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ABSTRACT //

2y

Reversible ring-opening of thiamine
and related thiazolium cations

Georgia Karamitsoglou-Spiropoulos

Quaternary thiazolium ions (Q*) opéh reversibly in

aqueous solution tq_give-anido enethiolates (T-):
7/
N
s /  “cHo
- ‘/ s-'

Following an earlier study of the N-methylbenzothiazo-

lium ion (BTt),  the kinetics of the ging-o;ening and riné—
closing of 3,4-dimethyl-5-(2-hydroxyethyl)thiazolium (HET*)

and thiamine (Bi*, Vitamin Bi) ions, were studied in

agueous aolutiqn‘at pH.0—14, at 25 °C and I =1.0 M, using

PR

étopped-flow UV spectrophotometry. Various static ﬁHR

equrimeg}s were also carried out. .

Ring-openidz of BT* and HET* simply involves rate-
limltlng attack by hydrox1de ion, wheroau that of thiamine

is more co-ple:, due to the prxor formation of the yellou
D

" I

‘form”. .

We found that reclosure of the enethiolates of BT+,
HET*, - and B1* show one kinetic phase ay inten!ediate‘pﬂs
but at low pHs, two distinct phases are observable. This
biphasic behav1our is ascribed to the for-ation of an a-ino

thiol ester by an N-S acyl transfer, prooeding the

7/



s

,réshlts'are rationalized in tprﬁs of the pH dependence of

. s
¢’

reconstitution of the thiazolium ring. The mechanism of

the acyl transfer involves a change 1p the rate-limitiﬁg .

step as iE shOwn:frog the obsefved curved ﬁujfarfﬁlotsqnear
the break on the pH-rate. profile of this process. The

the fdrﬁaqion'and breagpown_of the tetrahedral inte}media-
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" enethiolates (T-). which reclose upon acidification3 7

9 ' -1

4

LY -

Ihianine, the anti beriberi vitamin (vitamin B1), is a

2

fundanental co-pound in many biochemical processes. Ae a

consequence, much research on various aspects of the

b ]

" chemistry of thianine are under study!.

. Although hydrolytic cleavage of thiamine represents

the -ajor node of anaerobic degradation of the vitamin, the

kinetic dependency of this reaction on pH has not been

-

co-pletely exp!.otrc‘.';d"'\H fhis is surpr/Ping since, at

physiological pH, there is a dynemic conversion between the _

) ring-opened and ring—closed forms of thiamine2-4. This" T,

_interconversion may be important in thiamine transport .

across cell neobranea!.‘
.As is- ehown in Scheme 1, quaternary thiazolidm’ioneﬂ .
0 .
(@*) ring-open in basic aqueous solutions, preSunably . L

through a tetrahedral interﬂediate .cT°),' producing amido |

The object of the work inkthie6§g531e,was 10 etudy the
v '(A "’ ‘ﬂ
kinetics, and investigate the mechanism of the ring- opening .

j o)
»

reaction of thiamine (eq. 2) in aqueoue base (pHB 7- 14), ‘hd'

F 4

of-the ring—closing of the corresponding thiol form under

ecidic éonditionp (pH 0-7) " As an approech to thiq'

'inveetigation,fthe reversible ring-opening reaction of so-e

v

simpler ﬁhiamine analogs (Figure 1), such as, the N‘-ethyl-

benzothiazolium ion (BT+), the 3,4 ~dimethyl-56-(2-hydroxye-" R
. thyl)-thiazolium ion (ﬂg!*). over thefwhole pH range (6-11) .
e . o N ) R -
" . . C
vy i . . -7
> o o . ’
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HET® /
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/

* 1

B4 /
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,‘/ R
g
N //
- '/
- /
. ./// @

s

Figure'l. Structures of the Ne.éélwl-benzothiqzoliu- ion
(BT+), the 3, 4-dimﬂiy1-5-(2-bid‘roxyetli&1 )thiazolium ion
' +) and thiamine (B1+).



were studied as well. .

In our stu;;T stoppeé—floﬁ“and.conventiopal'UV—visible
speétrophqtdmetry weré used for all kinetic measurements.
Dynamic and static NMR exﬁeriments were also carried out in
order to clérify the products of the reactions under sﬂudy.
;nd also to confirm the identity of 5xpthesized quaternaiy.
salts. o . ‘ ‘

It is hoped that the iesults of the present work will
be of help in further understanding the chemistry of
thiapine. “Horeovef, as will be discussed later, this study

is relevant to the chemistry of tetrahedral intornediatea;

which are of great importance for many organic reactions.

THE THIAMINE FUNCTION

Thiamin;, Vitamin B1, (1), is an extremely important
component in cellular metabolismi0-12_ Its pyrophosphate
derivativé (2), cocarboxylase, is the géenzyme f&r such
biochemical reactions as the decarboxngtion of pyruvate,
the synthesis of (~acetolactate, the transketolase and the
phosphoketolase reactioislz. |

'Thiamine is composed of two orggnic heterocyclgs. a

substituted pyrimidine riné and a substituted (thiazolium

ring connected by a CHz bridge (see below)..

| \H: | 1 . R=H
Kj\ T
\ ; ' |
. gsj\AoR 2 R:onoz

\
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In general, thiézole riné. gyste-s, are duite common in
natural brpducts because they -can be produch by the
qulization. of?~bysxeiﬁe‘ residues‘ in peptides. Alszmo, of
‘cbérse.#pirinidine rings are major compqnénts of Rﬂﬁ-and

DNA. ‘
) Investizatibn; of thiémine were impeded by +the
difficulty of obtaiqing, sufficient quantitie; of ‘the
material, which had been first igolated and crystp ized by
Jansen and Donath in 1926w5. -In 1934, Williams and.his.
colleéguess improved the yield Py nbdifying the method of
isolation'and, %n‘}1935, he sucLessfully established the
ch;mical structure as (1). The‘eFucidétipn of the structu-
re of thiamine was greatly assisted by Williaqs[ discovery?
tbat thiamine is éuantitativeiy split by sulphite in weakly
acidic solutioﬂs into the pyrimidine and the thiazolg
halves (Scheme 2). . ‘ i

Soon afterwards, the above .mentioﬁed investigator
reported® the total synthesis of thiamine from 2-methyl-5-
bromomethyl—4-amin$pyridine (3) and 4-methy1;5-B-hydroxy-

ethylthiazole (4). R

NH,
H,Br

CH, | ) ~

jo
[



| :
L : sop | _
NH, | -
H,$0; " CHTI—-J <
CH; "' HOCHCH{ 8~

Wleavage of thiamine molecule by sulfite ion. -

L
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. The -echanisn of the thiamine action was unclear until

.Breslow demonstrated9 from NMR studies that the thiazoliun

ion is acidic and that the hydrogen at the C-2 poaition can

be exchanged with deuterium in basic heavy gyter under mild

/ -

conditions. . o
., _R .
e (1)
H s»\ ‘ .
7] , -5_ .

Breslow further proposed that the zwitterion (5), the-
»

‘thiazolium ylide, is the Wzb&xm:

Be function.

»

An example of cocarboxylase catalysis - is the decarbo-

xylation of pyruvate, which involves thiamine diphosphate

(2) as the required cofactor® or thiamine itself (1) for

-the case of the nonenzymic decarboxylation. Scheme 3

-

presents the commonly accepted?.® pathway of the biochemi-
cal reactiod. J

The nucleophilic enolic intermediate (8), the hydroxy-
ethyl-thiamine or the active aldehyde” as it can be called
in biochemical terms, is a. form in ~which much of the
coenzyme is formed in vivo. The significance of the
Zactive aldehyde” in many biechemical reaetionsl2 nﬁkes
thiamine an i-povtant part of the cellular metabolism.

Another area of continuing interest in the chemistry\

of thiamine is the reversible ring opening of the "

LY

&y



thi‘amine .

8
-H' R‘\’
. @. s sz .
o .
lcn,ccoou‘
- R
~ CHM
oo 'O‘E,: s~ R, -
1]
O

!

Decarboxylation of pyruvate catalyzed by
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thiazolium ring in aqueous solution and its possible role
in th‘e transport of this vitamin across cell walls{ .
Earlier work-on this reactioq of thiamine and thiamine

analogs will be discussed in the following section.
»

RING OPENING OF THIAMINE. EARLIER WORK
It is well known that in aqueous base thiazolium salts

are in equilibrium with a ring-opened form, an enethiolate‘,
. - i

~

T- (Scheme 1)2. . ' - -

~ Williams and Ruellel? were the earliest investigators
who studied the attack of hydroxide ion on the thiazole
moiety of ‘thit‘nnine.' They found titrimetrically, that two
oquivalents‘of base were ‘required to fully titrate one

equivalent of thiamine (eq. 2). .

HOH 0 S HiOH
-H' :
- R 4

™




™
10

They estimated the apparent pKav (a;eraxe of the apparent
pKa’s for the two steps) as 9.0, which is very close to the
bKa of 5.33 at 25 °C reported later by Watanabe and Asahi
and obtained by polaéographic and gotentionettic methodsl 4,

Maier and Metzler!5 estimated pKav apectrophotongpri-
cally as 9.3 for thiamine and 10.3 for the simpler
3,4-dimethyl-5-(2-hydroxyethyl)- and 3-benzyl-4-methyl-5-
(2—hydroxyethy1)-tﬁiazolium,io;S. Zimg and Williams!® alsq
proposed QEhe pseudobase (T®*) &5 the primary addition
intermediate formed when a thiazolium ;pecies is treated
with aqueoué base. #

In\qddition, it has been known for a long time that
thiamine dévelops a transient yellow colour in alkaline
solutiOQ§%:j15.‘ Indeed, ‘when eZiya and Williams treated
thiamine with ethoxide instead of hydroxide, they isolated
a yellow sodium salt of*thiamine, which they proposed to be

the bicyclic spécies (7). e

Maier and MetzlerlS5\ also investigated the "yellow
form” of thiamine and they found that this form of thiamine’
) does not exist to an appreciable extent belbw pH 10.6.

Thus, hthey reésoned that the "yellow form” was in rapid



P

¢
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v

egquilibrium with the thiamine itself and that the fading of
thasyollow colour was due to the slower process of the ring
opening. On t basis of rapid*reaction studies, Hopmann
and Brucnoni{7 have recently posthlqtod that the ”yellow/
form™ of thiamine can be directly transformed. by an aéTﬁ‘
‘;;ﬁalized rs;ction into the opened form thiolate.

A .number of studies have also appeared on the pH
dependence of the kinetics of the feve;sible ring opening
of some substituted thiazolium and begz;thiaquiug cations.

) Haake and Duclos‘ investigated ;he opening of ;ilpler
thiazoliu- ions such as the 3,4 di-othylthiazoliu- ion and
reported that the thiolate_ is the product of the ring- -

" opening process. 'Furtger, they: presented evidence based on
their kinetic studies that. the pseudobase:- is the interme-.
éiate on the reaction path ‘leading' to the ring-opening
thiolate aniont. .
Vorsangerl® has investigated thél kinetics .of the
~interconversion of the N-methyl benzothiazolium cations
(R = H and ﬂe. (8), eq. 3) ané the corresponding ring

opened thiophenolate ions (10) over the range pH 5-10.

