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. ABSTRACT

" r\\_)/ ' '

On} the Ring-Opening of the

v

Pyrido-[1,2al-Pyrimidinium Cations

Michael P. Jansen i

\ 4

!

‘The kinetics of the reversib}e ring-opening of the -
pyrido-[t,Za]-pyrimidinium cation (PP+) to 2-(2-pyridyl-
amino)-acrolein {gﬁ) were studied in adueoué solution,
pﬁ 0 - 14 (at 25°C, I = 1) using stopped-flow UV spec-
trophotomgtry.u Several substituted dgniva;jygs_wgre,al§o<;:_
prépared and exgmined. "Various dynamic and static NMR
studies were carried out.

The protonated pseudobase (PBH+) of PP+ was found
to exist in equilibrium with PP+ to the extent of ca.‘éi.
It was observed by both NMR “and UV spectfoscopies. ‘The
kinetic studies revealed two distinct equilibrations:
PBH+T=PA (pK_ = 4.62) and PP+7=PA (pK_ = 5.90).

Four distinct pathw%§§/exist on the pH-rate profiles

for Eﬁege equilibrations and are summarised as follows:
P[ocess (a) involves the base-catalysed ring-opening of .
PBH+ to PA, probably via its zwitterion LEQL):

Process (b) is a base-catalysed ring-opening of PP+ to
i R

iii



yield PA.

Pfocess (e) }s ghe acid-catalysed\ring-closure Qf_gﬂ to 7
give PBH+ as a transient 1nterméhiat%. The mechanism
of this conver;ion involves a chahée in.rate-limiting
step‘with increasing acidity, as evidenced by ourVed"
buffer plots obtained v

N

Process (d) is the acid-catalysed dehydration of the

transient PBH+ (formed in process (c)) to give the 6¢)
stable cation PP+. This conversion was clearly observe

in a series of dynamic NMR spectra. R
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,of aromatic character, it easily ring opens in base.

.

General Intrpduction \

-0

-

‘

" The objeétuof'¢ﬂig-work was to stuéy tﬁe kinetics
and meéhanismydf tﬂe ring-opening rgac%ion 6f the pyrido-
(1,2a]-pyrimidinium gation (PP+) in aquéous base, and of
the fing-closing of the 2—(2-§§ridylémino)-acrolein (PA)

under acidic conditions. "Despite the fact that PP+ is’
1 o

_However, PP+ is stable when heated in hydrochlorie acid.?

~ o

, ~
"QH
-——*‘ / Q
Sl L omo
HY - YN ~CxprsCN

(1)

Although the synthesis of pyrigp-[1,2a]-pyrimidinium

cations is well doéumenFed3, no attempt has been made to

<o

—

investigate the mechanism of eqﬁ. L Clearly; efuqidation .

of the pathway involved in the fing-opening of PP+ (and
the ripg-closing of PA) will be of use both synthetically
and mechanistically. Moreover, as will be seen latef,
this study has relevance to the chemistry of tetrahedral
interde@iates.‘ .

. K study of the NMR sbectra (400 MHz) of PP+ and sev-

'
B [

¢
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Scheme .1 Synthesis of the pyrido-

Pyrimidinium cations

[1', Zaj -

b

o




L
eral of its derivatives was éﬂso undertaken in order to

clarify and add to the NMR data already present in the
e literature.' ‘
We corroborate some of the work of Tamura and Ono™t,

regarding the reactivity of the pyrido-[{1,2al-pyrimidinium’

cation, and use these data to aid in our investigation.

~

Some substituted derivatives of PP+ were also studied
('\\
to broaden the scope of this work.

~ Synthesis of the Pyrido-[1,2a]-Pyrimidinium Cations’

’

[ PP+ and many of’ité substituted derivatives1 are
easily synthesised from 2-aminopyridines and 1,3-dicarbonyl

> compounds in the presence of acid (Scheme 1).1’5 This

*

type of reaction is similar to a general syntheésis of

pyrimidines and pyrimidinium cations, involving conden-

[N

sation of a srea or amidine and a 1,3-diketone under acidic

|
: or basic oonditions.6’7’8

For example, reaction of

malondialdehyde with N-alkylureas in acid, yields N-alkyl-2- |,

’pyrimidones, isolated"as their salts (Scheme 2).6

With respect to the pyrido-[1,2al-pyrimidinium catioﬁé,.
some investigators have been able to isolate the

enamine intermediate in the absence of acid."s

Moreover, this type of compound (PA) can be obtained by



r .
H
«
3
*
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\
N
-
-~
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1
¢
:
H
’
B

/ H* .' | / | RH*‘{\‘

CH, | —— C\Hz N Cc
insitu \
\CH(OR) . ~ CHo | - | N
\\L S B -
HX
/

>

Scheme 2 An example of the synthesis of a
' Pyrimidinium cation
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treating an aqueous solutiop of the iodide salt of the
parent cation (PP+) with bicarbonate {Scheme .M

The use of substituted starting materials leads to
the appropriately substituted pyrido~[1,2al-pyrimidinium
cations. For example, reaction of 2,3-diamino-5-bromo-
pyridiniqﬁ perchlorate with Z,H-pentanediones gives the
appropriately substituted cation. Also, one can use other
precursors in place of }he 1,3-dicarbonyl component, if
these are effectively at the same lefel of oxidation.
Thus{  -chlorovinyl ketones (Scheme 3), and acetylenic

\

ketones have béth been used to prepare pyrido-[1,2a]-

pyridinium cations.w’11

i

VMg | /

12

In a literature - search by Fischer ©, it was /found thg@

in a non-acidic environment (methanol/acetone), the pyr-



Freew——

S + CICH=CHCOR' -——7-> ~
NN - N7
NS z

.17 CH CHCOR'
' HX
72 VAN x
{\,L L
N~ CH=CHCOR' XN
B = 2
3
L
. R
NN X"
)
NS N '
£ 3 i T
, 1
D
Scheme 3 Use of f -chlorovinyl ketones

(aldehydes) for synthesis of
pyrido- (1,243 -pyrimidinium/cations

-




Tetrahedral Intermediates and Pseudobase Formation13

;‘ ’ -

The ring-opening (and reclosure) of PP+ probably
involves its pseudobase,‘which is a tetrahedral addition
intermediate. Such intermediates are now known to oécur
in,many reactions of carbonyl compounds including al&-
ehyﬂes, ketones, carboxylic acids, estérs, anhydrides, *

\ acyl halides, amides and others. ™15 1t is also well
\known that transformations of carboxylic acid dérivatives
Xnvolving such intermediates play an important part in -

\
many biochemical processes.15'16

For this reason,
réactions involving tetrahedfal intermediates are of
greéi interest.

xpne of the earliest studies involving én observable
tetrahedral intermediate waS that by Robinson17 on the
basic hydrolysis of 1,3-diphenyl-2-imidazolinium chloride
(5) tooggrm N-(2-anilonoethyl)-formanilide (7). However,

Capon18 Q@s unable to observe 6 by NMR using’ a mixed

aqueous sgﬂvent system. 2

OH
—»> =" ph—N N-—P
“on Ph—N N—Ph h
H” “OH
: .
5 6 7




ot

+ s

—

RO s v o e b

uv speétral evidence indicated the build-up of an inter-
mediate which was suggested to be the tetrahedral inter-
mediate (6) in the reaction above. ﬁqre recently, tet-
rahedral intermediates have been directly observed in

this laboratory by both NMR and UV methods, and these

studies have involved ring-opening.19

2

The formation of imines has also been established to

involve a tetrahedral intermediate, in the form of a car-

binolamine (8) (Scheme 1).29 General examples of imines

igclude oximes, hydrazones and semicarbazones. At one time ' . ;
these imines were used primarily to obtain solid derivatives
of carbonyl compounds in the laboratory. More recently,

the mechanisms involved in the formation of imines have

.been recognised to be a model for *any important biochemical

reactions.w’16

For example, imines (or Schiff bases)
and’ their N-protonated forms, are proposed to be involved
in the mechanism of addition &f enzymes such as ;ceto—
acetate decarboxylase, aldolase, and transamination reac-

16

tions with pyridoxalamine. Much work has gone into

the study of the mechanisms involved in imine formation,
and a wealth of material exists in the literature.16'20
Under acidic conditions, the iminium ion (9) is usuqlly

involved in the dehydration of the carbinolamine (8).

This type of reaction (8®39) is seen in the formation

A T A T




. . T A
o . .
Scheme 4 ddition of a -primary amine
: to a carbonyl group
- _ 7
\ .
- ' J
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‘ 1 *
3 ~ . - -
o ’ <
. .
3 -
- 1 ‘\ ? et - gt - - - h B —————————t e P 5§ [re T —
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10

of pseudobases from‘heterocyclic caéions (eg 10*1 ).13

Pseudobases were first observed in the 1890s by Decker

22

S

~oH *

(3)

21

and Hantzsch™™, for the acridinium and quinolinium cations.

A typical example of pseudobase formation is found with

the 1-methyl-naphthyridinium cation (LQ).23

Pseudobase formation is a reversible, pH dependent

process.  Therefore, reacidification of a solution oﬂ*ﬁhe

L4

. ’ [ o] .
pseudobase will yield the parent cation. It is important,

however, to be wary of ring-chain tautomerism when deal-

ing with pseudobases.

it is often possible for-a §Seudobase to undergo ring-

That is, under basic conditions,

opening to its aminocarbonyl tautomer (eqn. 4), which is )

.~"C H
{ :><: '
L\ >
~ .

%

10 o bl i ok R AR 80

an intramolecular analogue to the first step of Scheme y,




N

'
In order to distinguish between the presence of the

&

pseudobase and the ring-opened amino-carbonyl compound,
Bunting13 has developed a simple test. By ﬁsing basic
methanol as solvept, the methoxide adduct of the hetero-
cycliec cation is formed, which canpot undergo ring-opening
in theﬂsame way. Therefore, if the UV spectra in aqueous
base and in basic methanol show only minor differences

due to solvent effects, then the pseudobase is the major
form existing in basic aqueous solution. Major differences
in the above spectra, ho%gve}, ind@cate a significant
amount of thg ring-opened compound in basic aqueous
solutzion,

J NMR spectroscopy is also a useful tgol in studying
pseudobase formation, and many examples exist - in the
1iterature13. «An upfield shift of ca. 4 ppm is
observed when an unsaturated carbon bearing a hydrogen

‘becowes saturated on forming the pseudobase. Protons
nearby are alsoc affected in a smaller, but similar manner.
For example, in the case of the pseudobase (13) _
resultiné froﬁ hydroxidelion addition fo the 1,3-dimethyl-
1,2-diﬁydro-2—oxopyrimidinium cation (12), the chemical
shift of the proton at posjtion 4 goes from 8.90 pﬁm to
5.39 ppm in the pseudobéséé(lé). Smaller changes of

chemical shift values ;re observed fo;’protons at pos-—

itions 5 and 6 as illustrated.e(i)

.
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Gqﬁéral Acid/Base Catalysis (Buffer Catalysis)w’w"20 \

In the course of this investigation, a series of
buffer catalysis experiments was carried out.

