rate Constants for the Bromihation of
2-Pyridone and Derivatives.® , ' .

104

7

= TPHOl, X 10°  [Br,), X 107 k0P84 obsd y 10=3
- M M Y, sec™! M~ sec™! p
2-Pyridone® \
-0.07° 1529 500 _ 2.33
1.04 764.7 1000 R T
S 76447 500 _ 11.5
1529 500 _ 11.5
1.78 1000 ~ 500 1.04 18.6
R P T64.7 ~. 500 L / 21,1
3.25 1000 500 .24 22.1
‘© 3.53 1529 500 _ 22.6
764.7 500 . 22.7 \
4.05 1000 500 1.28 .22.9
4,53 382.3 100 _ 24,1
‘ 382.3 500 _ 23.2
382.3 +1000 _ 22.7
5.53 382.3 500 _ +25.0
6.47 T64.7 1000 _ 40.7
6.92 382.3 150 _ 104
© 1.6 1000 500 8.2 1335
7.74 764.7 500 _ 828 N
~ g i
. 1-Methy1-2—p[ridone° o 1 f
-0.07° 500 500 . 0.242 9. 14 i
1000 1100 0.505 9.13 . J ‘
1.0 500 100 T 0.980 ) 37.0 E
. 1000 100 2,04 36.5 - |
2.24 - 500 450 41 52,6 i
2.98 \ 500 100 1.40- 48.5 "
. _ 500 500 BERRT 54,3 )
39.2 500 100 1.41

o oyt i e mn

48.9




105

»

Table XX. Continued™ - ' . ’
. pH -. [PHO1, x 105 (Bryl) x 107 k0PS¢ k0088 y 403
M ‘ M _ i sec™! M) sec!

A

1-Methyl-2-pyridonee

3.93 - y4000T 500 : 9.17 39.5
4.37 1000f , 500 2.5 43.8
. 4.52 1000f 100 2.78 4738
4,95 ’ 500 100 1.39 ' 48,2,
, 4.99 5007 100 © o 1.38 47.9
— . 5.98 500 | 100 .48 51.3
TN 6.02 2007 © 100 0.531 uT.4
N - 6.93 500 250 1.06 ° 38.3

3=-Bromo-2-pyridone

-0.07¢ 2000 500 . 0.184 1.60
0.11& 2000 : 500 0.17T .  1.52
1.05h 1000 : 250 0.0913 1.59

2.7 2000 500 0.201 1.75
" 213 2000 500 T 0.207 . .1.80
3.96 - 1000 500 0.122 2.18
2000 500 - 0.239 2.09
4.91 2000 500 - 9.522 4.55
5.51 1000 250 0.660 1.5
. ‘ 2000 250 .26 1.0
6.23 ' 800 500 - - 1.8 42.0
©.6.29 2000 500 5.90 5145
6.66 > 1000 500 6.28 112
7.36 250 250 - 5,39 413

3-Bromo-1-methyl-2-pyridone

0.118 1000 250 < 04151 2.63

1.05" 800 250 0.123 2.71

2.64 500 250 0.0745 2.67
- 1000 250 .. - * 0.152 2.66
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500

0.0870

K 'ra!,:le XX. Contimged v
pH o eHoly x 108 [Brp)) X 107 k0P 0P x 1073
¥ ' M sec”! MV secm!
3-Brpmo; 1-methyl-2~-pyridone .
4,07 500 " 250 0.0803 2.87
1000 250 0.158 2.76
5.9 400 250 0.0616 2.79:
800 250 0.126 2.77
6.07 1500 250 0.235 2.71
7.47 2000 250 0.242 2.12
5-Bromo-2-pyr1dc;ne,b
-0.07° 1689 500 0.0153 0.159
1,009 1689 500 0.0309 0.321
2.08 422.3 500 0.0111 0.505
g TR 500 . 0.0203 0.434
3.32 U4, T 500 . .0.0243 0.519
, 1689 500 0. 0458 L 075
425 422.3 . 500 0.0194 0.887 °
5,04 422,3 100 0.129 5,23
6.15 211.2 100 0.600 50.7
295.6 ‘100 . 0.810 48.1
422.3 100 1.27 52,4
7,12 y22.3 500 16.8 76,8
TR 500 33.4 CUT1.4
- © 8,18 168.9 500 5.9 656
5-Bromo= 1-methyl-2-pyridone
-0.07° 2000 -* 5 500 0.0505 0.441
1,008 2000 500 . 0.0809 . 0,706
2.22 2000 ° 0.757

4

o — —

-
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Table XX. Continued
™

PH [PHO], x 10°  [Brp] X 107 kobsd  jobsd x 03
' M M , sec™ 1 M'1 seo"1

5«Bromd- 1-methyl-2-pyridone

2.99 - 1000 500 0.0394 0.706

2000 500 0.0834 0.727

. 3000 500 0.127 | o.7zj
3.91 . 2000 500 0.0791 0.69
5.94 2000 500 ; 0.0988- 0.862
6.98 975 250 0.0472 0. 844
7.93 1950 250 0.0887 0.784

2-Methoxypyridi\1ef .
2.01 25000 11000 0.00154 0.00105

3.10 . 40000 500 " 0.0126 0.00538
3.82 20000 500 0.00827 0.00704
3.96, 6000 500 0,00240 0.00687
12000 500 .. 0.00508 0.00724

4.03 " 16000 . 500 . 0.00760 0.00809
5.73 . 20000 1000 ' 0.0116 0.00995
6.56 . 6000 500 0.00312%. 0.00891
. 12000 500 0.00592 0.00875
8.21 12000 1000 .0,00786 0.01M

8 Fach datum is the average of three or more runs with a correlation

coefficient better than 0.9995. Concentration of KBr was ?.00 M and

ionic strength of the buffer was 0.01 M, unless otherwise specified.

Temperature was 25°C. -

.P Numbers with non-zero digits aignify that the sodium salt was used in

the run. This compound was assumed to be the dihydrate.

c Ho value for 1.38 N HpSOy.

d [HBr] = 0.10 M, [KBr] = 0.90 M.

€ [nless otherwise noted, the substrate was used as its hydrobromide
. salt. - O . ' .

£ The substrate wag used as received from Aldrich.

B The H, value for 1.00 N HpS0y. - :

h gulfuric acid was used to adjust the pH in a 1.00 M KBr medium.
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Figure 21. Rate pr;)f‘iles f‘or‘ the bromination of l-methyl-2-pyridone .
(55b, 4 ), 2-pyridorie (558,4), 1-methyl-3-bromo~-2-pyridone (56b, ®),

3-bromo-2-pyridone (56a,0), 1-methyl-5-bromo-2-pyridone (57b, §),

5-bromo-2-pyridone (215_,0), and 2-metpoxypyr1d1ne (59,8 ) ,at 25°C and

1.00 M‘KB"x‘. (ilumerical constants are 1listed ‘1‘n Table XX). ‘

,( . : . .

The variations of k, obsd  gor Z-pyridone 55a depieted in Figure 21, ‘

demonstrate that for high [H*] the rate is linearly dependent ‘on the pH

with curvature around the protonatipn pKA value. The terms due to the

anion in equatdon II.8 vanish at high acidity and so k2°b3d has the

form:

+ . . s
KRy + k3lHT) |

(Ry + [#"D) . o -

obsd
ko
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The decrease in value for the rate from pH 1 to pH O, indicates that.the
3 i s

tern k3[H+] is much smaller than k‘11KA,, and that no apparent reaction

occurs the protonated form of the spbstr'ate 53. Equation II.10 can thus

» v

be simplified to: .

K.k e . i
K obsd A1 '

2 ] N ) . ) II,11

K, + [H'])

Around the protongtion pl(A of 2-pyridone, the rate profile should curve

q
.and level to a conatant value as the pH increases, since then

K, > [H']. In this case k2°b3d = ky, for kK /[H'] still negligible

witf respect to k'1.
The behaviour outlined above is general for all the 2-pyridone
"derivatives. Where these have no ionizeable hydrogen, Ko is
non-existent (li.e. zero) and the rate profile maintains a slope of zero
for [H*] < K}\“
. f . )
2-Methoxypyridine (5_9_) having its pKA value well into the pH
reglon, shows this behaviour most clearly. ‘A linear variation of-unit

slope is shown in the i'ange 1.5 < pH < 2, which. excludes bromination via

the protonated form of the substrate. . . .

; At higher pHs (pH > 6) 2-pyridone (55a) and its bromo derivatives "

(56a, 57a) show a linearly increasing rate of reaction for decreasing

acidity pointing to reaction via their anions {61 and 62). The term

[H"']/Ki; . 1s very small in comparison to KC/[H+] and thus kZObSd has the
form: K
: gD . ok | ‘ )
1
L 2¢ - 4 11.12

) ([H*] + Ko)
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where KC refers to the deprotonation constant. 2-Pyridone has the

highest deprotonaﬁl/on pk of all substrates studied. This translates

—

d;rg._o a-mwére uncertain deter;mq.nation of kz, because in terms of equation

I1T.12: k1[H+] and kzxc are comparable in the region 6 < pH < 8. The

bromo derivatives in the same pH region, show linear dependence with

" ‘unit slope, indicating that k1[H+] << kK. and that (H*1 » Ko+ Thus,

sz’mld can be expressed, in this 'coht:ext, as:

4

+ "
k'], | . I1.13

obsd

ky

In Ta.ble XXI are collected the constants for thev reaction of
bromine with 2-pyridones in aqueous so;ution outlined in equations II.11
and iI.1?,l. The curves in Figure 21, drawn through the ;lata points, were
calculated using equations II.10 and II.11, and the parameters given in

this table.

* |

Table XXI. Summary of Constants for the Reaction of Bromine, with
\ /

2-Pyridone Derivatives in Aqueous Solution.? L
= \
Substrate < (ROP (KD Ky kK, X 103 kp % 1070
. : M~ 1sec1 sec™! M sec™!

f . ‘ N 1\ ’
2-Pyridone ©0.86 1152 22000 7.2 30
1-Me~___ . 0,56 ¥7000
3-Br-__ ' -2,15 10,82 1650 23 - 6.0
1-Me-3-Br-___ | 2.2 D 2720 o
5-Br-___ -0.06  10.03 380 46 4.9
1-Me-5-Br- -0.1 , 760 o
2-Methoxypyridine 2.92 9.5

8 parameters used to generate prof‘ilgs in Figure 21 with equations II.11
and II.12, . ‘ ’
b Taker™Pom Table XVII. ’

= et r— Y e e s e - - P - = -
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In summary, the reaction of bromine with all of the substrates
followed a second-order rate law for constant pH. Second-order rate
constants vary with pH in a ménner‘ consistent with reaction upon the
free-base form of the substrate. But, the pyridones bearing ;n

N D ’
ionizeable hydrogen, also react via their respective anions at higher

pH.

Competitive Consecutive Process and Second-Order Kinetics

- by

s
L4

Not all has been said for the bromination rates of 2-pyridone
vis-a-vis dibromination. It was alluded to above, when discussing UV
products, that there appeared to be a change in orientation of the.

halogen at pH 7.68, causing a highef 5-brom6-to-3-bromo product ratio.

' However, dibromination occurs to an unknown extent. ‘

It is puzzling how_ lightly the literature seems to deal with this

problem. For instarnve, Be1153 had to correct for the dibromination of

L

phenocl up to 15%; however, both the methodology and correction factor

_are obscure.( . At this time the authér was unaware of the works of
[ -

100 101

Frqst and Svirbely The former handled the problem of multiéle
rfeactivity graphically by analyzinpproduct’ ratios at various times
during the reaction.. The latter used an iterative computer program,

based upon the steady sta‘te-gppro:dmntion, to calculate individual rate

- constants. Fro d Svirbely imposed, for convenience, the initial

condition 2A° = B, (stoichiometric amounts) for the two reactants.

Both of these teéhniqupa vere impractical, since no product ratio is

determinable from stopbed-flow results. In fact, inherent in their>

|
I
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calculations is the assumption that it is the kim.;tics of formation of
pro_duct‘s which is followed.

Tl\gg*ch for a solution of competitive second-order reactions was
begun -and accomplished (see Appendix). The main reason was to determine
how bromine or tribromide 1;'m disappearance would be affected and appear
in the UV traces.. This evolved into an easy solution that for

equiv'alent. amounts of substrate and’bromir‘)e, the decay. should be

secon’d-or‘der as in monobromination reaction where the reactants are
mixed in stoichiometric amounts.

These conditions and calculations proved more elegant than at first

_anticipated. Similar kinetics done on 4-pyridone and phenols will show

further the general applicability of the mathematics. Although unable .

to determine the individual reaction constants ku and k5' depicted in

—_— e —— —

Scheme V, k6 and f(.’ were readily determinable from the monobromination

of 3- and 5-bromo-2-pyridone (see Table XXI).

q

Scheme V. Parallel Consecutive Bromination of 2-Pyridone.

M o e t e e et 1 <t 5 -~

v
'
'
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There are advahtages to this method. Firstly, the néed for lower
amounts of substrate (2-pyridone) enabled the lfinetie study at hiéhfr: pH
because of a decreased rate. Se‘coqd.ly, 'an"y impu'.ity pres;nt in the

v . .
- substrate wopl'c‘} not alter the bromination ‘co‘nsthé from its actual
oo value., If; this impurity i.s faster reactihg thér-e would be no problem

" because the slower rate-determining process would be 'analyzed. If the

~
[y

impurity is reécting slower‘than' the subsi;rai}e then the uncertainty in
deter:min;ng an infinity value for the absorbance would be at par with
the amount of impurity brominated. Thirdly, second-order c;onditions
would allow for any trapping of reactive intermediate by a second

molecule of bromine: an otherwise undetectable process under

pseudo-first-order conditions.

2-Pyridone was axbmitted to these second-order conditions and. the

-

“~traces, showing second=order-decay; were-analyzed-as—for- monebpemigat’ion_——‘ -
where bromine and reactants are in stolchiometric amounts. This was
done to lend support to the differential equétions and ideas deyeloped
in the Appendix. Moreover, the sodium salt of 2-pyridor3e ‘;howed
anomalous kinetic behaviour at high pH (6-7). This salt was hydrated
but NMR and microanalyses showed different water content.

The constants‘from such second-order (one-to-one analysis) are

. listed in Table XXII and plotted in Figure 22. As expected, because

_._ 2=pyridone anion (48) is the slower reacting species in Figure 21 in the‘ '

L region 6 < pH < 8, there is a competitive consecutive second-order h

process. This behaviour also explains the factor of two decrease found

’in k2°53d relative to'the one extracted from k1°b3d, if a steady state

is assumed on all intermediates-(see Appendix).

“ia o . 4 e —
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Table xitII. Rate Constants for the Dibromination of 2-Pyridone.?

e R R XS §. 3 Ty, W M o i

pH [2-Pyridone], X 107 [Brple X 107 (k0P8d)b !
- ) M M N M1 sec™’
2.7 20 500 2.20 x 104
3.79 - 250 500 2.14 x 10t
6.28 250 , 500 2.65 x 104+
7.13 250 . 500 7.58 x 104
7.7 . 250 500 1.59 X 10°
8.08 250 500 411 x 10
8.58 250 500 .53 x 106

@ Solutions were 1.00 M in KBr at 25.0°C.

b Data analyzed as second-order of the type A =
coefficlents are all > 0.9995. Each value 1is t
three runs and is corrected for the fraction of

B = [Brzl «~~Correlation
he average of at:leas_t
free bromine (equation

I.21).

Figure 22. Rate profiles for the bronination of 2-pyridone (55a) under -
pseudo-first- order O _and aecond—order ® condigions, and

3~-bromo~2-hydroxypyridine (64, dotted line). '

-

.
, . s \
. . |
.
.
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The rate constants balow pH 6 are unexplicable by reaction of
bromine on the lactam tautomer of 3-bromo-2-pyridone (56a), because it
suggests that bromination of 2-pyridone at these pHs is the slow step 61‘

the reaction, This problem 'is discussed later in the next section.

t

Reactive Forms

Y

. 2y | * :
As is clearly seen in Figure 21 and from the-relevant values of

k2°b’d in Table XXI, the tautomeric system, 41 —» 42 shows a reactivity

) towards bromine which is very similar to that shown byg
1-methyl-2-pyridong (55b), but much greater (2300 X) than
2-methoxypyridine. Since the pyridonpe ’ta(uto'mer 41 predominates in

équeous aolution\,ZOb’w’67’75’79b this observation is compelling ,
' evidence that the lactam fo;;n is the reactive species at pH < 6. At

pH > 6 r‘eaet‘ionl apparently goes via.the anion ﬂ, Jugdgir}g by the‘rate
profile (Figure 21). |

Similar arguments point to the lactam tautomers 56a and 57a as the

reactive forms of 3-bromo and 5-bromo-2-pyridone, respectively, at !
PH < 4.
For pH > 4 the linear increase of l'og kzob’d ‘with-pH suggests that

.the bromo isomers also react via their anions 61 and 62.

i ‘ \ Br - . Br \
> » »
Al ~ N o— N f -
_ 61 62 ’
‘\ . ’ 3
) - ’
| P

b e S M e Se o i s e e o o b e o

R T SSPVRIPNER.
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The positional selectivities observed for 55a, 55b, and 59 also
show significant differences. Both‘t-ﬁethyl (55b) and 2-pyridone (55a)
are mainly brominated at C-3, whereas 2-methoxypyridine (59) reucﬁs at

C-5. This provides further evidence that the reactive form of.

4 . B
2-pyrigone is the lactam 55a. In contrast at higher pH, where
2-pyridone reacts via the anion, UV Spectral studdes (vide supra)

suggest that attack at C-5 of the anion predominates. This behaviour is

®
-

reminiscent of phenols and phenoxide ions which show greater géir'a than

ortho reactivity.53 , : by

84,85

Katritzky.and co-workers studied thelnitratitm of 2-pyridones

»

in stréng acid and their hydrogen isotope exchange in deuteriated acid

rf@ elevated te)i:peratures. For these reactions they also coaclud%d that'

. *the reacting species was the free base form of the tautomer SSa.Bl," 5

r o

o T!xe bromination results above obtained und{cr pseudo~firast-orde

conditions are easily.explained by the reactivity of "the lactam t‘érms qf‘r‘

the pyridones, and, where applicable, their anions. The discuasion

below addr-eas'ea\,the problem of results obtained under second-order

Il

conditions in the dibtromination of 2-'pyr1done' in the pH range 2:6.

Ir; order to explain the vaiues of the rate consu‘lnts in Table XXII

(Figure 22) at pH < 6, consider that 3-bromo-2-pyridone, the major
*  product of monobromination (the explanation for the 5-bromo-2-—pyr‘:ldone\‘
would be similar), reacts exclusively via :;:s aniobn' d;r‘ivative 61 when

2-pyridpne is dibrominated.

- '
_— )
4 / \ L ”
W . [
E L r
* €
4
l ) .
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) order of magnitude as that for 2-pyridane).

‘ ~ S N7
¥

Scheme VI. Pathways for Dibromination of 2-Pyridone.:

t
-

>
/ .
% s
\ s Y ,
Kc [ slow .
f ~— ‘
. . Br Br
) N \ i N
Br, - He | fast
Ly N ; —
28 — > . N o > NP NG ——’Br - 58
- - ?
. 63 61 2" 8 .
’KD fast

N ’ J/w | | '. )

ﬁ)( -analogy with 2-pyridone (see Scheme IV) ’ ‘ah;rb'pKD-' z 8.66 for

B 1&8 and PK, = 1%.62 for 45 —» 48 (Table XVII), it can' be assumed

Qe -

‘ that the dffference PK, - pK

D of the same

= 3 for 56a'—> 64 (i.e.
208 => 32
This would mean that pKD
for 64 e 61 is about 7.4, since the ch for 56a is 10.42.
Anion 61 may react by three different pathways: O-protonation to

the lactim 64; Niprotonation to the lac{:am; bromine attack leading to

-

the dibromo product. If O-protonation is faster than N-protonation

3

(which appears reasonable since the negati@é charge of 61 is largely on

oxygen82’83b) and if bromine attack is also faster than N;protonation, -
h *

v . . ) ;
. Q
+
.

»
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then the kinetic results appear to make sense. l-Undér the above
a conditions, .the second equivalent of bromine may be consumed faster than
]

~-lxpected (from the study of the bromination of 56a) and the prlor attack

’

of bromine on 2-pyridone 55a be overall rate-limiting.

The rate profile for the process (618 —- 61 g 58a) may be

n

sxflvated from the estimated pK, 7.4 (see above) for 64 — 61 and also

8 -1 -1

{ i
the known bromination rate constant of 61 6.0 X 10° M 'gec (Table

"XXI) ? ‘represented by the dashed line in Figure 22. The rate constants

7
given by k8K~D/[H ] are greater than k, 2.2 X 1011 M~ 'sec™! rfor

.- [ ’
bromination of 2-pyridone, it is poasible that the slow step in the

dibromination is the initial attack of bromine on 2-pyridone:

»

In summary, the dibromination gt‘ 2-pyridone at pH 2-6 does not

appear to occur via-the lactam 3-brom042-p¥pidone since this requires

the observed rate constant to be ~1.6 X 103 M~ Ysec™ 1. However,

bromfnation via the lactim of 3-bromo-2-pyridoné aelts the observed rate
i .

LN v

of 2.2 X 10“ M sec as the slow step of the reaction and suggests

Br )
that the pathway 64 —2 61 ~_2,58a may be occurring. This situation

' wo{:ld have never been detected without considering consecutive

.

second-order conditions. It may be noted that anomalous mode of

) -~ )
dibromination appears to be 1nvolv§d in the case of uracil alsc.“ga’c

'
f
\c B o
v

Reactivities .

.

In a later chapter (IV) the reactivities of various phenoxides are

~

corpelated with substituent constants. There it will be seen that the

13
v

LS

4

largest deiiations from the correlation line ‘are those of 2-pyr1‘done,

e
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. . :
its N-methyl derivative, and the N-methyl U-pyrimidones. Apparently-

¢t

. there is some real differénce ig‘the reactivities not simply accountable
by ortﬁo versus pa#a produ;t ratios. One possibility is that there is
somenprior complexation befween the substrate and bromine. Such
cémplexat%on oceurs in the éase of 4-methoxypyridine, as discussed
below, and has al;o been observed in the fluorination of the trimethyl-
silyl éther of~2—pyridone.92' Thus, compdexation in the bromination of
‘2-pyridones shoula be considered as an explanation for the deviation.

The idea that pyridones may be considered as substituted phenbdxides

has been used éirlier. Acheson93 stresses the contribut;ons.to the

structures of 2-pyridones from the dipolar valence-bond forms 65 and 66.