Q;Ie
N-(|:'=o
R
u ,s-
1_0 B
[
. ‘ .
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Our data for these compounds (BT* and MeBT*)19a geet with
those of V;rsanger's with no significant discontinuities.

" Bowever, studies'®a on the cyclization of BT* showed
two distinc£ procésses between pH = 0 and 4. Likgwise. two
processes were also observed later for HET' at low pB";.
It'i§§ believed that the faster of the two processes legds
to the for-ation’of ;hiol ester, Es (Scheme 4), while tho
slower process is the cyclization of the thiolester £o the
thiazolium cation.

In earlier work, two pProcesses were observed by Martin
et al20, in the ‘hydrolytic/‘ring opening of 2-methyl- 82-
thidzo]ing below pH = 3.0’q5cheme 5): In this case too,
the fast process was assigned to'§-N agyl transfer
(Es ——»T ). To Pccount for the thiazoline ﬁydrolysis. a
more completle mechanism was p;;ﬁbsed later by Jencks andt
' Barnett21. _ - | f"

The kinetics apd the thermodynamics of the stgis;ural
transformations of thiamine in neutrél and basic media qotg‘
a]so\ studied by Qubois “ and Chahiné’c uéing’ a bB !hn?
technique. These researchers also c{aim to observe two
kinetic phases “when a basic thiamine solution is neutrali-
zed but théir study was limited to’a very small pH range
(pH = 6.5-7.5).

Another study feﬂ§fad to “our work is the,hjdfélytic

cleavage of the thiazolium _ion ring of the 1’-methylthia-

ainjum ion (]1]) carried out by Zoltezicz and Urayla psing,
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.elosing pathway to this ion.
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a pH stat -ethoa. They studied both: the ring opening-apa

ring closing process, but over a limited pH range near ’ L

"pH = pKav:. They asti-atog that the tetrahedral intermedia- -

te, pseudobase, cannot have a half-life greater ‘than 20

Y -

secbndslf.
) . ‘1—1
| OH.
~ Me .. .
Our }tudy also includes some work on the 1-methylthia- 3
. . . e P
minium ion but only' one process was obsbrﬁed. on- the ring - kY

@« 4
=

Since the majority ofﬂ'the past igvestigations have

concentrated on the ring opening reaction and the ring -

Vo . N /
closing reaction over a 1limited pH range, we have studied
the behaviour of thiamine and simpler analogues over the
whole pH range 0-14. . . - "
IEIBAHEDBAL_IHIEBHEQLAIEﬁ_:_BSEQDQﬂﬂﬁﬁﬁ.
- As’ was discussed in the previous section, thiamine and '3
. ~

other thiazolium ions are well knotn to react with hydroxi-

‘"de ions to give ‘'a form in which the thiazolium ring is

opened.i'The mechanism of this reaction is presumed to
involve initial addétion of ‘hydroxide ion to C2 of the ’
thiazo?iu- ring forming a tetrahedral intermediate, the so-
called p;eudobase, followed by a base-caéhlyzed ring opened

form (Sch‘gne 1).
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The: formation of such tetrahedral ‘1nter-odigtes.

ff‘vfbr-od by the covalent addition of hydroxide ion to ;thor

hnégturated heterocyclic cations, is also well documented?.

‘Thus,,-any .of the early structural investigations of‘éo-e‘

qﬁat;rnary alkaloids, such as berberine and cotarnine,

included attempts to differentiate between the pseudobase

) andjthg ringﬂopgned a-ino—carbonyi tautomer as the ma jor
structure of the alkaloids in solutionms. .

Similarl&, tetrahedral inter-odiateg of many carbonyt *
comgounds (elg ketones, aldehydes, . égz%oxy1£c~:acida,
esters, aqides. ~an%dines and anhydrides) are very well
knoun‘to‘be: inp;rtant in many chemical and b;ochenical
‘p?ocessesi2»33. For exanple.‘tetfahedral iﬁternedi;tes_are
involved in many acy%-group‘ transfer reactignszz.?i. The

usual proB]en',of mechanistic sstudies of. such reactions is
Fj@@ di{ect detecti?n-of»the intermediate and the detet-i;a-

tion of . whether thé rate-determining stqp’of the reaction

involves the~formation or the breakdown of this

'

internediate. .
As an examp]é. the reaction o}'lhydroxylanine with an
aldehyde (eq. 4) is a simple cifbonylrgroﬁp'réaction in

\ . . .
which the tetrahedral ' intgrmediate has been directly

observed24 . -
p—~ -
< : NHOH o , ‘
) mr—— . - .
.. NHOH +' /C-O —_— C OH—,——._”(?_NOH + B20 (4)
tetrahedral
intermediate

.3
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At neutral,.pﬂ. hydroxylgniﬁe adds to the carbonyl compound
in a fast réactiqn and the loss of water from the addition
intermediate is the ra@ejdetétniA;;g step of the reaction.
The formation of the t9trahedfal intermediate in this -
;éactiou can ’ be directly observed, at high concentrations
of hydroxylamine, by'the dis&ppearanée of the ultraviolet
and 'infrared absorptions bf. the carbonyl group. The
equilibrium constant for the formation of the‘intermeQiate
may ‘also be caiculatbd by *leasuFing the amount of the
decrease in carbonyl-group absorption at différent conéen-
trations of hydroxylamine. | |
The formation of pseudobases' as the intermediates in

the hydrolysis of heterocyclic compounds was fixgt,observed

by Decker25 and "~'Hantzsch26é in 1890 for acridinium and

o
quinolinium ca}ions. . é//,—>
S “"Another study that involves a pseudobase 3 an

intermediate. is the hydrolysis of 1, 3-diphenylimidazolinium
chloride (12, eé. 5) a system similar to the thiazolium

heterocycle, initially studied by Jencks and Robinsoni7.

., o, o . T

Ph—N. . . N<Ph - Ph— . N=—Ph ——— Ph—N
- N H
. H m A
- 12 13 - 14

LY - -—
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The rate and equilibrium constants of this reaction were

measured by the use qf stopped-flow methods. Although UV

spectra igﬁicdted the build up of the suggested tetrahedral
intermediate, Cppon and c;workersz; were unable +to obsarve
{13) by NMR studies‘gndei slightly diffeéent conditions.

' ﬁore recently, in 6ur_ laboratory, pseudobases have
been observed\dd}ing the hydrolysis of some quinazolium and
pyrimidinium cations using both NMR and UV methods2® .

The formation of pseudd%hses from hetd?écyclic cations
can ;ft?n'Be detected spectroscopically?. A pH-dependent
electronic spectruﬁ for  a heteroatomic cation, which
coﬁtains no readily ionizable protoﬂs, is wusually attribu-
table to pseudobase formation. Generally speaking,
significant spectral chanégg'occur upon- pseudobase forma-
tion, since nucleophilic‘additionLgof hydroxide iop to an

unsaturated carbon atom leads to a major change cin the

electronic conjugation of the molecule, (eq. 6); particu—.

larly when an aromatic ring is disrupted. -—

"' (R;H or alkyl ) -

<o

)
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— Likewise, NMR spectra can also-be used as a tool for

* studying psend.obaae formation?®0. Tha "ja)turatioﬁ of an
unsaturated carbon atoms, when pseudobase is formed, results
i1 - an up‘fiold c'héh‘:lc;l shift lof approximately 4 ppa fcr’the
signal of a hydrogen atom attached to that carbon atom.
Upfield shifts of the signals from other nearby protons in
the molecule may also be obs:rvod NMR spoctral data can

also be used 1n order to distinguish between paeudobaso and
the anhydro\inae or ylid, formed by deprotonation in mild

,Vje - basic solutions as it was suggested by Breslow®.
= _‘)

£

[

Pseudobase fohation is a reversible pB-dependenjt
process. Therefore, the parent quaternary ion is obtained
upon acidification of the solution of the pseudobase. “The
reversibility of the retcti-on can be proved by both UV and

. NMR studies. 4

However, it is more difficult to disti:guish between
pseudobases (garbinolininos,) and their ring opened amino-

r

carbonyl tautomers (oq.. 7) a;s the predominant species in

L]

basic solutions.

® —N\ /H . ' ,"NH: .
./ \OH ~. A (7) ;
: S0

xy

For this*\mgo&-./ much of the early work on alkaloidal
a

heterocyclic cations was devoted to attenpgl':a to distinguish

between the pseudobase and its ring-opened tautomer on the ,

S o

i
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basigs of chemical reactivity?l. But, in -05} cases,

';iperi-ents designed for this reason did not provide enough
. A Y

information {?garding “the -a50{ cénpongnt of. th£5 tautome-
ric -ixture. Nowadays, spectroscopic techniques, uﬁich,do
not influence the position of the equilibrium, can be used
to ascertain the composition of the equilibriuq\tautdneric
mixturer with wmore certainty. For example, a wmethod
proposed by Bunting3d2 allqws the presence of other than
minor amounts of the ring-opened tauté&er to be ;uled 6ut:
Qy using basic methanol as solvent, the néthpxide
adduct of the hetérocyclic c;£ion (15, eq. 86), uhich is
incapable of ring opening, is fp?med. Thus, if the OV
spectre in aqueous base and the spect;uP of the methoxide

adduct in methanol show only minor differences due to

‘solvents effects, then the pseudobase is the major tautomer

in basic aqueous solution. On thg other hand, major

differences in the spectra of the-  cation dissglved'in"

. agqueous base and in basic methanol indicétes_that the ring

opened tautomer is the major form existing in aqueous
solutions. . Experiments based on this method were also

carried out in our research. - L x

B GENERAL ACID-BASE CATALYSIS. BUFFER CATALYSIS

Many biochemical and chemical reactions involve at

_least one proton transfer??, 32, The most common mechanism

: [ .
of catalisis‘of these ' reactions, by enzymes “or in the
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labor;tory.a involv:; some sort of facilitation of this
proton'transfbr.’ This type of catalysis is referred to as

acidrbase catalysis and is subdivided into general or

L4

n

specific catalysis: .

Gene£a1 acid or base éftalygis refers to contributions
from al]l] the acidic or bqsid species g;esent in the
solution; each individual aéid or base presenl in the
system can act As a proton donor or acceptor in the rate-
limiting step and thus, the‘o;érall rate equation includes-
terms representing each of this species.

‘Scheme 6 is a simple example of a reaction that
involves a proton transfar 1in the .ratehli-iting'step and
lfherefore, is subject to general acid catalysis.

Similarly, Scheme 7 shows a reaction that involves a
slow ionization of the substrate followed by a rapid
reaction of the anion to give the products and therefore,
this reaction is subject to general base catalysis; i.e.
bases in addition to hydroxide ion accelerate the reaction.\

QQneral' acid/base c;talysis has been enéountered'in
* many chemical and enzymatic reactions: Soﬁe itypical
examples are: enolization of ketones, aldol é;ndensation
of acot;)dedydo. hydrolysis of ethylorthoacetate and
addition of hydrazine and hydroxylamine to aldehydes gnd
ketohes.. « '

. ‘On the other hand, specific catalysis usually does not

! . (2]
~‘invo{ve any proton tranafqr in the rate-limiting step.