General acid/base catalysiS Ts a widely used tool
. i

v

in the elucidation of organic reaction mechanisms. It <

"has been employed in the study of alkene hydration, > Y

hydrolysis‘of esters and amides, and the reactions of .

nucleophiles with carbonyl compounds20 (¢ef. Scheme U4),

to mention a few examples. ”

> . General species catalysis is involved when a reacti?n

 rate increases with increasing buffer concentration at o f'
constant pH. ‘It may be due to the buffer acid or the , \N\&»

buffer base (or both). Specific catalysis in aqueous

. solution, on the other hand, involves catalysis by only




o a4 ga s e [NV P

H30+ or OH- ions.
In the case of the hydrolysis of ethyl dichloro-

24

acetate™ ', general base catalysis was found. - A plot of

k°®S yersus [base] gave:straight lines for both acetate
ion and pyridine. The slopé-of these lines gives k,,

the second prd%r rate constant for general base catalysis.
The intercept at zero buffer concentration is the rate
constant due to OH=- gataiysis and any catalysis by the
solvent. A plot of such intercepts versus [OH-] yields
the rafe qonstants for the solvent and OH- catalysed
reactions.

It is important to realise that while generai catalysis
often indicates a siow (rate determining) ﬁroton transfer,
speciflc catalysis does not necessarily i;volve any proton
transfer 1n the rate determ1n1ng step.. It may be occurring,
in a pre-equilibrium step. é

. There exist mechanistic ambiguities in general cat-
alysis For example, genéral acid catalysis is klnetically
‘1ndlst1ng{15hab1e from comblned specific acid and general
base catalysis. 1Jenckszo’25_has outlined two possible
7 mechanisms for carbonyl hydration which i;lustréte fhis .
’;oiqt (Schemes 5 and 6). .%he type e mechanism involves
f\rate—limiting geq@ral acid catalyséd attack of water

(actidg 4s a ng?ieoph{le); followed by proton loss to the
- \ .

gem-Hiol product. . Conversel¥, the type n meéggkism is

LY a . ~ T

,
.
. .
@, b
.
/



\ , N .k oo
;6=0+ HA+HO ~'——> C, + A ,
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«
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SKOPSESI[HA] i L

¢ +
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Scheme 5, Type e mechanism for carbonyl hydration
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* Scheme 6. ‘Type n mechanism for carbonyl hydration
) o .. . ' ‘ . N N
& \ : \' $ -
. ' {
N ‘ .
' I
\ "o '



" found by QOkuyama et al

2

16

., comprigsed of specific acid pfotonation of the carbonyl

oxygen! followed by rate limiting ggneral base catalysed
water attack to form the product. The rate expre;sion

for the above two mechanisms are mathematically‘equivalent

- and so these mechanisms are kineticélly indistinguishable.
\

20

Fortunately, there exist means°° to determine which of

the above two mechanisms is bccurrfng,~suchtas measurement

of solvent gsotope effects, Brgnsted exponents, etec,

kqbs

Curved plots of versus [buffer] showing sat-

uration at higher buffer concentrations vere obtajned in
/

the present study. Similar plots have been observed

26

previohsly and they have been associated with a change

of rate-determining step with increasing concentration of
buffer, An example'df thiﬁ type of behavior was recently
26 studying the acid-catalysed

hydrolysis of 1,1-bis (methylthio) ethane.

o

k][BH‘P] . ‘ ksz i
H,c=C(SCH,), T~ CH,C(SCH,), — > CH,CSCH,
k_ 8] :
- -1

()

© ! .

Kinetic analysis suggests a change of  rate-determining
step from protonation of the double bond at low [bufferl],

to hydration of the -intermediate carbonium ion at high .

[buffer], as follows:
3

Assuming the cation is only present in steady-state

1

SRS 0
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17

.
amountgto, o

obs _

k _F k1[BH+] kHZO/(k-IIB] + k 20).

This equation will give rise to curved buffer plots {if

at low [B] the term k_,[B] << k but at high

H,0' ‘
2 I
[{B] the inequality is reversed (k_1[B] >> ky O)'
’ 2
The former corresponds to rate-limiting formation of the
| .

1

cation, whereas the latter refers to its rate-limiting

hydration. :

¢

The Stopped-Flow Method C

For the most part, the reactions monitored in this

work occur quite‘rapidly, and so required the dse'of«the

stopped-flow technique.

Al

This method can be used to monitor chemical reactions

with: half lives of a few milliseconds up to several minutes.

It involves the rapid mixing of two reactant solutions
immediately prior to entering the 6bservatiom chamger,
followed by rgpid stoppage of the flow, whereupon
6bservation and data acquisitibn begin. A very short
mixingd time and short "dead" time, as well as sudden flow
stoppage are required in order to follow very fast
proéegses. The flow must be stopped abruptly, as a

gradual decrease in flow rate may lead to incomplete

[N ——
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mixing. That is, if the reacting solutions are not

i
thoroughly mixed before the observation point is reached,

a lower than actual rate will be obtained.27

The stopped-flow apparatus designed by Gibson28,

is the prototype of most of the equipment in use today.

It'initially employed a spectrophotometric observation

29,30 )

system, although E.M.F. measurements have since

3
been used as well.
A somewhat similar technique for following fast
reactions is the continuous flow method,.first applied
31

to solution‘kinetics sixty years ago. As with stopped
flow, two reacting solutions aré forced 'together, but the
resultant mixture is observed at vérious positions along

the reaction tube. The distance the reaction is measured

from the point oﬂﬁﬁixing determines the extent of reaction.

Continuous flow requires substantial volumes of solution:
anywhere from 20-500mL per rﬁn, depending upon reaction

27

time and obse;yation tube diameter. This technique

has reébntly foénd usage in monitoring reactions by NMR
spectroscopy.32 ) |
In contrast, the stopped flow method requires very
little solution -- an important consideration when rgactants
are expensive, or difficult to prepare. The stopped flow

technique is also free from the effects of the character

and rate of flow through thg observation tube, and is not

[
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affected by mechanical disturbances,33

In summary, when equipped with a suitaSIe observation
and data acquisition system (vide inf}a), the stopped flow
abparatus allows the study of reactions with half lives
as short as several milliseconds. This technique was used
extensively for the determination of kinetic data in
this thesis.™ |

-
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}

Melting poin{:s wer‘é determined on a Gallerikamp melting
point apparatus and are{\uncorrected. 1H NMR spectra '
were recorded on g Bruker WH-400 (Université de Montréal)_

. or on a Brui(er WP-80SY (Concordia). 13C NMRs were run on
the Bruker WP-80SY, Static UV spectral scans, for the
depérmination of peak positions ’and ex‘tinc‘tion coefficients
were recorded on a Perkin-Elmer 552 UV-Visible spectro-
pﬁotometer, coupled to a Watanabe SR 6254 strip chart )
recorder. The apparent pKa between PP+ and _PA was det-

| ermined on a Cary 2290 UV-Visible Spectrophotometer,

as were some of the very 'slow react’ions correspoﬁding to
ring opening and closing of PP+. These kineﬁic experimenté
duplicated the conditions used in the stdpped flow exper-
iments, in that the substrate solution and buffer were
mixed 1:1 and the temperature was maintained at 25°¢.

Non-r\ggtine chemicals were obtained from !&drich and

Eastman. . . .

Materials

* -
The Pyrido-[1,2al-pyrimidinium cation and several of

its derivatives (Figure 1) were prepared in good yield
i v s

following Sav;ifér and Wibb(erley,1 as outlined in Scheme I.

Melting points areée given in Table 1 below. f_&o_-‘perchlorate

L

-y
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was synthesised by reacting 2-aminopyridine with malon-
dialdehyde bis-~(dimethyl acetal) in methanol containing

a slight excess of perchloric acid, the reaction was

stirred overnight at room temperature.

The h-methyl (MPP+) and 2,4-dimethyl (DMPP+) derivatives

of PP+ were made as above, substituting acetyi agetaldehyde
(dimethyl acetal) and 2,4-pentanedione respectively, for -
malondialdehyde bis-(dimethyl acetal). The iodide salt
of PP+ was also synthesised usix:ng hydriodic acid in place
of perchloric acid, and refluxing the reaction for three
hours. Pyrimido-[1,2al-pyrimidinium p,erchlorate (B+)
(Figure 1) was synthesised as above, using 2-aminopyrimidine.

We were unable to synthesise the 7-nitro derivative of PP+, E

)

even after refluxing for eight hours.
Two previously untreported. derivatives of PP+ were

prepared in the above manner, 7-Br-PP+, both the iodide

"and the perchlorate salts, were made using 2-amino-5-bromo-

pyridine and refluxing for three hours. 6,8~dimethyl-PP+
was made using 2-am'in'o-1-l,6-di}r|ethyipyridine and stirring
overnight at room temperature. NMR spectra taken at 400
MHz, as well as UV spect}ra; support the assigné‘d’%ﬁx{ﬁctu_res

(vide infra).
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Table 1. Melting Points of g_P+\and Derivatives

<

Compound 2 M.P. (°C)  M.P. (1iterature)’
PP+ 210-214 216
4-Me-PP+. - 215-220 (decomp) 232-233
2,4-diMe-PP+ 224-225 {decomp) 228-230
6,8-diMe-gp_+b 213-215 _ I,
7-Br-pP+ b 201-203 R

PP+ I- decomp > 200 = —e-e-
7-Br-PP+ I- _  decomp > 200 ———

3Refers to the perchlorate salts, unless indicated otherwise, -

bElement‘,al analysis (Galbraith Laboratories) gave the
following: 6,8-diMe-PP+ cale: C, 46.42; N, 10.86; H, 4.29.
found: C, 46.28; N, 10.64; H, 4.22. T7-Br-pp+I- cale:

C, 28.51; N, 8.38; H, 1.79; Br, 23.71; I, 37.65.

found: C, 28.31; N, B.13; H, 1.90; Br, 23.67; I, 38.12

PA was synt'hesised from PP+ by the method of Tamura® -~

and Ono.® The iodide salt of PP+ was dissolved in.watér

"and bicarbonate was added to this solution until a precip-

itate of PA formed. PA was recrystallised from water

before use.

\
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Kinetic Solutions

All kinetic solutions were prep;:h with giass‘distil- .

led water and the total ionic str;ngth was maintained at .
1.6 M, using NaCl. Solutions above pH 11 or below pH 2
wefe made by diluting stock 1IN NQOH'or IN HC1 (A&C American
chemicals)lrespecﬁively. After taking into account 1:1

Idilution~in the stopped flow, the pH was calculated.