N —
. 55 . > . C—p

~ - G - .
N 0 N 0
| ]
R R
65 66

e ! aR=H bRaCHy ~ /

These contributions can account for various properties of 2-pyridones,

including the predominance of the tautomer 41 over 42 in aqueous

68

solution. Seen in this light 2-pyridone may be considered as a

phenoxide lon bearing an ortho azonium nitrogen (:N:-),gu and Katritzky

et al. have employed this type of approaoh in discussing reactivities

of 2~ and l-pyridone in hydrogen-exchange reactions at elevated

/ temperatures.85

These dipolar structures serve to strengthen the possible existence
of the complex §§ which may account for some of the variations in the

Hammett correlations (Chapter IV).
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Moreover, a simple rearrangement of the hypobromite compléz; 67 may

attractively explain the high ortho/para ratio in the bromination of

2-pyridones.

\ Mpchanism

A

The simplest mechanism'oonéistent with the data.for 2-pyridones
| .

.(_5__53_,_9_) is shown in Scheme VII. ‘Tt ihvolves preferential attack of
bromine at the 3 position of the pyricione 55 followed by deprot‘onation
of the o‘ation 68 to yleld the monobromo product 56. The
aiqcyclohexadienone g; may well be involved in the bromination of
2-pyridone (55a), even tho‘ugh its concentration is never high enough
(for long enough) to be observed. .

In this laboratory cyclohexadienones have recently been observed in

the bromination of simple alkyl phenols.95

& -
contaiping eléctron~-withdrawing groupsare not detcctthm,LuaW

.resulting from orgho bromine attack; apparently they tautomerize too

rapidiy. It ia entirely reasonable that the same should be true of the

~

azadienone 63.

Assuming, then, that Scheme VII is followed, 1-methylpyridone (55b)

]

simply reacts via the two-step pathway: 55b —b 68b —p 56b. For the

parent, 2-pyridone (554), the intermediate 68a, in equilibrium with 63a,

However, intermediates .

L e AT
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nay breakdowx{‘&ireetly to 56a or via 63a, depending upon the pH. All

. . 22 222 .
CEEN

things considered, the mechanism shown in Scheme VII best represents the

reaction of bromine with 55a and 55b at high acidity. *

’
4

D)
. 1t
Scheme VII. Mechanism of Bromination of Z;Pyridones in Aqueous Acid.:

Br
N 7
l Br'2 .
_ ——— N k]
!ll o} “Br~ ﬁl 0
R R
55 68
" | (R=W) (R=H)
r
"H+ S Br
S p/
N N0 N7 N0
63 61
8R=H bR = CH3

_At-higher pH 2-pyridope (55a) appears to "react with bromine via its
anion, principally at C-5 (Scheme VIII). For Ithe; simplest mechanism
tt{ere is no a'pparent. need ’to invoke cgmplexation. _ThLe argume‘nt being
that the'pyridoxide is much more reactive than the dienone intermediates
formed which in a fast step decompoae' to products. Also, sin'ce -0~
substituent is utron‘gl‘y para directiné (by a.nal‘ogy with phénbxides), it

“seems reasonablq that 5-bromo-2-pyr1dor;e 13‘ the major produect of

monobromination.

RN
r
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Scheme VIII. Mechanism of Anionic Bromination of Z‘yr'idone in Aqueous

~Solution.

The bromination of ‘2-methoxypyridine proceeds at a rate appropriate

- to an aza substituted anisole (see-later) &nd leads to the formation of

the 5-bromo derivat_i:ve exclusivély. Accordingly the reaction most
likely involves bromine‘attack at the 5 position followed by the

relatively fast deprotonation of cation _6_9_ :

Disubstitution VA

In the- case of 2-pyridone and N-methyl-2-pyridone, diaubstitu.tion
was a_.proble\m more evident at pH < 1. At these acldities the 3-bromo
derivatives are more reactive because of lower protonati'on pKs and
therefore more of the substrate being present in the neutral form.

Factors up to 13 for 41 versus 56a are offset By K values (Table XXI)

< Id
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’

which are different by a factor of 1000 or more. The same is true for

the methyl derivative which was found to be dibrominatﬁg 1n'0.1 M
perchloric acid,

Similarly for pH > 6.5, it can be see&, from Figure 21, that the

obsd
ko

to be éreater than that of 2-pyridone at avgiven pH. Thus, the

rate constants are higher for the monobroqo derivatives causing

dibromination of 41 in basic media<is understandable. -

Even in the range 1 < pH < 4, the ratio of r;activiéies of 41
versus~§§5 is not large at 13:1. Thus, when 93% of the bromine has been
consumed, the reaction rates for .the Ewo b;come comparabie and the
brominated derivative can compete for thé remai;ing bromine to form the
3,5-dibromo-2-pyridone (58). For their respective N-ggthyl Qerivatives
55b and 56b, the ratio of reactivity is 17:1. Similarly, the

bromination rates for the parent and monobrominated product become

- comparable after 94.5% reaction. Qualitatively this demonstrates the

possibility of dibromination which was observed.in the bromination of 55

carried out in buffer (pD 3.5) in NMR tubes.

e e 1 , 2
. SR e e e e e
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4~PYRIDONE AND DERIVATIVES

[

4 #

. Reaction Produéts

‘
’

t
+

B t 4 . .
Ugggya 2-pyridone, the C-3 and C-5 of 4-pyridone are equivalent.
Because of this symmetry, @ product study was unnecessary.

Dihalogenation in the Ud-pyridone system appears to be mdre facile in all

the pH regions studied. However, if spéciai conditions are maintained,

a resonable yield of 3-bromo-4;pyr1done ﬁay be isolated. But, there is o

always > 20{ yield of ?he dibromo coppound. Thus,—g competitive
~second-order regction seems éﬁnctional under the usual ;queous
conditions. NMR spectroscopy was used in the differentiation of the
product mixture.. The NMR data for 4-pyridones is reported in Table
| XXIIL. ’ '

3-Bromo-4-pyridone reacts with bromine éz form the
3,5~dibromo=4-pyridone in excellent yield., This reaction was used

) ‘

during the synthetic procedures to determine the presence of
. 3-bromo-4-pyridone among the unwanted éils and by-products from reaction
of H-subséituted-3-bromopyr1dines. IB spectroscopy is the better
technique in identifying this dihalc product.

Lk-Methoxypyridine reacts with bromine oniy to form a complex; no
.nuclear bromination was detected. Thls dmplies phat the hydroxy -
tautoger 44 should only complex with bromine and’ otherwise be
unreactive. In fact, in aprotic~solvents; such as methylene chloride

where U-pyridone exists mostly in the pyridinol® form, an iodine complex

is formed with this substrate.96
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Table XXIII. NMR Parameters for 4-Pyridone and Derivatives.a

Substituent on ~~ Chemical Shifts ) Coupling Constants .

Pyridine (Medium) /" H-2 H-3 H-5 H-6 CH3 (Hz)
l

y-of__Tha 85 T4 T 85 gy g=dges Te6 ’
1-"8—7“5 A '8,'“ 7.“ 7." 80“ u.2 J2,3 = J5,6 £ 3 706
3-BP~ 8.8‘é — 70‘33 8-»6 — J5,6 2#?‘6 ) )
(D,0/DsS) ' a6 = 12
1-Me-3-Br__ 8.64° __  7.13 8.23 :ku J5,6 = T:0,
Hydrobroriide (D,0/DSS) “ J2,6 = 2.4

4-OMe_ _ 8.67 7.22 T.22 B8.67 H.0T Jp 3= gz 5.0

- (Dp0/DSS) : J3,6 = Ja,5 = 1.5

. ‘i-OMe_-N-OXide 8062 70“9 7-“‘9 8-62 u'15 J2,3 - J5'6 2 5.0
(DZO/DSS) - Jz’s = J3,6 = 2-5
4-OMe_ _ Bromine  8.68 7.19 7.19 8.68 4.07 J; 3= J5 ¢ = 5.0
Complex (CDCl3/TMS) ~ J2,5 = J3,6 = 2.0

8 This work‘unleas otherwise referred. The standary reference in
deuterium oxide was sodiunf 2,2-dimethyl-2-silapentane-5-sylfonate (DSS), '
that in deuteriochloroform was tetramethylsilane (TMS).
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Kinetic Studies

ke -
=

o . . ’

Bromination of Y-pyridone and 1‘1.:3 derivatives in 1.00 M ;queous KBr
at 25°C,.foll’owed second-order k;netics. The data rep‘or;ted in Tal;le
XXIV, spanning the region 0 < pH ¢ 8.8, clearly show that the
ps‘eudo-first-order rate constants are linearly depepdent on the
substrate concentratic;n and thus give the same value for the observed
second-orjder rate constant. The data are pictorially' represented in
Figure 23. )

The second-order rat‘e‘ constants (k2°b3d) were obtained as outlined
earlier (page 103).‘ For the sodium salt of Yopyridone, the data were

«

analyzed directly for second-order be‘,ha'viour wi;h no oPrresponding
k1°b5d. Following this direct second—order"analysis and correcting for
the available bromine, the k2°b3d show identical plat.t,ern in the overall
rate ptrof‘ile. This is further evidence that the reaction is
second-order. )

At high acidity (pH < 3 < pK,) lU-pyridone showed a decrease in rate
with ix_lxcreasing acidity (Figure 23). The term KC/[H+] in equation II.8
is very small in this region and so equation II,9 applies. Since there
(is.a decreasing trend in the second-order rate constants, it can be
deduced that no bromjnation is occurring on the protonated form of ‘the
substrate, theréfore the term k3[1-1"']/l(,A disappears from expression
1I.10. Thus, equation II.11 is applied for pH < 3. u'l‘he £fit of this
equation to the data is compelling evidence that M-pyridon_e reacts as
its free base in the pH region (0-4.5). /

For pH > 5, the term k, in equation II.5 is very small and equation

I11.12 is applied for 4-pyridonet suggesting reaction upon 1/% anion 49.
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»Table XXIV. First- and Second~Order Rate Constants for the Bromination
- of ‘l-‘Pyridone and Derivatives irf Aqueous Solution.2

pH-  [PHOJ, X 10° (Br,]1, x 107 ko0 ik, 0P34
' M M. sec~! 1 sec™!
Y : b : ' L S 2 ' <
. ‘»\,‘ 4-Pyridone
1.12° 1534 \ s00 / 14.8
1.45° 200 500 ‘ | 0.0102 88.5
2.08 38.29 500 426
76.54 * 500 B T
B “ 1534 500 397
' 2.35 76.59 500 844
3.17 76,59 500 3720
3.30 200 500 0.410 3580
3.80 100 500. 0.371 6630
4.90 " 100 ' 500 0.614 11000
5.52 100 ) 0.683 12200
5.56 100 500 0.852 15200
; 6.24 00 500 2.06 36800
© 6.50 1100 : 500 2.14 38300
6.93 00 500 6.27 113000
7.40 200 | 500 . 33.1 293000
. 7.92 100 - 500 3921 - 738000
| C 8.74 50.0 | 25 . 113 6710000
1-Methyl-4-pyridonel '
1.108 250 500 0.598 ) 41.5
2.25 125 ~ 500 597
500" 500 . ' 598
3.12 50.0 500 0.0888 3360
3.31 50.0 500 0.113 4280
3.96 50.0 500 0.253 9560
~ 4.96 50.0 500 0.308 11600 \

v 5wy
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| Table XXIV. Continued.
. pH  [PHO], X 107 [Brpl, X 107 i {obsd k00 ;
M M se\p'1 ‘ M1 sec-!
’ 1-Hethy1-’1l-pyr1donef ;
/ 5.97 - 50.0 500 ' 13300
75.0 500 13200
6.92 50.0 500 12800
' 3-Brémo- 4-pyridone!
0.08t 000 250 0.00171 ; 29.9
0.663 J 50.0 250 " 0.00260 92.9
. 1,90 7 50,0 250 \ 0.0130 465
‘ 2,31 © 25.0 - 250 | 0.00784 592
. 3.00 . 50.0 ' 250 | 0.0224 800 |
v ‘ 3.41 | 25.0 T 250 - lo.0121 917 f
.8.03 25,0 250 0.0184 1390 A
475 12.5 g ST 250 o.0tts L 2u65
5.26 5.0 / 250 - .100 7600
. 50.0 250 .220 7870
5.95 25.0 . © 250 o\.zgs 22300
6.25 25.0 250 38300 L
7.18 . 12.5 . 250 521000 ' .
25.0 250 - 502000 .
7.61 " 25.0 250 1180000 '
8.00 25,0 250 2850000
3-Bromo-“i-methy1-l¥-gyr1donef , e
0.50k ™ 200 » 500 3.9 f
1.000 200 ’ 500 114 ..
, 1.50 ~80.0 500 - 241
C 2.00 120 - 500 369 |
b 200 . 500 | 0.0449 B - —

280 500 | .0.0618 382
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Table XXIV. Continued.
pH  [PHO], X 10° [Bry], X 107 k%% k,03d o
' M M .sec‘l M sec'? I
3-Bromo-1-methyl-ﬂ-pyridonef ‘
3.34 200 500 0.0567 49y ‘
4.91 # 200 500 : 0.0658 573
6.28 200 5008 0.0644 . s62
5 <
7.32 80.0 - 500 0.0263 .. 602 ° .
8.50 200 500 0.0476 = 537

4

“a §b1utions were 1.00 M in KBr and total ionic strength of 1.01 M _~
(0,01 M for the buffer) unleas otherwise specified,
25°C. A1l rates are the average of three or more runs each of which has
a correlation coefficient better than 0.9995. .
D The substrate was introduced as the nitrate salt unleas otherwise}
speeified. . P
© [HBr] + [KBr] ¥ 0.9758 M. : _ y |
d The substrate was introduced as the sodium salt taken o be the

Temperature wést

+

dihydrate. . . .
e [Br=] = 1.035 M. : U N
§ubstrate introduced as its hydrobromide. :
& [HEr] + [KBr] = 1.000 M. | .
h Free-base form of the substrate was used. "
1 [KBr]'= 1.000 M, [H,S0,) = 1.0545 N. / ol
3 [KBr] = 1.000 M, [H,S0,)= o".311e Ne ‘ _
kK [HBr] + [KBr] = 1.3150 M, p[(HBr] = 0.50. ° ° - g
! (uEr] + [KBr] = 1.1012 M, p[HEr] = 1.00. ' . )
. @ - '
’ ‘\
. g
' |- . . .
NN . ]
R Py ., )( -
“ : : s , .
, Nt \
| oo
P of .
<) :
* Vo N "
e -:::;}m.mw e s s L LT s - . R
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Table XXV. Summary of Constants for the Reaction of Bromine with
4-Pyridones in AqQueous Solution.?2

3i-‘igur“e 23. Rate profiles for the bromination of 4-pyridone (43, @ ),
1-m§thyl-5—pyridone (50, O, 3-bromo-7ll-byr;idone (70, & ), and
1emethyl=3=-bromo=4-pyridone (j_1_, Ja '). The curves were drawn using the

‘ parameters inh Ifable XXv (seg text).. 4

2]

-

l&-Pyric'ione PKy kqy . “2Kc« ko
. Derivat;ive M1 sec”! sec” Yl s&ec"'| .
. |
o S ¥ 7000 0.0110  1.35 x 109 :
. 1-Methyl- 3.58Y 12800 | ' : |
3-Bromo-__. .37 650 0.0287 8.28 X 107 |
1-Methyl-3-bromo-__ 1,587 549 | -

8 parameters used to draw profiles in Figure 23. pKg from Table XVII.
 pitted. - : '
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The curves for M-pyridone and 3-bromo-4-pyridone in Figure 23, were

1;lotted using equatio&II.M derived from equation II.8 asauming/no

bromination on the protonated form of the substrate.

obsd
ky

'

(1'+ K/H'D + [HNYK,)
BN

(ky + kK /[H'))

4

I1.14

o

In the range 3.5 < pH < 5.5 the full }‘orm of the expression is necessary

Lbecause of the small distinction between the values of the temé k

kal(C/[H+] for 4-pyridone. The situation is similar for the 3-bromo

1 and

derjf.vativ'e in the interval 2 < pH < 4. The plots for the N-methyl

derivatives follow e'quatiqn II.11 given ‘earlier. Forvthe substrates

2

containing an ionplizeable hydrogen, both KA and KC were assumed to be
AY ‘

-invariant from their literature valu~e. The fitted parameters derived by

employing eguations II.11 and II.14 are listed in Table XXv.

The N-methyl derivative 50 reacts via its free base with a decrease

in rate below pH 2.5 due to increasing concentration of its protonated

form (see Figure 23). N-met.hyl-3-bromo-N‘-pyridone 71 likewise reacts

via its free bdse as inferred from the similarity in the rate profile

of 50.

" The plot of 3~bromo-4-pyridone 70 is similar to that of the parent

o .
W"h'

&

.

o

)

[

~
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substrate 5_3. Euiploying the same argumenté as above, it seems that 70

reacts via its free-dbaae form at pH < 3, while anionic reaction is

’

dominant for pH > 3. . ) .

N ' g
Reactivities and Mechanism

From Tab}e XXV, the similarity in k, for 4abyridone (43),
7.00 X 103 ¥™' sec”! as compared to 1.28 X 10" M~! sec™' for the
l-methyl derivative (50) is evidence that 4-pyridone is reacting via( its
lactam forn: (sgructure 43) for pH < 4.5. If it were to react as
4-pyridinol (ﬂy_) one ;ould expect it to form a complex with bromine, by
analogy with its behaviour towards 1odin396 and ;he formation of the
4_methoxypyridine:bromine complex. Such complexes suppress nuclear
‘bromination. .

At the higheat pH values, th;: kinetics for 4-pyridone (43)
demonstrate the reac_:tivitiy of bromine and pert;ape tribromide, but not
hypobromous acid.or its anion. The reectivities of these last two forms

of bromine, if significant, would have ‘altered the‘)observed rate

-

constants from the rate profile. Hypobr'omous acid would show a
decreasing rate for increasing pH because of its H* ion dependence
(equation I.18). For pH 8.75, bromine, tribromide, hypobromous acid,

and hypobromite ion are in sufficient amounts: 3.5%, 55.9%, 18.8%, and

\ .
21.81__respectively, to be able to react with the substrate, but no

deviations were observed in the rate profile. This laek of deviations

(notqd in other work also) supports our-method of correcting for'these

s

speciq& (equation I.21). . .

J €
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Of all the pyridones re'ported in this'_thesis, oniy the
3-bromo-4-pyridones (;i_g and 71) show anomalous behaviour: the parent
3«bromo-l4-pyridone being slightly .more rea¢tive than its N-methyl
derivative. This is preseni:ly unexplainable. Furthermore, the anior;‘B
reacts‘ at a rate five times less than the aniow of S-b;'c;mo-z-pyridone
for bromination alpha to the carbonyl. This rate, considering no .other
1nteraction, should have b;eh comparable for both subétra_tes.

The simpleat mechaniam\conaistem: with the data is shown in” Scheme

IX. This is very similar to the one proposed earlier for 2-pyridonge

(page 121).

-

Scheme IX. Mechanism of- Monobromlnatién,‘of 4_Pyridone and_its Aniop.
seheme 12. .

OH
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v

;There is no evidence in the kinetic study to suggest that'intermediate
ii loses a proton to go directly éo the anion 72. This process is
included for co&pleteness since in the dibromiﬁation of Y-pyridone (Qée
below) the second bromination step occurs upon the anion of
3-bromo-l-pyridone at pH > 6. Logically it appears more expedient for

Z}_to g0 direcfly to 72 rather than, for instance, isomerize to 70 and

then equilibrate to give 72.

Il

. : Dibrominasion

\ ’
From the plots in Figure 23 it becomes understandable why

monobromination of 4-pyridone (to 70) 1is so difficult.
3-Br6mo-u-pyr1done is more reactive than u-pyridqne itself for pH < 243
and pH > 5.5. Frustrating as it was,' there would have beeh no pladéi
synthesis of 70 without knowledge of the reactivity profiles for both
substrates. The aqueous region where bromination was expected to lead
mainly to 70 was 2.3 < pH ¢ 5.5. Only ét these pHs is 4-pyridone
ac}ually more reacti;e towards bromine thgn 70 (Figure 23). In order to
achieve a larger difference iﬁ rates, the £emperature for
monobromination was scaled down to zero éelsius with satisfactory
results (see Experjmental).

» The sodium salt of u-pyridene was also brominated at pH > 5.
ginetlo data ;btained under second-order conditions (2:1 of

obsd

bromine :substrate) gave the values of k2 shown in Table XXVI and

plotted in Figure 24. Attempts to obtain rate constants under

'

pseudo-first order conditions gave anomalous traces: the first 10% of

d

b

T e
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3N
the bromine disappearing about ten times faster than the remaining’ 90%.

This is probably due to an in;purity (~1%) 4in t.h‘e sodium salt (sinco’the
Subsfyate e_xcess is ten-fold). |

. The rate chstants in Table XXVI are about half those for the same
region obtained underipseudo-firat order conditions kTable XXIV and

Figure 23). This again indicates successive brominations are occurring.

The data in Table XXVI was obtained by analysis assuming one mole of

substrate consumes one mole of bromine. However, because of successive
1

bromination two moles of bromine are consumed per mole of substrate:
4

kz Br

™

Therefore, the observed rate constants are 2 X k However, the

2.
analysis of the data obtained under second-order conditions take this

into account and so gives a lower value. ' - -

Table XXVI. Second-order Rate Constants for -the Dibromination of Sodium

4-Pyri Soxide Dihydrate.® i S,

pH [PHO"], X 10T M . [Brp], X 10T M k9054 x 10-% M1 gec=
6.52 . 250 500 ERTE

7.37 250 500 10.1 :
7.61 250 500 15.9

8.30 250 . 500 <. 8.9

8 [KBr] = 1.000 M at 25°C. Data was analyzed as second-order of the
type A = B = [Bry],. Correlation coefficients are all > 0.9995., Each
value is the average of at least three runs and corrected for the amount
of free bromine (equation I.21): ‘ '

N

]
/ ' . ¢

—y——— . .
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. obsd
fog kp " .

pH

Figure 24. Plots‘ of second-ordgr rate constants (log k2°b’d) versus pH
for the bromination under gseu?o-firat-o'rder conditions of
u—hydroxypylridinium nitrate ( @ ) and under conditions of dibromination
for sodium 4-pyridoxide dihydrate (VO ). Data was taken from Tables

-

XXIV and XXVI.

. Sumary

The kinetics of bromizxation of 2‘- and N-pyridénes point to the
reactivity of the lactam form at pH < 5. ‘This is corroborated by
similar reaction rates and rate profiles of the respective N-methyl
derivatives. The ortho preference for bromination .of the N:-met.hyl and
2=-pyridone may be explained Yy formation of a hypobromite and
f‘earr_angemént . ‘

The rate constants of 2-methoxypyridine, which simulates the

reactivity of the lactim form of 2-pyridone, is 103 times less reactive

.a
-
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]
towards bromine and gives mainly the C-5 product. In contrast, the
bromination of 2-pyridone yields 78% 3-bromoc-2-pyridone. Moreover,

ethers of 2- and 4-pyridones form much less reactive isolable

174,92 (which niay be useful halogenating agents), and

96

complexes,

equilibr;ium complexes in non-aqueous media. Overall, the completely

different behaviour of the alkoxy pyridines provide further evidence

that 2- and 4-pyridone react as the lactam tautomer and not as the

lactim form.