8- ——' Products - (fast)
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g ¢

S + BX — ¥ __sg+ o+ x- ~ (slow)

SHt ——» Products (fast)

Rate = ki {SJ[HX1] + k2[S][(HX2] + ka([S])[(HXa] + ...

-

where HX1, HXz2, HXa, etc., are the acids present in t'he

osqlution;
or, Rate = [S1Zhu [HK1] - , : - .
Scheme 6. General acid catalysis.

BS + B_—X _s5 &+ BH* -(slow)

/

Rate = '[ﬁS];h [B; ]

Scheme 7. General base catalysis.




+ of pH of the Qolution.
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Tﬁus. Scheme 8 illustrates a reaction that follows specific
acid catalysis. The acid present in the solution ;atalyzos
the reaction by for-i;g the conjugate acid of the substra-
té} S{ in a ;apid equilibrium preceeding a slower step.
Under these circuistances, the reaction rate depends only
on the -H* concentration. In the case where other acids are

O
present in. the solution, they contribute to the reaction

rate only through their contribution for the determination

o
v

. By analogy, in specific base catalysis, the catalysis
is caused only by the hydroxide ion. Reactions of this
kind either involwe hydroxide ion directly as a reactant or
involve the formation of the conjugate base of the substra-
te in a rapid equilibrium’ step before the rate-limiting
step (Scheme 9). . ~

Some reactiofis that are subject to specific catalysis
are: aldol condbnéation. inversion of sucrose, the
decomposition of diazoacetic ester and the hydrelysis of
orthoformate esters.

An experipental distinction between the general and

specific catalysis can be made by measuring the reaction

‘rate with various concentrations of:the general acids or

‘bases at constant concentration of H*. Since the pH
depends only on the ratio of the undissociated acid to its
oonjugate base, and noﬁ on their absolute concentfations.

this experiment can be carried out by thé use of'buffer



s +7BA Ksgp + A (fast) °
VA

SB+ ——E——> Products (slow)
Rate = k[SH*] .
K = [SHt1[A-]

[S1(HA]
Kaa- = [B*11A-]

[(HA]

K = _IsB+t1 = _1 ’

.KHA [(H+](S] Ksn+

Y
and so Rate' = _k [B*][S] '
“Ksn+ .

= kn+ [B*][S]

o]

- Ksu+

Scheme 8. Specific acid catalysis.

24



BS + B_F -5 + BB

6- _k o Products (slow)

‘Rate = k{S-] #nd K = [§- 1[BH-1
) (SH]1(B]

»

and so -~

" Rate' = kK[BS1[B] ° ®

(Ba+]
\' .
- <~ N\
but, Ks = [BH*]1[OH-]
(B)

.. therefore, Rate = KK[SH][OH-]
- Ks o

—

.

Scheme 9. 'Spocific base catalysis.

(fast)

’

25



- : 26
solutions. As the concentration of "the undissociated acid
is increased, the rate of a reaction subject to general
acid catalysis will rise, whereas the reaction subject to
specific acid catalysis will be un?ffected. Similarly, a
reaction that is general base catalyzed will incr;hae iﬁ
rate with iﬁcreasing bpffer concentration at constant pBH
and iénic strength and will show a larger 1;creise with the
buffer which contains a larger amqynt éf the basic
components.

In these experi;ents. }he slope of the plot of‘the
observed rate constantis vs. the buffer concentrations gives
the apﬁarent second order rate c;nstant ofv the buffer
catalyzed reaction. ‘ In addition, the way in which the
slope-gbanges as the composition of th% buffer changes
shows whether the basié. the gcidic o; both coﬁfonent of
the buffer are the active spec;es of. catalysis. ' The
intercept of the pl;t at zero buffer conc;ntration is the
rate constant due to H' or OH- catalysis and“any catalysis
by the solvent. - . ¢

Buffer catalysis experiments has ‘been widely used in
the investiigation of the ‘uechani§m éf many orqpﬁic reac-
tions, such as hydration of alkenes, hydrolysis‘gf-esters
nq§ amides and nucleophilic addition to carSonyl
compounds? 3 . |

In our research work, gencral acid catalysis has been

observed for the recyclization process of ring-opened

.o e .
4

5. 34
h)
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A L]

_ thiamine. In 50.@ cases, curved bufor plots were obtained
uhic‘ were ration;lizpd due to change in the rate-deter-i—
ning step with iqcrghkinyiconcentration of buffprl iarilnr‘
interpretations for the same type of curves have beqn giveni
'in previous atu@i?k for other reactions involving tetrah;-
dral iqternadiateszl-i‘{35.:

It should*als be pointed out that. in another pB_
region (aer?d pH 4), apparent general base catalysis was
observed due to agtual specific base/general acid cataly-
sis. This is a casé of two kxnetjCally indlstinguxahable
processesa Similarlyn‘apparent g€eneral acid catalys;s can
be due ‘to‘ si-ultaneods general base and ;pgéifgc acid
cgt&iysisﬁ3. ’ '

Consider a éen?;ai base cataﬁyzed reaction of'tbe
protonated form ‘of a substrate, S. As sboﬁn in Scheme 10,
the form- of the rate equation is such ihat the réaction:
appequ to be a general acid catalyzed reaeéioﬁ of the
" substrate'S. Thus. the rpaction of SHt . with B is Kkineti-
cally" 1ndxatinguiahable from the reaction of S wtth BH* .

' An axanp]e of reaction which follows Schene 10 is the

¢enara1 acld cata]yzed endlxzatxon of ketones"
b
"' . \ ‘\X L

4 - M



S + By —— gH+

s

H - )
- ° SH* + B _;k_'L_.Q Products
.'q; _ ' ¢

4§

Y Rate = ke [SH*}[B] % '~ ‘ .

(se ]

but, Ksu¢t = ISIIH‘! {

thus, Rate = ks[S][B*][B]
Ksn+ -

| '
M
howeveﬂ& Keu+ = [B1{Ht]
o ) TBEY)
X .

- T

N\
\ .
and so: x ’

v ~

Rate = kpKss* [S][BH*]
Ksu+ ’

13

!

- Scheme 10. Specific acid/general base case.
- ‘ [ \ )
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MATERIALS - . SE S SY

Thiamine hydrochloride (Bi) was obtained from Aldrich.

1’ -Methylthiaminium perchlorate was prepared following
the method in the 111’.erature3s The product, white’
crystals, was collected in good yield (76.5%); m.p. 232-
235 °C (dec.). )

»3,4-D‘im;t}w1-5—(2‘-hydroxy~ethy1 )thiazolium (HET+)
iqdide waé initially syntﬁﬁiized by mixing 4-methyl-5-
thiaz;ethanol with a slight excess of methyl iodide in
acet;ne. Tﬁe reacéant mixture was left stirring overnight
at room teh;erature Tan-coloured crystgls were collected
the next day. The product was recrystallizeﬂ from an
acetone-methanol (20:1) mixture. Yield- 72%; m.p. 87 -,
89 °C. Later on this compound ' became Available from
Aldrigh. Similar methods of prepargﬁ}on were followed for
the s}nthesis of N-nethyl-b?nzothiazoliun and 1,2-dimethyl
benzothiazolium salts!® which were used in studies prior to .
the current project. ) \

All the synthesized compounds were checked by taking |
their NMR .spectra on a Bruker WP-80 F.T. spectrometer.
Melting points were measured on a Gallenkamp melting point
apparatus and are uncorrected. All organic and inorganic
reagents used were of analytical grade.

All deuteragpd chemicals used for the NMR experiment

r

were purchased from Merck, Sharp, and Dohnei
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KINETIC SOLUTIONS

All substrate solutions used for kinetic .runs were
prepared in 1 M NaCl, tﬁéfggncentration of substrate being
of the order 0.1 mM. For the study of ring closing, the
substrate was dissolved in 0.001 M KOH (pH 11), and left
for about 10 half-lives pmior to "kinetic studies, so that
all of the substrate was in the ring-opened thiol form.
This solution deteriorated with time, probably due to
éxidation of the ring opened product to a disulfide

derivativel 5. ’ . /

, Glass distilled water was used as ;olvent‘for all the
kinetic solutions. Buffer solution§._of pB between 2 and
11 and I‘t§0:01 M, were made up following Perrin3?,3s.
éuffe;s of different acids were prepared so that they
covered a pH range equal to pRd + 1, where pKé is the pKa

of the acid used?® at I =1 M. The buffers used were

éhloroacetate (PKd = 2.74), 3-chioropropionate

(pKdé = 3.93), acetate (pKé = 4.65), succinate’ (pK& = 5.50),

| phosphate (pKd = 6.55), borate (pRd = 8.90), and carbonate
(pKé = 10.20). The total ionic strength of these solutions
was adjusted to 1' M with addition of NaCl. The pH of each
;buffer solution was neasure&; afper ‘mixing, with equal
volume of sub#trate solution, with a Corning Digital 110
expanded scale‘pﬂ meter. Standard phosphate buffer

(pHl = 6.86), borate buffer (pH = 9.18), and phthalate

D
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(pH = 4.01), from Fisher Spientific'Coipany, were used for--
calibration .of thé pH méter. "o

For solutions of pH apove 11 or below 2, dilutions:of

_ standardized 1 N NaOH and 1 N HClL (A& C American Chemi-

cals) were usedg respectively. Nac; was again used for

these solutions to bring theé%otal ianic st;ength to 1.0 H.'

.For‘ buffer catalysis experiments, chlofoacetape.

acetatef‘and phosphate buffers were used. First, the most

concentrated buffer (0.2 M after mixing in thewstopped—‘

flow) was prepared according to the Hendersonlbasselbach

equation3d8:

¢ pH = pKd +  loglA-] (8)
. (HA]

where pKd "is the pKa of the acid,used at I = 1 M. i
Buffers of lower concentra{ion (down to 0.01 M a.m.)
were prepared afterwards bx dilution oé the most concentra-
‘téd,buffer with 1 M NaCl. All buffer} solutioni;uera
prepared thé’day previous to the kinetic experiments..
Difficulties were experienced in studying the equili-
bration of thiamine with its "yellow form". Conversion in
the forward direction, thiamine to “yellow form", was
easily followed and our results are similar to those of
Hopmannib . However, in the reverse direction. “yellow
form"” to thiamine, r;producibility was poor and the results

are not considered to be very reliable. A solution of the

"yvellow form" was generated by dissolving €hianine
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hydrochloride in 0.2 N NaOH (pH = 13.3). It was mixed with

. series of boric acid solutions of appropriate concentration

to reach a desired pH (calculated by eq. 8). The difficul—

‘ties noted may be due to various factors or some combina-

tion of them: 1) solutions of the “yéllow form" are not
stable (see later); 2) thiolate to disulplide oxidation

may oébur&S; 3) the pH may not have been constaqt'ddging

- [

the process mdnitored. N

TOPPED- FLQW_IE___lQEE )

"For the most part, the reactions studied in this
- \
project were quite rapid, and so, the stopped-flow techni-

que was used for all "the kinetic measurements. This

¢
method, which was first used for' reaction in solutions by

-+
Chance4? , gllows one to follow reactions with half-lives

a

ranging froﬁ few minutes down to few -illisecondg.'