An adjustment of the calculated pHs was made to reflect

the HM ionic strength of the media used. At high pH

(pH >11) the correction ii/éf the form" . .

o = pi__. % 0.15. ’ T (n |
A}_low pH, a modified form of the Debye-Huckel equation35 ‘ 1
due to Davies,lwas used to correct the activity coefficient fi' |
§uch that, o

-logfy = AZ°I'?/(1 4+ 1°7) - 0.12°1 (8)
whére A is a constant 0,512 at 25°C, I is the ionic
strength, and z is the ionic charge. The value of £y
so calculated is substituted into the equation : V\\\\\" ' ‘

| a; = c‘ifi ‘ (9) .
whére a; is the activity of the ion, and ¢y ;s its ‘
concentration, A computer programme written in BASIC was
used' to correct calculated pHs according to ghe above
treatﬁent, to account for the 1.0 M ionic strength of the ’li

media. . . P !

—— - . ce B H - amt
C
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In the range of" pH 2-11, buffers (0.02M before mixing)

36 These included

were prepar.ed .according to Perrin,
chloroacetate (pH 2.20-3.40), acetate (pHDll.10-"5.30),
succinate (pH 3.60-6.20),'phosphate (pH 6.14'0-7.70):
borate (pH 8.‘5079.70)‘, and 'carbona;te (pH 9.60-10.60) .
The pHs of these g‘olutions, after mixi“ng 1:1 “with sub=
strate solutions- were measured with a Corning Digital 110
Expanded Scale pH meter, calibrated with the appropriate
standard buffers. ” | |
Buffer catalysis experiments employed parent buf-fers
offtp to 0.4M buffer strength before mixjng. 'Dut; to the
relatively high cbn‘centra‘gion of these buffers, they were '
prebared using t.he He‘hder\son-Hasselbach equation,37 ’
pH = pK.' + log(4-1/(HA], -(10)
where pKa' is the pKa'at iM ionic strength, Thev
parent buffers were subsequently dilutgd to give buffers
of 1o;¢er concentration. For buffer catalysis experiments
carried out at low pH, cy;an’oacetate (pKa' = 2_.23),38
dichloroac’eia’tﬁ,&pl(\a' = 1.,1_&)39 and f‘orma:e (‘pKa' =
3.62)"0 'gﬁfi‘érs Were"\gsej"{ | _ -

~
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Determination of the Apparent pKa betweenmPPé and PA. ’
Several methods exist for the determination of , T e

ionisation constapts (pKas) including botentibmetry,

81 ) system such’

conductimetry, and spectrophotometry.
as PP+J=PA is welhgsuited to hhe spectrophotometric method,
as spé%tral differences between the two species are 1grge.
Also, equilibration at‘cgrtain pHs are quite slow,

making potentiomegric Qete;minatiqp of the ?onisaéion' | 3;;
cgnstant tedious.’ ' - v ' F ’;\.'
) PP+ solutlons (5 x 10'5M }«- 1.0 M (NaCl)) were
prepared in a series of non- -absorbing buffers of varying

pH and were allowed to reach equilibrium for 44 hours at

room temperature. The absorbance of these solutions was ‘ :

then measured at two analytical wavelengths: 225nm and’

. 325nm., Calculation of the apparent pKa, performed ‘in

41

the usual way, ' gave 5.90 £0.1,

-~

&

‘ometer, operated in a double beam mode. In contrast

a N f ,
/

. T . T
Except for the very slow reactions, all kinetic runs
were carried ‘out using an Aminco-Morrow Stobped—Flow acées-

sory"2 fitted to an Aminco DW-2 UV-Visible spectrophot-

<

. i ».‘
N

VR vl e
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hég“the conventional samplg versus E}ference cdvette . -

system, the double beam mode utilises a monitoringMaﬁd
P f

a re%erénce wavelength, which are alternately passed
& ' - ¢ ‘
through the sample by means of a chopper. The emergent

light beams are then compared by the detection system.

N
- The reference wavelength is’chosen such that little or

no absorbance change is seen there, while the 6ther mono-
L]

’chrpmator iﬁ set where a large change in absorbance

L8

- 3
occurs, Normally the chopper operates at-250 Hz, but
for reéqtions with & total reaction time of less than
5,second54'ﬁﬁe chopper speed is increased to 1,000 Hz.
f L]

The advantéges of the dual wavelength system are as
follows: .- ‘
[y

a) It eliminates the need for a reference solution, 1
- b) Since both monitoring beams are derived from the same

fightﬂsource, fluctuations in light intensity, amplifier

gain and detector response are minimised.u3’uu‘

. @) Instrumental artefacts due to light scattering in

turbid soiutions are minim%sed, as both beams pass

N . R i
through the same sample.”s This is especially beneficial

to those working with biological or biochemical
pfeﬁarations. .
The stopped flow apparatus was used with one drive
syringe filled with 2mL of substrate solution and the‘

other with 2mL of the appropriate acid, base, or buffer.

smaebee | hies e mpue o s % . - s

o 4 -
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. . o .
These solutions were driven together under a nitrogen

—

\pressure of 58-60 psi into a 10mm long observation cell.

" The volume monitored spectrophotometrically was 0.llmI,.u2

fﬁnder these conditions, the "dead time" of the system is
approximately 4 millisec&nds. That is, about U4 msec.

are required befotre the reacténtqﬁare thoroughly mixed

and reach theé point of observétion. The stopping af the
solution flow i¥ controlled by a micromete; with a trigger
switch mountéd in its tip. When the pistonnof the exit
syringe advances, as the\two solutions are mixed, the

micrometer switch is closed and data acquisition begins.

+

Kinetic Procedure and Data Acquisition

S

-

\, ‘ .
A All kinetic runs were carried out at 25.0°C to

wittiin 0.1°C, This temperature was maintained with

N, o ]

a Lad&a RC-20B constant temperature circulating water

bath. \\11 reactants were allowed to temperature equilibrate

*

in the stopped-flow apparatus prior to carrying out
.kinetics, ‘

The sample and referencewmonochromator or the DW-2

were set according to the process being followed. In most
k]

.cases, the concentration of the substrate was 5x10'5M

after mixing 1:1 with acid, base, or buffer. For reactions .,

\J bod
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<; monitoring ring closing, the cation was allowed to ring-
open in‘OTBO1N NaOH before proceeding. Ring-odosiﬁg
reactions were also carried out using an authentic sample
of PA, embloying a concentration of 1x10'uM. In all
Ea;es, pseudo-first order kinetics were obtained ‘

(jWﬁowing to the large éxcess qf acid, base, o} buffer over

\

the substrate.- - v ’ Ty
2 | ' “ '
For reactions with a half-life of less than 20
[
seconds a data acquisition system was used to monitor
the kinetics (FigureEE). For each reaction, absorbance
changes from the DW-2 were re%orded on a Biomation 605

digital waveform recordel and the stored trace (2048

points) was displayed on a Tektronix 2215 60 MHz oscillo=-

29

scope. Acceptable traces were transferred serially at 9660

baud via a Datos 305 interface to an Apple II microcbmputer.

The Apple extracted every twentieth point (100 points total)

from the 2048 points 'transferred and obtained an average
infinity value from the last 10 points. First order rate
constants were then calculated using approxiﬁately 16-40
points comprising ca. 85-95% reaction (usually 90%) with

the TR1ST programme, For the pquoses of record keeping,

traces from the Biomation were plotted on an X-Y recorder.-

Reactions with a half—life greater than 20 seconds
| were tecorded directly onto an X-Y recorder. Rate

. constants were determined by hand digitising ca. 20
‘ ',,J'\
— ‘ , / ’

{L....A_«
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Figure 2. Stopped-Flow Data.Acquisition System
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points corresponding to 85-95% (usually 90%) reaction

and analysing these data using the FIRST prograde on

, the Apple, or the NEWIST programme on the Cyber 170

mainframe computer. For the very slow reactions studied,
the conventional method of a sample and reference cuvette
was used with the DW-2 to detgrmine‘kinetic {iga. As

with stopped flow experiments, substrate and bulferafere
mixed in a ratio of 1:1. Some of the slow reactions were
also followed using a Cary 2290 UV Spectrophotometer in.£h€

conventional sample versus reference mode.

A\

Computer Programmes

In the programmes TR1ST, NEWI1ST, and FIRST- the first
order rate constants were calculated using Guggenheim,

Swinbourne, "Normal", and "Normal" with Swinbourne cal-

culated infinity methods (vide infra).

Rate and equiiibruim constants were calculated by -,

-

fitting derived rate equations to the experimental
points obtained using the PRbFIT programme, or variations
thereof. This is an iterative programme designed to

give the best curve to]a given set of data using standard

non-linear least sqﬁares techniques.u6 R
- y
AT “
All computer programmes used throughout the course <&
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of this work were written in BASIC and machine language <

-’ . L)

T

by Professor 0.3. Tee, with the exception of the NEﬁ1ST
programme, which was written in FORTRAN. Aside from a
few determinations of.rate constants done on the Cyber 170

mainframe computer, an Apple II microcomputer was used

for all calculations.

Treatment of Kinetic Data ]

" ®

The computer programmes used for calculating first
order rate constants ysed three different methods. Each
of these will be briefly outlined in this section.

<

1. "Normal" Treatment of Kinetic Datau7

For a first order reaction which follows the Beer-Lambert

Law, the change. 'f absorbance with time follows the equation

- -kt -
(A-A)-(AQ‘AQ) ,\ . }1/1/,/
Taking natural 1ogg£ithms gives - /////

In(A - Ag) = In(Ay - Ap) - kt. /// (12)

"where A, is the absorbance at zero_time (t=0),

! Ay 18 the final‘absorbance,
A is the -absorbance at time t, and

k is the first order-rate constaﬁt.’( o .

- K

e e § bt Y

-
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From eqn. 12 it can be seen that a plot of 1n(A < Ay)

versus time should éive a straight line of slope ~k.
) 3
In order to analyse kinetic data in such a way, an

accurate value of Agx.is rehuired. Small variations in Ay
can greatly affect the rate constant while leaving the
least squares correlation coefficient relatively unchanged.
Collins found that an error of one part in A4 can be mag-

nified up to fourteen times in the rate constant.u8

{

2. Swinbourne Treatment of Kinetic Datau9

1 ]

Both the Swinbourne and Guggenheim treatments of
data find their utility in that no value for Ag is
required. Therefore, they allow ihe experimenter to study
reactions where the final absorbance is not measurabie,
for whatever reason. However, they should only be used
where it is virtually certain that .a first order redction
is involved. Otherwise spurious results will be obtained.
If, for a first order reaction, A1, A2, . . A
are the absorbance readings corresponding to times t1,
N

another series of absorbances for t1+T, t2+T, .« v

toy o o t,, and A,y Aoty o .o L AL are

tn+T, where T is constant, then we have
AT - A = (b - AgeK(BT (13)
Dividing eqn. 11 by egn. 13 gives _
(A - Ag)/ (A" - Ag) = T | TS

-
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and therefore o .
A= A (1-ekTy 4 prekT (15)

From eqn. 15 a B}ét of A VersPs A' should give a\straigh§

line of slope ekT and intercept AQ(1hekT). Obviously

) k can be obtained from the slope and from the slope and

intercept: ' -~
Ag = (intercept)/(1 - slope). B (16)
For optimal results T should be between 0.5 and 1 half-

life and the data should cover more than one half-life,
49

preferably more than 2,

3. Guggenheim Treatment of Kinetic Dataw’ug

f
<

This method, as the one above, allows the calculation
of a first order rate constant without using a measured-A,.