At high pH bromination appears to occur via the anions of the
pyr‘iddnes, as inferred from the linear dependence of ;'ate with [H¥].
Furthermore,_the reactivity of these anions towards bromine appears
readonable f‘ogr' aza-substituted phenoxide ions. )

The rate profiles of the bromo derivatives of 2- ana u-pyridones{
helps to clarify the faclle dibromination. At high pH, since the
reactivity of the bromo isomers is greater that.l the parent,
dibromina ) n results even undfr pseudo-first-orderconditiona. As shown
* 1in the Ap\ﬁﬁu, dibromination‘elevates the rate constant by a factor of
two (see F&kures 22 and 24). At lower pHs, dibromination of 2-pyr1done

W

proceeds a‘p a rate comparable to its monobromination which is, of

course, greater than either bromination of 3~ bromo or
5-bromo- -ﬁ&\ridone. This unexpected result is explained by assuming

that the ,econd bromination of 2-pyridone proceeds via the
g . .

. A
3-br"omo-2-p.ir1doxide, in equilibrium with the lactim tautomer, which

*
.

x_'eacts faster than 2-pyridone in this_region.

/
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III. THE PHENOLS

’
’

The main issue behind writing t.hi:s chapter was“to exa‘mine the
diffusion-contrélled reaction. The anionic bromination of phenols
| approaches the diffusion-controlled limit.53’97 For phenol itself the
rate constant for this reaction ;gs hitherto unknown. '

One of the criteria, for a diffusion-controlled process 18 that the
reactivity of a substrate is so great that different electrophiles will
react with 1t at wvirtually the ~.same rate. The 19dination of

1:>henox:|.¢!e98 is 6.0 X 108 M"1 aec'1= a value close to its bromination

(see later). Encounter-controlled rates are important in elucidating

" geometry of tran'sitibn statea.99 Equaiions determining this rate

“ 0]
relative to the apparent rate have been developed1°3‘ and Schurrwu has

gorneé as far as calculating the amount of reactive surface for two.

spherical reactants from‘ the appatent rate constants. Other

>

R

diffusion-rate constants have been employed in the calculation of bond

§

ey

» distances in the activated lstat\e‘s 105 Although it may appear’

unprofitable to calculate such fast reaction constants, which are very

*ORE e g

similar in magnitude, it is of importance to calculate a series of these

at different viscosities to obtain angular oonstraints:wu to probe the

A LA

-
-

transition state further.

Direct determination of diffusion-controlled rate constants is

138
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generally not possible .due to ‘Jt‘.'he speed of the reactionﬁlowever, using
, competitive-second-order conditionsj the apparent rai-.e may be reduced by
faetoi‘s- of 100 or more. Therefore, the rate constants may be determined
by the stopped~flow method. Additiona]rly @ pH-rate profile of the
apparent second-order rate constants sy obtained from
competitive-consecutive second-order rates, may give; information about
processes which are oup_ of reach of pseudo~first-order kinetics. A '

glimpse of this phenomerion was seen earlier in the dibromination of 2-
and 4-pyridones. With these ideas in mind, tribromir;ation of phenol was
also carried out with interesting resultsl

To understand the total process of bromination of phenol, the
brominatiimg'of various bromo isomers were also studied in aqueous‘

soclution. Furthermore, the rate constants for some of the bromophenols

that were studied previously under different conditions were obtained

. under standard conditions. Thus, regardleas of whether the isomer had’

been previously brominated or not, its bromination in aqueous molar KBr
was conducted. The reportedukinetic results, for a specific isomer,
serve as a comparison. A high ;:oncer;g.ration of KBr was used, as for the
case_of the pyridones, in the expectation that very fas.t processes would
be incurred by the anions. Under thesé condihions; most of the brorﬁine
is in the form of Bra' and so the dpparent rate is generally reduced.'
The em;;hasis is on the anionic bromination bécause these aromatic

substrates are the pivot point in the correlation of the reactivity in

the bromination of the pyridones and pyrimidones.

4 e s — - -
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HALOGENATION

.

Halogenation studies, in general, are particularly important for
the biochemical approach to develop radiopharmaceuticala.106'107 The

neutron deficient isotépes iodine-123 (t1,2 =z 13.3 hr) and bromine-77
“‘1/2 = 56 hr) find increasing interest for in-vivo applications in

nuclear medicine. It has often been pointed out that bromine isotopes

have some advantaées over jiodine 1sot;opes.106 Phenol, serving as a .

model substrate in this field, has been radiobrominated with

6 ) 107

or jodinated with iodine-123 in aqueous solutions.

br;omine-7710

Halocyclohexadienones are formed in the halogenation of
phgnols.95'98'1°8'”0 Their ketonic structures have been established
concluslively by modern spectroscopic methods . 109,111,112 However, tﬁere

is a paucity of information on such interﬁediates which are derived from
' unsubstituted or monosubstituted phenols.gs’110 Only the’
2,5-cyclohexadienones of type T4 and 77 have recently been detected in
this laboratory.95 For instance 74 has a half-life of 46 msec at pH

2-5,95 while the shorter-1lived Z;H-chlohexadienones such as 75 and 156_

can only be postulated as  intermediates.
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From the kin;atic rate profiles for the decomposition of 1‘1 at high

acidity, it may be inferred that protonation on oacﬁen, onbt‘he:gé, .
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intermediates, increases the rate of decomposition to- products. 95 This

decomposition of ﬂ exhibits general acid and base catalysis.

™

+0/H

18 80 '
[ -1 g
{ i /
Br slow ~
ﬁz
. .
13 14

'In acetic acid phenol (78) undergoes monobromination mainly at C-4

113,114

(95%) with a small pe}-centase of C=2 bromination. A sSinmilar

6T reaction in'aqueous acid.

\‘

s depending on the amount of ‘added

result was found in 4he‘present work
Dibromination and even tribro
bromine, can also be achieved. For less- than equimolar ratios of

. . \
reactant-s, as the pH is 1increased to neutrality and beyond,

polybromina’tion cceurs"_5 and can be quantitated b(xme Table XXVII). ‘

Pos’tulated. mechanisms for the halogenation of phenols are generally
similar, 98116 3, that they are all believed to involve
halocyclohexadienones. There is at present no reason to challenge these

mechanistioc pathways. Dubois et al.”6

.

. have demonstrated three
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variants of a general mechanism for the study of the role of bromine and

tribromide ions. The proposed pathway is outlined below:

\

Kt

Br2 +Br  e——a Br'a ‘ ' . I.16
k, . ' ‘

APH o+ Brzv—r ArHBEr + Br III.1

- : -1 . '
k, . ,

ArH Bz-3' -;-. ArHBrt + 2B III.2

' =2
+ k3' ’ + *
ArHBr® ———p ArBr + H III.3

' In 'ihe pres‘fent oése the last (irreversible) step is the decomposition of

the fa‘rotonated dienone, ArHBr* (ef.. _B_Q)‘. Assuming a steady state on
| 1168 ” |

this intermediate, Dubois derived the general form for the apparent

rate constant:

4 ] - '
k1k3 + k2k3K [(Br-] .

k,"PP(1 % K1 [Br7] = —
' k_([Br7] + k_o[Br"]" + kg

The first variant comes from the assumption that

determining. Then ' i .

' k3 > kh[Br'] + k 2[Br']2, that is, the formation of ArHBr* is rate
. - ' - . ,

k,"PP(1 4+ K'[Br™]) = Ky + kR'[Br"] . IIIS

and there should be a linear dependence on bromideé ;I.on. This 1is

breciaély the situvation encountered with some substituted an:laoleta.”6a

\ Toem e -

The second case is that where there is no reaction via tribromide

fon. Equation III.2 is nonexistent and
—_————— — - A -

k,*PP(1 + K*[Br7)) = Kk, . S * III.L6
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53 has found no tribromide ion depengiencé in brominatfon of phenol

Bell
o ks
. in accordance with equation III.6. /’ : ' °
- . . \
The case where there may b'e_an_imzy/é.e bromide ion dependence is if g

« the breakdown of ArHBr' _were rate-determining (i.e.
__,_-..4/ .

kg « k_q[Br7] + k_a[Br']z). In this case

k,PP(1 + K'BrT] = (kgky) /(k_y[BrT]) 117

- ~—

P

This situation is found in ‘thevbromination of l-bromo-N,N-dimethyl-

%

R T SR

aniline. 17 ' :h
. The last case considered corresponds to the sifuation ere the
-breakdown of the intermediate to producﬁs and t.o reactants are T e

competitive (k3 = k_1[Br' 1) and Br is not involved. Such behaviour

3
waé found earlier for the iodination of 11--:1:!.1;r'op})enol.”8 The
\\ A R ‘u
appréeriate equation is

s

o ©

@

" -

¥t A T AW T b
-

k,P(1 4 K'(Br D) = k1k3/'(k_1[sr'l * k) ' I1.8

Thus, for the case of positive or zero bromidé ion dependence,

" formation of the complex is the .rate-determining step, whereas ;he

-

invef'se effect of bromide ions strongly indicates that the rupture of S, :_'
the C-H bond, from ‘the intermediate complex, is whol]:y (equation III.7) . , {

or partly (equation III.8) rate-determining. The presence or absencé of

primary isotope effects may also be succeaafully explained uaing this
. mechanism. 98,116, 118 . ' SN o o

il A i Mt "
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RESULTS

PO

( © Product Studfes

Vo e

The ortho—para_,:gsbmer ratios of the monobromophenols in bromination
of phenol was obtain;d by, a gas-chromdtographic technique (see
Experimental). For qﬁantit:ative results a calibration graph was

7 _‘ conatructed. using accurately weighed mixtures of 2'-"and 4_bromophenol

s ea

and peak-height ratios. The resulta.. are plotted in Figure 25.

Bromination of -phenol at different pHs and ;nalysis wof the reaction.

L 4
N e g

oo mixtures led to the resulis réported in Table XXVII. This table .
contains. the results for 2-/4-1bromophen91 ratios in terms of ratios in

3 peak height, which'weré aﬁgerﬁnposed on the éslibrgtion graph, Figure
- . 4 . .

’

N 25. . 5 . . -

3
i

-
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Figure 25. Calibration graph of GC results displaying the average
peak-height (atios for ‘ortho/para bromophenols (R ) versus the average
weight ratios for ortho/para bromophenols j("f)o . Superimposed are the

- l‘sxotbema. of ‘the peak-height ratios obtained ’aftp\r injection of the
v ‘ - V.
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- _«product mixtures. ‘
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Table XXVII. Results 61‘ Product Study for Phenol by Gas Chromatography.
pH Averagea Peék-Heights for Average Average
’Bromine/Phean Ratios Ortho/Para Ratios  Tribromophenol )
1:1 1310 of Bromophen'olsb S Y,
~ K \ Ry
N I ¢ . St
1.00 0.165 0.202 . 0.23 + 0.02 ;  some®
7.5 '0.591 0.534 0.70 + 0.04 T sy -
-30-114 1.47 . 1.98 2.1 + 0.3 1644
@ of ‘at least three injectionms. .
D Obtained from calibration graph Figure 25 (above).
C Refers to polybrominaté’a‘xphenols as visible precipitate and not
necessarily tribromophenol. ‘
4 Determined by dry-weight of precipitate. Yield based on [Br,],. 2
€ For 1:) and 1310 ratios~[Br,),= 0.0125 M and [NaOH] = 0.02 M.
e
- The o/p ratio at pH 1.00 is similar to that obtained earlier for Y
reaction in acésic lilcidonll No meta bromination was detected. Meta
bromination does arise in some cases but following rearrangement of the
dienone in strong acid.wab’ﬂo’“3’119 ~Brom1natic‘>n of phenol in aquéous
'eo\@om undergoes polybromination as can be seen from the appearane(e of ’
- . (
2,4,6-tribromophenol in Table XXVII. )
4
The results from GC study led to the isomer distributions " below
which are similar to those for the radiobromination or: phenol.w6 )
pH_T7.5 " pH__10 :
. OH OH
9\ 21 \ 21 W 34 @ 34 i
3
' 58 3}
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° ‘ R J
'The above method for determining isomer distribution of
bromophencls had some disadvantages. No dibrominated phenols were

detected. Secondly the experimental conditions deviated from the UV

kinetic studies both in terms of quantities of reactants and in sample

manipulations. Thus, a different UV experiment was devised in order to -

determine all the species in the mixture following the bromination

\ *

reaction. This required individual-wavelength and extinction
coefficients of all the poasible“products at a specific pH and
tenmperature of"'reaction. The analysis required the solution of ™n"

A
simultaneous equations ("n" is six for phenol). Clearly the use of a

computer was required. Some of the UV data, for max}mun wévelength )

o v
absorption, for each "species are \reported in Table XXVIII.

UVPROS,' the program written by the- author to handle such a problem
(see Experimental), gave results tabulated in Table XXIX. It was

disaﬁpointing to see that the values differed f‘rog the GC results.

the ortho/para

o

These data are suggestive that there is ‘more equality in
ratio ix;n bromination of phenol. However, it seems to point out that
some tribromination does occur even in very acidic conditions in
agreement with observed synthetic bromination. To make the ‘data mo&*e
realistic, calibratibn graphs much like’the c;ne portrayed in Figure' 25
are required. Thus, weighed mixtures/of the different ison':ers should be
made and the UV data subjected to this computer arial‘y:s:ls. The results

for an individual or combined isomeric ratio can be plott‘sd versus the

actual amounts employe‘d{’ ’ . ' ‘

- -

ALY
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Table XXVIII. UV Para:fters and Dissociation Constants ;‘or‘ Ejhenols.
» } ’

t

Compound ™ (pKa)mo L pH )‘max ‘in tm (log )2
Phenol . 10.00 0.77° . . 269(3.11)
4.00 269(3.11)
7.00 269(3.11)
2-Bromopherol 8.44 0.77° 275(3.30) ~.
g 4,00 274(3.30), <240(>2.51)
! . 7.00 274(3.30), <230(>3.00)
4
4-Bromophenol 9.36 0.77° 279(3.10)
‘ 4,00 279(3.12), <240(>3.19)
, 7.00 - 279(3.09), <230(>3.56)
9 1
2,4-d1Bromophenol 7.79 0.77°  286(3.23) _
" 7.00 287(3.27), 311(2.75),

246(3.37), <230(>3.61)

2,6-d1iBromophenol 6.67 . 0.77P 279(3.29)
4.00 279(3.30), <240(>3.05)
7.00 230(3.75), 301(3.58)
2,4, 6-triBromophenol  5.93° 0.77° © <250(32.92), 291(3.27)
4.00 <240(>3.26), 292(3.25)
7.00 247(3.90), 315(3.57)

[
)
f
3

a Qnderlined values xjerer- to shoulder or inflection.
P [§Br] = 0.1675 M at 25°C. .

C From this work at 25°C. Total ionic strength was 0.11 M.

. \
’\ \y

\
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Table XXIX. Concentration of Bromophenols in Erpmination of Phendl and

2-Bromophenol from UV Study.®

Y

}
pH [Brp], [Phenol] [H4-Br]
x100M x105M x106M

'3 PO

Product Mixture

{2-Br]  [2,4-Brp] [2,6-Brp] [2,4,6-Brj]

x 106 M x0T x10'TM x10TM

Pheno1® )
0.77° 200 19+8 101+9 614 85 + 18 110 4,80 -0
300 16+1 35+3 4321 690 + 70 260 + 20 10
L)
3.98 100 121 + BT+ 2 1341 "71 48 110 & 2 1545
200 51«1 101+1 1T+t .- 60+9 - 20410 /2104 10
7.08 100 151+#2 10+3 I3+4 15 + 26 -0 249 + 4
Y200 121+2 1146 5+5 40 + 30 ~0 586 + 4
L300 91+t 12+ -0 36 + 8 17+3 “927T+2
Z-Bromophenold
0.088:f 30 25,3+ 0.4 12446  70+10 5344
50 . 7~ - 6.1 40,5 250 + 10 120 + 10 61 +5
0.77° 100 104 + 0.1 745 + 10 175+ 10 40 + 10
200 . 62 + 1 320 + 20 400 + 200 600 + 100
, \
3.98 ° 100 . 131+ 270 + 40 110 + B0 310 + 40
200 62+ 0.5 490 + 60 270 + 70 620 % 50
7.08 100 140 « 1 160 + 10 37+8 4+ 0.1-
200 ’ 89 + 1 150 420 56 +9 890 + 10
300 4o « 1 180 + 10 23 + 4 1400 + 10

2 Medium was 1.00 M aqueous KBr

unless otherwise stated. Equivalent

volumes of reactants were simultaneouslyﬂmixed from two syringes and

allowed to react five houra. Da

b [Phenol] = 2.00 X 1074 M.

¢ [HBr] = 0.1675 M no added KBr.

‘»@ [a-aroﬁopnenollo = 2.00 X 107

f [HBr] = 0.8318 M no added KBr.

ta were obtained from the program UVPROS

M, © 5.00 X 102 M.
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Kinetic Results

By using the UV stopped-flow technique it was possibdle to follow
the bromination of phencl and its bromo derivatives (structures 78,

81-85) in aqueous solution of 1 M potassium bromide in the range

-

0 < pH < 7 at 25%, « 8
{
\ - s ~
OH OH . . | " on oH
Br Br Br. Br Br Br
’*% Br ! Br
82 83 84 85

¢

The kinetic data, collected in Table XXX, shows that the
bromination rates of these aromatic substrates is overall second order:

-

first order with resapect to substrate and first order with respect to
bromine. s;ub'strate de}:endence show t?xe invariance of the second-order
rate constants, which are corrected for ‘the fraction of free bromine.
Overall second-order dependence in the bromination of phenols was also

observed by Be11.53 From Table XXX the rate profiles for each phenol

F 4
. were drawn in Figure 26 (page 152).

L R ]
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" Table XXX. Observed .Rate Constants for the Bromination of Phenols in

Aqueous Solutions.2
," (
PH [Subl, [Bryi, k1dbsd k2% | pH [sub], [Br], ko3¢ k,obsd
x 108 x 107 X 1075 x 108 x 107 X 1073
M M sec™! M lzec™! M M sec~! M lgec~!

Phenol S 2-Bromophenol

0.38° 500 250 13.4 4,80 | 0.40° 225 250  0.181  0.154
.09 500 250 12.5 4.47 500 250  0.419  0.150
1.68 625 250 14.0 3.97 1000 250  0.955  0.167
2,04 1000 500  19.3  3.44 | 1.03 300 250  0.236  0.146
| 1250 500  25.3  3.57 600 250 0,491  0.145
1500 500  29.3  3.M4 | 1.68 725 .250  0.665  0.162
2.64 500 250 12.2 4.37 | 2.07 600 500 0.620  0.192
2.93 500 250 12.8 4,58 | 3.15 300 250 1.23 0.760

3.49 625 250 14.3 4.05
4,07 500 250 12.5 4,47

k.38 250 250 ¢ 5.69
500 250 ¢ 5.63
5.01 312.5 250 ¢ 7.29
625 250 ¢ 6.55
5.20 625 125 26.0 7.37
5.58 125 125 9.04 " 13.7

‘250 125 17.0 12.2
5.97 125 125 18.5 28.0

250 125 35.5 25.4
6.30 200 125 45.8 41.5
6.49 125 125 7.7 T2.1
6.77 125 125 85.7 130

e b e v e A ettt ey e 8
H e

3.50 625 250 5.53 1.57
4,17 300 250  11.0 6.80
4.55 300 250  20.2 12.5
3715 250  28.0 1316
500 250  38.4 13.7
5.00 200 125 _ 40.9 37.1

5.25 125 125 c 62.4
5.54 100 125 ¢ 161
125 125 104 157

x .
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Table XXX. Corntinued

PH [Subl, [Brpl, kq°P% k,°°%d | pH [sub], [Br,], k,°P%¢ K obsd

x 106  x 107 X 10-5 x 106 x 107 x 10°5
M M- sec! M lsec™! M M sec=!  M~1sec!
& i ¢
4-Bromophenol 2,4-diBromophenol

0.30P 500 250  0.121 0.0433 [ 2.75 1000 500  2.13 0.381
750 250  0.189 0.0443 | 2.90 2000 500  5.45  0.471

1000 250 0.246  0.0429 | 4.00 100 250 ¢ 7.24
1.02 1000 250 0.255 0.0445 . 500 250 c 7.32
\ 2.40 500 250  0.182 0.0651 | 5.10 100 250 ¢ 92.1
' 3.01 250 250  0.146 0.110 :
500 250  0.268 0.0959 2, 6-diBromophenol

- 3.39 625 250 0.703 0.199 0.14% 1000 500 0.778 0.0139
4.05 . 625 250 2.25 0.638 1.12 1000 500 0.373  0.0667

4,50 125 125  1.47  2.22 2.33 400 500 @ © 1.22
5.16 .250 250 11.9 8.99 500 500 ¢ 1.20
5.62 125 125 16.6  25.1 1000- 500 c 1.18
- 2.85 1000 500 27.1 4.85
L 2,4~diBromophenol 4.00 100" 125 c 55.8
0.15® 1000 500  0.0206 0.00369] 5.08 20 125 c 774
1.10 1000 500  0.0540 0.00967| 5.62 10 100 ¢ 1680
1.95 1630 500  © 0.0583
2560 500 c.  0.)sss 2,4, 6-triBromophenol?
3200 500 c 0.0554 | 5.62 10 400 c 0.56%

@ Bach datum is the average of at leastwthree runs (e-c > .9995) at 25°C
and 1.00 M KBr. Jonic strength of 229 universal buffer was 0.01 M.
b Glass electrode reading. Actual [HpsOy] = 0.500 M, H, = 0.12.
¢ Direct second-order analysis was applied.
d This run bromination of 2,6-dibromophenol 1 X 105 M with
5X 10'5 M briomille whére the first bromination step proceeds very much

(

faster than the second.
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Figure 26. Rate profiles for the bromination of'phenol (ﬂ,.::\
i ' 2-bromophenol (82, A ), U-bromophenol (_B_i, 4 ), 2,4-dibromophenol

(83, 0O), 2,6-dibromophenol (9!, 8 ), 2,4,6~tribromophencl (85, ®) in

aqueous solution at 25°¢c.

N
‘r

-y

The rate law assumed for the above c;ata was: .