) In this method, two reactant solutions are forced into
a mixing chamber, where they are mixed extremely rapidly: ™.
from there, the solution passes at once into an observation
ceil. The flow of the mixed solution into the observation
cell.is abruptly stopped, after a few milliseconds, and
measurements of concentration, as a function of time, are
nade(by following the changes of a suitable pioperty of the
\

solution Usually, in order to minimize the “dead time™”

the mixing chamber and the o§§lrvation cell are one and the
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same . (The dead .time is the time between mixing and™
observation.)’

It is important, in this method, that the i'eactant‘

solutions are mixed thorou.ghly. but in a time which is
shorter than the _half-li.fe of the reaction under study4?! .
Also, it 13is necessary that the flow is stopped abr;lptly
sincg a gradual decrease in the flow rate may result in
incon;lete mixing and then a rate lower than the actual
rate will be obiained‘l . ‘ , -
. Most commonly, the progress of the reaction is
monitored spectrophotometrically42 and +the reqd‘ings are
recorded continuously using either 'a high-speed ld:lgit'al
recorder or a 5torgge oscilloscope.

O'@.her techniques, s¢@ch as e.m.f. neasurements.‘3 with a
glass electrode, conductivity‘ measurementsid, 45 and

{

-electron~§pin resonance4é, have also been u,seca for the

observation’ system. o

The major ad'vant.age of the stopped-flow technid;;}over
the continuous-flow method. is the economical :'u.ae .of
reactants;. In the stopped-flow method, using spectrophoto-
metry, the volume of +the reactant solut,‘ions required is
very small; this is veffly important for re‘actions which
inc'lude reagaents such Das enzywmes which are diffiocult or
expensive to obtain in large amounts. In additionm, By the
stopped-flow method a permanent record of the progress of

o

AN



3
]

34

"

the reaction, can be obtained and, unlike the continuous-

flow method, thé results are not affected by the rate and:
the character ;of'the\ flow through the observation vessel
and they are free from effects of mechanical disturban-
cest?, provided the mixing is fast and efficient.

For its . advantages, tﬁe Stopped-floﬁ .technique has
been widely used in studies of £he rates and mechanisms ;;

v

many biochemical, organic.and inorganic reactions41,46, 48

APPARATUS AND KINETIC PROCEDURE

All kinetic measurements were carried oul with an
Aminco-Morrow stopped-flow apparatus attached to an Aminco
DW-2 UV-visible spectrophotometer, operating’ in the dual-
wavelé;gth mode.

In this mode, one nonoch;omator is set to a reference
wavelength where little or no absorbance change occurs and
the other, the sample -onochroﬁator, provides a wavelength
where a 1arge change in absorbance is observed. The
reference and the sample beams alternately; pass through a
single cuvette, the observation cell of the stopped-flow,
by means of an optical chopper, which usually operates ai(
250 Hz. For very fast reactions, the chopper speed is
increased to 1000 Hz.

On the optica] unit, the ultraviolet (deuterium) lamp

was usually selected as thc light source.

~3
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"In t.he' dual-wavelength mode, both monochromators are
illuminated from  the same l‘ight source and thus, light
intensity flug‘puations are eliminated. 1In 'addition. sinoce
the beams from both nonochromators pass through the same
portion of a single éuvette, tho effects of sample settling
and scattering are .cancelled‘:. Because of these advanta-
ges, the dual-wavelength mode is o{ten used for >turbid
samples and solutions with particles ;,hat; ch'ange sjize or
settle during the recording of the spect.ra’.
Operation of the stopped-flow ac‘ces;on is as

follows50 : with two 5-ml syringes, the reactant substrate

in one §yringe and buffer, acid or ba:f‘:é ‘'solution in the

other syringe, in our case, are transferred into two
internal arive syringes, each of 2.5 ml capacity, ‘of the
stopped-flow apparatus. A drive block, activated with

compressed gas of 55-60 p.s.i. pressure, forces a small
amount (0.02. ml) of each reactants solution, at high
velocity, into a 1(; mm long observation cell apd finally
into a stopping syringe. The piston of t}"xe stopping
syri n’ge moves upward. . until it reaches the tip of a microme-.

. J
ter. Just befo;g the piston stops, a swiltch on the

micrometer tLip is activated, triggering the recording
device. From this point on, the data acquisition begins
and the total ob?erved absorbance change is collected as

voltage vs. t:lne on a storage oscilloscope or t.ransiont

recorder. The “dead time’' of the system, i.e the time
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required for the reactants to be mixed and reach the
observation cell, is 4 msec. ‘

Figure 2 illustrates Dthe stopped-flow and data
.acquisition system used for this project for relgtively
fast reactions (half-life less than 20 sgconds). From the‘
‘DW-2 :-.spectrophotoueter, a voftage'/ti-e trace (2 V= 1 Abs@
unif.) propcirtional to the absorbance change of the reaction
under study was s?oréd on a Biomation 865 Waveform precorder
(8 bit resolution). The stored " signal (2048 points) was
viewed on a Tektronix 2215, 60 MHz oscilloscope and
acceptable traces were transferred serially at 9600 ~band
through a Datos 3195 interface, tg‘ an Apple II microcomputer
for data _.aqalysis. Ssmetines, the stored trace on the
Biomation wa's plotted out on a Aminco x-y recorder for a
record of the absorbance-time curve.

From the 2048 points transferred to f.he Apple 11, the
microcomputer displayed every twentieth' point, a total of
100 points. An average infinity val,:pe’ was calculated from
‘the last ten points. First order/ réte qonstants.uere
calculated from the first 14-40 points, covering approxi-
mately 90X of the reaction, using the TR1ST program.

In‘the case , of 'slower reactions (half-life greater
than 20 seconds), an Isaac A/D system (Cyborg 91a),
connecto& directly to the stopped-flow apparatus and to the

Apple Il microcomputer, was used. This way, the observod

signal (200 points) was directly viewed on the monitor.

r
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Rate constants were calculated the same way as in the case
of fast reactions, using the ISAAC program. . Both TR1ST and
IBAAC programs were written, in BASIC and machine language,

bi Professor - 0.§5. Tee.

° .,

In the casos where the toactionﬁhndor investigation
was too slow to be followed by the stopped-flow apparatus,
the experiment was carried out by the conventional OV
method. ‘§uch experiments were carriad out ‘at Mount St-

Vincent UOniversity, Halifax, Nova Scotia: under the
N N 7 ) .

sup@rvision of Dr. R.S. choﬂi[d. It is gratifying ﬁoN
rocord that ﬁhe experiments that uafb done separitely in

. the two labbratorxes showed ‘?od agrepment in the reglon of

overlap.
. v

All kinetic experiments, except in the c@sé of

1

temperature dependence studies, were carried out at

-

stoppod-flou apparatus was -akntainod with a.Lauda—RC 20B

constant te-perature circulatin( uztar bath

. Prior to each kinetic experiment, the q&éppod flow

‘Qécepsory was flushed out twice with 'distilled.natpr nnd

the reactant solutions we;éf left for a'wwhile in tbe

ltoppud-flou npparaﬁus in order. to oqui%ibrate_ at the

- teaperature of the oxpori-ent

All roaotlons were followed for -bout ten half llv..

(09 2 4 r‘action) * For oach kinetic azporl.ent. five to six

. . . o - i . . ‘\‘
. 25.0 i 0.1 *C. The temperature of the solutions 1in the
b : ’

-

runs were carried out and nn lVQt.‘e obaerved rate constan¥

%
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.

- was calculg}ed from these. A run was considered acceptable
if the correlation coefficient of 1In(A - Ag ) vs. time was
better than '0.998. Most runs had correlation coefficieants

much better than this All kinetic experinenta were

»

carrxed out under pseudo first order conditions sipce the
concentration,of the substrate. usually 0.1 =mM, was much
‘snaller than the concentration of the base,Lﬁcid or buffer

with which it reacted Pseudo-first order rate constants .

were calculated using "Normal”, Swinbourne and Guggenheim
treatment of the data, as described later. .

Temperature dependence studxea ‘experi-eﬁts‘ were

\

carried out in the stoppéd flou apparatus by neasuring the
observed rate constant of, the cyclization reaction at low.
pﬂd(pH = 2) at d1fferent temperatures (15 °C, 20 °C, 25 °*C,

30 ’C. 35 fC)r Tpe' activation parameters of the reaction
_yunder SEPQV were calculated by least square'analysis.of the

plot of In(kvbs /T) vs. 1/T, where T is the te-perature in

8

Kelvin degre'e. The least square anflysis was done on the

Apple 11 nxcrocomputer. using the LSQPLOT progras, written

@ Profeﬁ';cTr 0.S. Teé.

1 UV spectra were measured on a Aminco DW-2 spectropho-x

> toneter or a Cary 2290 UV-vxsxble 5pectrophoto.eter. both
é
" operating in the 5p11t beam mode. In this -ode. a ain(le

-onoahroeetor is used for scanning and the monochromatic
\ , »

'beam is chopped and alternetelyﬁpasses through the referen--

ce and sample cuvettes. )

’,
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OV spectra of each co-gound studied were recorded in.
A\ . basic (0.1 N NaOH) and acidic (0.5 N HCl) solutions before
the kinetic experiments, in order that suitable wavelengtﬁs
at which to follow each re;ction could be determined.

<lﬁ:L\ Thus, in the case of th}g‘fae. the kinetics of formation of
. e ) :
. the "yellow form" was followed at 340 mm vs. 380 nm, since

. the "yellow form"” ahowg an absorption wsaximum at 340 nm,
" and there are no other significant absorptions above
320 nm. The rinY-opening reaction of thiamine, the.

formation of the ring-opened ‘thio]. was fo}lowed - by

- measuring the rate of disapﬁé&rance of the "yellow fora™ at

. 340 nm or by observing the appearance of the thiol at
&

- 250 nm. Both 'the fast and the slow processes of the ring-

closing reaction were conveniently followed at the maximum

of thiamine at 26§ nm Also, at 250 nm, the ring-closing
/ reaction of the NiMeB1+* was studied. The step of TH’;%E?F'

was followed as a decrease in absorbance #t 290 nm v‘.
) \

340 nm 6; as an increase in absorbance at‘340'nm vs . _

S

380 nm. Gimilarly, the behaviour of HET* was followed at
. 242 Ap vs. 320 nm for the ring-opening process, and at
° 256 nm vs. 320 An for ﬁﬁt ring—élosgng process‘gﬁaou_pﬂ 8.
In bbth these cases, the _rate of the appearance of the
. product’ of the roaé%?én (increase in absorbance) was
lousurod.‘ . "'
The kinn(kcs o@fﬁhe ring-closing reaction at pB > 8
were followad as a agcroase in absorbance at 240 na va. 320
o / | k ,
~

p

s

V)
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MATHEMATICAL TREATMENT OF KINETIC DATA

Asn ‘it was remarked eaily, thg obseryed first orxrder
rate consta:ts were calculated on the Appie'II microtospu-
ter by "n;rmal". the Kezdy—$uinboufne5l and the Guggenhéim -
methods2 . - |
“Normal" Method52

Rpr a first order reaction, the rate law isagiyen.by

the equation:

-

. T Rate = -dR = k[R] (9)
B dt N

where ‘R is the concentration of reactants at time t, and k

is the first order rate constant. Integration of eq. 9

- gives: Yoo
’ g . . N
| [R] = [Rloe-kt . (10)
r
. where [R]Jo is the initial concentration., For a,geactién

that follows the ﬁeer-banbert law, eq. 10 can be expressed

as a change of absorbance with time:

.8,
(At - Ao) = (Ao - Aw)e-kt T an
or

In(A - Ae) = ln(Ao = Aa) - ke " (12)
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where Ao is the absorbance at t = 0, Ae is the final
absorbance, and At is the absorbance at time, t.