" Subtracting eqn. 11 from eqn. 13 yields

(
(A' = &) = (Ay - Ade ¥E(e™¥T 1) . (17)
Taking logarithms gives
In(A' = A) = In((Ay - Ag)(e™®To 1)) - kt (18)

-

constant - kt

Therefore, a plot of ln(A' - A) versus t should give a
straight line of slope -k. For best results data should

cover greater than 2 half-lives, and T should be 0.5 to

1 half-1ife."8

-~

Kinetic constants determined in this work utilised

the "Normal" method whenever possible. If the observed
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» . ’ .
Ag value was found to drift due to a subsequent reaction,

- or for instrumental reasons, a Swinbourne calculated

infinity value was used in the "Normal" treatment of data.

- -

~ Replicate rate constants were usually found to be .

within'5 % of each other, and analysis of 1In(A - Ay)

versus t had a least squares correlation coéfficient of

.at least 0.999 in most-cases. Each rate constant

35

determined is the average of at least 3 (usually 4) trials, *

except for the very slow reactions, where duplicate measure-

ments were taken.

’

f v
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Introduction

. 8

* The pyrido-[1[2a]-pyrimidiniﬁm cation and several
of its derivatives (4-Me, 2,4-diMe, 7-Br, shown on

page 21), were studied over the pH range 0-14 with

respect to their ring-opening in basic solution and

their ring-closing in acidic solution.

NMR and UV spectroscopy were used throughout the
course of this investigation, both statically and dynam-
ically. This section presents the results of these
experiments and proposes mechanisms to account for the
data obtained, wheré possible,.

/ ‘ . ‘ v

1. NMR Studies

AN

Below' are tables (Tables 2-6) containing NMR data

for the pyrido-[1,2al-pyrimidinium cations investigated,

.as #ell as for several of the ring opened compounds. '

Table 6 contains someNléc‘NMﬁ_data. Sawyer and Wibberley

have presented extensive spectrai information in thi§ area,

but as their spectra were recorded at 60 MHz (in triflupro-
acetic acid), not all proton resonan?es were well separated
and most coupling constants were not resolvable (see Table.

‘7). We therefore undertook an NMR study of these compounds

to clarify and add to the data already present in the

literature.! 1In‘addition, the 400 MHz instrument made

.
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coupling constants aretgiven in Table- 3.

bsamples in DMS0-dg except where ‘indicated otherwise

°Me = methyl group (singlet)

‘®sample run in D,0 -- ‘calibrated with DSS

f‘inczludes resonaﬁce due to U4H »

%
Symmetrical compound

. ¢
5 = singlet, d = doublet, t = triplet, m = multiplet
br = broad, d,d = doublet of doublets, d,t = doublet
triplets ‘ ‘

e

Table 2. 400 MHz NMR Data for PP+ and its Derivatives?:
Compound 2H 3H 4y 6H TH 8H 9H
PP+ 9.52 8.21 9.66 9.32 8.22 8.66 8.56
- d,d ~ d,d dsd br,d d,d d,t “d.
7-BrPP+ 9.49 8.24 9.54 9,78 -- B.85 8.51
—_— a,d d,d d,d d ———- d,d d
2,4d1iMePP+ Me®  8.08° Me  9.24 8.11 B8.60 8.43
2.82 s 2,99 d d,t d,t d,d
6,8diMePP+ 9.45 8.08 9.53 Me 8.07 Me 8.34
] d,d d,d br,d 2.96 s 2.71 s
4-MePP+  9.42 8.16 .Me  9.34 8.22 8.68 B8.59
R d d 3.06 d ¢ d,t m d,d
. (P+) 9769 8.32 9.77 % * . ———
d,d d,d d,d '
7-Brep+® . g.uuf 815 2 948 —---  8.78 8.47
" bry,m m br,m : m m
PP+I-® 9.527 8.5 28  9.19 8.21 8.70 8.56
br,m d,d d m m d
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Table 3. Coupling Constants (Hz) for Table 22
' \
4 A
Compound  Jy 3 Jpy  J3y  dg g \\ s 1.8 g9
PP+ b2 1T 6.9 1.4 7.4 - 8i6
! 7"B'T'PP+ l"3 1.7' 609 .‘21‘1 ' _— 9.3
\
2,4diMePP+ =~-- —— ——— ‘n.o. 7.2 8.7
6,8diMePP+ 4.1 1.6 7.2 -——— -—— -
u-MePP"’"b "!'5 btk - n.o. 7.0 807
. (P) 6.7 2.0 4,3 cem aee ame
7-BrPP+c n.r n.r n.r n.r n.r. n.r. ..
PP"'I-C u u nora 6-9 nor. .‘1 7!5 8-8
asamples run in BMSO'fé' unless otherwise indicatéd‘ .
b B _ ’» - ~ *
{7!9 = 1.5 Hz J
cs{amples run in D,0
n.o. = not observed, n.r. = not resolvable
L]
P
/r
l"'
3 “
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Table 4. 400 MHz NMR.Data for Ring-Opéned Compound,s;a’b

1

Q

Compound  N=H~_ ald® Hoy HB 3H  HH 5H 6H

X t
(P+)€ 10.87/ 9.35 5.73 8.37 oo 8.50 7.09 8.5 |
- br,d d° d,d d t . d
pAP 10.53 9.28_ 5.60 8.46 6.92 7.71 6.99 8.25 !
, ~ d d "# br,t br,t d m ¢ d,d d,d :
P n.o.. 9.03 s5.74 ‘ ' S f
d d,d .
(81 10,62 9.29 5.61 n.o. 6.90 7.91 ---- 8.35 .
d .d d,d - d d,d d . ‘

dCoupling constants are given in Table 5. * ‘ ;
bsamples run in DMSO-d. except where indicated '-- : o
spectrum calibrated og solvent peaks [ .- -

é‘ 0 i
Caldehydic (formyl) hydrogen - '

eoBserVed in situ with parent Eation‘ . .
fapproximate value -- obscured by resanances due ‘to - 'ﬂ
_ parent catioq ‘ ,9 ' T

. ' 1
grun in DgO at 80 MHz -- not all resonances well ' —

separate . o
b —~ R

.n.o. = not observed (exchqnged'dith Dzo‘solvent) . . "

?Er = ring-opened form of Z;BrPP+
. . v ' | ;o
d = doublet, t = triplet, m = multiplet, X e .
br = broad, d,d = doublet of doublets . ' : "
o $
* %H *
p “vo
\ "' W’( .
)

A i B .
o e e ant tr s
i

.t L.
I, -
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¥ . Table 5. Coupling Constants (Hz) for Table 4 .
) ’ . . .
s g :
o . Compound Jyy o Ja1q.n- JHa,HB I3, Jus Jye 56
% e ’ . .
(P+)?" 1.6 85~ 13.6 =--- 4.8 n.0o, 4.8
\ pA® Tcas 12 8.5 ca. 12,5 8.2 T.2 1.8 5.0
. pab© n.o.  9:1  13.6 \ ’
) e en®d s 8.5 12,9 8.7+ —2e= 2.5  aea-
“# N Y * ‘\ }
l ‘.; ’ bl L L L L DL L L T h-p--—-—-_---:--—d——-—.j--7————,--_ ----- - - -
’ o Argcorded in DMSO-d; . ) '
A] .
S : ' Precorded at 80 MHz, all others ‘/;re, at 400 MHz
SRS h ®recorded in D0 - " Co
X ° d_!y z ring-opened form of 7dBrPP+;
¢ ’ . ¢ . N »
L 1 »
- N 2 o
[ v Q )
S . e ’ - ¢
;\ | 3al ¢
A\ A . {
r{’t * ' . v 1 ‘ '“ ﬂ ‘
1 \ " - . - .
n : b / . - L4 '\
) ':‘ ’ ¢
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Table 6. '3C NMR data®'® (@ 20.15 MHz)
.« .o
, U ’
. L ‘ Position Lo T
: ' . - .
' o Compound cIv 3 o cé c7 o8 9 Ega/
a : (P+)® 1u5 9 119—:\7%551‘ ’ LI SR 1500
P PP+C104-° 142 -§ 124.0 160.8 144.1 119.0 137.2 127.3 1188 3
N PP+I-® 142.5 124.8 161.0 143.6 119 ¥ 13677 127.5 148.3
[ symmetrical ¢ompound: ‘
/ . .
) \\ 3 * . 3recorded at a Y spectrometer frequency, of 80 MHz .
- Pspectdal assignments by analogy'to G.C. Levy, R.L.
. ' Lichter and G.L.,Nelson, "Carbon=13 Nuclear Magnetic g
Resonance SpectrOSCOpy", 2nd edition, J. Wiley and Sons,
New York, 1980. :

©in DMSO-dg -~ Calibrated on solvént signal

- ®in D,0 -- Calibrated of acetone signal in D50

. e . . w . Fap v e
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’ , Table 7. 60 MHz NMR Data for PP+ and its Derivatives?’ B . |
Compound 2H UH " 6H 8H M 3H TH- . '
PP+3 ©9.63 - 9.41  9.17 B.79 8.56 ' (8.36 - 8.03) ﬁ
s o . il
4-MePP+P  9.85 . Me  9.25 (8.82 - 8.62) 8.13 B.31 |
' ' 2,U-diMePP+® Me  Me  9.13 (8.75. - 8.45) 7.98 8.17 ' ;
a .
- J6,7 = cg: 7 Hz.\ ! 1}
. P4, 4= 5.0 Hz, Jg g = T.4 Hz, Me at 3.22 ppm. |
) . ’ . ' ' e
c\Jﬁ. 7 = 7.0 Hz, Me at 2.98, 3.13 ppm. t
y Y [
h ' A
i )
“’ p-] *
v - 2
. . . J ! ' *;
K ’ |
A1 A . Ao . N i oF
' A
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) / .
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' possible the observation of speciés present in very small
- amounts. Spectral assignments were made on the basis of
chemical shift data, coupling constants, and 1nformatign
obtained from substituted derivatives.
In almost all cases, for the determination of peak

assignments, proton spectra.were recorded in DMSO-d6.

i In this solvent the resonances are better separated‘Fhan

o

V3
in D20/0c1, and the substrates show greater solubility.
' The degree of long range coupling appeared to‘be reduced

' - ' in DMS80, thus simplifying spectral interpretation a great «
( : i
deal. R - S o oor

ik I [ _— B T e e e e

s At 406 MHz, we were able to obtain many mere éoupling
! ‘ constants than at 60 MHz. The chemical shift assignments.
gdven by Sawyer and Wibberley1 agree reasonably well
with those obtained at 400 MHz, despite the different .
solvents used. C(Clearly, the superior reﬁolution afforged
by the high field instrument permitteg"much greater
separation of chemical shifts. For example, at 60 MHz
the hydrogeﬁs at positions 2 and 4, are n?t resolvable,

X
neither are the 3H and TH protons. At 400 MHz in DMSO,

J i
however, all resonantes are well resolved and separated.

o

Similar improvements in the spectra of thé substitutedgm

derivatives of PP+ were also observed.