L IE R SO e fn e e 1

-

=d[Br,1/dt = kp [PHOH](Br,] + kyg- [PHO™1[Br,] I11.9

POH

. where [PHOH] and [PHO™] are the concentrations of the free-acid and
- !

anion forms of the phenolic substrate respectively, and [Br2] the

R SRR T

concentration of free bromine. From the rate profile (Figure 2"6) a
‘ . 3

protonated form of i;he ;substrate does not seem to entér into the rate

-

law.
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The constants kPOH and kPO" (equation III.9) may be dissected
53

into their various components. It has been stated elsewhere that the
reactive forms may be phenol, phenoxide, bromine, and tribromide

represented in the folldﬁing paths:

k
PHOH + Br, —_—2y C 4+ e III.10
' , . . o
Ky, , \ .
PHOH «+ Br3‘_—--.> C 4+ oes III. 41
ky ;
PHO™  + Br, ——% C +, «os III.12
- . kd
PHO- + Br‘ - ‘-——’ C + LI ] . R 111013

3 '
. R / )

Bell53 found no reaction of tribromide ion on the neutral phenols and

[

kb may be assumed to be zero. For the phenoxides, however, tribromide

ion reaction does occué and the hféhest kd/ké = 0.033 was found for
2,&-dibromophenoL.53

The determination of kd is complicated and is usually ignored

‘without affecting the overall mechanistic interpretation. Although a

obsd o varying [Br~] can be trivial,

53

slépe (denoted here as S1) of k,
the analysis of it is not. In‘fact, Bell and Rawlinson had to
estimate a primary salt effect (¢) of 2.0 at an iénic strength of 0.20 M
and an average activity coefficient (1;) of 0.778 at the same ionic
strength. The value ky) with these ‘ﬁsau;ptions, is determined by the
expression:

2 r. .+ .
ky = (8, (v,)" [H'IK /(R @) IIT.14

where Ka and K, are the dissociation constants for phenol and

1
tribromide ion respectively. In the present study this expression

o anms kb e et e v =
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should also contain a term involving the Feciprocal of the viscosity
(for the diffusion-controlled rate’and those approaching 1t97’ 101‘) and

worse estimates for 7_and ¢ at an ionic strength of 1.00 M.

© A tribromide ion dependence study ;was attempted for phenoxide ion.

Y

The results are shown in Table XXXI and plotted in Figure 27. The

positive slope (S.I z k.11 X 106 M"'2 sec“) in Figure 27, demonstrates

the participation of Br.~ in the reaction with a magnitude of

3
ky = 8.50 X 108,)1'1800.'1 From the intercept the attack of phenoxide on

bromine has a rate constant of k, = 1.18 X 109 M Tsec™! (calculated

assuming pI(a = 10.00 for phenol). This is less than the rafe of attack
9 ' but 1t must ve

of 4-bromophenoxide rorg bromine k, = 7.8 X 10 M"1sec,"

borne in mind, that the value of> Bell is extrapolate(d to zero ionic

strength while the one in this study is at I =,1.03 M. Any direct

comparison is thus of doubtful value.

-

Table XXXI. Bromide Ion Dependence on Bromination Rates of Phenoxide

Ion at pH 6.48.2

[kBr]  [KNOg]  (PHOH, [Bry]y" (k,°%2%) x 1073 (k,°%®) x 1076"

M M M M sec™! M~ sec™!
0.250 0.750 500 500 2.7 1.39
0.500 0.500 500 500 2.73 2.47
0.750 0.250 500 500 2.53 3.30
.00  0.00 500 500 2.67 4.54

a At ZSOC, I L 1'03M.
b k08¢ yas calculated from k,°°®¢ by dividing by ([PHOH] - [Br,],)

and multiplying by the correction factor for free bromine equation I.21.

J

1
14 J/

R N
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Figure 27. Rate dependence of phenoxide bromination with [Br~]. The

slope, intercept, and correlation coefficient are 4.11 X 106 M-2 sec",

3.55 X 105 M1 sec", and 0.997 respectively.

This is the only tribromide ion study done for the phenols in this '

thesis., Although there is strong evidence for tribromide ion
reactivity, for the more reactive substrates (phenoxides),53 such

reaction will no longer be treated apart from bromination by bromine.

The weighted sum’ of kc and ky will be considered in the following

discussion (equation III.15). .

-

kp = ko + kg ([Br~)/K) . III.15

Furthermore, as not to confuse the reader, a unique symbolism for 4tha

‘« rate con_stanta wi be maintained in this chapter (Scheme X below).
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Ve noﬁ considgr the aciditj dependence of the rate constants
depicted in Figure 26. For eaéh phenol, in Scheme X above, thé data may -

bé'ﬁepresented by:

k2% ok, w (kK )/ H ~ I1I.16

where k2, k2', and Ka are represented by the pathway below:

. K i o ’ . s
_ PhOH  —ab PhQ™ y ‘ '
-
‘ kz l Brz kz' l Bl“z b ' “ :i
products products ‘ ol

¥

The appropriate parameters for equation III.16 are 1isted in, Table

XXXI1XI (page 158). These were employed to draw the theoretical curves in

] B
Figure 26. Analysis of equation III.16 places k = 4.1 X 105 -1 se'::'1

and K,' = 2 2% 100 M1 gec™! assusing K, = 1.0 X 1010 for phenol. ) }

The cher phenols likewise react via their undissociated form where ‘
their rate profile is horizontal. However, such rate constants for 2,4- .
and 2,6-dibromophenol had to be estimated for lack of d=ta 1n more i
acidic region (pH < 0) Anionic rate constants can be easily extracted

ey

from the experimental data by analysis of equation III 16. .

.
- » ) J
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vl . oot
,” m v et et R wiant e opan qmi o rainn w.fm . A N . - PRI T . PRRFRINE R L S 1 -L,"zr-m




158

Table XXXII. Slalury of Rate Constants for Attack of Bromine upon

Phenols and Phenoxide Ions.® _

1
e

|
K]

Rate Constants for the Substrate, ¢

Substra)e _ PK,  Total Neutral (k,)  Anionié (k,')
o ,,,,«", . ~ Scheme X H"1 sec” M sec”’
Phenol | 10,00 (k, + k,). 410000 2.2% 100
] | | ..' " (180000)° '
2-Bromophenol B g k) 15X 10" 11X 10
h-Bromophenol 9.35 (i3) 4400 1.4 x 10'°
. (3200)° (7.8 x 10%)°
2,‘4-diﬁronophe'r§ol .79 (k) -240 4.2 X 107
) (550)° (1.5 x 10%°
2, 6-d1Bromophenol 6.67  (kp) ~500 2.8 x'10° <
. | ((185)° et /(;
-
2,1,6-triBronophenol . 5.93  (kg) 2200 T~

D

P

-

{;,..

™

& Constants used to draw Fate profiles in Figure 26.

b

3 -

ionic strength.

Y

Results from 8011.53 obtained in dilute HClOu extrapolated to zero

1

¢

hY

© Result from urovamn at al.9% at 2.00 M HBr and 0°C.

d

2,6pd1bro-c;pbenol._ Anionic bromination was assumed.

Result estimated from one kinetic@un for dibromination of

El
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The values taken from the literature in Table XXXII are to be used Cye

, \ s
and interpreted wi?h caution. ‘\fl'he r/ate constant 1.8 X 10° M“ ,,0“1

Q . .
for the bromination of neutral \phenol haa ,been admitted by Bell and

linit of their thchWiue.. The value of 3200 ™' sec” -1 for

49a -1

Rawlinson53 to be o%ﬁw accuracy because it was obtained towards the

ll-bromophenol has been readjusted. The vafue 3.2 X 109 M-1 sec

I
.misprinted in the original paper53 has often been quoteq‘ un'ehanged.97

98

- s . S
Moreover, 831153 and Grovenstein obtained their values working over

a limited range of acidity spanning one or two pH units. Worse still is
their.extrapolation from this small pH range to obtaip their rate

constants. Conditions such as ionic strength and temperature are

A

different. Considering all these disparities, our values better
‘\

represent the aotua)\bronination ratea for phenols.

%?
Apparcntly the stopped-flow met.hod is better suited for obtaining

diffusién rates > 109 M~' sec™! than the bromination by

K

slectrogenerated br!onine.53 The k2 constants for phenols in Table )
XXXII contain contribution from di- and .even tribromination. The
problem—ef correcting for polybromination is discussed in the next

section. @

-

In summary, tritromide ion reactivity is large for phenoxide ion.

This is in part responsible for the apparenpl‘y‘ high diffusion rates
. , -

V
shown in Table JQ(XII. In fact the rate constant fdr bromination of

: {
phenoxide 2.2 X 1010 M"1 se&'.'"1 -is a weighed sum of the reactivity of

free bromine and’ tribromide. 'By slA;titubing k, = 1.18 X 109 M~ sec™!
8 1

(reactivity of bromine) and k; = 8.50 X 10 M°! sec™! (reactivity of Z/

trséromide) into equation II1I.15 assuming that the dissociation constant

for tribroside is 0.0625 M at 1.00 M Br~, the.apparent rate constant for

L]

P .

b ———————— 2
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. this rea:gion (at one pH) is: . i
- l ) A
(1 00) . ) ; :
. 1.18 x 10% + (8.50 x 10%) —5&-— = 1.5 1070 w7 gec! -
\ 3 , 2 0.0825 Ty
1Y ' )
$ This is in good agreement with the value of 2.0 X 10'0 y! aec'1

obtained from fitting the rate profile. ¢

) 4

J

. . Polyﬁrominntiouz Quantitative Aspecté

o
) N | Having obtained all the rate profiles for phenols and its bro;so ,

PR

D deri?ntivea facllitates ccﬁa;dcntion of the more complex reaction:
one where all yroducts and all transient intermediates must be formed in
one reaction mixture. This situation obviously occurs when enough

] ! ~ bromine is added to the substrya{:e to produce tribromophehol
quantitatively. The purpoeelof such a kinetic study is to uncover
quantiéatively the extent of polybrominat:ion and to understand how the

° :ute of f&s*ppearanee of the hnlosen is arfeoted by the presence of

bromocy)ﬁlohendicnones .

o ’ ,’&m anaswer to the first part of the question is easier. Consider

t.ho tribromination of phenol m“ith 1ta full rate, equation:

~td[Br,)/dt) = {(k, + k,)[78] + k,[81] » (i, + k(821 + |
¢ ) ko[83] + k,[841}{Br,] o IIIaT

¢ ' "

where the rate constants and structure numbers refer to the process in

»

¢

Scheme X (page 156). The root of such differential equai{ion ;L&‘%;he

" funotiont
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[Br,] = 1/{(k,°"%)t + (1/Br,] )

as deduced from similar processes in the Appendé.: for a 331
obsd

<

bromine:phenol ratio. The value of k can be either of five

2
Q possible values: (1) (l»c.I + kz)’ (2) k3, (3) (k) kS)' (4) ks and (5)

k7. Which of these is appropriate depgnda on the acidity since the
rate-liniting step in the polybromination is acidity dependent, as
discussed below.

Under pseudo-first-order conditions, only the first term in
’ ..
equation III.17 is considered. The assumption being that there ia no

polybromination occurring. But, if the reaction is truly competitive,

M
‘then even under pseudo-first-order conditions, all the terms of equation
-~y

J1I.17 must be considered. This situation is treated under Case 1 in

the Appendix with the result that k obad z 3(k, + k.,). In summary,
2 1 2

:

there is a potential difference of a factor of three between the

pseudo-first-order rate co;xstant and that obtained‘ under competitive
consecutive second-order conditions.

Both phenol and Ai~.bromophenol were polybrominated under
- second-order conditions to give tribromophencl. Thg kinetic data are
lfsted in Table XXXIII and depicted side by side with those obtained
nt‘rom'pseudo—firat-order conditfons in Figure 28. The values in Table

XXXIII contain no statj.atical factors and, therefdre, are assignable to

the rate copsta ts in equation 1II.%7 (see Scheme X). The values ’of the.

rate cénstalhts btained under jpseudo-first-order conditions are theq .
1 ,

some factor greater than this value which can be found directly from the
1 graph in Figure 28. As it turns out, the factor for tribromination of
phenol, obtained under psgudo-firat-order conditions, is not 3 as

expected. 'rjhia implies then tllat the reaction is not brominating phenol
H ” . 3y
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fully to 2“,10,6'-tr1bromophenolifor large excess of the aromatic substrate

for pH > 5.5. This presumably results since at pH > 5.5 p-bromophenol

is only slightly (ca. 2 X) more reactive than phenol. Any competition .

A

for bromine which occurs under first-order conditions (ten-fold excess

phenol) is probably due to subsequent“’brominntion of 2-bromophenol,

since it is twenty-times more reactive than phenol.

Table XXXIII.

Phenols in Aqueous Solution.?

Observed Rate Constants for the Polybromination of

Tribromination -of Phenolb

Dibromination of U~Bromophenol

| pH kzobad pH [&.230 X 107 kzobad’
M sec-! M M1 gec!
.
0.50° 2.56 x 103 2.87 500 7.67 X 103
1.00 3.91 x 103 3.50 250 1.60 x 10"
1.78 5.81 X 103 4,05 250 3.56 x 10"
2.73  5.98 X 103 4.95 125 . 2.92 X 10°
3.82 3.69 x 10 5.08 125 3.52 X 10°
. 4.08 3.23 x 10
~ ’ 4.78 2.84 X 10°
5.29 5.60 X 10° .
5.58 © 6.92 X 105 ’ ‘
.0 | 2.35 x 108
6.35 2.06 x 106 ’
7.08 .11 X 107
7.65 3.63 % 107 '

Sty
peaial

2 Medium was 1.00 M KBr at 25°C; n[POH], = [Brply: n = 3 for phenol,

n =z 2 for 4-bromophenol.

»

.
ke

Analysis was second-order of the type
A =B = [Brpl,. All correlation coefficients are > 0.9995.

® [Br,], = 5.00 X 107 M for all runs.
© Glass electrode reading of 0.500 M.H,S0y.
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Figure 28. Broken curves are segments of rate profiles (Figure 26) for
the bromination of phenol (78), 4-bromo- (81), 2,4-dibromo- (83), and
2,6-dibromophenol ( 84) under psesudo-first-order conditions. Full line
is the rate profile for the tribdbromination of phenol ( @ ) and
dibromination of lY-bromophenol ((A } where [Bl‘zlo is in equivalent
amounts to the number of brominatifg sites on the subatrate. '

/1 ' | | a
- . : U"‘
The rata-limfting reaction upon phepgoxide gradually disappears from

the rate equation III.17 and the. rat‘.e-detemih.'&ng' step' is then the mono-

or dibrominatiori’ of 4-bromophenol. In the range 3 < pH < 5, this

bromination is truly competitive since there is a factor of two from the

]

value of k2°b=d from equation III.16 and III.17. This fact is better

illustrated in the dibromination of M4-bromophencl (points illustrated as

¢

solid triangles in Figure 28).

Y . t
o

~
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For pH 2-3, the rate-determining step appears to be the bromin‘ation
of ‘U-bromophenol, as is reasonable, ~~Howuever, at pH < 1 the bromination
of 2,6-;iibromophenol seems to be rate-li.miting. This is confusing since
the bromination of 2,4-dibromophenol should be the rate-determining step
on the basis of the rate constants obtained under pseudo-first-order
conditions. 1In retrospect, it appears that the reactions at pH < 2 were
not carried far enough (they are very slow) and so the 1nf1n1t)"ﬂ values

"

were not very accurate.

To try to clarify the situation at low pHs computer sinfulations

were carried out using the RMCHS program of De Tar:121 Using the

experimentally determined ;ke constants for the various phenols, and

appropriate o/p partitioning, simulation of the tribromination of.phenol

at pH 1 gave the concentration profiles shown in ‘Figure 29, These

* results support intuition: that the major pathway should be via

4_bromophenol and 2,4-dibromophenol. iioreover, second-order analysis of.

the bromination concentration values during the final one third of the
reaction shows that the rate here corresponds to the bromination'of
2,4-dibromophenol. To fo;'ce the computer simulation to match the
experimental data at pH 1 (Figure 28) one has to completely turn around
the o/p ratios, therefore, to assume predominantortho attack, in
sconfliot with the experlimenta'lly determined o/p ratios (see above).,
Taken overall, wé now believe that the results from the l;::l.netic runs at

=

pH < 2, carried out under second-order oondﬂ:ions, are artifactda.
‘ ¢

B
Pl
St

247
,
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X CONSUMPTION - OF BROMINE
o_ 818, l&b 021 93.8 94.9
4

L

” L)
~ Time  (oec)

Fi 29. ' Concentrations of intermediates and product for the

tridbromination >f phenol at pH 1.00 from RMCHS.'21 The .values of the
rate constants (Scheme X) (ky + k), k3, (ky + kg), kg, and ky employed
in this’ simulation are 133000, 7740, 2240, 871, 6020 M~ gep~1

respectively, where kqi/k2 s 50 and ky/ks = 50. Analysis of
17{Brp] - 1/7[Brpl, = k20089 t yielded ka0bsd » B9y M-1 sgo-1

(c-c 0. 99994) .
) LA

&

£l

In ‘the preceding simulation no aocount was taken of the formation

-

of intahnadiate lwomocyalahexncl:l.enimea.95 When one cyclohexadienone

-

1ntumed1ate per ete{}p in Scheme X is introduced in the simulation,

I

11tt.10 change '3’ obaﬁrved in the ooncentration prof‘ile because’ the"

‘-litetiaes of t{he dienonea (the longest half—lire was 46 msec for

&

“aa

e
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4-bromo-2, 5-cyclohexadienone95) 1s much shorter than the time scale for
tribromination. Thus, the bromination process can be described by

considering one rather than a sequence of steps for each process in

Scheme X.

Mechanism

Subatrate dependenc'e studies in Table XXX corroborate the
bromination of phenols to be second order. Additionaily, very good
second-order analyses were obtained for the dibromina’tion of
4.-bromophenol and tribromination of phenol‘over a vwide range of pH.

In the mechanism of bromination of phenol there is parf.icipation of
both Br, and 3”3- in the bromination of its .anion as was‘ briefly shown
above. No tribromide ion reaction was found at high acidity.’53 The
rate profiles suggest the reactivity of the free-acid form of phenol
(78) over the range where the slope is zero and phenoxide.ion (79) where
the slope is one. ‘The predominant p-bromophenol arises from the
intermediate _H recently observed by Iyengar and Tee 1in t’his
1aboratox~y.95 Ortho dienones were not observed; they’ apparently
dew too rapidly.95 However,.*an analogous scheme (as Scheme XI)
1nvolvy trieir partioipa‘tion may be drawn to agcount for the percentage
of 2-bromophenol in the reaction.

The mechanism ‘1n Scheme XI '15 simplified bywah'owing monobromination
t_mly, Dibromir;gtioh and tribromin'atio’n pathways are vcir'y'aimilar to the
bf-omihation of the 2,4- and 2',6-d1bg'omophenol. Also for these isomers

4t is difficult-to ‘dispute the intermediacy of.both ortho and para
" ‘ ’ Z"\ . . i ' . .

‘J ' ' ‘ ' -
il ‘ v -
.
.
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dienones, by analogy to the work of Iyengar and Tee, Scheme XI best
represents our present knowledge of the bromination pathway for phenol.

4

Scheme XI. Mechanism of Bromination of Phenol.

» ’ H* .
[ S
* -
» 1 Brz l Bl‘2, BP3- »
*on 0
H+
b ’
- e o : \:
7~
H Br : H Br
=H+ l -H*+
. |
- / \ '
g OH B

;o

- "'Brcmination product studies for phencl reported above are very
‘'similar to those reported from radiobromination.106 The ortho/para
isomér ratio increases from 0.23 to .'2.1 in the range 1 < pg <11, This

"efregt has hitherto not been discussed or dissected eapecially when

: . -
* . . .

-

X b g
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correlating data using Hammett plots. In the next chapter this effect
t
will be analyzed by applying ?artial rate factors for which a product

study -is essential. +

53 122

Bell and Rawlinson and Kulic and Vecera have reported some

diffusion rates for some para substituted phenoxides.

Kulic and Vv.ecer'a122 show that Bell's results are uncorrelated by

their Hammett am plot and that their results, obtained from the

half-life of the reaction, are reasonably well-correlated. However,
only an estimated p ("-3.5) was obtained because of a small number of
derivatives studied. In this chapter some diffusion rate constants have
been obtained from stopped-flow bromination. The values for phencl and
2,6-dibromophenol were determined for the first time. These results
prepare for a full discussion on the reactivities of substituted phenols
in the next chapter. ’

However, before one may proceed with the Hammett correlations it is
imperative that the rate constants refer only to mongcbromination.

Polybx‘om:lms\t::lc»n1 15

>3 or has been .*Lgnor-ed.m2 Treatment of the bromination

is a(problem that has required obscure
corrections
reaction as a competitive-consecutive second-order process enables the

monobromination rate constants to be obtained.

The participation of tribromide ion (8.5 X 108 M" sec-1) in the

bromination of phenoxide was also determined. However, because
~ ,

-

insufficient work was done for the participation of tribromide ion in

the bromination of substituted phenols, the se:?tion of the

contribution pf bromination by bromine and tribromidé ion cannot be

Juuti}ied for the derivatives. Thus, the total contribution to the rate r,

conatant is considered for the Hammettl'. plets.