As is seen fron.eq. 12, a plot oftln(At ~ Ao) vs. time
should give ‘a straight line. of slope equal to -k. The
vaiue of Ao should be known agcurateiy. since a small efroreb
in Ac can greatly affect the apparent value of k.

| mtsnm\;mug;mﬂ | "
| Fér'tﬁis method, two sets of data are requirag. If
Ai, A2, A3, ..., An are absorbance changes at time +t1, t7,
ta, ..., ta, respectively and Ai+t’, Az+t’, Asst*, ...,
An+t', at later times ti+t*, t2+t:, tasr', ..., taer’,
where t’' ia a constant time interval, then eq. 11, for the.
first set of data and eq. 13, for the second set, can be

'
applied.

(At+t* - Ao) = (Ao - Ac)e-kit+t’) " (13)

-
<

where At+t* is the absorbance change:  at time t + t';r
Dividing eq. 11 by eq. 13 gives: . o o .

- . .

(At - Aw) = ekt’ (14)
R~ Ae) : \

'Réa;rango-ent of:eq. 14 gives: ) .

i
f
|

At = Ao(1 - ekt') + Avet-ekt’ (14a)
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Thus, ; plot of At vs. AL#t: gives a straiéht line and the
‘first order rate coefficient, k, uay'be evaluated from the
logarithm of the slope (qual to e;t')‘of this line. Also,
in cases where Ao is not stable, due to subsgquent'reacti-
on, it can be estimaéed’frgm the intercept (Aw(l - ekt'))
and slgpé.
Guggenheim Method5! .
An egrlier approach, which is telgted to @he Kezdy-

Swinbourne plot, is the Guggenheim method of ploiting

kinetic data, wh@ch also does not require a knowledge of

the initial Ao and final Ao absorbance values. Again, two

series of readings at times t and t + t’ are used.

Subtracting eq. 11 from eq. 13 gives:

(At+t* - At) = (Ao - Ao)e-kt(e-kt’ = 1) (15)

T or

In(At+t* - At) = In(Ao - Ag)(e-kt’ - 1) - ktﬁ (15’)1

.0

For a given. kinetic run, Ao, Ao, and +t’' are constant and

L4

therefore

Rl

t

In(At+t* - At) = constant —'kt (15b)

and 50, a plot of the left*hand side against time should be

a straight line with a slope equal to -k. For Best.

wresults, t' should be of the order of one half-life and the

»
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data should cover at laas£ tﬁo half-life periods. The same
is true for the Kezdy-Swinbourne methods? .

Rate constants determined by the "Normal” method were
used in this projeéi. The A value estim§ted by the Kezdy-
Swinbourne method was utilized when the observed A was not

well defiped due to interference. from other reactions.

«

NMR | -4

High-resolution ~u_g;&gcle.mr magnetic resonance spectra
wer; recorded on.a B;;ké} WP-80 Fourier transform spectro-
metler. D20 was used as solvent with DSS fﬁodiun 2,2-
dimethyl-2-silapentane-5-sulfonate) as the internal
reference. état{c spectra of the subsifatb (ﬁi’ ‘or HET+)
and ring-opened thiol were taken at ambient temperature.
The thiol form was gener#ted by adding an excess of 5odi;n
deuteroxide (40% solution in D20) to a 0.1 M solution of
the substrate. After letting the sample stand for some
time, to insure completion of the ring‘opening reaction,

the spectrum of the opened form was taken. Addition of

deuterium chloride solution (35X w/w in D20) to the thiol

ysample, regenerated the original spectrum of Bi* or HET*.

Y N

The same procedure was followed Lo carry out dynamic

lfNHR experiments at 274 ‘K. The instrument was left to

equilibrate at the new temperature and after acidification
of the basic sample of thiol with DCl, spectra of the

products of the ring-closing process were run as fast as

\
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éosgible (~ '9 seconds). Then, consecutive spectra of phe
sample were taken every 3 seconds. By this method, i@ was
hoped\éhat the spectrum of thg product of the fast process
'at low pH would be obtained. Bowever( because of the heat .
evolved féom, the neutralization teactiog (strong acid +
strong base), the temperature of the sample aéﬁarently
b 9 incppased.\hhich obvi%usly increased th; rate of.thqrslgw
process, and so:-oniy the spectrum of tﬁe product of the

slow process was recorded. ’
<9 - e
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Results of the kinet&c studies of ﬁhe reversible
hydrolytic cleavage of HET+, \Bl*, and Ni1MeB:1+, _690: the
whole pH range, 0—14,' are presented and discussed in this
section. UV and NMR qualitative .spectra'of the principal
species involved are 'also included. . Some data on the

effect of temperature and buffer concentration on the rate

of the reaction are also presented.

Finally, rdasonable mechanisms, which are consistent
;ith the experi éﬂfél findings, are proposed for the ring-
opening an ing-closing reactioné of the compounds under
investigation. Where possiBle, the present results are

compared with those in literature.
. .

|

NMR_STUDIES ‘

Berein are reported dynamic ;roton NMR spectra oflthe.
cations HET+, Bi1*+, and NiMeB1+ in D20. Spectral studies of
the ring-opened thiol forms of these compounds in NaOD are
also presented. Tables 1-3 contain the assign-ehtg of the

7

various resonance signals for both the ring-closed and

ring-opened forms. i~
-~

Figure 3 presents the spéctrum of HET+ in D20 at 31 °C
(the temperature at the probe of the WP-80 spectrophotome-
ter at room temperature). Tpe Cz2-H proton is not detected
from +this spectrum due to its weli;knounﬂ dou?briu-
exchange with the selvent . D20. However, the spectrum of

the same sample run in H20 in an earlier study53 clearly
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}x' Ho/\l_s.
| HET
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R
Figure 3. Proton NMR spectrum of 3,4-dimethyl-5-(2-hydro-
xyethyl) thiazolium iodide in D20 at 31 °C (Assignments in

Table 1).
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showed this proton at 9.7 ppm, as expected from equivalent

‘systemsd, 54,56, 57 _ =

Opon addition of an excess of NaéD to the sample of
HET+ in D20 (pH of the final solution is. equal éo 12.5),
the spectrum shown in Figure 4 was obtained. This is the
spectrum of the ring-opened thiol ii its anion form. The
spectral assignments, given in Table f. are in agreement
with those ‘iade previously53 . From a comparison of the
spectra in F}gures 3 and 4, an upfield shift of all the
protons of the thiazolium ring is observed during the ring-
opening reaction. The C2 proton has also been reporteds?
to appear at higher field (8.1 ppm) in the thiol form.
These upfield shifts result from the éhange of the ioaitive
quaternary nitrogen in HETi__in%o a neutral tertiary
nitrogen atom in the thiol: .

In addition, the appearance of the N-methyl protons of
the thiol molecule as two sharp singlets, at 2.82 ppm and
3.02 ﬁpm, is due to 1limited rotation about the amide
carbonil nitrog;n bond55 . For the same reason, two
singlets, one at 1.75 ppﬁ and the other at 1.82 ppm, are
observed for the C-methyl protons. Such rotational
isomerism is common in amides29,55.

Figu?e 5 shows the specttu:}of HKT+, taken 12 seconds
after acidification of the rinéf;penad thiolate, with DCl
(pB of the resultant solution is egqual to 1.48), at about

\D °C. Although, as was explained in the experinenfal °



Paniad

. Figure 4. 'H NMR spectrum of the ring-opened thiol of
3,4-dimethyl-5-(2-hydroxyethyl) thiazolium iodide in NaOD /

D20 (pH = 12.5) at 31 °C (Assignments in Table 1).
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Table 1. The NMR assignments for HET* and its ring-opened
thiol form in D20. Chemical shifis are in ppm.

[
P

A ) 1

Assignment

b . 2M8 s ' 1.75 s

-1.82 =

c 3.16 t 2.55 t

d 3.86 t "3 t
B . x

o)
M
L

singlet’ t = triplet

0
"

b
"

exchanged with D20 °

'Y ¢

/-v‘v‘ .
.
- ‘
.
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'sécf.ion, this sppctru} was ipitially taken in order to

identify the prqduct of the fast process of the cyélization

reaction, it proves once again the reversibility of the

“bpse—catalyzed ring-opening reaction of the, @piazbliun

<
cation.

-—

Similarly, spectra of thiamine and its opgped-ring -

thiol form have been observed. Figure.6 illustrates the
proton NMR spectrum of thiamine hydrochloride in D20 at:;

.31 °C. Assignments of the observed peaks and the corres-

-~
.

ponding chemival shifts are given in’ Tablélz. They are
substantially the same as given in RB;erence;*SG and 57,
where DMSO-ds and H20 were used as,solvent, respectively.

As in the case of HET*, thé{ resonance of the Cz2-H
p‘otonh exp;cted to be seen5¢ at about 9.54 ppn, has not
been observed due to deuterium exchangp with PQO. Similar-
1y, exchqﬁge of C4-NH2' amino protons with the solvent gives
p‘-?D&, wﬁich‘is not detected.

The spectrum ‘of’ the ring-opened thiolate form of
thiamine, Figure 7, also shows upfield’shifts of all the
resonances, the shift beiné greater for tﬁe peaks'of_thg
protons on the thiazolium ring -oiéty (~ 1.4 ppa) than the
shift (~ 0.5 ppwm) of the peaks due to the protons on the
pyrimidine ring. Ahéin, two q;nglets have been -observed

-

. A 4
for the Cs5-CHs methyl protons because of the hindered

rotation about. “he C-N bond of the amide function. For the -

‘ sane‘rea§on, the Cé-H proton of the pyrimidine exhibits two

14

. 52

]
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Figure 6. 1H NMR spectrum of Thiamine ochloride hydrochlo--

ride in D20 at 31 °C (Assignments in Table 2).
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Fimure 7. 1H NMR spectrum of the ring-opened form of

thiamine in NaOD / D20 at 31 °C (Assignments in Table 2$.
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Table 2. Proton chemical shifts assigonments, in ppm, of

the thiamine spectra in Figures 6 and 7.

t

/o
‘ ND, ND,
|
l [ e
l H ND\N CN;
c c HCHOD CH @’I
b. 4 .l cg‘p‘ »' . ’o - v 0
g 2.52 8 _ 1.08 s
1.21 s
) ~
2.61 = 1 2.01 s
' s.16t . - . 2.15 ¢
3.86 t . 3.25 ¢
5.5 s 4.14 s
7.99 s 7.51 s
7.56 s
a‘
t = triplet ~
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resonance peaks at 7.51 ppm and 7.56 ppm, reflecting two
diffefent posslble environments.