* - .
Thg NMR spectrum of the ring-opened compound .-PA was
R

M : ( '

ps o



also recérded. Not surprisingl&, PA is ';.rans ab'ou& the
carbon-carbon double bond,.in both DMSO apd-D,0/DC1,

as fﬁdicated by the large coupiing constant of 12 az
between the vinylic ﬁydrogens. In CDC13 however, PA
exists‘as a ca. 3:1 mixture of the cis and trans isomers,

respectively. This is attributed to intramolecular. \

hydrogen bonding of the.cis form in.the aprotic chloro-

form, -as shown in TR ’ ' - ' .

\

-

We corroborate here the NMR dafa of Tamura and Onou

with respect to aca. 1:1 mixture of 4H-4- deuteromethoxy

pyrido-[1, 2a] -pyrimidinium deuteroiodiée 15 and PP+ on

>

taking an NMR of PP+ in perdeuteromethanol. Evidence of )

this mixture in methanol is .also feadily observable by

<
uv., On adding triethylamine to the above, Tamura and Cno
observed only the signals of UYH-B-deuteromethoxy pyrido-

[1 2al- ﬁyrimidlne 16. u

éH,
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We were able to obseR¥ve the correspoqding hydroxy
_ analogue f_Bﬂ-o-,‘ which is the protonated pseudobase of ‘PP+,
both transiently and at equilibritjm. On dissolving
crysiais of PA in a‘Dzo solution of ca. pH 3 (chloro-
acetate buffer), signals duejto PBH+ were obserVed.O With,
time, these peaks disappearéd, leading to formation of .
PP+ (Figure 3). These NMR spectra suggest a slow acid-
catalysed elimination of water from the protonated pseudo-
base PBH+ toﬁyield the stablé cation PP+. This process, ’

as well as observation of PBH+, is supported by UV spectral

evidence given later in this thesis.

In a sample of PP+ in D20/DC1 observed at 400 MHz
(left for ‘UJ hours to reach equilibrium), we were able
to observe’ ca. 5% of the prbtonated'pseudobase PBH+, as
well as ca. 2% of what Qe assign tentatively to be the

- covalent hydra‘ted of PP+ at position 2, 17 (see Figure 4).

The T-bromo derivative of PP+ was also found to be in

»

equilibrium with some of its covalent .hydrate, 7-Br-PBH+,

e

. \ I} ~
It is important to mote that PBH+, the nitrogen prot-
onated form of the pseudobase of PP+, is also considered

to be a covalent hydrate of the parent compound.‘jc”m’52

\ - \ w

[
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Table 8. Species observed by NMR at 400 MHz

a
Compound He H'Y H‘3 Jo:,ﬁ (Hz)Ja'.y Keq
(15)® © 5,49 T7.02 6.63 8.0 4.2 - ca. 2°
9 . o -
. pBH+9 5.54 6.85 6.58 8.3 4.2 0.056
PBH+© 5,55 6.87 6.61 8.2 4.4 0.056

rpBH+®  5.57 6.85 6.55 8.0 4.0  0.064
(17»° 5.66  f £ 8.2 4.4  ca. 0,02

a
Keq = [ompd.1/[PP+]

Pobserved at 80 MHz in methanol -- calibrated on
solvent signal.

°baspd on 1:1.4 mixture 'observed by famur-a and Ono.u

dObserved at 80 MHz in DZO/DCI ~= calibrated with DS3S.

€Observed at 400 MHz in D,O/DCl =-- calibrated with
DSS. ST e -

Thot observed

/

e
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Only one species of protonated pseudobase was observed in
thi® instance. No covalent hydration was observed for &
'.‘.‘any of the methylated derivatives studied. This is
presumably due to both electronitc and stekric effects of
the methyls. The 2- and 4- methyl groups should stabilise
,the‘unhydrated cation more than its hydr.;a.te and a methyl
at position 4 shopld. hinder attachment oif"hydroxyl at
that position ;20 |

Chemical shift data for the protonated pseudobases
observed are given in Table 8, as welllas equilibrium
constants determined by NMR (1406 MHz) for the above

equilibria.

2. UV Spectra

Table 9 gives the UV spectra of PP+ and several ‘of
its; derivatives under warious conditions of pH. UV scans
of PP+ and PA are.illustrated in Figure 5, arnd show
significant differences in the spectra of the cation and
its ring-opened amino-carbonyl form. ‘

4 and its UV spectrum matched that )

We ‘prepared PA
of PA generated in situ at pH 11 from PP+. On acidifying
this solution, the spectrum of PP+ was regenerated. -
At higher pH (pH 14), the spectrum of PA undergoes a
a'bathochromic shift, 'corresponding to ionisation to

PA-, which then slowly hydrolyses to 2-aminopyridine and

~

e ATy o Wt $SLI ke s o
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ic UY Spectra of PP+ and PA

Aqueous solution
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Figure 5.
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A
4

Table' 9, Static UV Spectra in Aqueous Solution.?3

Parent Species

pH

/Al

max "@. (log€)

DMPP+

T-BrPP+

n

14b

12¢

14b

12¢

14b

T2

14b

ha
'315(3.83), 30953.70),_

316(3.75), 303(3.71)
225(4,43)

324br (n 60), 270(14 24) ,
204(4,08) ‘

ca. U3br (ll.ll),

ca. 289br,sh (4.06),
large end abs. 200 to
220 nm,

317(3.81), 311(3.71),
305(3.74), 225(4.48), . ¢
206(4.32) .

334br (4.49), 281(4.01),
205 (4,54 )

-

ca. 361 (4.37), ca. 290br
sh (3.92), large end abs.
200 to 220 nm, .

302(3.77),. 227
207(“.35) ‘

332br (4:35), 223sh (3.83),
206 (4, ‘5‘3\3{3

.55),

. ca. 329vbr (u.27), large

end abs 200 to 220 om.
323(3.74), 3sh (3.727,
310(3.75) . 232(4 .43)

336br (4.54), 287 (4.18Y,
205 (4 su)

35ubr (4, l13) ca, 304
(lt -12)

. VI G NP i I > D D e o D G P D G S 0 O D G S S G e 0 O R B A D S S S B TS U I e D G G A OO P g 0P G S e R
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Ash = shoulder, br = broad, v br = very broad. :
L byavelengths and extinction coefficients are approximate BN |
due to slow hydrolysis of the riqg' opened aldehyde.
CSpectra of ring-opened compounds ‘were taken after ' ‘ ¥
sufficient time for ring-opening to occur, - ‘ ,
f] ' i‘
- 1 t
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)

the conjugate base of‘malondiaidehyde (Ff}ure 6).“

This interpretation is supported by hydrolysipg malon-
dialdehyde bis-(dimethyl acetal) in dilute HC1 to give
mélondialdehy@e,,and subsequently ionisiﬁg the dialdehyde
to its conjugate base at high pH. Tamura and Ono" .

have also reported diréct evidence for.these précesses,

by both NMR and uv methods. From the observed ionisatlon.
od PA to PA— we estlmate this pK to be approximately

13 5, at 25 C and 1.0 M ionic strength

UV spectral scans support the ‘above, with PP+ in

acid mixed (1: 1) with a solution of pH 7, slowly yleldlng

~ themspectrum of PA (Figurg 7). PA generated in situ
. (pH 11) slowly gives the spectrum of the cation PP+ on-

rendering the solution acidic and this is consistent with

s

the dynamlc NMR experlments (Figure 3) reported earlier.

PBH+ was observeq by UV spectroscopy by mixing 10'4M

PA with a dilute HCl solution of pH ca. 1.5. The resul-

tant solution was immediately scanned at 20 nm/sec. The

spectrum of :-PBH+ is given in Figure 8, with peak positions

and extinction coefficients listed in Table 10. This

spectrum is similar to that obtained by Tamura and Onoﬁ

for the corresponding methoxy coﬁpound 15. With time, the'

spectrum of the product PP+ appears. ‘ .
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KINETIC RESULTS

+ kingtic data obtéined is presentéd in the form of pH-rate

. 57
4 ’ A ) \

Table 10, UV Spectral data for PBH+ '

-~

Amalx ‘ log €
| | . “
232 (239, sh) 3.67
. 267,br 3.76
o 328,br - 3.76

[}

‘The apparent pKa between PP+ and PA, at 1M ionic

strength (25°C) was determined spectrophotometrically

by the method of Albert and Serjeantl,‘1 to b§ 5.90, at

25°C and oI = 1.0M. This marks the bottom of the "well"
on the pH-rate profile of PP+ (Figure 9). Table 11'
contains equilibrium constants calculated or estimated
for this study.

Using an authentic sample of gﬁ: kinetically det-
ermined rates corresponding to ring-closing were identical
to those obtained with a samg}e of PA generated in situ,

within experimentad error, for both the fast and the slow

processes. :

4
-

All reactions were carried out under pseudo-first

| I .
order conditions (see.Experimental section) and the

e

Aty
WAL 2

o e e g vt bt e o

i‘ « ‘ﬁ
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profiles (see Figures 9-11). For the parent PP+, the
pH-rate profile corresponding to PP+ == PA contains four
separate regions, labelled (3) through (d). Rate profiles
for the substituted derivatives studied are referredébg
where appropriate.

} .
Reactions corresponding to ningropeniﬂﬁ of PP+ to

-

PA are examined first, with the ring-clbsing processes

being analysed later.

[y

L -~

r

Process (a)

{

This réaction involves thé base¥catalysed ring-opening
of PBH+ to PA. 1Initially, this process was observed by
mixing a solution of PP+ with buffers of pH 5 - 8:5 in the
stopped flow, and observing a small (<0.05 absorbance uﬁits)
absorbance increase at 325nm (PA maximum). Due £o this
small absorbance change, it was not possible to ascertain
the product of this reaction, as the product (PA) from the
Slow ring-closing process (b)- interfered., From ¥he NMR
experiments'it was noticed that ca. 5% of the protoﬂ;ted
pseudobase PBH+ was observed to exist in equilibrium
with PP+ and the small'absorbance cpange'observed seemed
to correlate with the reaction of this species. This

proposal was tested as follows:

PBH+ was generated iQ solution (see NMR section)
and was subsequentfy reacted with buffers of pH 5 - 9.5

-4

in the stopped flow. That,is, a solution of 107 M

B e - R s - e -

et ssom—
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Scheme. 7. Proposed mechanism for the
' conversion of PBH+ to PA
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PA was mixed 1:1 with 1073M HCi:4 PBH+ so prepared
was rapidly reacted with buffers of appropriate pH in
the stopbed-flow. From the dynamic NMR spectra recorded
previously (vide supra) it was observed that in acidic
solution, PBH+ undergoes slow écfd-catalysed dehydration
to yiéﬁd PP+ (process (d)). The slow rate of this de-
hydration allowed us to generate ‘PBH+ in situ and sub-
sequentiy study its reactivity in mo}e basic-soiution.
Using PBH+ prepared in this manner, the. product of
process (a) was ascertained to be PA. Rate constants
obtained in this mannerqwere identical to those obtained .
with PP+, within experimental error. Fro&mggese exper-
iments, this reaction involves the base catalysed con-.
version of PBH+ to PA.