\ -
. _ 1 : -

i e ey et cam o mwamie o R e ————
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IV. THE HAMMETT CORRELATIONS

The intention behind writing this chapter is t6 correlate the

“t

influence that substituents exert on the rates of reaction of the

pyrinidones, pyridones, and phenols. ‘ ~

-

In 1937, Hammett'23 recognized that this influence might be
assessed by studying the same type of reaction for substituted aromatic
systems keeping one substituent constant and varylng the other, He .

approached this correlation problem with the fundamental equation IV.1:

log (k/k)) = p(D) .1

5\
u

In this equation k- may be a rate constant, an acid dissociation

constant, a dipole moment and so on for a substituted aromatic compound

relative to the similar quantity‘Ikg for the unsubstituted compound.
The symbol sigma ( @ ), which is a ratio of log (K/K)) for the ionization
of benzoic acids, relates to the chanée in quantity due to the type of
substituent whi;e rho (P) is a specific constant for the reaction in
question (including the reactic;n temperature and solvertt).124

M %
Nermally, the meta and para influence of the substituents are

-

considered. Ortho substitution is usually not ineluded because the

-

proximity of the substituent to the reacftion site introduces

interactions which are otherwise not present for meta or pira

Y o
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_Ssubstituents X and Y. ,

-hydrogen then equation V.3 reduces to:

¢ 170

Substitution.mu In this chapter this problem canno.t; be overlooked
because it w;mld exclude at least half of the substrates studied fr‘om a
correlation for thek ‘bromination reaction. It was assumed that this:
ortho eff‘ect,'which' 1s only exerted by the -OH or the -0~ groups in

this study, is a constant with different magnitudes respectively."
o y

In the case of polysubstituted substrates it is common

procedure to add the effect of the substituent constants
/

(o) as in equation 1IV.2:

log (k/ko) = pZ:U Iv.2

%
For two-substituent variat'ion, the Hammett relationship should

contain an interaction parameter p'125 (equation IV.3) for the two

108 (Ky/kog) = P oy 4o ¢ ot ox oy / I3

If the substituent Y ia'hydrogqn, for whieh ¢ is zero by definition,

then equation IV.3 reduces to IV.1. If Y is kept oconidtant but is not

log (HY/ROY) H (P+P'¢Y)ﬂ’x Iv.4

'T‘l;nfs, even for the multiparameter situation ‘a plot of ‘log (‘kX‘Y/kOY)

versus oy or 2 9xis Should yield a straight lihe if the Hammett
Q

relationship 1s obeyed. Also calculations of p are invariant whether

log k“\ or_the ratio log (icxy/koy) is plotted. In this chapter the

former method is adopted without i'egrard to a reference substrate: one '

where ) oy, _ o , | o |
Equation IV.2 is an appro’ach to a linear free energy

116a,125, 126 ’

.
P
BT
e

P
I VR o 1
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124-126

relationship since it contains the logarithm of k which is

directly proportional to G. It implies that addition of a substitue;t
to a molecule is similar to adding an extra G term for the new
interaction and sub.tracting G for the interaction for the previous
substituent. Extention of this theory leads to the breakdown of the

individual interactions in a molecx.lle}:'m5

- bonding polar resonance steric
1 * Cya + Gy + Oyp + Gyy

Q ©

G IV.5

This breakdown is dir/ectly related to the refineme‘nts of ¢ since

Hammétt's introduction of the constant.
For example, to overcome the deviations of strong

eléctron-withdraw:!mg and eleot}‘on—donating gr:oups in the para position

vis-a-vis equation IV.2 sigma minus (¢”) and sigma plus (¢*) were

devised, respectively. Sigma plus was assigned relative to the

solvolysis of 2-chloro-2-phenylpropane, where Z’1+ = 0. For some meta

substituents, o*  have been measured, but they do not differ appreciably

124

from - oy Vvalues, as originally defined. This is because no strong

rescnance or electronic effect can be exerted in a meta position by any
A

subatituent. This new constant parameter (¢*) 1s useful in explaining
eledtrophilic reactions such as bromination reactions where there is

strong stabilization (&s can be seen from .structures 87 and 88) by the

electron~-releasing groups ortho or para to the site of attack.

HO Ho* HO : m* ’
Br r oo .
W
H > oo >
- i ) \' i
. ‘ ‘ H Br : H r
87 : _ 88 :
- . \X'
{
; §
“?;I ’ e b e s e e e -’i-‘;;\:hu\\‘l\"\; ’ - . - -~ ~ R .4‘: . B v _.‘."h:.a%;.ww-f;“j&j
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In this chapter o* will be employed,where krfown, otherwise sigma

Measuremepké o’ isameric product ratios indicate how, for instance, in.
Y

>

electrophilic substitution the reégent interacts with a given substrate
~ ”

. o
by changes of activation ‘energy at the two different sites.

-

~ L i - ) s [ ‘
*  meta- (dn) will be employed for a substifuent. - , ] °
7,
- - Q\ RPN >l
AN [ 3 . -
S

ﬁ ) , Partial Rate Constants ,

. " s

[

. I}rtial rate constants are a peasure of irtramolecular selectivity.

Calculations of the ﬂ.antial rates may not necessarily involve \

measurements of rate constantsm# but may be obtained by product ratios

-

for a competitive reaction.

Defining kp, k » k_ as the partial ra}l;r.es of para, meta, and ortho
a'g,tack of .bromine on’ i)henols'l #(and heb'exjoar-omatic, phenols) their *
calcuiation may be done by multi;plyir;g tr:e total rate constant by the’
probability c‘::nstant for attacklof bromine g.\t the site in question. The

percent probability constants have been shown for phenol on page 145,

i S [ ]

and cﬁ‘be\calculated from isomeric product ratios. LiS}ea below are Y

‘the values employed for the correlations to f‘ollow."

”'. ® ' \

-

L

* As mentioned above the substrate to which the partial rate ‘should be
~ {

compared (i.e. 2 o.* = 0) is neglected. N .

#% Since there i8 no meta b'rom&natipn, the probability factor meta to )
~0H or =0" group is zero. On the other hand, those for disubstituted

substrates (one reaction site) are assigned a probability ‘of one.

\ - ; cw ot
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P" . .
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.50| N «50 " .
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> .50 _ ‘ ﬁ ‘
* 3 .
~ g ) :
o Using these probability factors and total rate constants 'one
calculates partial rate constants which are atatistically corrected for
the number of equivalent reactive”sites. Since bromination is an
‘electrophilic substitution, they should very with (o%)127,128 gccording
¢ 4
to equations IV 6 and IV.7 where C,. refers to the logarithm ot‘ the rate
\5&
constant for the retference supstrate:
. + : + ' ~ '
log kT2 0(at)oy + p T fo,"} + ¢, , IV.6
log ky & p(s)") ™ o’ ‘ N
B Ko = plo, 0H+pz{“m* + Cp ' - v ¢
Perhaps ‘t.he more i:‘nportant relationship that can be shown for
M partial rate constants126 is that of equation L’y.8: >
":l
R } -
Atact) = ach para - act ortho = -RT 1n (ke 7k,) Iv.8
{ ] (
vy ’
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Thus, the ‘ratio kp/k measures the difference in free-energy change of

t

khe activated states of para ‘and ortho attack of bromine on phenol (in . -

. general” the substrate) s ’ S

» . To firesent the .results of the kinetics of btromination, some sigmh
constant.s are needed. Thoaq which were employed in the correlations are

" l1isted in Table XXXIV. The ©o.* cdonstants are not listed in the K
lit?rature, but, as previously mentioned, they are important. The value |

for a hydroxy subs’tituent was estimated from equations IV. 6 and“ Iv.7

for phenol and bromophenols Subsequently,it was readjusted to give the >
best correlation 1ineqin .Figure 30. ) . — ) )
l 4
- N N N ~ ° . N ,

) v N ¢
. ) ¥

Table XXXIV. Sigma Meta and Sigma Plus Employed in Correlation of
Partial Rate Constants. '

2 Y

® Substituent S Cog)129 (g +)126 - op* .
H2 0.00-. 0.00 ' 0.00
' CH3 Z0.06 + 0.03  -0.07 '
COLH " 0.35 + 0.18 . 0.32~ ' ' Lo .
coo" ¢ 0.09 (-0.19) -0.028 S -
CO,Me 0.35%+ 0.10 0.37 .
COpEt - 0.35 + 0.10 - 0.37 ..
NO, 0.71 + 0.04 0.68 R - ,
OMe » K 0.10 + 0.03 0,047 : . =0,78125,126 : !
SO Me 0.68 4 0.10 _0.68 o - Lo
OH 0.02 +°0.08 - - , "40.92126,129
(o=)b -0.71. . ‘ 2,3125,129
"Br * 037 + 0.04 0.41,
N 0.37 + 0.04 0.40
. M= T 0.68 % 0.06 . . 0.55¢,9% (0.57)129 ' | .
= 2.21 + 0.16 2.05¢,94
Sfer; - 1,984, 94

a

8 By definition. . )
® value fof charged speciesis not very accurate.129 4
C An average value. )
d Estima{:ed assuming an activating effect of 0.07 for methyl grodp‘

+ . , ‘ \
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. ’ ) Corlglations for Phenols '
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The list of partial ratés for the brémination of phen/ols is
reproduced in Table XXXV. -&igure 30 correlates the bromination rates of

undissbciated phenols. This figure clearly shows that the pat"tial rates

+

are linear with ?v". The values of ¢ * = 4§.76 and of ¢ % = -0.92

‘" for hy&roxyl ;wﬁstituen't" correlate all the phenols st’udied with a.

‘ -

P* = -3,29 (c-c -.993).

The significance behind Figurem30 is tha't(-,most likely a unique
» | -

N > . .
R mechariism applies for the ortho or para brom_inat:iori* in acidic medium.

').“\kppm\n/tly ipso attack”. 9 if it occurs, does not partake to any large

extent in the mode of reaction. Otherwise, some deviations from the

line would have been seen, especiélly for 4-bromo and 2,4-dibronophenol.
' . i . .

For these a smaller magnitude of phe partial rate constant for ortho

~
bromination would have been expected. ‘

)
t

Application of equation IV.8 gives A(AG*‘)p/o = '-0.?14 Kcal/mol for -

p};enol‘ This is a sizeable rate retardatiponrexerted by the hydroxyl
group in the ortho posifion. This is in part due to-an increased AS*
f‘or-' ortho attack of the bromine ’molecﬂe which req;.lires an E arranéement
of the acidic hydro;en. . LT

. <
- }
. H Br
+o/H v Np+ /
L = Br
Ho op H
or ,
P ‘ .
H Br— '
\ . .
Br + -+ favourable unfavourable
both likely

¢ \ .
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. This high

(completely ionized) a(act)p/o

[

r

energy arrangement decrease

_increases. Thug; at pH = 7.5 AFAG*)p/o

°
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l as the ratio of ionized phenol

-0,47 Keal/mol, and at pH = 10

0.036 Kcal/mol.

’

For the completely

- . '3 ’ o
ionized phenol then, orutho and para bromination is equally likely. )

t

Positions Ortho and Para.

\

- Table XXXV. Partial Rates for Bromination of Phenols and Phenoxides at

Neutral Anion

Phenol ktotal ko kp ktot&& ) P ké kp
, x 109 Y x10¢ x99 -

- M"hec"qI M‘1séc'1 'M'laec'1 M"':sec"1 ' M'1s€c‘1 M;'1se‘c" 1. .
H . 410000 741000 _ .365000 10.58 3.57 3.36
2-Br ,, 15000 28500 12200 ' 5.58 2.75 2.75
4-Br 4400 2200 7.0% 3.5
2,4-diBr 240 240 . y,2 4.2
2,6-diBr 500 500 2.8 2.8

2 The total rate was corrected for polybromination by inference to the | |
* consecutive-second-order rate constants obtained (see Figure 28).

¢

6

“

log Kpartial

4

p'=-3.29

(c-c-993)

C.rot

Figyre 30. Correlation of partial rates Slog kpartial) versus 26*

for'bromination ortho ( O ) and para ( @ ) to phenols: ( “’o+)0H = =0.76
and ( o%)q, = -0, '

P
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Figure 31. Correlation of partial rates (log kpartial') versus Z
for bromination ortho ( O) and para ( @) to phenoxides. The reference

substrate was assumed to be the phenoxide ion. .o N

Anionic bromination of phe‘ﬁols was correlated with Z ti

Figure 31. The slope {(p = 0!) indicates that the substituents no longer
‘ |

+
,nin_

have-any -effect upon- reactivity. -Thus, the diffusidn-controlled 1 imit:

of the reaction has been reached appar'entﬂly at

9 -1 97

(3.4 + 0.6) x 107 M sec.”! The predicted diffusion rate

9 ~1 -1

T.4X 10" M " » is then about twice bigger than that witnessed in

these experiments. This factor may possibly be explaina'b‘le .in the ligf)t

103,130 - '

of the kinetic equations developed by Simmons.
!

» ' " ) ' -
For the process below P/ is the fraction of the initial

¥ . t

‘ rate constant for the formation qf ‘the encounter complex.

-

® P is termed a geomeéric factor. can be

The rate constant k,

expressed as Yy where v is the collision freguency and Y is the

probability of.'reactibn per _correctly oriented collisiorx.1‘()3

the overall -
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. Ty ' . Pk K
" . d Al
E . “ AeB (AB)! ——bp €
.t . ‘:‘,I" B
)“] * - - “
R (1-P)k, ky k ko .
o | . , ,
s / ' (AB)
¢ 1] , . . , - 10 { \
‘The forward rate constant kr may be expressed ,3 as!
K.k (Pk. + k) -
. kf = D p B - R > IV.9
- 1] [}
kB (kR + k.B + kp) + kR (kB "»_kp)
“ yhenl there is no or;entationaf preference of the ‘t)we reactants (P = 1)
3 so (AB) and (AB') are indistinguishable and ‘equation IV.9 reduces to
! IV.10: .
1 L]
Lo kD kp g\')
k © ks _ Iv. 10
. ety B ko) e Ly
Y ‘ . p
+ n . In the brominapio'n of phencls the ‘,praéess referred to above may have the
; following significance: ° . ) . ‘ .
o= F Q . Br .
R { .Br Br
Pk < K: -
. D **H P H
h - B . ' .
Bl‘z + _’lk' —_—
™~ ' B .
(AB)* —
" “n/ ' T
) "Br_ = k ' L]
Br -
0’ .
l e - ~ pu )
(aB) ' : ..
. 0
L , o o
w
& -
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In the -event that ‘complex (AB)! and_(AB) are -both )of' equal likelihood, "

/then the apparent rate constant is givén by equation IV.10. ‘More likely

1s the case where P ¢ 1-and kp >> kR"l, kp » k'B'. This refers to a .
process of the type: : ) . C .o

- ka fast N , ., -
A‘+ B — 0y (AB)' — . ' .
(I-P)k )
' (AB) '-‘ s ) !
Equation IV.§ reduces to: et P
M ‘ A “‘.‘
k = ( ’ X i T\ .
¢ kq(.PkB + ko) /(kg + k) . .1
. . . - [
This last equation can be fragmented further. Consider the subcase.
where ko > kB’ g >’ Pky then: -
kf = kD . ‘ : Iv.12
-This gquatioq signifies t‘:hal; apparent diffusion rate ahould be i
«~equivalent to the‘ predicted diffusion rate. But, as discussed above,,
this situation does not appear to be the case sinde our observed value
of "3 X 109 se'cﬂ is lower than the predicted 7. ll X 109 sec. -1
Consider then the subcaae where k; >> kg but kg >> Pky (P << 1).
" The mechanisa under these conditions reduces to: . .
‘ ky, ook " fast . / ' o
A+B—b (AB) — (AB)'" ——— C

.

Equation IV.11 simplifies to:

o
ir ¢ s g T S g £ S S % oyt e vt B
'

. B el e e e Nt s SRS b 1 ¥

L

[ . -
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e = kpkp/kp ' ‘ - , v.13

~ S o
This question cof'reaponds to a reaction which is not even c]}agag to
. (
diffusion controlled. This does not appear to be the case for phenoxide
' : . .

ions.
. The altémative situation, a melange of the last two subcases,

appears more ’acceptable in this context. This case arises from

¢

congidering kB » kR,‘Pk > k., where eguation IV.11 reduces to:

B R’

kf z PkD. . ‘ IV.14

This equation, if applicable, aésumes that the geometric factor P for

brom:ln'ation of phenoxides has a valu.e '0?5.

‘In summary, it is theoreticaily _plauaible for a
diffusion controlXed rate, denoted by p= O, to be less than that
predicted by simple collision theory if géometric factors ‘are

mportant.1°3’13° ' \ . -

I

waé concluded that, depending on the pH, the'reactior} occurred on both

' the freetacid and anions. This was deduced by contrasting the rate

.- constants of suitable model derivatives for each form. Analogy of the

rate proflles; in a‘fevw cases, alded in this research.
.This chapter deals with the quantiricatioﬁ of the effect of the

ring-nitrogen in the bromination reaction and the nature of the reactive
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species. The rate of reaction for a heterocyclic-.phehol is compared
with phenols. The Hammett equation will be used where sigma pius

. ,
constants are assigned to each heterogroup: =N-, =N3j , ,:NICHB , and a

| .
4

single p* value for the bromination reaction. ‘ 5 -

1]
{

Again the problem is two-fold. How to deal wij;nd separate\ortho—

1

»

and pdra reactivities and then Eo correlate all the gata in terms of the

. - h
gubstituent -0H or -0 as the case may be. Partial rate factors should
solve the first problem, while the correlation with phenols and

phenoxides should at least serve as a probe for the second problem.

)
93

Acheson assumed that the pyridpnes have a major contribution

from their dipolar valence-bond forms. Thﬁs, the neutral form 9of the

pyridone, and by analogy the pyrimidones also, contzin an

azonium-nitrogen ;liﬁ (R = H, CH3) for which Tomasik and Johnsong‘4

have assignéd values of g = am"' of 2.05 and 1.98 for hydrogen and

m
methyl groups‘respectively. I‘rhe anion;lc form contains the aza-nitrogen
whose average sigma 'value, employed in this chapter, was 0.55.

In the dipolar forms, these heterocycles may be related to
phenoxides, because .of"the common -0~ substituent; however, they are
neutral. This, on the other hand, suggests that the comparison should ’

be with the neutral forms of the phenols. Combination of these two

criteria necessjitates contrast of'both phenols and phenoxides w.ith

.

pyridones, pyrimidones, and their anyons. The ,way to achieve this

objective, and establish a unique p* vyalue for bromination of these

phenolic systems, is to assign a do+

-

to that for -OH estimated above.

and up+ values for -0 relative

~ »
Table XXXVI gives the partial rate constants for bromination of the

pyridones and pyrimidones via their neutral and anionic forms. Only
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' a, B -1 -1 -
partial rate constants bdlow 1X 100 M sec”- (a gap appears to exist
8 Sy s

in.this plot between 10 - 10 ec”') were piobted in Figure 32.
-

The. best correlation line was achieved when LA -2:514 and. ¢p* s =-2.59

-

. for -0~ substituent.? This shows clearly that the l-pyrimidones,

1-pethyl-2-pyridone, and 2-pyridone deviate considerably. In fact, when
they are removet; from the correlation it is found that’ ptx -3:141 with\an
aCce;'Jtable correlation coef‘fici'ent of 0.993 and an intercept value of
2.41,

'rhua, pyridonés and pyrimidones can <be treated as neutral phenols
md deaetivated pyridones md pyrimidones, Aside ‘from the except.ion

b

outlined above, shom‘g ortho reactivity, this plot demonstrates t.he

similar mechanistic pathway exhibited by the dirrereMn!pounds., It

was already pointed out in Ch'apter IXI that the deviation for 2-pyridone

\and its N~methyl derivative, may have been due to complexation prior to

bromination.,. The Hammett plzt is further evidence of their abnormal

behaviour. ' .

A

-i:?:] .

- en e e e - -

a

XXXIV).

b a°+ usually correlate poorly!

(

*An estimated value of cp‘ for -0"M* was found to be -2.3 (see Table
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Tabl¥’XXXVI. Partial Rates for Bromination of Nsutral and Anionic Forma
of ‘Pyridones and Py;imi'dones. .

e )

Form of the Substrate

Comppund Neutral , Anionic .
keotal ko ko Keotal ko kp 8
x-109  x108 - x 10°

M~ 1sec™! M lsec™! M“sec"’ M“sec":' M"sec"‘ M- 1sec”!

»

2-Pyridone 22000 17200 4840 1.5 7.5 . 7.5
1-Me _ 47000 36700 - 1030 ‘

3-Br _ 1650 1650  0.60 6.0
1-Me-3-Br __ ' .2720 2720 . a
5-Br __ 380 380 : 0.49, ‘4.9

1-Me-5-Br __ \760 760 t ' o
- 4-Pyridone 7300 3500 .35 6.75

1-Me - . 12800 6400 -
3-Br __ 650 6507 0.082  0'828
1-Me-3-Br __ . 549  5k9 | L . u
2-Pyrimidone ~250 =250 ‘ . 0.051 , 0.51
1-Me _ 250 250 -
/

4-Pyrimidone  ~11°  “1 | 0.011 - 0.11

-Me - 15 15 : K \

3-Me _ 8.5 8.5 _ '

< .. ’
8 THe total bromination rate was corrected for dibromiqation (see
Figures 23 and 24). '

<

T e e s e Ay i et oot




P

- P "3.41 (O-C —993) A : .
‘ > intercept 2.41

. 5
.o

.

|
) log k‘pmhl }
|

> w 1} ' :g
-15 -1 ‘ -5 0 Zg’*'

para .(@) to phenols and heteroaromatic phenols versus Z‘f *+. Note that

points for N-methyl-ll-pyrimidones, N-methyl and 2-pfridone (shown by

arrowheads) were left out of the correlation./'l The deviations fj

2-pyridones may be due to the predominant ortho brominatipn althou

there is the choice of ortho or para substitution. Differences fon: ¥ J
' N-7ethy1-l\l‘vpyrixﬂidones are: (1) I = 0.11 M at 30°C rather than

I= 1.01 M at 259C,.(2) large positive salts effects, (3) buffer

catalysis. Points taken' from Table XKXVI. -

. 1 .‘ - N B
,;? © pt=0012008

¢ log k'punh"lg' -a.g i —s ‘ / : ‘ | C .
3 * 3 .
. {2 8h 2 1 A A i 'J Y A : ) ) - K /
-20 18 -~ - +
, y . ‘5 20 »

Figure 33. Plot of partial rates (Tog kpartial) at sites ortho (C?) and

para (Q) to 2- and H-pyridoxides (except 3-bromo-l-pyridoxide is .
plotted 1n Figure 32) vePsus Z""’. The valu%s ( 7, )0- and (o' )o

obtained in the correlation of Figure 32 were employed. The 1ntercept

value is 8.81 t 0.08. . - a

. f '
3
- B
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A correlation of the anjonic bromination was done for the

pyridones. Using g+ " and “p*' estimated above, thel pﬁrtial brominati

rates for these systens arg plotted in Figure 33. hithin experimentai

error it can be said that P*: 0 and theref‘:re the procgss is dif‘f‘usib"é'

controlled with a low diffusion rate constant of 6.5 X of -t !

!

sec,

The explanation of this low value is rathéer' simple if the pathway )

103

’odilined by equation IV.13 is assumed to be operational. In
\ L.

chemical jargon this equation implies 'that a stable complex of bromine
}s(fomed with the pyridoxides at a site away from the reactive .site

A .
which rearranges to a reactive complex: .

. ‘ Br, N
: , b “Br \
, N . * X ) *\ .”
“‘\ kD I - kR ’ J \ /‘ .
+ \‘Br‘z T‘-—T-b N o~ —_ N0
' ' ‘Br - ~

N
. ‘ ‘Br, r .
— \, o fast

o

-
-

A A;sminé the theoretical giffusion value to be 7.4 x109’ M sec,™]
then the ‘conséﬁnt kR/kB ;fg, the pyridones can be, estimated at 0.087.