The proton NMR spectrum of the methylated thiamine
derivative (NxﬁeBx‘) is shown in Figure 8, and the spectral
assignments of the chemical shifts of ;11 detected hydrogen
nucleil are reported in Table 3. T%ese are in accord with
those given in Reference 56 (spectru@ run in DMSO-ds ),
despite the use of different solvents. As expected.ldue to
positive charge on Ni, the spectrum of the NiMeBi*+ shows a
small deshielding of all the pyrimidine protons compared éo
Jtheir analogues in thiamine (Figure 6). Besides the
relative position of the two rings in the Ni methylated and
unmethylated states (B1*) may be different due to an
electrostatic interaction of the positive charge on the
pyrimidine ring and the p;sitivp charge on the thiazoliun
ring in Niy'MeB1 +.

Similarly, upfield and dowéfield shift of the resonan-
ces due to protons in the pyrimidine and thiazolium ring,
respectively, has been observed in the spect}un, Figure 9,

. of the ri?g-opened thiolate of the NiMeB:+, when compared
to the Eorrqspouding spectrum of the ring-opened thiamine
(Figure 7). This also may be due to difference in confor-
mational differences, because of the possible charge
interaction between the positively charged Ni of the
pyrimidine ring and the negatively charged sulfur atom of

:the thiolate of the methylated thiamine.
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Figure 6.  Proton NMR spectrum of N-methylated thiamine
( NiMeB1+) in D20 at 31 °C (Assignments in Table 3).

'



. - -~ - NH:

N N ’

-, O{ H
, N N‘
1 [§ I “ “ ”
'
J
s ]
L)
&
4
L

1)

Figure 9. 1H NMR spectrum of the ring-opened form of

NiMeB1+, in NaOD / D20 at 31 °C (Assignments in Table 3).
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]‘_gbj,g__a "Proton. chemical shifts assignments, in ppm, of

the spectra on Figures 8 and 9.

0, ' ND,
Ned CHin_ch,
CH; c CH CH; .o@ |
b C'l:l, ) c.C:l,OD b C'i-'!, - D
Assignment _ ,

a ' 2.56 = 1.56 s
- H 1.78 s

b 2.64 = x
c 3.18 t 2.60 t
d } 3.88 t . 3.69 t
. e 5.55 s 4.37 s
£ , 3.85 = 3.49 s
A I . 3.60 s
a . 8.0 s 7.19 s
| ' 7.45 s

s = singlet f‘/z'-_;.:;p/let

x ’= éxchanged with D
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Furthermore, it should also be noticed +that, in the
spectrum of the ring-opened thiolate of NiMeB1+ (Figure 9);
the Cz-CBa protons of the pyrimidine ring are absent though
they would be expected to appear around 2.0 p;m. This is
due to base-catalyzed deuterium exchange of these protons
with the solvent. Such an exc;ange.'which becomes rapid in
the presence of strong base, is well-known in pyrimidine
systems58 . '

In conciusion, the . present NMR studies confirm and
extend those of earlier workers4, 56,57, They reaffirm that
the base-catalyzed ring-opening of thiazolium&,ions i;
reversible, even in thq more complex thiamine system and
its N-methylated derivative. A primary object of the
studies was té observe the iniﬁial (kinetic) product of the
“fast process"” observed by UV (see later). Unfortunately,
all that was observed w;s the final (thermodynamic) product
with the reconstituted thiazolium ring. The problem is
almost certainly due to the heat generated under conditions
of recyclization. Firstly, an excess of strong baae’ib
necessary to ensure complete ring-opening of the thiazolium
ion. Then, an excess of mineral acid is required to
neutralize this amount of base and to force the pH to less
than 3. It seems that so much heat is generated during
this latter step that the local temperature in the sample

rises 80 as to speed up the "slow process”, and so preclude

observation ﬂ the initial (kinetic) product). This

)
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problem does not occur with the reactions monitored by UV
apéctrophotonet;y, as the concentrations employed are much

lower.

KINETIC STUDIES  _

The kinetics of the reversible ring-opening of the
3,4-dimethyl-5-(2-hydroxyethyl )thiazolium ion (BET*+),
thiamine (B1+), and Ni -methylthiaminium ion (NiMeB1+), wer;
studied in basic and °acidic’ agqueous solutions using the
stopped;flow and conventional UV spectrophotometry. Before
p;és;nting this work, we outline an earlier projectlif®a {n
which we inveséigated the ring-opening of the N-methyl-
benzothiazolium ion and related derivatives. A summary of
this work wil; be presented as an introduction and to aid‘a
comparison of the kinetic beh?viour of this compoynd with
HET*, Bi+, and NiMeB1+. R . '

All of the kinetic data are presented in the form of
pH-rate profiles, which, for the purposes of a more
convenient a;d comprehensive discussion, will be di;idad in

d
three main regions: ring-opening and reclosure (fast gnd

slow).

Reversible ring-opening of BI+1%a
Figure 10 show the pH-rate profile of the opening

(pH > 6.5) and reclosure (pH < 6.5) of the N-methylbenzo-

thiazolium ion, BT*, in aqueous solution at 25 °C. This

’
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Fiture 10. The pH-rate profile for the . xeversible opening

of the N-methyl-benzothiazolium cation ;(B‘l’*) in water (at
25 °C, I =0.1 M (NaCl)).

The -iniim at pH 6.57

corresponds to pKav, i.e. where 50X of BT* is ring-
openodi s, . :
0,0 unpublished work from this laboratoryl®s |

-5

s - data from Vorsangeri$

&
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work covers the full pH range, and thereby extends

‘2\"oraln¢e‘r'a studyl! 8 vwho investigated this system (eq. 3) in

the limited pH range of 5.0-8.5, near the equilibrius pH of
8.57. A\s can be seen from Figure 10, our data fit wvery
well with those of Vorsanger.

‘l'h; resulvts can be rationalized in terms of the pB
dependence of the formation and breakdown of the tetrahe-
dral intone&iate BT®, (Scheme 11), which is the pseudobaﬂ‘
se? of the benzothiazolium ion, BT*. As expected for a
thiazol/}i,um ion?-4, the ring opening of ;1'0 (process (c),
Figure 10) shows a~ l_fmear dependence on pl with a slope of
1 Thus, the ring-opening is first order in [OH-]. This
can be interprelted asx the formation of the tetrahedral.

intermediate (BT°) being the rate limiting step, followed

"by a fast deprotonation and ring-opening to the

o-(N-methylformanido)-benzene thiolate BTh- (eq. 16).:

. ._DH-_’ [ ] ' ._- hd - 16
BT slow BT fast® BTh ( )

¥
Analogous bahaviour has been found for other thiazolium
1on83"/. . | ' 5
Reclosure of the thiolate to.BT', studied in acidic
?odia. shows one phase at intermediate pHs (4.5-6.5), but
at lower piHs, ng__dm‘imj‘_ghuu are observd:l (processes
(a) and (b), Fuurp 10). What is more internsting is that

thi_s biphasic behaviour, pnot previously documented for any

-
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B Scheme 11- - Overall acheme of the 'riu-ppohiu and
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thiazﬁim ~:wstcs-: has also been observed for the reclosure

Q of thg t.hiolat.oa of HET* and By *. ~ i

l. . . Spectral ntudtos indicate that ess (b) h;;fg&\'m'k
t.hoy fomt.ion of B‘l" Ho‘wvar.\ at pﬂ/:,‘:E this atep is

procoded lﬁr m faster procoaa. (a). which is attributed to

an int'tmlecular N to- S acyl transfer, forming an .

;‘c/--othyluxnobenzenethiq} for-a‘te este\- (BEs) (eq. 17)-.

N

. . \ ' ¢ 2 il . N Y
. N st 3 a - M .
' . s BTh g——te BT ——M—» BEs —B' +pEsr - (17)

- . " +
.\ .~ u . L4

; urt.hcr-ore. theabreak in the profile (a) around &! 3.5 is

a cribed t./p a c)mn(e ~ip rate-limiting step, since buffer

N
» cutllr\ia( s?ﬂiqs’ showed curved buffer plot.a\ abow}% the

. E/ronh. “ but/- no- '.c'at;Aaia is . observed below }t. Sm;c}?- a
1", ' o change indigate‘ .the presence of an intermediate??.
f\‘_". 1;.1" ,"’ 'lshere(,ore.‘hp platoau #rofile (a) probably corresponds
,“"‘ » "go t.ha fbmtion. of the tetrahodra} intermediate BT® being
! TR - 'thn alou ttap. whqroaa lbove‘ t:he acid- catalyzed brpak
\ ‘ , dom) o{ 81" 40, t.ho amino 6sber BEB. boco.es "the rate-
’ " " ‘liniting at.ep., Support for t.hia inte prctat.ion !ouea from

oL s -

B

f~‘t.h6r studjen2o, 21,34, 35 M similar obcervation_a on'

tor'-odilt.on:' ~ e o -

»

i rioda.'ro.‘ctiopa. which ;l‘so invqlve‘tetrahedraf L

+ Thus, ﬁ}olllo (a) i’ ao‘en ¢#3 the fast 'fgma.tlion' of the

AalK VN /‘{
>, S "\i“:no “wr BE- (h&notic cont.rol). whor‘as. proﬂ.lo (b) i.s

" . sl r l‘émuo‘ (€rom n-) ol t.ho more. ltdbl’ B'l"
' OT s ‘ s /—\

) 7 4 o ' . ! ”

\ . + - ]

[ ¢ - ./ - al
. ! ! ’ *~ N

’

]

*

L]

RN
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€} , :
¢/ T (thermodynamic tontrol). At the pHs invblved, BEs should

v

. N .
be nil(;p‘p‘_tot.onated and so the' process (b) may be repre-

sented) as follows: v
./
. :*i"' ™ B’ -' 18
BEs+ —_b.. 'BE5<_____ BT _—STO—V’ B'T‘ . ()

, S

T

- Over wmost of the reange of process (b), there is no pB'

s S
dependencé. because the loss of H* .from BEs* cancels with _

.' ,\‘ Qa
the proton catalyzing g.he conversion of BT® to BT+.

~ .t g L4
v ,The 'possible' origin of the bifurcation of the rate

- : » J

prof:.;e (into processes (a) and (b)), which occurs at about

A
>

pfﬁtﬁ 2,y will be discussed later. “ \
- )

Al ) S
‘Reversible ring-openiog of HET* ‘ .

Similar kinetic behavior to t.hat just presented for
BT+ .has been observed for the reveraible ring-opening
’/’ reaction of ‘the 3,4- dimothyl-5-(2- hydroxyethyl)thiazoliu-

-, lon (HET‘) (eq. 19). ] ’ ,
- (v L . +/ ¢ y R ” /
) +20H" '/‘I'qx '
' HO ' - *
. ’ . . ) Ho » S (19)
ST AT . ETh"

- The pH dopendence -of the observed pseudo-first order
rate constants over the full p range (pH O’—ld) in‘ illus-

trated in F’ixure'- 11. Ti:e data kere obtained using stopped-

\T b

flow (Concordia University) and conventional UV

L]

A

i

.Q‘.