The stepped shape of the rate profile for process

(a) can be explained by Scheme 7. The following equation

was derived to describe this behavior:

kobs - (ko[H+] + koK K,
(K, + [He1)[H+]

(A9)

where ky = 1.54 g1

7.72 x 1072 M~1s-? o

OH
Ky, =2.57 x 1077 M
pKu = 6-59
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.

These rate constants were calculated using the PROFIT
programme on an Apple II microcomputer. This equation
takes inéo account the three regions observed by
ascribing the levelling off at'pH 6.59 to be the pKa
between PBH+- and its zwitterion PBZ. PBH+ is in equil-
ibrium with its;zwitterion PBZ, which reacts by both a
’base catalysed and én uncatalysed pathway to yield PA.
The pK_ of 6.59.(2500, I =1) is of the same order

as those given by Guthrie53 for similar compognds such

+

as: /

. " OH,
H-(}:-NH(CH,)Z |
OH | .

5

pKa'= 7.8 for dissociation of OH.

Process (b)

This process involved monitoring the ring-opening
of PP+ in basic solution to yield PA.- That is, an
increase in the absorbance due to ;X.was followed. A
series 6; spectral scans (Figure 7) performed at pH 7
revealed noiatermediatesin this process, with only an
increase in absorbance;gf the ring-opened‘compohnd

being observed, Likewise, no intermediates were

’

-
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Table 11. Equilibrium Constants

| Equilibrium e
f
PP+ + Hy07=PA + He. K, = [PAILH+1/[PP+] = 1072 In®
| S T
B PP+ PBH+ K, = [PBH+#]/[PP+] = 0.056%
PBH+v—PA + H+ . K3 = [PAJIH+]J/[PBH+] = K, /K,
- 10"“.62Mb'
PBH+7=PBZ + H+ Ky .= [PBZI[H+1/[PBH+] = 1075-3%C
PBH+=PB + H+ Kg = [PBILH+1/[PBH+] = 107 '2+7nd
PBZ=="PB Kg™: [PBI/[PBZ] = Kg/K, = 107" M
PP+ 4 Hzo;:{§§_+ H+ Kpe= [PB][H+]/[PP+] (see page 67)

a

measured at equilibrium
b .

calculated

®measured from kinetics

,u< . ] destimated from pKa'of

Z NICHJH

(reference: M.J. Cook, A.R. Katritzky, P. Linda, R.D,
. Tack, J.C.S. Perkin Trans. 2,1295 (1972))
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¢
observed during the .course of NMR studies performed.

For PP+, 7-BrPP+, MPP+, and DMPP+, a monotonic in- .

crease in log rate was observed withe pH (Figd;e 10).

The rate profiles of PP+ and its J-bromo derivative,-

howevqu level off at high pH, indicative of either a

PK, or a change of rate-limiting step. g; :
We attribute the monotonic rate increase th [OH-]

to a hydroxide &on catalysed reaction on PP+, presumably

7

product PA.

a

Koy [OH=] . 227
PP+ —p PB > —» PA (20)

‘Values of kOH for the compounds examined are given

in Table 12, A

Table 12, kg, values for PP+—PA (process (b))

a3

‘ -1,-1

Lompound koy» M '8
PP+ ' 496
7-BrPP+ 1493 ’ L
4-MePP+ . 6.81
2,4-diMePP+ 1.01

3

\

| {

At this time we are unable to explain the levelling-

-

forming the pseudobase PB, which then goes on to give‘the‘

o

LR ™
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~

off of rate .at high pH for PP+ and 7-Br-PP+ in 2 manner

I
Ae

stent with the mechanism proposed for process (a).
As stated earlier, the levelling-off is due to either
a bKa or a change of rate-limiting step. Several
proposed mechanisms are outlined below, along with
reasons as to)why they Qo not explain‘the experimental

results. ' -

Recall from p‘ocess (a) that above ca. pH 9, the

i

rate of reaction is observed to increase monotonically
with pH to beyond the detection limiﬁjof%the stopped-
flow: This rules out reaction of process (b) by tﬁe
m;chanism proposed for (a), that is, via a hydroxide
. ion catalysed reaction on the zwitterion PBZ to yield PA. ' o
' If the rate plafeau is assigned to a‘pKa between

PP+ and PB, the following is obtained. This gives

| ) H OH |
‘ 7 N Ny —— Z# N
HO + M , + H
N .
N". X "N ) |
pe* | s ‘
1 X I
op
I3 EA |
kobs = kK .
op R+ (21) ,

( kop + [H+] ) ) ' - i

is the rate

where Kp, = [PBI[H+1/[PP+], and k, , .
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1

constant for ring opening. This corresponds to the plateau

rate observed. Using the PROFIT programme, thése)constépts

were calculated and are presented below:

4
-1
compound KR+,M pKp, . kop,s
PP+ 4. 46x10™ 1" 13.4 119

7-BrPP+ y,72x10"13 12.3 . 37.4

Combining this proposal with the mechanism given fof

process (a) in Scheme 7 leads to\Qpe following:

1f we assume that Kp, = 10=13-%M (the obéerwed "pK ")

then the equilibriuﬁ between ggg‘and PB (see Table 16) ié:

PBZ=PB K¢ = [PBI/[PBZ) = Kg/K, = 107>°9.

The value of ké of 10729 indicated that only one in
1029 molecules exists as PB. The rest are in the.

form of Bg;;>wh£ch contains an aromatic ring. Thisnlarge
equilibrium constant in favour of the zwitterion, as well
as the value of koy of 7.72 102 M 571 for

hydroxide ion catalysis on PBZ, makes tpeuproposal given
in Scheme 7 highly unlikely. Base catalysed react}on

via PBZ is clearly favoured, especially at the pHs in

question.

© .

Assuming a PK, between the pseudobase PB and its

anion PB- was also considered to account for the levelling

[




).

weucan'invoke a steady state approximation on PB, as no

off‘observed Thig proposal was rejected as it requires
two moles of OH— for each mole of substrate, while the

rate profile indicates that'only one OH- is involved.

.

A change of rate-determining step is another pos-
' t
sible explanation for the flattening-out observed If

we assume a model as in .equation 22,
i o
Ky[OH-1 K )
PP+ g »pp —2P . pa (22)

T Tk ST o

bl , @ N . “ ., \

.

"intermediates were spectrally observed. This gives

L .
- KO = kouloH-Tkgp (Koq + Kop) ‘ (23)

Two extreme cases exist here: o

’

Case (1) 1f k) >> k_;, then k°§‘ = Koyl o-1.

nerease” @f. k°b3\/}€h .
- o

This accounts for the monotonic

pH.

- obs _ :
op << kup, then k™77 = Koo kau[OH=1/k_y, ’

or k°b5 = k'[OH-]. This rate expression is ‘also [OH-]

case (i1) pEET

" dependent. andfis kinetically indistinguishable from that

>

~given in case (i). Obviously, a mechanism involving a

change of rate-limiting step of thée type shown in equation
4 » R

22 cannot aceount for the'obs?gyed results since both kOp A
/ N § . - . -
‘and k 4 are pH independent. -

We are therefore not able to interpret the levelling-
off of the rate: profile in a ‘manner’ cons{stent with“the

3

~
*




S R
' " mechanism given for process (a) at this time. We can say,
2
however, that an OH- cat@lysed step of the general form’
outlined in equation 20 is occurring. This type of reaction

-

is suggpfteu\dy the results obtained from ring-opening

e

_ experigﬁ%%% p formed with several substituted derivatives
£
of PP+.
T The two methyl substituted derivativegs Ptudied also
4

‘gndergo ring openiﬁé to their corresponding amino-carbonyl
I compounds, but at-a slower rate than for PP+, as shown in
| \ - Figure 10. Values OF koy are given in Table 11. The

relative magnitudes of kgyy observed. can be accounted

4

for ih several ways. The presence of methyl substituents

~-—— @

on the Sgrent compound acts to reduce the ratgﬁpf ring-

.,opening and subsequent cis-trans isomerisation of the
pr.oduct. Both involve -movement of heavy atoms and hence
a rate redbetion for the Eubstifﬁted compounds 1is R
expecteo. Another factor to be considered is stefic

“MThdrance at the d4-position caused by the pMesence of _

13

a methyl group. Attack of OH- should occur more slowly

4

on the éethylated derivatives, ‘'due to steric interference.13

Stabilisation of the parent cation by the methyl groups
/ A “
present is another ‘possible explanation for the decrease

in rate ob;erved.13 THe substituent(s) can further de-
. localise the posixive charge in the parent PP+, thus

1A

rendering it more stable and hence less susceptible to \

nucleophilic attack by hydroxide ion. -The somewhat faster

- . e — i . . - n s p—— . - e e r————y

[N
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‘pfdcess was found to involve conversion of PA to PBH+.

s

{

H

!
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. !

reaction rate of 7-BrPP+ probably reflects, to an extent,
the inductive electron withdrawing effect of the bromo ...
1

These explan- 7
2z

substituent on thé"jtabilisation of PP+.
ations are all consistent with equation 20 amnd support -

this type of reaction. ~ ‘
¢

Process (¢) '

y

4

From the NMR studies outlined previously, this

The protonated pseudobase subsequently undergoes slow
dehydration to give PP+ in process (d). !
The pH-rate profile for processes (a) ;nd (e¢) exhibit
a "well" at pH 4.6, corresponding to an equilibrapion of {
PBH+ with PA. This statemeht iS affirmed by ;pectrai o

studies and is consistent with other measurements. Frqm

NMR studies K2 = [PBH+]/[PP+] = 0.056 and from UV

? ,
measurements K1 = [PAI(H+1/[PP+] = 10'5'90 M (see

Table .11).  "Accordingly, Ky = [PAJ[H+]/[PBH+] = Kq/Kp | .
= 10-4.62 M, Jin good agreement with the minimum in the

1

rate-profileq for processes (a) and (c),. 4.62

pK3 =

is also reflebtted in process (d), which is discussed lateé.
Process (c¢) shows (general) acid catal&sis above pH 2

and is 1ndepen3;nt of [H+] below this point. Rhe changeoyer‘

is due to a change-of rate-l;mitidg step, rather than -

8 PKg,and this is borne out by buffer catalysis
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studies performed. ' The 7-bromo derivative of PP+ was
found to react in a similar manner to PP+, but the "well"
appea;s to be shifted to apﬁroximately pH 2.5 and the
levelling off corresponding to a change in rate=limiting
step is observed at lower pH (ca. 1.5). The inductive
electron-withdrawing effect of the bromo substituent

destabilises PBH+ and so lowers the pKa of PBH++=PA |

_+ H+.