To elucidate the scbpe of the Ha_mmett relationship, as d.issected 1;1'
this chapter, all .the partial br’b’éin:tion“ rates for different phenols, .
collected in‘ 'I:able XXXVII, were plotted together; with the rate cénst;nts
obtained\in this in this study versus 2 o% in Figure 34. This clearly

shows the breakdown 9? the reactivity trend for neutral and deactivategd

“anions close to the diffusion-controlled region (see below). -

-

;

Tt e ame 5o, . v

3 . ‘ Br . .
) . K ' - N
o P Br + N o N
- - ]
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Phenols and Phenoxides ;‘rom the, Literature.
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. .Table XXXVII. . Compiiation of Partial Rate Constants for Bromination of
53,105,122

Phenolic -OH Group

* 2-C007

< /
' Substituent Neutral *Antontc .
. on Phenolﬁ l;total ' i.‘o kpv ‘ktotal ko
," ¢ , | x 1073 X 1073 x 1073 x 1070 x 107
g N ) | Y M lsec! T M see”! M Tsec™! M 'sec™!. M Tsec”?
/‘ .
b . ﬁ-nozr 0.11 ~ 0.055 0.808*  0.402
| {' * - bechySo, 0.15 " 0.075 2.0° 1.0
4-C1 325, . .62 10,42 5.2
4-CH, ws3 226 '
’ _ 2,6-41CH, 7.4 ‘ T4 :
,ﬂ‘f 2-CH, T80 - . 140 640
4-COOH 3.60 1.80
.  b4ego0” 1530 766
4-Co0Et 2.50 . 1.25 wa 2,24
f- . e 7 a
| 1160 ° 209 - 7955 "

4_bromophenol, by dividing it by two.

Bt o T et a4 it e

s g e temprm s gy S 12

O

8 The 1iterature rate was corrected for dibromination, ‘By contrast with

[y

A e AR ) AN ikt S8 A A e e ttnd B bt bt o mrminn



[y b
.\~1—87
D'v
oM v , e
P 10: . - - \\\
- ~\A -
. sl 3 )
. Y
Y * el
3 :. i
- 5
=
~
o 41
2 -
2t . ,
s . u‘D | ' ) .
A - »
- lllIAllIillllllllllll%llll’%L
, -2.5 ‘~ -2 -15 -1' -\-:‘5 0 !

, To*

Figure 34. Plots of partial rates (log kpar‘tial)'vex:sus 2%t for
_bromination ortho (O, &8 ) and para (@, A ) to aromatic and
. héteroaromatic phenols and phenoxides from this work (O, ® ) and from

the literature (&, & ).53»105,122 7The slope of the solid line p* =

~3.43 (ec=c =.985) and intercept 5.33 were obtained usihg the same sigma

constants as described for Figure 32. Points with arrowheads were
. omitted from this correlation. ’ -

°

That a similar #* value is to be expected f‘or\ ortho and para

» bromination can be inferred from the work of Dubois et g*l. on the

bromination of anis:ole."'1 6a

-~

bromination of anisoles gives a p* = -6.4' +.0.28 while that for ortho

bromination gives p* 'z -6.54 4 0.3.

'. This concept, that. the ptvalue should be unique, was extefided for .

0
---------- r

Dubo:l:s"168 r-epor'ts a pt=z -5.56 which is* incor‘t‘ect for the depicted .

line in Graph.A of Figure 5.

[ N . -

T st i o b o e o e e b e

His depicted correlation line for para
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N,

'

N ' .
the -0 gsubstituent giving: Uo* and.dp* values -2.54 and -2.59
respéctively. These two values are closer to each othgr ‘compared to
those for. the hy@roxy substituent indicating strong similarity between

resonance, vibrational, and inductive effects for substituents ortho to
"0' . N . ) . . »

In summary, using ¢* = 0.55 for aza—nit.rogen,gl4

a value of 2.05
for azonium rx:H',x‘ogerl,g‘J and the appropriate partial rate cénstants
take'n from diff‘er'e'nt literature sources, a p* = -3.43 was calculated.

This value is similar to the estimate of -3.5 by Kulic and Vecera. 22
Their value is fortuitous since they ‘have correlated points in th,e"

‘\diff‘usion-cor‘xtrolled 1imit (dotted  1ine 'in Figure 345 \and.spanping a
small range of reactivi£y (one power of ten), whereas the plot in Figurek .
34 depicts values covering seven powers of ten. "I‘h\eir value is also
fortuitous for the 'reason|that t.;hey employ the total rate constant.‘
Taken overall the values in Tables XXXV and XXXVI support the notion
that the pyx:idones and pyrimidénes, reacting via their free-ba'se, a're‘
behaving as substituted ;ahenoxide ions. -

Subst'rates, not capable of reactfng as substituted phenoxides, suchn
as Z2-methoxypyridine, ha\;e reactivities approprégate for anisoles. For
anisole itself kp ‘= (2.98 X 10“ M sec"‘),”ea ‘and p¥ = -6.4 for ;;ara

'\\b;ominatioxi.' From these values a;id e* = 0.55 for aza-nitrogen,gu ;

71 sec™ ! " for 2-methoxypyridine is obtained, in *

excellent agreement with the observed value of 9.5 M"1 aec:'1 (see Table

value of kp = 9.0 M

XXI page 110). For ortho substitution in anisole ko = 708 M'1 sec,"

p* = 2-6.5‘3,”6a and'taking the same sigma plus value for aza-nitrogen,

gives an expected value for the bromination constant for
4

v

4imethoxypyridine of 0.18 Yl sefz."1 However, the:insolubility of the
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bronine complex formed in water ha& ﬁrecluded the determ}natidn.of.the

bromination rate constant for this substrate. 3 ‘
. - . .
: A o
‘ ° P
\ .
\
. :
’ » ‘ ?q
. ¢ ) T
\'-. e .
) M ' : .
: TR
!
\
. L
. ’
- o, ! / o \
R .
“ J
v

N\

AT




e e s e ————

Py

" (Eastman Organic Chemicals), was recrystallized from carbon

. tetrachldride/petroleuq ether 30,60°c and u-broﬁopheno

according to literature prbcedures132’133 for the
s . :

A
v
- . .
. . . . L —
. P
L - . .
»
4

i . V. EXPERIMENTAL

§
\

v
A

Materials .

a
~

The melting points give below are uncobrectedJ‘ Elemental analyses

were performed by Galbraith Labs. Inc., Knoxville, Tennessee.

1
\

The followiné compounds were of commercial source: phenol (Macco

reagent), 2-bromophenol (Pfaltz and Bauer, Inc.) contains traces.of

phénol as determinéd by gas chromatography, and 2-methoiypyridrne
.-
(Aldrich) were used without further purification. 2,4-Dibromophenol

’

(Pfaltz and

.

Bauer, Inc.) was recrystaliized from light petroleum.

{

P .

The follqwing compounds were obtained by established literature

procedures: u-mmimidon€,131 1,“-(3,M)$dihydro-1,3- imethyl-U-ox0~

18c¢

pyriﬁidiniﬁm'iodide and perchlarate. 2-Pyrimidone and

1-methyl-Z-oxo-pyriﬁidinium'bromide were~obtained by cyclization of urea

I3

and Namethyluneﬁ with malonaldehyde tetrpmeﬁhyl dfacetal (Aldrich)
ydrochlorides but

using hydrobromic acid in place of hydrochloric acid.

E3

-bromopyridine,1u1

190 ‘/ |

3-Aminopyridine (Aldrich) was diazotized to
: ~

" ode



[y

oxidized to 3-bromopyridine-N-oxide1‘36 which rearranges to
3-bromo-2-pyridone by reaction with acetic anhydride and hydrolysis.137

A .
5-Bromo-2-pyridone was prepared from the bromination‘of 2-aminopyridine
h3s
/

a

(Aldrich) to 2-am'1no-5-bromopyri<‘1ﬁine followed by a

. 139

diazotization. : ' s . o

-~

2,64Dibromophenocl was obtained f‘rom'decarboxylation of

4
3,5-d1bromo-4-hydroxybenzotc acid.*° ,

A\l

.

1-Methyl-ll-pxo—pyrimid1n:lum Bromide:
‘{-Pyrimidone. (‘10.0-3, 0.104 mol) and ;otassium hydroxide (7.0 g,

0.12 mol) weré dissolved:in.200 mL of x‘nethanol.i To this stirred
s,é:iu%:ion was.slowly added (14 g, 0.11 moi) of- himethyl sulfatestssolved

~ ¢n 40 mL bf methanol. When addiltfi;:n was complet:e\ ;:he mixture was
heated: for 15 min and basifi'ed. Precipitation of the.salt's was

completed'by ooolihg and the addition of acetone. These were filtered

off and tt;e golvent was ev‘éporated. This process was repegted twice

,\with addition of acetone/chloroform (1:1). The salt-free resiéue was

extacted several times with small portions of boiling benzené. The

.

final solution 6f benzene was 300 mL.

The f)enzene-ir{.:sgluble residuc; was dissolved in ace'to.ne and treated
with slight excess of t;ydrobr:on!ic acid. After 'cooling overnight, the
crude l-methyl-4-oxo-pyridinium bromide amounted to 4.54 g (22.8%).
~Re.crystallization'f‘rom ethanol-gave a co;npound -mp 202-203°C. The NMR

. and IR spectra of its free base agreed with the 1;(.1:.er'atmr;e.31

L4
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- " 3-Methyl-l4-oxo-pyrimidinium Bromide: - )
Voo . .

F " The benzene-soluble material, from the methylation of UY-pyrimidone,
R was re'crystalllized from benzer;e giving the appgoériéte spectra31 (‘Ehis
- - - R . R , ; 4
- ‘ material yellows after meveral weeks). The_crystals, dissolved in
L ' acetone, were treated with hydrobromic acid, as a'béve, yielding 7.54 g
’ ) \ (38%) of the title compound mp 21628°C from ethanol.

% * v
' ]

Reaction of 4- and 2-Pyrimidone with Bromine'

- 5-Bromo-4-oxo;pyrim1dineﬁz ‘
\ , B'roming (1.58 g! 0.0%00 mol) in 0.1 M potassium bromide solution
‘\ was added dropwise to (0.96‘1 &, 0.0100 mol) of 4-pyr1mid1nor_1§ in 0.10 M
\ potassium hydroxide s.olution. After addition of bromine the soluﬁfon
‘ A wWas a‘ci‘dif',ied {pH 1) and evaporated. Extraction'with ethanol 'g.a\_'ie the
=bromo=4-oxo-pyrimidine 1.22 g (70%) 1depti;:a1 from the product of, the’

31 ‘

r\qaction in methanol. The same experiment carried out uhdqr kinetic

\
conditions and analyzed by UV spectrometry showed the product to be the

S5-briomo deri\;ative . . .

~ ) 5-Bro&-2-oie-pyrimidi‘ne: . -
‘ Brgmination, aé described above for S-brox;lo-h-bxé-pyrimidine, gave

@

|1781 of the title compound. The infrared was 1dent1.ca1 with a’ sample

from Bane ee.18° Bromination under kinetic conditions and analyzed by ‘

, U spectrometry demonstrated that bromine occup_ie"d position 5.

.
. -
¢ ' - . 2

-

-

Jg'
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Re.aetion Of 4-Pyrimidone with Two Equivalents of ,Bromine

‘'

Synthesis of 38 (page 63):

To U-pyrimidone (0.961 g, 0.100 mmol) dissolved in 10 -mlL of
methanol was added” two equivalents of bromine in methanol slowly (a
faint bromine cdlour persisted even after boiling for five minutes at
the end of the addition period). The solution was then cooled and

excess bromine was destroyed by addition of a few drops of acetone.

by

Addition of ether, ten-fold the amount of me.thanol, caused precipitation
of a‘'white solid. Recrystallization from acetone, acetonitrile,

methanol, or water gave a white granula}' solid 2.10 g melting with

0

decomposition at 151-29c (see Figure 35). Addition of silver nitrate

4

caused immediate precipitation of silver bromide. .Mass spectrum

(recorded by Dr. E. Kazdan) indicated the' pr&éenee of m/e peaks > 200.

1H NMR 'spectrum in DZO/DSS indicated two ;nethoxxls (dist;nct from an

[}

added amount of niethanol). Exchangeable hydrogens were inferred from

~

infrared spectrum (see Figure 36). -
Analysis: Caleulated for CgH 1N 03Bra: C, 18.07%; H, 2.784; N, 7.02%; O,
- y

12.03%; Br, 60.10%.

Found: C, 18.18%; H, 2.84%; N, 7.11%; 0, 12.03%; Br, 57.09%.
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Figure 35. IR spectrum (KBr wafer) of compound 38. ’
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Figure 36. IR spectrum (KBr wafer) of compound 38 recrystallized from
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. ' 2-Pyridonet
This Aldrich product was recrystallized three times from petroleum

ether to give long needles, mp 106-107% (111;.85

106°c, aftep
sublimation). Its sodium salt separated as plates upon addition of
acetone to an ethanolic solution of equimolar amounts of 2-pyridone and
sodium e’thoxglde. deveral r'ecrystallizations from ethanol._.gave a
hydra;e,"as_ mp 165-167°C. Proton NMR indicated approximately two
waters of érystallization. Elemental analysis was not particularly
good. ° n
Analysis: calculated‘for'CSHuNONa' 2H20: Cy 39.22%; H, 5.2%7; N, 9.14%.
Found: C, 40.59%; H, 4.43%; N, 8.90%. ‘

However, kinetic runs.using r-eor'ystallized‘ 2-pyridone and using the
sodium salt (assuﬁd to be the’:iihydr:at'e) gave identical second order

rate constants.

1-Methyl-2-pyridone:

°

\ . For use in kinetic experiments the commercial material (Aldrich)
was converted to its hydrobrdmide salt: l-methyl-2-pyridone was reacted
with a slight excess of concentrated HBr in acetone. The soclution was

evaporated and the residue was recrystallized from acetone. After

142

drying at 110°C, the crystals had a mp 174-177°C (1it. 175-176°¢).

Proton NMR and IR spectra agreed with the literature. 42

Problems of hydration were encountered by Spinner, whe gavel no melting

point for this hydrated salt.83:143




a e S m————b——_ v o A =

196

———
§

2~Methoxypyridine:

The commercial material was used as received from A3drich.

Attempts to use its HBr salt (prepared as above for: 1-methy1-2-pyridone) '

were unsuccesst‘ul since this salt undergoes hydrolysis (inferred from
kinetic runs) to 2-pyridone upon standing in aqueous solution. Thus, a

basic medium was employed for product studies (see later). N

3-Bromo~1-methyl-2-pyridone:

"To 3-bromo-2-pyridone (synthesis on pages 190 and 191) (0.45 g,
2.59 mmol) in 50 mL methanol was added an equivalent amount of sodium

methoxide in 5 mL o%\ﬁethanol. After 5 min stirring, dimethyl sulfate

(0.65g, 5.2 mmol) was added and the solution warmed at 50-60°C for 3 -

houras. The resultant solution was made basic with NaOMe (pH 8-~9, test
paper), and 60 mL of 1:1 acetone/chloroform was added to complete
precipitation of salts. The remaining solution was filtered and reduced‘

to an oil which was dissolved in benzene, filtered agairi, and evaporated

" to give a slightly yellow oil (0.41 g, 85%), characterized by NMR and

_ IR.. The material used for kinetic runs was distilled, bp 117-120°c/0.1

144

mmHg (1it. bp 120-125°C/0.5 mmHg) .

A\

S-Bromo-2-pyr-idone H

This was prepared as outlined in the literature.83

. For reasons of
solubility the sodium salt Wi, used for kinetic experiments. It was
prepared as follows: in a minimum amount of water 5-bromo-2-pyridone was

dissolved with an equivalent amount of NaOH. The solution was filtered,

and acetone was added %o the filtrate to precipitate the sodium salt

which was filtered. off and washed‘with acetonitrile. Recrystallization

/



| Analysis: calculated, for CuH

197

-«

-~

from 2 parts EtOH/5 parts CH3CN gav

Proton NMR showed this to be the dihydrate, as did analysis.

’

3
Br, 34.U45%.

Found: C, 26.21%; H, 3.07%; N, 6.30%; Br, 34.29%.

5.Bromo-1-methyl-2-pyridones . .
L 5d

To an~ethanolic solution of the sodium salt of S-brbmo-z-pyridone'

was added a slight excess of methyl iodide. The solution was reflurxed
for 10 min and evaporated to dryness. Recrystallization of the residue
from benzene-ligroin gave slender white needles (60%), mp 65467°c

(lit.“m 62-63°C), with appropriate speetr-a.-
' ?

5-Bromo-2-methoxypyridine:

This compound was prepared by bromination of 2-meth6xypyridine in

83

acetic acid, ‘and as folldws: to 2-methoxyp§ridine (1.1 g, 10 mmol)

’ ]
and KOH (0.28 g, 5 mmol) - in 60 mL water 'was added bromine (1.6 g,
- » »
10 mmol) in 60 mL 1 M aqueous KBr. The solution was made basic and
extracted with 2 X 100 mL EHC13- The extract was dried over sodium

sulfate and reduced to an oil (1.1 g, 63%). Proton NMR showed the title

. compound with a trace of the starting material. i

Trtf/position of the bromine was confirmed by hydrolysi!;. The above

0il was refluxed in 4 M sulfuric acid for 2.5 hours. Thé cooled

e 2

solution was brought to pH U4 and evaporated to dryness. The solid was

o

L ] . .
Since 2-methoxypyridine (and probably 5-bromo-2-methoxypyridine) can

be hydrolyzed in aqueous acid.

¢

<

-ﬂ’w
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e a product mp 349-50°¢C (dec).

BrNONa* 2H,0: C, 25.89%; H, 3.02%; N,6.0u4%; _
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i

extracted with boiling benzene and evapor’ation\ of the solvent gave
S5=bromo-2-pyridone,’‘ identical- (NMR: IR, mp) to that prepared as above.

,) . ‘
4
»

Bromination of 2-Pyfidone

(a) In acetic acid. To 2-pyridoné (1.9 g, 20 mmol) in 10 mL acetic acid

)

was slowly added bromine (3.2 g, 20 mmol,_)‘.in 40 mL acetic acid. When

- this solutio‘n was reduced 1/5 of its volume crystals of.

3,5~dibromo-2-pyridone were deposited. Recrystallization gav‘e this

.
product (85%) with an IR spectrum ds reported.83

»
-

(b) In aqueous base. The above amounts of 2-pyridone and bramine were

2

added to an‘aqueous solution containing -1 equivalent of KOH. This X

resulting solution turned red and then black! After a few hours black
~needles were deposited which from theix; IR spectra were also the

3,5=dibromo product (85%).

(c) In water.' During 5 min bromine (3.2 g, 20 mmol) in 40 pL 1 M

aqueous KBr was added with stirring to 2-pyridone (1.9 g, 20 mmold.in

L]

20 mL aqueous KBr. After 24 hrs. this solution deposited crystals
which were filtered off and recrystallized from acetonitrile to give

2.72\§ (76%) of 3-bromo~2-pyridone, identified by its NMR and IR
f.'spect{'a.e:3

l=methyl=3=bromo~2-pyridone as required.

Al

(d) In D,0 (NMR study). A bromine solution in heavy water was added in

10 uL aliqlhots to a concentrated solution (~1 M) of 2-pyridone in D‘2
A n'umbexj of NMR specfra we¥e recorded. Because the signals were not
’ : '

‘well separated no egtimate on the ratio of products was made.

[ . \ B

-
L4
4

sy

Methylation of this material with dimethyl sulfate gave

0.
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Bromination of 1-Methyl-2-pyridone

(a) In acid solution. The title compound (0.73 g, 6.7 mmol) was

disaolyed in 10 mL of an aqueous solution which.was 0.1 M in ‘HClou ‘and
1 M KBr. To this solution was added with stirring bromine (1.07 g,
6.7 mmol) ;g 10 mL'of the same medium. Aft;L standing for 3 hrs 0;6 g
(67%) of the 3;5:dibromo product cryatallizeé Qut- Its IR spectrum was
identical to that reported.83 ’ " - .

coob/cH COONa/DZO pD 4.0 was

3

(b) dgn D,0 (NMR study). (%P a buffered CH 3

I

spectra were run as a function of addition of bromine. The ratio of the

. »
reaction products was '7/2 of 3-bromo/S5-bromo and some precipitate of the

N

3,5-dibromo compound. '

-

1

L4

’ M-eridone: .

; ) : charcoal and filtered. Ohe.'equivalent of sodium ethoxide was added and
‘ ° . the sodium sa‘ii: of H-pyridpne'was precipitated with a‘ceton:. Three
. recrya;allizatiofml from 10:? écet‘onitrile/ethanol gave white nee'dleg mf)
: . 96-970(3.' Proton NMR in deuterium oxide and :.iimethylsulf‘oxide-d()'
* suggested that there ;aeré'-two vhers of ,crystallization.' Ellementalg

. L analysis was poor. | \‘ <
Analy‘sis: calculated for €5HuN0N3'1.25H20: C, 43.14%; H,’ll.71$; N;

- \

10-06’0 . ¢

Found: C, 43.42%; H, 5.76%; N, 10.158.

- -

. The nitrate }salt was fortuitulously p“reparqd from an ’attempted

¢

r

a [
2
-

gave no melting point for thié'compound. .

4 S o S S -
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added brémine in 1 M KB’r/DZO solution in 10 uL aliquots. Various NMR

! e The technical .grade material (Al«Lich) was boiled in ethanol with
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nitration,. as descibed by Albert ‘and Barlin.'? 4-Hydroxypyridinium
‘ ’

nitrate was extracted from the salts with ethanol, treated wjft.h

charcoal, and twice recrystallized from water mp 19}8-200°C (dec). .

Analysis: calculated for CSH6N201&: C, 37.96%; H, 3.82%; N, 17.72%.

Found: C, 37.94%; H, 3.95%; N,17.58%.
" ad»
The identical material can be obtained by acidifying a concentrated

aqueous solution of 4-pyridone to pH 1 with HNO3.‘ After standing, the '

crystallizedlmaterial is treated as above. The nitrate salt thgs

obtained, has identical IR and mp as the one prepared above.

1-Methyl-U4-hydroxypyridinium bromide: -
Practical grade llrpyridone was partially dehydrated and purified by

hea}:ing with tv&o‘equivarlerits of ﬁexamethyldisilazane,v in chloroform. Th;

13

mixture was filtered by gravity and the solvent reduced to one half its

original volume. Addition of ether gave white flakes mp 66-67°C

85 148-9°¢ sublimed).

To this material (7.6 g, 68 mmol) and sodium methoxide (3.7 By
68.5 mmol), dissolved in 10 mL methanol, wis added with stirring
din;ethyl sulfate (8.83 g, 70 mmol) in 10 mL of methanol. The solution
was heated for fifteen minutes and the pH was adjusted to 7-8 with
addition of‘\sodium bicarbonate. Repeated addition and evaporation with
1:1 acetone/cﬁlomfom, precipitated tgﬁe salts. The oily residue was

%

dissclved in acetone and slight excess of hydrobromic acid in 10 mL

~

acetoﬁe, was,added. After evaporation of solvent, the mass 6 g (46%)

was recrystallized from methanol/ether mp 1775-177,°C when dried at 110°C -

for one-hour. The NMR spectrum was consistent with the structure.:

Analysis: calculated for CGHBNOBr: C,37.92%; H, 4.24%; N, 7.37%;

v »

Y

/

PR,
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Br,42.05%.