L4
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» . R - i ,
A N . J . _ . .
. ] . .
- . “ « . ‘

W. pH dependence of the first order rate bgnstmt:s
fcr,t.he reveraiybl‘o opening of 3.4-dinethyl-5-(2-‘bydr"ox_y—

kg et,hyl}.hi&zéliun ion (HE‘I'*\): 'l'h? curves aro%albulafock by
“"computer f1t£1n¢4_ The actual’daga are g,veq gplTabiea 5,

-
)

8, and 7, ‘in the Appendix. e T~

+
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’

5pectrophoto-etr; (Mount St-Vincent University), at 25 °C
and I = 1 M. They are g€iven in Tables 5, 6, and 7, of }ho

~ Appendix. ,' . -

<

) ~ Ring- . (d)

process were determined at various pH's above 10.5 from the
. .-

increase in absorbance at 242 nm, where the UV absorptions

4
e
.

The rate constants for this

of the HET+ cation and its ring-opened thiol (ETh-) have
‘the waximum difference.‘ as 1is shown by the spectra in
‘ Figure 12. Durin; the ring-opening.‘ tﬁe spectrum of HET
changes smoothly to that of ETh-, "itP no evidence of the
*accumulation of any intermediate. Likeuiae, if a solution
of ETh- is ae{dified to ca: pH 8, the spectrum of HET* is
gradually regenerated.” These observations are consistent
with the dynamic NMR experinénts~discussed’eariier.

As with BT+, the ring-opening of HET* is believed to
involve rate-limiting nucleophilic attack by hydroxide ion
on the thiazolium cation to }oru the tetrahedral interme-
diate, T®° (Scheme 12). This is followed by ; fast deproto-
nation and ring-opening to yield the anidolodethiolate.

A
ETh- (eq. 20). &

. . HET l_,' , 1"4——-—['2:'—’] ETh- (20)
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220 290 Tmn) 350
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"

Figure 12. Stati¢ UV spectra of HET* (pH = 2) and ETh-

" (pH = 13.7) in aqueocus solution. | .
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Thus, while 20H- are consumed for the overalliconversion of
HET+ to ETh-, kinetically. only one OH- is important and so
. the rate of the reaction is first-order in both [HET+] and
(on-)]. For the overall reaction shown in eq. 20, an
average equilibrium constqnt'for the two steps involved can

be defined as:

sz = IETh-1IB* |‘2 (21)

[HET+] . .
such that pKav (equal to 10.33 in this case) is the pH at
which the cation BET* and its ring-opened form KTh- aré
present in egqual amounts. In the pH-rate profile (Figure
11), pKav corresponds to the minimum value of kovs , which
is the poi;t of intersection of pH-rate profiles of the
forward (ring-opening) and reverse (ring-closing)
reactions.

‘In general, kobs for an oquilibra&ion'auch as for eq.
20, is the sum of the individual pseudo-first order rate
constants for formation (kt) of the pseudobase form and

decomposition (ka) of the pseudobase species to the

»

cation?.

Thus, " "kobs = kt + Ka (22)
where . ‘ ke = k1 {OH-]

and . ka = k-1 [H+]

o . \\\ " Kr + [B+]
: :) q



72

and hence , kobe = kn[OH-] + k-1[H*] . (29)
T

At pHs wmuch above 10.33, the ring opening is essen-
tially coﬁplete and ka, the rate constant for ring closure,

is insignificant. Therefore,
kobs = kr = ki [OH-] 7 (24)

and the ‘second order rate constant, ki, for the attack of

OH- on the thia;olium ring, may be obtained from the slope

of the plot of kobs vs. [OH-] (Figure 13)‘at high pH. ~Q?gg\
this-plot, a value of n ~ 1.3 M1lis-1 i3 obtained, whereas

the intercept~ being close to zero suggests that a reaction

with water is not ipmportant inﬁthis region.

Although the Ynfluence of the ionic strength on the
rate constant has not been studied in detail, thé.invefso
dependence of kobs on the ionic strength wdsaébservod.
This is as expected for the reaction of a éation with an
anion, viz HET+ + OH-. For example, at pH = 13, and
I =0.1M, kobs = 0.32 5-1, whereas, at I = 1.0 M, the
kobs = 0.13 s-1, all other conditions being the same.

-

Buffer catalysis of the ring-opening reaction was

-~

studied by the research team at Mount St-Vincent Universi-
ty. They found wea:f>

eneral base catalysis (eq. £5) by

phosphate and carbonate buffers (8 ~ 0.5), but no catalysis

’

. was observed for prfiary and tertiary amine bases.
N t | 3



k-obs s-!

0. 401

0‘301

'0.20

0.10]

R — 010 0'20 "0.30 N ’
R - [ow]m
Figure 13. Plot of kods vs [OH-] for the ring-opening
reaction of HET* mt 25 °C and I = 1 M (pH 12.5-13.7).
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4+, <

'0)1‘
/s»’/:/\o\ «

H - B~

HO

(25)

) -
a;‘\uf;gr-u H |
HO ‘ s)ﬂ? HB ,
S

General' base catalysi; has been found fo£ the reaction of

. other heterocyclic cations with water2.

i

Ring-closing of ETh- N

The reclosure of the amido enethiolate KTh-, in
aqueous HC1l or buffer solutions, was studied at pH 0-10.83.
Both OV and NMR spectral studies showed that the final

4
product is HET+, but kinetics of this reaction are qu&ta

complex.

As seen in the pH-log rate copstant profile (Figure
11), between pH 6.5 and 10.3, only one process (labelled
(a)) is observed. | In contrast, two distinct processes
(labelled kb) and (c)) are ;ppbrent at pH < 8, as was found

with the N-methylbehzothiazolium ion at low pH.



s @U 7%
Process (a) (pH 6.5-10.3). For most of this region, the.
transformation of ETh- to HET' was monitored as a large
decrease in absovrbance at40240 nm. However, afyund pd 8,

the initial 0OV )spectrun becomes differént. indicating a

change in the 1initial species. This is ‘ascribed to

protigrtion of the enethiolate (ETh-):

: ’ /
Lloo <= TN

. CH C
Ng- ° Krn S Ho (26)

. , H
" g )
P
ETh™ o ETh
N
where Krn = [ETh-1fH*1. For this equilibrium, a .
(ETh)
pKrn - B is reasonable!. Below pH 8, the reaction was
‘followed by the increase at 256 nm. The pH' rate profile

for process - (a) indicates. a linear depepdehce of log kovs
on pH, with limiting 5lopo*—1 at high pH and a tendency to
level out bealow pH 8. This levelling-out.‘which is more
evident in the profile for thiamine (see later), is also
conpatible with the presence of a pKa ~ 8. Thehdate can be
fittod_by tho equation:

\
N

kobo O: kp [¢ (27)
(Ken 4+ [H*])

b

"1

with kp = 0.17.5°1 and Krn = 1.58 x 10-¢ M, i.e
pXth = 7.8. This last value is close to the pKas
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P

estimated for similar enethiolates, reported in the,

literaturet . R

-

These observations for procesas (a) can be rationalized

by the rate-limiting conversion of the tetrahedral interme-

diate T*®, iﬁ equilibrium with ETh- and RTh.‘f%to HET+ :

, ~ T
ETh- === ETh —Bibs 1o _ X _ygrv = (20)
X

For Kzrn = [T*1 . Ktn as previously defined, and assuming
(ETh)

' s
KEth << 1, this mechanism requires that:

kods

"
=ity
i [~
& |-

F 4
3k
-
L,

This equatiéﬁ is compatible with eq. 27, which fits the ’
data, and so koKity = 0.17s1.

McDonald et. al. have carried out extensive buffer
catalysis studiéP in the region of pH 7.5-9.0 for process
(a). ‘Th;ir results inQicate general acjid catalysis, after
allowance is -adé for pKrn = 7.8, with a Bronsted = 0.7.
Note, however, that catalysis by H'. "is not found in this
reiion: What this ;nans. in terms of the meschanism shown

in @eq. 28, is that the 1loss of hydroxyl from T® can be

assisted by general acids:

N | ey |
I " I§ (30)
. S H \ , $“ OHI A
- H-—-A

)

T . ‘ . MET*

)
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as wéll as occurring by straight ionization}_ Such bohavioq
is well known for species like T® 2. ~ Moreover, it should+
be not;d that the reaction a;own in eq. 30 is the microsco-
‘pic reverse of a’reaction shown to be important in Qhe
formation of T®* (see eq. 25). |

In su-utz; process (a) is due to the conversion of

the enothiol and its anion (ETh and ETh-) into HET+. The

proposed mechanism (Eq 28) involves rate-limiting loss of

hydroxyl from the tetrahedral intermediate T®* by atraight

-

ionization and by general  acid catalysis (eq. 30). This
interpretation is coampatible with the findings for the
o

reverse reaétion (see process (d)), where attawk of OH- and

general base cataiyztd attack of water (eq. 25) on HET* are

indicated. . _ ?

Progess (b) (pH 0-6). . As shown in Figure 11 (page 67),
below pHB 6.5, process (a) give; way to Liwo processes
(labelled (b) and (c)). The rate of proceas (b) riée; with
acidity (i) and then exhibits a plateau from pH 0-4 (ii).
General acid catalysis is observed on the rising limdb of
process (b, i), but not in the plateau region, conaisten£

with a change of rate-li-iﬂing stép.

Process (b) is ascribed to the conversion of the amido

‘enethiolate ETh- to thiol ester HEs via an intramolecular N

to 8 acylytranafer. In terms of the formation or breakdown
4

of tbe tetrahedral iuntermediate T*®, the kinetic results are

.
,
. N *
R .
. ’
v
. v
,
. .

S
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consistent with the jprotonicatalyzod ‘and * general agidv

-~

.qatquzed bfeakdoun of T®*, to ¢f§e the grotékltod‘a-ino

enethiol ester HEs* (eq. 31). ' x
N
s e
" ] N .
ETh ~x3 _LM’ HEB ‘____' —_ HEa‘ ‘ (3‘) .