4_Me-PP+ also exhibited some reactivity in this
region, but as the absorbance changesﬁwere found to be
very sma;l, this compound was not further investigated.

Buffer catalysis was observed for PA+PBH# in the
range of pH 2 to 4.5 (cyanoacetate, chloroacétate, formate,

3 ~chloropropionate and acetate buffers). Curved plots of

kObPS yersus [buffer]), showing levelling-off at high buffer

were obtained throught this range. Sample plotsrof chloro-
acetate buffer catalysis are presented in“Figure 11.

These curved plots lend support to a change of rate-det-
ermining step with increasing acidity. The simplest

model to account for this type of behavior is the

following:
k kya[HAD + k
S.‘__l_____?’l HA O —» product, (24)
k .

- 1 R
h
~oy . [

i
where k, contains a term in [H+], as the buffer plots

have non-zero intercepts. Since .no build-up of inter-

dédiates was qbserved for this process, a steady state

Se




ot
e

approximation can be used for [I], which gives:

-

-~

k
LobSs - 1(kg + kyalHAD) (25)

(k_y + ko + kyp(HAD)

This)| equation accounts for the curved buffer plots observed
and is\valid only at a givén pH, as ko contains a term

in H+. At low buffer, the reaction is dependent on [HA],

as the ky,[HA] term is rate limiting. At high [buffer],

k, and k_q are small relative to ky,[HA) and
equation 25 reduces to
kobs = k1 = Kpax (26)

Equation 26 is independent of HA and so accounts for

the levelling off of the buffer plots obtained at high
[buffer]. Dividing the right-hand side of equation 25
through by k_1 gives: |

Lobs - K (ko' + kyp'[HAD)

(27)
(1 + ko' 4 kyp'[HAD)

where a ' symbol denotes division by k -1

.
N

" Analffsis of buffer catalys1s data obtained for chloroacetate .

k
buffers using an.iterative non-linéar regressioh programme

(CURVBUF) gave the constants listed in Table 12.

Table 13. Rate constants obtained’ for Buffer catalysis
with CURVBUF programme (Process (¢) - chloro«’
aoetate buffers)

pH ky ko' kga'  kya'/fua

2.32 0.723 ‘1.02 252 348

Q
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2.44  0.647  0.822 231 346
2.70 0.487  0.628 176 337
2.86 0,407  0.572 146 338 .
3.07 0.310  0.584 96.1 302
-1 -1 -1 -1 21 =1
(s ') (s ") (M 's ) (M 's ')

Values of kHA' divided by fyp (fraction of undissociated
HA) are relatively constant throughout the pH range studied
with this buffer and are much larger than ko' and k1

_values. The rate constants k1 and k' appear to

decrease with pH to approximately the same degree. If
process (c) were to follow the simple model outlined in

equation 20, kq would be expected to be pH independent

as it does not contain a term in [H+].

-

Another possible model, outlined in equation 28 was

considered to account for the buffer catalysis observed.

In the pH region of process (c), the substrate PA is

_expected to bek protonated. If this is the case, then the

rate profile reflects an acid catalysed reaction on a

o N

cation to-yield the cation PBH+.

- 3,
ko + kplA=] kHZ[H"']

kH1[H+] ‘+ KyalHAJ

’ ' ¢ 5
The pK_ for protonation (of the ring 'niftroggn) of 8
gsimilar compound, N-acetyl-z—arﬁinopyri_d;ne is H.09.51 ' ¥
The added C=C moiety present in'PA is expected to atten-

uate the electron withdrawing effect of the cafbonyl
£y ' “L

!

SH+ 3 » 1 <—p product (PBH+) “

74

(28)
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group somewhat and so a pk_ for protonation of around

“

4.5 {s not unreasonable. A general base-catalysed (and
uncatalysed) removal of the acidic proton from PAH+ (= § +,
protonated substrate) to form the intermediate I is

proposed (along with its microscopic reverse) , with

»'f

subsequent acid-catalysed conversion of I to give PBH+,

‘Using the steady state approximaton on I gives e

,cobs - (kg + kpla-1)ky2He]

(kHE[H+] N kH1[Hf] + kyalHAD) (29)
At zero buffer conoentration, equation (29) reduces to

obs . 2 1 2 ‘

kO® = k _ky/(ky' + ky<) (30)

which is pH independent. This does not reflect the
experimental results, as the intercept values of the buffer

plots vary with [H+).

Similarly‘., | for high buffer concentrétions the app- '
ropriate simplified form of equation 29 does not account
for the observed behavior, .

Modifying equation 28 to reflect a pre-equilibrium
prot;onation ‘of the substrate gives g
Ce : ' .
STsH+ = °+kA[A J > I kHZ[H+] {>pnoduct ‘ (31 °
- [H+]+kHA[HA]
The expression for k°t’3 here is similar to equation 29,
save for an initial multiplying factor of [H+)/([H+’J + KSH) ) .

which reflecta the fraction of molecules in the form SH+
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undergoing subsequent reaction.

kobs :‘ [H+]/([H+] + KSH+) x (egn. 29) (32)
If, as mentioned previously, the value of KSH+ is approx- -

\ :

imately 10-4.5 M, then for the pH range over which process
(e) extends, [H+] > Koy, and equation 32 reduces to
equation 29 . Therefore, this pr)oposal fails to account fot
the- experimental findings.

It is important to realise the limited range over
'whiclh et‘feétive buffer catalysis experiments could be "
carried qukt for process (¢). Since there is Eurvature
around pH 2 and 4.6 (see Figure 9) ‘useful buffer studies
are only feasible between pH 3 - 3.6. Even in this region
the xl'ate profile does not attain a slope of -1, a necessary
requirement for an acid catalysed reaction. This sma’11
region in which to carry out buffer catalysis experiments
makes it difficult to perform a thorough analysis of
process (c) .

In summary, process (c) involves an acid catalysed
conversion of PA to PBH+, whic'h subsequently loses water
to give PP+ in process (d). A change of ratg-limi’ting step
with increasing pH is ;ndica'ted by both the rate profile’
and buffer ca'talysis\studies. This type of behavior
is in:dicative of a mechanism ofﬂthe general type given

in equation 24, Further support for?this type of proposal

4s found in McDonald's work on the reaction: 3

e
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| , ﬁ HO_ NHR 0
| CNHR |
HA
— s — S
CH,SH
+ NH,R '

The pH-rate profile obtained at acidic pHs for this

reaction is similar to that for process (c) and curved

buffer plots were obtained. This is interpreted as a

* change of rate-limiting step with pH, from the uncataly;ed

formation of the neutral tetrahedral intermediateat low .

. pH, to its genef'al aci}i-catalysed breakdown (or a kinetic
equivalent) at higher pH.26b In the present work a

thorough analysis of buffer catalysis cou;d not be per-

formed due to the small pH region available for such ‘

studies. Protonation of the substrate -PA in the pH
- ' region of process (c) also hindered a more definitive .

@ analysis of the mechanism of this reaction,

~

Process (d)

From the dynamic NMR spectra presented earlier, this
process involves the acid-catalysed dehydration of PBH+

to give ti_he stable cation PP+. The pHe-rate profile shous

A




[P

e e i e e

. )
(
\ '}/ 78
1} 7]
,‘\z
~A)
\.\A
_1 — \. \\ p
obs \ )
k .
o Noel N
\
-2t o\ ' i
Ty 8,
\ 0\.
-3 - \ \.'\ o
, )
i lk.
-4} , \.\ J
K .\
-5 - .
. 1 ] L ] i
1 2 3 4 5
— pH \
‘Figure 12. pH-rate profile for process (d)
g ®- pe+ '
/ . 0= MPP+at 7-BrPP+ (process (d)) ‘
_ W= DMPP+ "
. - De 7-BrPP+ (process f(c))
" ) . - M.
N

BRI
.

NS




hY

j .

acid catalysis, save for a small region fromca. pH 3.5
to pH 4.6 where the rate is independent of acidity. The
reaction is again H+ catalysed below pH 4.6 to the bottom
of the "well"™ at pH 5.90. This low point reflects the
gquilibration between PP+ and PA.

The fbilowing equation accounts for the rate profile
of préocess (d), with PBH+ reacting via an acid-catalysed
and an uncatalyded pathway.

H+ ko +_k|l.l[H+]

PAS———" PBH+ » PP+

K3

The levelling out is due to the apparent pKa between
PBH+ and PA (pKy = 4.62), ’ -

General acid cataly;sis was.observed for this process,
but no in depth study was carried out. Acid catalysis on
PBH+ is proposed to occur via the mechanism overjleaf. An
alternative mechanism with a general acid HA deiiveringl
a proton and water abstracting the N-1 proton is also
possible. However, we favour the proposal shown overleaf:

Protonation of the hydroxy group by H30+ (pKa = =-1.74)

and abstraction of the proton on N-1 by a general base A- /

(e.g. chloroacetate ion, PK_, = 2.70). Energetically,

this process is more feasible than;‘protonation by HA
(chloroacet;c acid, say) and proton abstraction by H,Ee.
(K, = 15.78) 5" | | ‘
‘ Furthermore, the type of behavior proposed is seen:

in the ¢énolisation of acetone. That is, specific acid

C o

19




- catalysed proton abstraction to yield the gol.

80

catalysed protonation of the carbonyl, with general base
55

Substituted derivatives of PP+ were also studied in |

this region (Figure 12).

2,LI—diMe‘PP+ reacts much faster )

than PP+, and this is due to the large stabilising effect

of the t;wo methyl substi

féen-ts on the dehydration of

2,4-diMePBH+ to give 2 {H4-diMePP+,

Interestingly, 4-MePBH+

undergoes dehydration at a slower rate than LB_H;. It’
appears that( tl;xe methyl group at th; u' position reduces

the amount of the covalent hydrate present, while having
little effect on the rate of subsequent deh’ydration,
relative to the unsubstituted compound. T7-BrPBH+ ljoses
water more slowly than PBH+, presumably due to the destabil-

ising effect of the bromo substituent.

o
ey
. uk\ S N
OH,
PBH* - B P o
A\ s
7 I ,.-r’(‘
» /’“/ : . ! ’
. /“ - L
w :




s

N %

SUMMARY - ' .

<

The reversible ring-opening reaction of gg+é={g_
involves two équilibrations: PP+— PA + H+, PK_ =
5.90, and PBH+==PA + H+, pK, = 4.62. Both of these are
shown on the pH-rate profile for PP++— PA. The

protonated pseudobase of PP+, PBH+ was observed by both

- NMR and UV methods.