AY

Found,: 0’ 37080’; H, u'-16$; N, 7022’; Br, )41_.95’.

4_Methoxypyridine: v

s
To l&-m.ef,hoxypyridine-N-oxide'(Aldrich), was slowly added two

b

equivalents of phosphorous trichloride. There was a vigorous reaction -

at room temperature. 'The solution was stirred for 20 min and basified

with aquegfxs ammonia to pH > 7. Afterwards, it was extracted with three

.1\00 nL portions of chloroform, and dried over sodium sulfate. Removal

of chloroform under reduced pressure yielded 85% of 4-methoxypyridine,
- Cos .

;hose odor was analogous to that of pyrigine. * Proton NMR agreed with

the literature. W45 ’

Addition' of bromine to 4-methoxypyridine in water, alcodhol, or

Iy

thorof‘om precipitated complexes.- From water the complex has a mp

129-1°C and it is yellow. That obtained from chloroforlm is red mp
s -

117-9°C. Its proton NMR is similar to 4-methoxypyridine. This product

Ll .
brominated acetone in chloroform and yielded the hydrobromide salt of

Yj-methoxypyridine, whose infrared is identical to that of.

k5

4-methoxypyridinium chluride.1 Upon heating the bromine complex in

water there is evolution of bromine gas Wwith no detectable bromination

product (e¢f. Den Hertoggo).

%

*

3-Bromo=4-nitropyri dine-N-oxide: ' 46, 1W7

)

36 (35 g) di;solved

The hydrochloride of 3-br~oxnox:>yr':ld1ne-hl-oxide1

LQ 35 mL of c. HZ,SOu was poured into a mixture containing 32 g KN03,

54 ml. of concentrated HNO,, 42 mL of concentrated H,SO,, and 28 mL of
3 274

20% oleum. This solution was heated slowly to 100°C and held there for

v

R ol eI PPOUIREAES U U

e e - A




-

202

e
Yy
NS

21 hours. The cooled solution was afterwards neutralized with sodium

-

carbonate till nit;ric fumes abated. Ice was then added and more sodium

carbonate was added until neutralization was hampered by insolubility of
the carbonate. Ammonium hydroxide was‘then used to briné the solution
to va 7-8. The 'solution was cooled in an ice bath for 20 min, and the
residual solid was suction-filtered and air-dried. The
3-bromo-4-nitropyridine-N-oxide, extracted four times with boiling

-
e

chloroform, 25'13 (69.9%) was recrystallized from benzene mp 150-2°c

136

(1it. 152-152.5°¢, 57.5%).

4-Amino-3~bromopyridine:

This synthesis is a mddifieation of Den Hertog'swa procedure, i‘or

larger scale preparation. 3-Bromo-4-n;tropyridine-N-oxide (5.0 g,

.22.8 mmol) 'was dissolved in 100 mL of glacial acetic acid containing

8.33 g of iron powder;. Gentle_ heat was applied to bring the i;empei-aturl'e
to‘80-90°c with fast mechanical stirring.’ After 10 min the exothermic s
reaction brought the temperature t;'o 110°C. 'I:he source df héat was
removed and then x.-eapplied after the telmpeljatur'e had fallen to mgintain_-

it at 80°C. Efficient stirring was maintained throughout the process.

The reaction ¢olour, after 40 min, had changed to lig“ht gray. The
solution was heated for an additional 50 min, cooled, and basified .
'bé'yond pH 8 with sodium carbonate and then anfmonium hydroxide., .Three

500 ml; ether extractions and evaporations of solvent gave 3.42 g (86.7%)

148

.9f product mp 66-68°c (1it. 66-68"'@) f;'om light petroleum. .

o i
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Y=Amino-3-bromopyridinium Hydrosulphates

>

Y7 An attempted diazotization of H-amino-3-br’-omopy‘r¥dipe ‘to

149

3-bromo-h-pyr:idone was carried out with no cupric sulphate.

’ Precipitation of the acidic salts with acetone and extraction with

ethanol gave colourless c¢rystals mp 216-218°C from ethanol. Its pKa

was determined spectrophotometrically at 25°c in 1 M aqueous KBr to 99

*

7.15 + 0.02. The Hsou' bands were visible in the ‘IR spe'ctrum (see

Figure 37), while other bands were identical to a prepared sampie of

l&-amino-%bromopyr“idinim hydrochloride.

m m-"'ﬂumm"'u“{l'ml” Mum...‘
Y
?,f@,gpl g

F-uuhﬁ.w.ﬂ.xf ]

Figure 37. IR spectrum (KBr wafer) of-u-amino-a-bromopyrid1xiium‘

hydrosulphate.

Y
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Attempted Preérations of 3-Bromo-l¢-pyridone;

~

Yiélds for the halogenation reactions are ba:sed on the br:ominating

agent.

Method (A): The literature procedure on h-amino-3-bromopyr1d1ne“‘9

yielded < 5% total of the required\3-bromo-u-pyridone mp 227-229°C

(11t. "9 228-30°C) after several attempts. h

Method (B) ‘ Using 2,4,ll,G-Eetrabr‘omoeyclohexa-Z,5-d1;none 150‘ 1n
chloroform at O°C and 4-pyridone, in equivalent amounts, gave, after
Aktraction with }ight petroleum, a purple precipitate of the
3%5-d1bromo-u-pyr1done (> 65%).  This product was identified by
comparison of its IR spectrum with that of an authentic sample. ‘
Method (C): An equimolar mixing qf bromine and U-pyridone in dioxane at
room temperature slowly precipitated 3,5-dibromo-4-pyridone (60%). .
Method (D): The use of pyridinium hydrobromide perbromide and J.pyridone
in chloroform g£Vf an.ueven greater yield of the dibromo product: 72%.

Method (E): From 3-bromo-4-nitropyridine N-oxide, the corresponding

3-bromo-4-nitropyridine was prepared by the method of 0t::hia:l151

152

, to give

2,7 g (73%) ‘of an oily solid (1it. by oxidation of the 4-amino

analog mp 66-67°C). Treatment of this with Ba(Ol{)Z:BHZO as cautlzlnéd153

gave an insoluble precipltate with an olly trace ;'emaining after solvent

evaporation. ’

But when 3-bromo-4-nitropyridine, prepared as above, was refluxed -

in 20% stou for tv{o hours, cooled, neutralized, evaporated dry,

extracted with ethanol, and again evaporated, gave a solid residue mp

103-107°C. This material was dissolved in a minimum amount of water,

acetone (“45 mL) was added,‘t‘iltered, and coo¢led to give some needles

mp 200-5°C of similar infrared spectrum to the product of mp 103—7°C. .

- P Y

‘ . k\ ‘ " . s
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Some of the compqund mp 103-7°C treat.eq with bromire in ethanol,

L : -
pr8cipitated some 3,$-d1bromo-4-pyridone. 3-Iodo-4-pyridone was

a154 ¢ 154

decomposing at 248-51°C (14t. 289-292.5°C of

mixture), and its IR apectrum was similar to the product mp«103«-79c.
This wds convincing evidence that impure 3-bromo-UY-pyridone was‘

4

prepared., 4

Method (F): Pyridine-N-oxide . (Aldrich) was nitrated, as for

3-bromopyridine N-oxide, and hydrolyzed with hydrogen peroxide in

base155 to the li-hydroxypyr:ldine-N-oxide. Bromination of this produot

156
3

the 3,5-dibromo-4-hydroxypyridine-N-oxide 240-2°C dec (1lit.

with CClu/BrZ/HZO/KBrO
9y
dec), and not of the 3-bromo product 263-u°c dec as reported. Proton
NMR in D,0/DSS showed one signal.. M

Other methods also failed (see bromination of 4-pyridone).

One-step Preparation of 3-Bromo-H4-pyridone:

Technical grade Y-pyridone (0.951 g, 10 mmol) was dissblvedin
50 mL of disti]slled water containing 1.0 g of anhydrous sodium acetate.

The pH of the solution was adjusted with acetic acid to 4.2-4.4 and

Wcooied in an ice bath. A bromine solution was prepared (1.6 g, 10 mmol)

« in 50 mL of 1 M aqueous KBr. This solution was added to the former at

0°C with"eff‘ieient stirring over a 45-minute p?r-iod. A precipitate of

3,5-dibromo-4-pyridone 0.33 g, 26.2% based on added bromine, was

. filtered orf. The mother liquors were evaporated .dry on a water bath™

-

and the residual s80lid extracted with ethanol. The ethanol ext:ract.

contained 4:1 3- bromo-u-pyridone/ll-pyridone as inferred from the

integration of the proton NMR signals. ‘Separation of the inorganic

gave the same maberial yield (0.7 g) but of

241°% °

w
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salts from this.residue was effécted by boiling with one liter*of

: icetone «4and filtering t}‘}e hot solution. The residue (1.55‘3) of such

. 4 - .
,extraction contained 80% excess 3~bromo-4-pyridone (73.8% based on added

béo*mine.). Treatment witﬁ”char’coal, in boiling water and

-

recryqtalllization from "'water gave the title compound 0.48 g mp 229-31%
149 : -

‘

» (11t. 228-30°C). .

No optimization of react"i.on was nttem'pted but doudbling the

concentration of reactants caused a 1.6 fold. ;lncrease in the percent

formation of the dibromo préduct. )

1-Methy1-3-bromo-H-h}dmxypy}-idinium Bromide: .
[ [ .

.

To 3\,-bromo-ll-pyr1done (1.5 gy 8.6 mmol) was added 0.48 g o

/potassiun hydroxide in 30 mlL of methanol. This solution was refluxed
for two hours with 1.6 mL (18.m13:ol) of d.imethyl sulfate. The cooled
solutioé; wvas basified with sodium methoxige. Addition of 200 mL'.of‘
acgtodé;'md 10 mL of ether preeipit.af:ed the salts.! ‘Further' removal of
saltsr‘was accomplished‘by repeated treatment with 10:1
chloroform/acetone and solvent evaporation. The residual.oil was
dissolved in chloroform, gravity-filtered, a’nd- the solvent was
evaporated. To the oil, dissolved in acet‘one, was added a_slight exc;ess

. of hydrobromic acid to precipitate the title compound 1.57 g (57.7’).
Recrystallization from acetonitrile (1 g/300 mL) gave transparent
needles.mp 253-5°C (dec). The IR of this material is reported below:
Figure 38.. T'he NMR (620/DSS) :-ls reported in Table.XXIII (page 114).
Analysis: calculated for 06H7N0Br2: C, 26.80%; H,r2.62$; N, 5.21%; Br,
59.42%. Co .

“Found: C, 27.08%; H, 2.69%; N, 5.23%; Br, 59.48%.

¢
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F.iggfe 38, /IR spectrum (KBr wafer) of 3-bromo-4-~hydroxy-

1-methylpyridinium bromide.

Reaction of 4~Pyridone with Bromine:

i

-

(a) In acid: To U-pyridone hydra{:é, purified as fcr the prep%ra'tiion of.
lemethyled-hydroxypyridinium bromide, (1.13 g, .10 mmol) dissolved in
25 oL of 48% HBr was added Bromine (1.60 g 10 mnol), dissolved in 25 mL
of the same medium. The addition lasted 30 minutes. Ice was édded and
the pH adjusted to 3 with sodium carbonate. The volume of-the solution
was reduced on a water bath and upon cooling 0.923 g (3.65 mmol) 73%,
based.on added bromine, of 3,5-dibromo-d-pyridone precipitated:.. Its IR

T4

spectrum was identical to that reported. Proton NMR of the residual

s0lid indicated the presence of 2:5 3-bromo-4-pyridone/L-pyridone.
>

(D% In aqueous solution of 1 M KBr: Same procedure ‘as above yielded

f -
+
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(0.842 g, 67% based on added bromine) of the dibromo product.

(c) In one equivaleﬁt of KOH: Same procedure applied to an aqueous I M

KBr solution yielded 1.08 g of precipitated 3,5-dibromo-4-pyridone

[

A(86.0$, based on added bromine).

In all cases - then the 3-bromo-4-pyridone was the minor product of

- v

the reaction, except for the feaction in acetate buffer.

4

T~ Apparatus’ | \

b4

L4

An Aminco-Morrow Sfoﬁped Flow accessory, uging an Aminco bw-g
l UV-Visible Spectrophotomgter- operating in the dual wavelength mode, was
uae-d for kinetic UV measurements. Optical density ,deoreaaeé were input
through a Biomatiaon 805 wWaveform (recorder and monitored 'on an

oscilloscope. Traces with better signal-to-noise ratio and less

L]

distortion, were plotted from the Biomation onto the Aminco X-Y recorder
through an a(djustable dropping resistor. Conventional UV measurements

were performed with the spectrophotometer aperating in the split-beam

[ 3

mode.

Kinetic runs for the pyrimidones were at 30.0 + 0.1%:, Temperature
o /

control was maintained by a Lauda (model No. ‘RC-=20B)

constant-temperature circulating bath. This specific -temperature Was

chosen for comparison of earlier kinetic work. 18b,¢,19 For '511 other

substrates the temperature was maintained at 25.0 + 0.1°C.

Proton NMR spectra were taken on a Varian A-60 and T-60 NMR

»

instrunents. Infrared spectra were recorded from a Perkin>E1mer 599B

"7
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Infrared Spec.tb,ophotometer‘.

Fotr gas chromatoéraphic work a 3 ft stainless ateel colum;x packed
with Chromosorb-W HP coated with 3% Carbowax 20 M was attached to a
conductivity detector. The column was generc'msly supplied by Dr.
R. T« Rye. 'i‘he te'mper'ature of the column was kept at 1'45°c and that of
the detector at 1009C. The 1nJect{lon port teqperature was kept at’ 90°¢

(mid-range). The flow rate of the hélium gas was also kept at

'mid-range.

Methods
Bromine solutions were prepared by weight in 1 M aqueous KBr for

all pH regions: usually 0.5000 M or 1.000 M, and diluted appropriately.

Is

‘For the pyrimidones and Yerivatives, also for some of the preliminary

studies on the pyridones, f.he buffer solutions in 0.1 M aqueous KBr were
prepared following Pm'x'in157 and 'aluays‘ checked using a Corning digital
110 pH meter. Fo}' kinetic atudies in 1 M aqueous KBr the universal

buf‘i&‘er"ls8

sy stem: H3P0u/CH3COOH/HZBO3/NaOH was used for convenience.,
The ipnic strength of this buffer system was as Perrin's: I = 0.01 M.

All inorganic i'eagents were of analytical grade. Sodium hydroxide

sc;lutiona were prepared from commercial Anachemia standard volumetric

econgentrates. . \

)

For the kinetic studies one drive syringg contained' the substrate
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in the chosen medium, anl thes‘other contained bromine (usually
N .

1X 10‘" M) in the same medium. All concentrations given in the text
are after nmixing. Reéctions were followed by monitoring the change at

266 nm ( )‘n:ax of Br3") log ¢ = u.5463 relative to that at 240 or 340 nm

-

wixere there is 1ittle or no change. Sometimes the monitoring wavelength

was ad justed (usually to longer wavelengths) sirce products or substrate
absorbance was too large to permit a baseline balance. The sl1lit was in

most instances 7.0 m. This allowed for less noise in the tr-aces.

The pseudobase kinetic studies were conducted in the manner of

62 One drive syringe contained 5 X 10'“ M solution

-

Bunting and Meathrel.

of the N,N-dimethyl-#-oxo=-pyrimidinium ‘pation‘md (or its pseudobase

_1_‘19) in 0.1 M aqueous KBr, while the other contained a buffer of

pPH > PKm_ also in the same medium and of twice the concentration given

in Perrin.157 Thus, after mixing, the solution conditions were the same .

]
as those in the bromination studies. The disappearance of 10d (or 1449)

»

N,
_was monitored at 289 mm relative to 320 nm (spectral minimum). Good
Q3

first order behaviour was oi)served for > " 90% reaction. Analysis of
1n (D - D,), where D and D, =areoptical densities at time t and
1nf1x‘1‘ity respectively, versus time gave pseudo-first-order rate
constants k1°'_:’ad with a correlation coefficient > 0.9995. The
reproducibility 6f‘ k1°b3d depended upon the speed of the r"eaction. For
the faster runs near the limit of the apparatus .1t was about 10% but for

S
the slower runs it was less than 5%.

For product analysis of phenol bromination gas chromatograpy was
&

used.. The conditions for bromination were kept as close as possible to

AT AD s T st w” b b s St Tt < s
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those for the kinetics. Bromine 0.0125 M‘in 2.00 mL of 1 M KBr (the
concentration of bromine was kept constant while that of phenol was
varied) and phenol 0.125 M in 200 ml of the same solution,l were mixed,
in one m:t.ion, into"a fast-stirring solution (300 mL of 1 M KBr) and
allowed to react for one hour. The solution was “then acidified with
concer;‘i;rated hydro;:hloric acid filtered if excessive precipitate was
present, and extracted with two 200 mL portions of chloroform. After
reducing the solvent to about 10 mL, 5 pL of 1,1,1%3,3,3-hexa-
methyldisilazane was added, filtered, and the filter paper wasged

carefully with chloroform. The solution was agai}:(evaporate‘d down to

5 oL and placed in a 10.0 mL volumetric flask. It was then diluted to

the mark with the silylating agent and allowed to stand for 24 hour;s.
The pure compounds and known mi%tures were pref)aared ttsing

chloroform -and excessivle -siiyla'ting agent only, for qualitative and

quantitative studys 2,6-ﬁibrbmophenol gives needles after about an hour

which slowly dissolve into the same medium.when shaken. All the

dpolybrominated phenols do not elute from the column used. Attempts to

do ,the same experiment with 2-pyridone and its N-methyl derivative
* i

failed for the same reason.
. . | .
Injection volumes were, in general, 5 uL but 1 uL injections were *

used for calibration graph. Retention times were in ascending order
phenol < 2-bromophenol < 4_bromophencl. From the GC chrématographs it
was evident that even for a 1:1 reaction in acid, polybromination takes

place: phenol is still present in the mixture.
4
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Kinetic Observations and Treatment of Data - ' , :
1 4

The substrates studied and their corresponding bromo products give
rise to strong absorptiony bands in the middleé of the UV region
('zuo-zgo nm). A rapid decrease in absorption of the tribromide ion

()‘max 266 nm) is noted upon mixing aqueous Brz/KBr and substrate

solutions.

-

For the cases where the initial substrate is greater than or equai'

to the initial bromine cohcentration, application of the Beer—Lambe:rt

87 49c

- ' *’ -
law and the %propriate integrated rate equations has been shown

S
to lead to the well-known expressions for firsp order (equation V.1 an\d
N Y 7‘4
second order- {equations V.2 and V.3): \

D_-D_ " | " ' - B

“1n 2 o . k1 t ) ( v ! : ) Vel
D = Dy ‘ ’ ' -
(IP,], - X)  ([P,] | ’

In —i2 : 1;;{ 10 }+ ([Py] - [Bro])kyt e
((Br,) - ©)  \(Br,), .

-

where the amount of bromine that has reacted at -time t is:

‘. '(Do -D) [Br2]° . ' - . )
(o, - Doy ? .

‘

Do’ Dy and Doo are the optical densities of the solution '1nitially, at

any time t, and.at infinité time respectively. The initial substrate

[E

and br.omine choncentrations are denoted [‘Pi]o and [Brzlo respectively.

i
. ' _ .
For the second-order case where [Pi]o = [Br2]°:

S e M

r




' L\ carried out for equation V.1 to calculate k1 as ‘the slope. .

P

~

%, t.,ee., t_ and D,', D'y +.., D' are those at't, -+'At, t_ + At,
1t n 1's Dy n 1 2

-

\
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(b_ - D) - . '
—— = [BF,] K, t - S V.3
(0b-D_) ° 27y . )
e o i i

In the Normal Treatment of daia 4 least-squares regression is

¢

If a set of data points separated b} a constant time interval ( At)

is considered such that D1, DZ’ ceey 'Dn are the optical densities at
% ’ )

H
cany *’n + At, then other treatments may be carried out for equation V.1
\o ) [
which are useful where D, 1is not accurately known.

1

]
o .
>

The Swinbourne Treatmentugc’sa may be employed to determine D_ .

Substitution of two different po,inta into the exponential form-of

equation V.1, dividing the resulting equations, and rearranging:

J

- ‘ s r-\

D = 1500(1 - exp(k, At)) + D! exp(k, At) Vo4

Theref‘o}e, least-squares analysis of D vers'ti's D' allows k1 to be

* - (4]

obtained fron the slope {ex;)(k1 At)} and bw from the slope and

\
¢
“

intercept since:

Int'ercept .
D & V.5
® (1 - Siope)

”

For best results the 'data should span a period of time greater .than one

half—iife and preferably greater than t;wo. The value of ( At) should.be

-~

between one half and one half-life. w

; i :
The value of Doo obtainZd in this manner can be inserted into the

obsad

Nom;l method of analysis. The values of kl referred in this

-

et

AY

)
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thesis were all determinedby th'e Normal treatment utilizing Swinbourne

—~

value of Doo since this gave better correlated values.

\ | N

25,59, 49¢c

The Guggenheim Treatment of data may be employed when

. Doo is not known. If,as in the Swinbourne method above, the two

exponential forms 'of equation V.Lcoﬁtaining D and D' are subtracted

then: ~.,
! - . - - - ) -, -
. (p D) (Do Dm)gxp( k1 t) {exp( k1 At) 1} V.6
& . .
+ and therefore: .
N In(D' - D).= 1r1{(Do - l)ao)(exp(—k1 ,'M;) - 1)} - k.l t . , Y.7
Linear regression analysis of 1n(D' - D) against t should yield a
straight line of slope -k,. For optimum results the data should cover
at least two half‘-liveé and ( At) should be between one half ‘and oné
l'ﬂ .
half-1ife. . ) : \
\ -
) . N

!

The ‘ogses where (n-i)[Pilo = [Brzlo (n2i is the number of sites of

. N r * ! -
attack on the substr‘ate Pi below) may need some clarification with

(

respect to absorbances variations of tribromide ion, substrates, and

products. The geheralized process which accounts for consecutive

brominations is shown below:

Br Br Br2 t Br2
. 0 > Pf“ > P2 > uo-Pi ——p ---Pn

where Pi = %: PiJ and .alao Cil:'1 s Di.\ P1

or intermediate products, P~ are the final products, C

aré the starting subtrates

N is a global

~ s

¢
C e s e A g g

|
- v ke s P -~ v ittt dke G NI b e i et S e — M o - — o



et Tl s St 5 A S e e 7

¢ LA X ' : 215

-

extinction coefficient for the sum of the species at each step in the

bromination, and D, 4is the optical density of specie; i. As can be

i
seen from compugt;er simulations (see Figure 29) only the species giving
rise to the: rate-determining 'ate.p and the final products need to be
considered. These condi 8 lead to the following equations of

mass-balance where the ith step is rate-limiting:

AR RERNE no . . , V.8
[Bézlo = [Bry] + (n - 1)[P ] . : - - . V.9

From the initial condition above: -

L}

[Bryl, = (n - )P, ], T ° V.10
. Combining the last three equations: ’ A .
L ,\
[Bry] = (n - 1) [P,] - . o wn
The equations from the Beer-Lambert's 1aw87 are: T
D s C, [P,], + Cg [Br,] V.2
Doo = Cn/(n - 4) [Br‘2]° i K ‘ V.13
. ™ S
Lo ™~
~ - '\\
D=D, +D +Cy[Br,] ‘ *\\\\ R AL
. ~ N ;//*’
By substitbtion of equations V.12 and V.13:
"D = {Cil(n -4) - Cn/(nl- i) «+ CBr-}, [Br2]'+ Cn/(n - 1) [Bx‘2]o V.15

. . ‘
The appropriate quantities needed for the second-order equatio
‘ ' ~

{[Brz’lol[Brz] -1z [Brzlokzt} are:




21~6
D . } . [
o = D :\{Ci/(r! -1) - Cn/(n - 1) + CBr} [Br-:‘_,]° - -
{c;/n -1) -~ C/(n=~1)+Cy) [Br,) V.16
D-D, = {Ci/(P - 1) - Cn/(n - 1) + CBr} [Brzl V.17
Therefore the final expression 1s‘the usual:
b -D  [Br,) a . ¢
.9 - 20 - "
-1 ““[Br""]o k2 t . - V.18

D‘ - Dm [Br2] . ‘ ‘

The purpose of this exercise was to show that regardles/s of the
number of 1ntemedi;ate products in the ,reaqtion“the contribution to the
total absorbance (i.e. tn‘e terms for the extinction coefficients)
cancel in the final expression making :ltl identical to the one derived

assuming one reaction product (equation V.3).

Computer Programs ¢

All calculations were performed on a CDC Cyber 172 Digital Computer
using routines ‘of least-squares fit to the data and the above integrated
equations. The routines, wripten by Dr. 0.S. Tee, were coded in

BASIC.

The NEW1ST program treats the data in three different ways:
Guggenheim,25’59 Sv.r:mbourne,s8 ~emd Normal. The Normal analys\is us'ing
/Swinbourne Do gave the betfter correlated values (c-c > 0-9;95) and was
the accepted treatment. With the observed value ;at' Dy the Normal

treatment gave poorer correlated values but the rate constants from the

PR et - [P ]
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three methods usually ‘agreed to within 5{.\ : "

e r

NWSEC— T‘here are two versions of th-is progx:am. For tk;e ca'sve.whereA
reactants were employed in atoil:hiometric amounts {(n'i)[Pi]o s [Brzlol
it splves for the, jjdentica,l equations V.3 or V.18, giving pc; rgr
ocorrelation coafficients (_bpt usually > 0.99935 since Doo is a crﬁl
quantity and’ must be adjusted.

The second version of the program applies when one reactant is in’

+ larger amounts over the.othei’-.' Equation V.2 is used which is closer to

-‘that for a first-order analysis and not as deper_xdeht on Doo' This value

is approached muchhmore rapidly and thus' was more readily detebm;na_ble.

Better correlated data were obtained (c-c > 0.9995) for 90% reaction.

A .

ZERO- This is the regression for a straight line:
’ ol )

)

(Br,), - [Bryd =k ¢t

2]o

and by substitution of equations V.12-V.14:

D -D k
——_m = 1 - onmselie t ' * N ' V’.zo
Dy- Doy [Bry),

This program regresses the left hand side of equation V.20 versus t.

Al( kinetic runs analyzed in this fashion gave correlation coefficient’ -

{
- »

> 6.5995‘ for 90% reaction. ‘ . £

* N ] ) N : )

o

.
L 4

ALLMIX- This program analyzes equation I.28:

[ )

V.19 °

"
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3
k_.[H*] (Br,] . . k,[HYI[P] t
o ln{ 2of, ((Br,]_ -[Br,)) = = ! ° I.28 -
k, (Br,J ° ([H*] + K) :

y .
This equation contains a. first~order term and a zero-order term whose

relative importance depends agpon.[H"] and [Br‘2]. The appr'oachea19 to

its solution in thjs program are three. First treat k1 as linown

(available from separate experiments), subtract the zero-order
component, find the ratio k-_1/k.2 ‘bf least‘:sqqapes'fitting, and
calculate a first-order‘ constan't {l?;pbsd = (lc1k2[P]0)/(k_1 ([H*] « K))}:
Segond, assume a value of k;)1/k2 (may be estimated from results at

lower pHs), subtract the first-order term, amnd find a zero-order rate

obsd

constant {k °°°C = (k1[H*][P]°)/([H"] + K)} by fitting. The third

17a

approach is to multiply through byv{[Bx'zlol([Br'?_]o - [BrZJ)} a’

rfegresaion of {[Br2]o7([BrZJo - [Br,1) 1n([Br,] /[Br,1)} versus

{([Br,], £)/([Bry] - [Brp1)} gives {(kyk,[P] )/ (k_i([H"] + K))} as the °

slope and {(kZ[Brzlo)/(k_1[H+])} as the intercept. These estimates may
be adjusted to give the best correlation coefficients (> 0.999 sometimes

d

> 0.9995). All data spdnned at least 85% reaction.

The program UVPROS was written byl the author to handle the analysi

., of product:s'rrom the UV spectra '5‘f mixtures. It requires coefficients

of the mass-f:aiance equations with initial concentrations, the actual
wavelengths, the extinction coefficients fo.r each individual species 'at
the different wavelengths, and the absorbance values of the miAxture at
the diff:erent wavelengths. The data is handled by (1) multiple
regression without use of mass-baiance'equations, (2) mu}tiple

r'egression employing the mass-balance equations, and (3) using two

. mass-balance equations and (n - 2) absorbance values of.the mixture and
\ B

)

o
S
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solving for the n species in solution. If N is the total number of
wavelengths fbr the mixtﬁre input into the program, then there will be

[N1/[(n°- 2)1(N - n.+92)1]} different solutions. Each solution is

5, .

4

agessgdz if even one ,value" of concentration.is negative or greater than
or less than 20% from 't,he corresponding value in analysis (2) then the
wairelength;em;.;loyed are flagged and may be omitted from subsequent -
analysis. The entire process (from analysis' (1)) may be repeated with a
different number N so as {o give poa,iti:ve concentration vaiues with

least standard deviation. -

R
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VII. APPENDIX

L] 1 -

The aim of this ‘,appendix was to 1llustrate that for nonlinear
differential equations, derive.d in this work from kinetic rate laws,
there exists a fundamental solution if parti,cular stoichiometric ratios
of reactants are maintained during their initial mixiné. This solution
demonstrates that the ?verall rate is determined by the sloweat process
of the reaction. In\recent years, however, the emphasis has shifted

from more "classical"™ mathematical goal of finding exact (i.e.,

analytical) solutions to-integral équations and differential equitiona

to the more realistic attempts at the qualitative characterization of ‘

solutions. 'This change in approach follows -necessarily from an

increasing preoccupation with nonlinear problems for which exact

134

analyticailsolution are unlikely. In agreement with Somor:jai, there

is no single best "recipe™ for -solution (even if a uniwzzue solution does

exist),. and ;Lnspired guessing combined with perseverance plays an

134

important role. Without recourse to a steady state treatment, the

complete non-linéar differential equations derived below have been
Q:btain_ed by a process similar to that described by Benaon.w5 The
solution(s) evolve from the boundary. conditions where the reactants are

100, 101

in stoichiometric amounts‘. However, the graphical method of

Schwemer and Frosj:wo involves interpoclation to obtain the various rate

o 232
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'conatants and similarity with the method below disappears. Bromination

of phenof" is a multistep process analogous to th'ed alkaline hydrolysis of

101 use an

triethyl citrate. In.this hydrolysis, S'virbely et al.
iterative method and a steady st_'.ate assumption'to obtain the seven rate
con\sgants. From perusal of ‘the literature, it can be said that exact
solt;tions of eompetitive-consecutivé second-order reactions are hitherto

unknown! ' . ‘ \

Exact Solutions of Consecutive Second-Order Reactions '

The operators given blelow have the following significaﬁce:
(L 19 = (df Wat), (L 1) = (a2 1/7at%), (L 1v'9 = @30 17at3). a1
i

differentiations, whether directly expressed or not, are with respect to

-

+ 4

1. "Linear. For the process:

A——ailh + HY S
—— '
A}
k,
A+Br2-——>B
-k, -
A +Br2-——->B
K
B—22. 5 4 g*
_
’k3
B+BI‘2—-—)C 1
k, )
B+Br‘2——)c

) + : e
Let {cs s ky+ k1xa1/[H ] ke =k, + kBKaz/[H ]

a = /(14 K /IHD) b= 200B] + K )/(EYD + K ) '

bl o St oy g —— o AR A o - B W es v gani—
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\ Dividing equatiox‘\ 1.4 by 1.5 to eliminate [A] and rearrapnging:

234

» /
([A]') =-k5[A][Br2] sectisesacssrsrtsssocsstnscccbossns oo 1n1

-([BI‘Z]') = kS[Al[Br‘z] + k6[B][Br2] ’ --ocoo‘oooo-o-ouoanoo-000000- 1.2

From. the mass balance:

(8] = a2l - [Br,1) = DAY + alBry]  eevevierenreennniiives 1.3

4
[}

vhere [l\]o and [Brzjlo are the initial stoichiometric concentration of
. [}
.substrate and bromine respectively. Substitution of equation 1.3 into .

):equation 1.2 leads to:

13 I

-([Bt‘al')/Bx‘z - ak6(?[A]O - [Brzlo) - ak6[Br2] = (ks + bk6)[A“] ses 1.“

Differentiating 1.4 with respect to]tm‘e'and substituting equation 1.1 4
for ([A}'):

2

-([Br,1'")/Br, + ([Br,10)°/[Br 1% « akg([Br 1) =

-k5(k5 - bké)[A][BrZ*] Seaveisvseosasnsene 1-5

!
é‘

b, .
‘\ (k5 + ak6)([Br2]')[Br2]2 + al(sk6‘(2[A]0 - [Br‘z:lo)[Br'zl3 +

akaG[BrZ]" + ([Br, 1" )(Br,] = ([Bry31)% = 0 s 16

i .
A If [Br.] = 2[A]_ then the exaot sqlution of this nonlinear
270 (o}

==

differential equation is: N

.
1 .

A (Bry] = 1710k

-~

————

o

)t"‘ (1/[BP2]°)} ooooo.c.~oo.o'o'cooo:o.-.o‘oon-oo 107

e =

ﬁy differentiation of 1.7 and substitution of the various
differentials into 1.6, it is a trivial exercise to show that this is
indeed the solution of equation 1.6 for all the time domain. Moreover,

"after this ‘substiltution, it is poasibie to solve for kObSd:

k9

U - —
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'(k5+ aks){RObSd)-O-Bkska# (kObSd)2= 0 sassssssnsesstObeRsRIE 1.8

This ractors into:

(k°bad - ks)(RObSd - ak6) = 0 escsssesseasesres e oo et 1.9 *
3

(=]

Replacing the expressions for a, ks, and k6 the two roo;s are:

obsd + ‘ '
(k ) (k2+ k1xﬂ1/[H ]) 6000 Qecs st s E N OLARERRNOOARENRCO DRSS ‘1.10

(xobsdy (ku[H"'] + k3x;2)/(tu*i-+ S P LT ITTTPPR PYPRR PR L

v

The smaller of the last two funcéions, for varying pH, appears to
determine the overal] rate constant for the reacpion. This can be seen
from the separate rate profiles determined under pseudo-~first-ordepr
conditions for A and B, equations 1.10 and 1.11,"respectively, and then

contrasting the second-order rate constant for the case 2[A]° = [B'rzl

A\ ] o.
f 2. Parallel. For the process:
Gr
, K
§ , .. K
:
5 ok —

B+Br2—-3‘-"D * a' [y

k ' :

e B

The various equilibria have been eliminated from the process for

clarity. All operators have been defined for the linear process above.

The equations describing this system are:

2[A]° - [Bt‘z]o = Z[A] + [BJ + [C] - [Br2] essecosn0essrcnan e 2.1

-~
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([A]') 2 -(k.‘ + kz)[A][BrZJ ptaoo-o-oco-iu-uutt-o-o.--a.--qooo 2.2
(IBI = K [AJBr,] = Ky[BIIBr,)  ceceeiricieciininieniiiinieee 2.3

S(EBry1) = (k) + k)[AIBr,] + KgIBIEB,) & KyLCIBr,]  ceveens 208

Combining equations 2.1 and 2.4 to eliminate [C]:
1

~([Br,1") = (k, + k,)[A1(Br ] + K,(B1(Er,] +

ku(Z[AJO - [BPZ]O - Z[A] - [B] + [BPZJ)[BI‘ZJ eecshssroessssnsnnsoe ‘205
This can be.rewritten as:

-([§r2]')/[Br2] - ky(Br,] = alA] + b[B) 4 ¢ cersiriesasieiiiiees 258
where a = lc1 +k2 - 2ku
b = k3 - ku

,
o ky(20a) ) - [Br,1))
Differentiating equation 2.5a:

~ (B, 11 /Br,] + ([Brp1N)2/08r 0 = ky((Br, 1Y) =

a([AJ') ‘Fb([B]') sevses s ssssrans s esnsNaRR B O 2.6

Substituting for [A'] and [B'] from equations 2.2 and 2.3 the right hand

side of equation 2.6 becomes:

~

= -a(k1 <+ k -' bk.l)[A][Brz] - bk3[B][Br2] S e s 0sIeIOOE S OROGIRIIGENOETOS 2.6a

2

Dividing by [Br2]:

~(Ur,1 ) /I8r,0% + (18,0002 /08r,0% - ko ((Bry)0)iBr,) =
d[A] - Q[B] seve0ssss e s B esssssN R BRRRIREERERRSS 2.7

where d = -a(k,l + kz) + bk1

v

e:bk3 .

e e

kgt ks P Bk 4o v D s
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Combining equations 2.5a and 2.7 to eliminate [B]):

-([Brp)1)/tBry P « (IBr,10%/[Br,)°

(k3 L ku)([BPZJ')/[Brzl - kuk3~[BP2] s (aks + d)[A] - 0k3 .o.la?. 2.8

Differentiating equation 2.8 with respect to time, and substituting )

for ([A]'). (equation 2.2):

-([Br, 11t 1)/[Br, ¥ + (LB, ") ((Br, ') /1Br 03 = 3(LBr, 10 3/00r,0" -
(ley + kg) ([Br 1N 2/[Br 1 - kyky(lBr,11) =

] —Cky + ky) (aky + A)LAIIBr,]  crvereenonngiens 2.9

3

Combining -equations 2.8 and 2.9 to elininate [A] and rearranging:

~([Br 111 /[Br, 1 + HCLBry1' ") ((Br)]*) /LBry)® = 3(iBr,10)3/00r 0" -

(ky + Ky + kg + k) (((Br,100)/IBr ] + ([8r,10) %7180 ,7%) -
kg e k) (kg + ky) + kykeg}([Brpydt) = kykalicy + kz)[m-zl2 -

k3ku(k1 + kz)(Z[AJO " [Brzlo)[Brzl = 0 O..ll.l,.;.......!l. 2010

Ir [Bl‘alo = 2[A], then the general function for the solution of

this differential equation is:

[Bt'z] = 1/{(k°bad)t <+ 1/([81‘210)} S e s asassss e e n sttt s o nestaae 2.11

Diff'erentiatirig 2.11 and substituting into equation 2.10 the expressionA

for KOP8¢ 4.

(kD343 e, 4k, obsd)2

[(k3 74-- ku)(k-' + kz) + k3ku](k0b3d)‘ - k3ku(k1 + k2) ] 0 occ;loocn 2012

+ k3 + ku)(k

which factors into:




(kObsd - k3)(k0bad " ku)(kObSd - [k1 + k2]) = 0 -1.0,..0-.0--.; 2-13

“

\\
N . t

)
The three roots are:

cbsd _ ry . ‘

k - [k1 + kz] ..C..O.'OC....l'.'..-....O‘I'l‘Q'.-l‘l.ll.lllill 2.1“,(\

k0b8d = k3 .0"'...‘i..t.l'..Ol.".'....l.l..’...l.ll....d.... . 2015

kObSd = ku .O.ll.......'ll...l..l.l...'ll..l"...'..l.l..l.i!l. 2'16
Depending upon the acidity of the buffered éolution, kobad will

equal the slowest process of the reaction at a given pH.
For a combination of linear and parallel consecutive second order

reactions, as in the case Qaf phenol, it is possible to find the

'non-linear differential equation i.n the same manner. Such a derivation

was avoided here because it is too lengthy. From computer

, 121 )

. .
simulations it can be seen that the general solution

[Br,] = 170k e (1/[Br,1.)} applies for all pH's where
3[A]° = [Bralol ) * \'\

The:\situation to- be expec‘ted when the kinetics of bromination are
done under pseudo-first—order conditions will now be considered. For a
truly competitive consecutive secorid-order process, the observed
second-order. rate constant derived from pseudo-first-order analysis may

be &s much as m times greater than that obtained under consecutive

second-order conditions, where m is the number of equivalents of bromine -

consumed as a result of the rate-limiting step. This assertion evolved .

A
from the rollowixﬁanalysis.

CN

*Dr. R.T. Rye guided us to in the use and logic of this computer

program.
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3. Cases 1-3. Consider case 1 where a substrate A (this may be

phenol) is polybrominate_d (all reactions are irreversible).

k
A+Brj2.._1_)a

‘h kz l
‘A+Br2——-)C o ’

ky
C+Br, —5 D

. ks :
C+Bry——E g

. k6 ' ’
E+Br2._».>1=' '

kg
.D -o-,.Brz ——— [

In the analysis of the data obtained under pseudo-first-order

conditions ([A]o » [Brzlo) it was assumed that mainly one product is

formed. However, this is not true, for instance, in the case of the
115

LY

phenoxide reaction.

Assune (k1 + kz) is the slowest process in the pseudo-firste-order

case, the actual overall rate is:

-([Br2]') = (ky + k) [AJ(Br,] +‘|f3[_al[sr2] + (ky + ks)[C][Br2] +

: kgIE)Bry) + ky[DI[Bry]  wevviiienuoiiniieens 300

Asa'l:ine that all the intermediates (B, C, D, E) formed approximate a
a'teady' state., This, in fact, is always true in a pseudo-first-order

\ oase since [A] = [A]l, for all the time domain. Then:

([B]') =2 0= k.,[AJ[BPz]c - k3[B'J[Br2] . oc-oooc-—o----c--‘o---i--o-o ) 302

!
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(8] = (Ky/kcp) [a) .

-~

([c1') =0 = k,[A)(Br,] - (ky + kg)[CI[Br,] 3.3
el = ‘(kzl(ku + kg))[A]

(FD]') 0= k3[B][,Br2] - k7[D][Br2] + ky[ClBr,]  ceeeennaaiine 3.‘14.
D] = [k /kq) + kk,/(ky + ks)k7][A]'

([E1J') =0 = k5[c][3r2] - k6[E][Br2] . 3.5

LED = (kgg/ ey + kg )k ) [A]

Substitution of [Bj; {c], [D), and [E] into the rate expression equation

¢, P

3.1 obtains:

¢

-([Br‘z]')‘= 3(k1+k2)[A][qu2] ocooco‘:.ooc-o-.---;.--oooooo;..o. - 306

Thus, k obsd in pseudo-firat‘-orden case is three times greater than the

2
obad

.
quaesitum of (k1 + kz) which is equal to k2 from consecutive

second-%rder analysis.

B Consider the linear case 2, vwhere B may be Ud~bromophenol, and the

' disappearance of B is the rate-determining step (.[BJO > [Br-z]o).

R

D+ Br, —» F. I S

The overall rate law is:

3 ~

-([Br ');kaFB][Bré] # XgIDIIBry]  eeereenetuniineeenennenie B

2]

e —————— : . . ,
'# The word "quaesitum™ is defined in the Webster dictionary as: the

i )

actual value of a quantity. ' - .

-t e e e gt o o e e e —— - . Y e a mase

e - P




o @\ : : 241

A Steady state assumption on D (i.e. for [D] = {k3/k7}[B]) gives a rate

* ‘ laws . ;o
' A 3
° . * A f]

. ° 3 '

~([Bry)") = 2(ky)[B(Br,) eeeeerteneeerieiennnnerirereaareaeen 3.8

. oﬁsd "
- Thus, k2

! ) actual value k

“for pseudgprirst-order am;lysis; is twice greater than the

3.
Consider the- garaliel case 3, where C may be 2-bromophenol.

Reaotion of C'is the slow.step with the condition that [C] > (Br,],.

N ' (
L ‘ -
-y -
) k o

I T 1 g 4wt Ay Sple o At X 0
)

—
x
.

! , ’E+Br2__§_>p' ,

\ : ' " The rate law is: -

-([Brzl') ?—(k“"" ks)[c][Brzl <+ k-ﬁ][Bﬁ?] +k6[E][B“2] hca.n‘c--o/ 3.9

g [

«

#e A steady state assumption on D-and E (i.e. for [D] = {ku/k.,}(C] and -

. [E]l = (k5/k6}{C], equations 3.4 and ‘3.5 above),: gives a rate law:,
o, . f

5

") g .
: g( ' * - ' ' . «
Y _ "([Brz]') = 2(ku + k5)[C][Bt“2] co/-.oa-o-o-o-oov.ooo-.oo.a-ccnlc. 3:”
/\‘ \‘l‘hus, lezobgd is twice great?r than the actual vai:ue (kl& + kS)’
) N . .

)
Y »

. [ "\ R o
‘The ' kinetics for phenol pdér consecutive second-order analysis

. . ,
L . L ' ‘ %
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via 4-bromophenoxide, and the

AR

0
-~

¥

2?«-

(1.80 3[A]° = [Brzlo) has a varying rate profile depending upon the

reactive species in the rate-determining step. For reaction via its

L]

phenoxide, the limiting rate constant is (k’i + kz) for 5.3 ¢ pH < 17
(Figure 28). In-the region 2.5 < PH < 5.3, the alow step i bromination

lonsecutive second-order rat,\ifqonstant
gives the' valu‘e of k3.. '
constant ought to be k.,, which is the reaction constant for bromination

For the region 1 <.pH < 2.5 the limiting rate

. of Z,M-digr;omophenol, as determined from computer simulations at p}i 1

PR R
usiné/the observed monobromo product ratio for the appropriate paytion

of k{)&kz. However, as explained™earlier, the experimenta'l results in
* J\

this pH région m?y be in error since the reaction was not followed for

long enough (see earlier discussion).

——

¥ This value was also obtained by tre)ing”ll-bromophenol with two moles

of bromine in this pH range (see Pigure 28).
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