Four processes were found to occur fer the reversible

ring-opening of PP+ to PA. Process (a) involves ring open-

ing of PBH+ via OH- catalysis and an uncatalysed pathway

"from the zwitterion ,PBZ. PBZ is in equilibrium with the

covalent hydrate of PP+, where pKu = 6.59.

Process (g) involves ring-opening of PP+ to PA via
rate-limitiné hydroxide addition to PP+, with subsequent
ring opening.to give PA.

Process (c) is the acid~catalysed ring-closing of PA
to PBH+, which then undergoes acid-catalysed dehydration
to PP+ in procesé (d).

’ Suggestions for furéher research include the fol-

lowing:

1. Examination of the kinetics and produgt(s) of the

reaction of 2-aminopyridine and [malondialdehydel].
This type of study should shed light on the inter-

molecular condensation between these two species,

i

|

!
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as opposed to the intramolecular condensation reac-
. : . - o
S\ tignsto yield PBH+and PP+from PA. o R

v | o

2. 'Buffer catalysis experiments couﬁd be-carried out
- ‘ ' ;
on process (b) to aid in the interpretation of the
levelling-off observed at high pH. A Br¢nsted plot

could also be done to determine the Bhvalue and hgnce .

T\ obtain further information regafding the mechanism of -~

process/{b%

3. A furthqr study of the affects of subspituents on the

pyridine ring of PP+ on the reaction PP+==PA could be
performed. That is, substituents ortho, meta and para “\;f\\
to the quaternary nitrogeﬁ. Perhaps thesé substituted \.

-derivatives will give a better understanding of the
i 1 N

PP+T—PA system. . "
v & »
b

4, Further study of the analogoué reaction of the pyrim-
' ‘ido [1, 2a] pyrlmldlnlum cation could be carried ougJ
to determ{ng‘the effect of\the added nitrogen in this .
symmetrical compound. Preliminary studies indicgged
that this compound undergges ring-opening much faster

~than PP+ and its ring;opened form undérgoes ring-clog?re
4

Tat a féte comparable to PP+. <

{
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Process (a) Rate Constants for PP+ at 25°C,

-

Table 14,
pH kobs  ¢-1 log kit?s
5.15 0.100 ~0.999
5.40 0.128 -0.892
5.51 0.135 -0.870
5.65 . 0.51 -0.813
6.18 i 0.422 -0.375
6.43 0.722 20,142
. C\/&\) .
6.63 0.816 -0,088 1
7.22 L 1.42 0.152 "
7.91 2.40 0.380
8.84 417" / 0.620
9.08 10.70 ' 1.03
9.u4 CoT.T . 1.25

| 9.65 45.6 1.66

o

) 10.14 103 2,01
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Table 15. Process (b) Rate Constants for PP+ at 25°C..‘- \;,’/1
i \ # ’ ' .
pH' Kobs ‘5-1 log kobs " . o
13.85 7.0 1.89 )
13.55 “76.2° 1.88
13.35 ' 64-3 1.81 . ~
13.1 51.6 1.71 ‘
12.85 31.2 - 1,49 S
12.35 10.1 " 1.00
11.85 ©3.56, 0.552
11.35 0.993 -0.00290
10.85 0.257 ' -0.589
-10.3 0.115 ~0.941 L
9.82 0.0413 -1.38 +
9.01 6.88x16-3 -2.06
8.92 4.,20x10-3 -2.38 . .
- 8.36 “1.24x1073 -2.91 |
T4 1.08x10-4 -3.96 . R
6.59 7.16x10=2 RV )
6430 5.22x19=5 428

s ']
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Table 16. Process (¥) Rate Constants for PP+ at 25°C.
) 3
pH kobs -1 log kODS
0.429° '0.492 ~ -0.308 &
L] .
0.730 . 0.696 . 0,157 .
1.13 0.925 ~0.0338
EWE! ‘ 1.008 -0.00377
1.65 0.954 -0.0246
1.95 0.897 -0.0472 =y
2.02 0.945 -0.0913°
2.51 0.578 -0.2382@
2290 0.360 -0.4432
.3 .44 0.179 -0.THT 8
. ﬂ\ .
4.00 0.0817 , -109d e
4 .38 0.0491 -1.312
4y .82 0.0607 -1.222
¢ [ J

aS\winbournga calculated infinity
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Table i7. Process (d) Rate Co_nstani;s for PP+ at 25°C.

pH‘ KObs ’s‘jl log kOPS
— , —
0.429 - 0.0690 ~1.16 ‘
0.730 .  0,0366 =1,
0.952 . 0.0240 * -1.62 )
1.43 ~ 7.03x10-3 L -2t |
.75 - . u.f3x1o-3 -2.38 ©
1.95 1.91x10-3 ( -2.12 -
'2.47 8.76x10"" T =3.06
3.05 5.32x107" -3.21 h :
3.24 b.21x10°4 3.38
3.78 ‘3 11x10% ~3.51
B 4.15- 2.2ux10- ~3.65
'u.53 ! 1.19x10-4 o =3.92
5.42 4,34%10%5 436 \
(]




Table 18.

Ring-Closing of T-BrPP+ at 25°C. Fast
Process (process [c))

| B

pH 'gobs 7! log kObS.
b

0.429 1.45 ' 0.162

<, ,
0.780 1.2 0.0831
1.13 0.735 -0.134
1.43 0.471 . -0.327
177 . 0.182 -0.740

7

Taple 19.

\ - |
Ring-Closing of 7-BrPP+ at 25°C. Slow
Process (process (d)

92
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c AL

kObS' log kobs
- \‘J . .
' q.u29 0.0205 ' -1'.69 -
6.730. 0.0105 © -1.98
1.13 :E 0.00610 -2.25 -
[
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Table 20.. ‘Ring-Opening of 7-BrPPs at 25°C. :
L Y

. 13.55

13.25
12.85
13.55'
J2.25.°
.85

S 11.55
10.85 .

10.10
'9.27

+

28.7
31.3

T

TR “a !
. 33 . \m& "%.;’:'.a

219 +
9.0 . /(
9.42
5.39

0.908 /il

0.215 .
"0.0387

. 16
1.52 -
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) , Table 2T. Ringiglosing of 4-MePP+ at 25°C.
- - ’ " ® . ‘ ' ’, Y
/ pH L 'k°.,?s ‘,s'l“ log gobs -
A (;).‘ ) , . . A ~
0.429 ° 1.86x10-2 o =%.73
' 0.730 1:08xi0"2 -1.97
L‘ 0.952 7.45x10-3 -2.13 ”
C 1.13 © 5.52x10-3 - - -2.26
& ) - - [ s \\
1.43 3.78%10-3 -2.61
N
¢ - ) . 4 '
Table 22. Ring-Opening of U4-MePP+ at 25°C. -
PH . kObS ’s-] 10"8 kObS ‘,fl
< , ‘
13.55 2.69 0,430
13.05 0.836 : -0.0779
12.55 ’0127F ':'0.557
r° 11.85 % 0.0502 7 e .30, \
.‘\ . o v // , , N
11.55 0.0234 } -1.63 °
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Table 23.. Ring-Closing of 2,4-diMePP+ at 25°C.
pH kobs’S-I og ,obs
¢ - , ‘
© 0.429 2.01 0.323
0.730 1.03 0.121
0.952 0.633 -0.198
1.13 0.394 -0.404
143 0.218 -0.663
©2.11 0.0398 -1,40

Table 24. Ring-Opening.of 2;4-diMePP+

pH gobs log kobs'
/ :

13.55 0.540 -0.267

13.05 0.158- -0.806

12,55 0.0475 -1.32

11.85 8.09x10=3 -2.09

11.55 3.93x10-3 -2.41

at 25°cC.
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Table 25. Buffer catalysis' rate constants for prooess (¢},
' cyanoacetate buffers.. .

+

A e

pH o [bufferl, M v Kobs-
e

- 2.57 0.200 " 0.491
0.150 ’ . 0.490°
0,100  0.u8p
: 0.050 0.450
7 0.020 0.406
' ' 0.015 . 0.348
2.16 0.200 . - 0.801%
0.150 © 0.787
0.100 0.774
B . 0.050 0.743
< © 0.025 0.694
0.015¢ 0.646
1.73 - 0.200 0.899
0.150 0.923
0.100 0.923
’ - o.oéo = . - 0.912
0.025 0.894
0.015 0.825
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Table 26. Buffer catalysis rate constants for process (é),
' f-chloropropionate buffers.

pH " [buffer], M Kobs = g=]

3.78 " 0.200 ., - 0.141

. 0.150 0. 1

0.100 - 0.136 -
0.050 | 0.121
0.025 - 0.108 E
. 0.015 . 0.0975 ﬁ
3.50 - ~0.200 /" 0.199 .
0.15¢ 0.194
0.100 - 0.189 |
0.050 . . 0.185
0.025 04173
10,015 + 0.162
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Table .27. Buffer catalysis rate .constants for process (¢),

chloroacetate buffers.2

i
*

pH - [buffer],M kobs g
2.32 - : . 0.200 0.708
‘ 0.150 0.698
0.100 .~ 0,701
4 .
0.050 0.681
0.025 0.638
0.015 0.594'
2.44 . 0.200. 0.632
0.150 0.632 .
*0.100 0.621
0.050 0.599
0.025 0.560
0.015
2.70 . 0.200
7 : Y 2
. 0.150
““““ : 0.100
0.050
o 0.025
0.015
2.86 10.200
0.150

-1
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A 0.100 ' o 381 _
\ : a8
\ ' 0.050 ‘ 0 361
. 0.025 / 0.327
0.015 / 0.300
o ' . . ~ R ‘
' 73.07 . 0.200 - 0.299
0.150 0.290
i 0.100 - ~ 0.280
. 4 0.050 . 0.258
: /f R ' - 0.025 0.235 -
s 0.015 © o 0.185 )
Y <
a intercept values were determined by extrapolation from
a plot .of k° 8 versus measured pH at 0.005M [buffer3
\\‘\‘\\“K\_\
| . ) .
b
[ A
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Table 28 .Buffer cata1y31s rate constants fof pfocess (c)
formate. buffers.

-pH- [bur}er], M goos g1
5.91 olzao _ 0.145
\ 0.150 0.136
| 0.100 0.124
\\ 0.0%0 0;197 .
- 0.025 0.0937
\' 0.015 0.0832
3.25 0,200 0.280 '
3 - 0.150 0.271 _
\ . 0.100 . 0.259 e e
0.050 0.237
0.025 ‘0.213
0.015 ' 0.198
0.200 3.205
0.150 * 0.196
0.100 0.183
" 0.050 0.163
0.025 0.143
0.015 0.132 .
J
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Table 29. Buffer catalysis rate constants for proceS§:(c),

acetate buffers.

pH [buffer], M kobS 5~
’ |
.54 0.050 0.123 ’
0.0375 0.115 .
0.025 0.100
0.0125 0.0852
4,20 " 0.050 0.139
0.040 0.139 '
0,030 0.127
0.020 B 0.111 ‘
0.000 |\ 0.0931
7
- ".; } ’ .~
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