L
1

- o . \J
The process (b) takes ~over from process (a), because the
rate constant for proton catalysis for T® to 'HEs is larger
than for the process of for;ation of HET* from T, The

preah in the profile “of (b) at pH 4 (Figure 11) is due to a

'change in the rate-limiting .step from the uncatalyzed

formation of the T° (aj“‘n low pH) to ’its general acid

catalyzed breakdown at higher. pH. (above pﬂ 4). This

Y

;nterpretatxon is also consisten }with ‘our experimental
observation on buffer . catalysis experiments, which gave

caryed buffer plots (Figiire? 14) in ihé region of chhnie}

Wwhereas, at the plateau of proceas (b) (b, ii), no buffer

; ’ 3

catalysis was found. ‘ .5§§T3' l?
. . L "I%P‘? ‘3
For the mechanisa shogn in eq. 31, c
. - 3 ’ ]
- kobs =  hake L (82)
’ £2 ¢ ko :

.
at

' +

Qﬁere ke 1s‘£ﬁe first order rate conntant!‘b{-tho Qrelkdoug

of the totr&hodraa intermediate T*. However,
:

\

ke = Tm(B*) + kma(HR} . - (33)

N . l

I

v

o

~

5 o

P4

~n

2
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4 Fi e 4. ﬁufﬁp& .gétalysis plots for process (b) ‘and
.process (a) of HET+. Phosphate buffers. Data are given'in

Tébie b of the Appendix. , -
. b t s ) ' >
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.since the buffer plots have non-zero intercepts, ;hich
increase with acidity (Figure 14). "Therefore, ;t iow pH
and/or high [HA] k-2 << k4, and_;qi 32 reduce; to

kKobs = -kz; independent .of pH and. buffer concentration.
This correqunds to the plateau region (Figure 11, b, i).
From the plét;;u, the value of k2 is 0.68 s-1 ..

On theﬂ other hand, at higher pH (pH > 4), and low
[HA], k-2 >> k«, an& the 'g:;eral - acid breakdown of tﬁe
tetrahedral intermediate T° becomes the rate—limitiﬂg step.

Support for this explanation of éur data comes fr;m
other studies2o0, 21,24 that involve intramolecular N to §
acyl transfer steps, and where changes’of the rate—limitipg
step have also been detected. For ex;mple, work done by
McDonald and co-workers34 on the thiolactonization of the

L]

N—élkyl-2-mercaptomethylbenzamide (eq. 3@), gave a similar

v

*

PH rate profilel

Q@ " - Ho_ NHR 0.
CNHR '
HA o
;:f S > S . (3&)
CH,SH
+ NH,R

A plateau region was found at acidic pHs and buffer ilota
were obtained at higher pH, which "showed the -saturation
behavior, consistent with‘a change in rate-limiting 5tep..
tThe results were interérated in terms of the formgtion and

breaidown of the N, O, and S “tetrahedral intermediate shown
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above. Similar~kinetie bghavior and buffer catalysis have
also been,,observed for the hydrolysi%&*f N-n-propyldiiso-_
propylmaleamic aeid59 (eq\ 35), and the cyclization of tHe
methyl(2-aminophenyl )acetate35 (eq. 36). Both rgsctiona

involved tetrahedral intermediates.

o] .
I _ HO, NHR ,
TSNHR . |
I l 3 _— I o
CO.R i
, 0]
and i
°c~<~ =
, (36)

Process (g?. Spectral studies of the slow _process, using
OV (Figure ;15)‘apd NMR (Figure. 5) spectroscopy, indicate
‘that the final product is the substrate HET*. Therefore,
\ the slower pH-rate profile (Figure_, 11, process (c)) is
attributed to the.conversio; of the amino thiol ester HEs
to the thiazoliuﬁ, ion, HET+. - Thls also occurs via the’
tetrahedral intermedlate T' (eq. 37), the general acid-
catalyzed breakdown of the tetrphedral intermediate being
the rate-limiting step ?he nechania- is depicted as

follows:



L]
v

a2

°

, . 1.34 x 107%™ [NTO ©.10M HCl
( THE sLow procEss)
* 1.6 -
102 -y *

0.4 -~ ,
t
- T T T T H_._.===_‘ ;
200 220 T 240 260 200 ice
‘ (nm)
¢ . . . |

Figure 15. UV scans of the ring-clbsiﬁg of HET+ of process
. » tr

(c) at pH 1. Spectrum rumn at Mount St-Vincent University.

cow
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.catalysis of T° to HET* is no longer important relative tq

83

HEs! *=g= HEs =3 T" —op—oHET* - (37)

At low st (pB 0-4.5), whe}e }he amino group 6f eitor
HEs is largely protonated, the réacmion is overall uncata-‘

lyzed, and s0, the rate profile appears to be flatt Above

pH 4.5, the rate profile for process (c) rises as proton. -

simple un;ssisted #onizatigp It is this lack of catalysis
by H* (relative to H* ca ‘“?mf T »HEs) which gives

rise to the bifurcation of the te profiles.around pH 6.5.
Furthe;more, buffer catalysis expei
{c) showed an apparent general base catalysis (Bronsted
B = 017), due to actual specif&c base/general acia
catalysis. |

Assuming ~ the protonated +thiol ester HE is the

dominant form of the reactani, at low pH, a rate expression -

for eq. 37 can be deriqu‘as follows:

-

From observation,
. Rate = kobs [HEs*] (38)

For eq. 37, and zero buffer concentration, .

Thus " kobs = (ko + u[H*]1)[T°) (40)
N : st .

Define . Khzs = [HEs) and Kurs = [HEs1[H*1
™) . [HEs*]
then T°) = Knegs

s? Kuee (K ]

~

Rate = (ko + KH[H*DI[T®] - (38) .

g
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and hence Kobs. (ko + lm[B*])Knn - (41) ‘
’ ' Kitxe (B+] ‘ :

-

Tﬁis equation. fits the profile of process (c).

At low pH (0-4-8), Kn[H*] >> ko, and, therefore,

Kobs = knKEEs - O (41a)
Kis ’

[

Thus, kobs: is independenﬁﬂ of pH and.a plateau is seen‘in\
the experlmental data (Figure 11, '¢), for this pH regioﬁ
‘with kobs = 0.016 1. |

At higher pH (4.5-6.5), ko . >> Iku[H*], and eq. 41
idiﬁplifieg.tb: o

’

kovw @ _koKmrs = 1.07 x 10-7 (41b)
"Kugs [H*] . (B+]

&

, and so the reaction is pH dependeﬁt.w

Scheﬁe 13 illqstraées: all the principal structures.
believed ;o be involved in the riné-opeﬁiné / ring-closing .
reaction of thiazolium ions, sucﬁ ‘as HET+.

All the .processes just described for HET+ can‘bé'
rat;ona}ized iﬁ_ terﬁé of the tetfahedral'int;rmediate, Te.
In baéfé ;oluﬁion, -S,bond cleavage of T® takes place and
;ha enethiolate T- is foFmed., At acidic pHs, a C- N bond
( cleavage of T* givea the'anino enethiol ester. whereas, Q-Q

bond cleavage tesults in the reconstitution of the

y f
N -
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Scheme 13:.' '8 ci;s "involved in the

.reclosure of 't

-

.
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thiazolium ging. In the §$se of‘[:lET+ (and BT+), thérnﬁdy— .

namic factors favour C-O reformation of the thiazolium ring

L]

(cleavage), but kinetic factors favour initial C-N cleavage

*

at low pH.

. THIAMINE Bi1*. The reversible‘xing—openiné and ring-closing
reactions of thiamiﬁe (Bl;) were studied;oYer the pﬂ.fegion
0-14, under the same general cbnditionstaserr*'{he BT+ and
HETf. ' These reactions géneraliy show similar pH deﬁenéen—
. cies, but the kinetics in basic medié (pH > 9.8) aré more
complicated than for BT+ and HET+, dﬁe to the ”yéllo; fom" -
ihvolvedl5.3y. Figures 16Aand 17 are the pH-rate profiles
of the riég—opening and ring-clésing of thiagine (ﬁ1+),
respectiyely. For simplicity, the kinetics °“of. each of

these géactidns will bé discussed separately.

Ring-opening of Bi}
‘It is wéll-knoqn that thiamine (Bit) undergoes a
reaction, in basic solutions, which . leads férmally to

addition of one oxygen atom and opening of the thiazolium

ring, generating the thiolate Th- (Scheﬁe 14). As with the -

other thiazolium ions already discussed, the formation of
the thiolate Th- dccurs through the pseudobase T* (Scheme
14).‘ In addition, it has been known for many years that
when thia-ipe is dissolved in strdngly alkaline media, a

-

yellow colour immediately develops, but which slowly fades.

i

ERS

4
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—s T BERTEE | B AR SR
. ' . N ‘ ’ . ,‘_ pH
) Fipure 18. pH-rate profile o‘f the |formation of the "yellow

___férm“ (YF")‘;an'd'- the rlng-—opened form (Th-) of thiamine””

(B1+), at 25.°C and I = 1.0 M \

'O | rate constants of the fomatlon of YF- from Bi+

® rate constants of the fomation of Bx*. fron YF-

3

.' rate con‘stants of the format.ion of Th-
0 rate constants obtalne_d by copventional UV absorption

measureménts (Mount St-Vincent University)
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. pi-rate profile for the kinetics of the ring-

Fimure 17.

¢losing reaction of thiamine Bi1+, at ‘25 °C and I < 1.0 M~
e rate constants (Tables 10 and 11 of the Appendix)

]

ol()taipéd by stopped-flow

O |rate constants ob}aiﬁed by conventional UV method

3

| (Mount St-Vincent. University) ~
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Reaction’ scheme for thiamine thiazolium ring-
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This colour is due to the "yellow form" (YEF-), which has

been investigated speotroscopigally15.57 and kinetically3é€.

"Maier and HgtiierIS hévp suggested that YF- ig'in

rapid equilibrium ~ with thiamine, which is slowly converted-

to the open-ring thiol .form via the pseﬁdobase T* thrdhgh 2

hydroxide ion attack (eq. 42). 3> -1 .
) ' 15;551' — YF~
o - . -
» AT = T

fhereforg, the pH;rateﬂ profile of the’;ing—opening
reaction of thiamine, in high pH’'s (Figure 16), shows two
processes.* The fast process (upper phase) corresponds to

the formation of the “yellow form" (YF:;~(kinetic control

[N

product), whereas the slow process (lower phase) illustra-

' tes the pH dependenc} of the formation of thé ring-opened

form Th"(thermodynanip control product).

Formatiop of the YF-
_ The formation and decay of the “yellow!form" YF- of
thia;ine was initially studied by Maier and Metzlerl$, who
prbpospdoﬂ two-step reaction mechanism (eq. 42) through a
tricﬁélic intermediate (TC; (Scheme 15). ' According to
these researchers, the amino group of thiamine addg, with

ai-ultaieous loss of a proton, go the thiazoliu- ring to
yield'th; ihtermedi,te, triqyclic, dihydrothiachromine form

TC, in a manner analogous to the addition of a hydroxyl

“



. Hz\~ +
N~ "N
o N\ =
N
NH: "
B; TC

YF~ ‘ YFH'
P
y
Scheme 15. “Suggestod nechagisn for the generation of the

yeéllow form of thiamine.
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ion, to form the pseudobase, T®*. The intermolecular nature
\

of the reaction with the amino group helps tzﬁéiplain its
rapidity as compared to  the reaction with droxide ion
(slow process), since in the case of an intqpnolecular
reaction, less desolvation may be reguired for the interac-

tion of the reactive entitiesé0. The ionization of TC,

“with an opening of the thiazole rihg. leads to the "yellow
. o

form™, YF, ‘whith was isolated as the sodium salt15.16 and
itas structure was as p;op656d by Zima and Williams1§ . The.
yellow colour of this form of thiamine arises from a broad .
oV a?scrption band in the blue centered'at about 340 nm
(figurQ {a). It was‘convenient to use this band YToxr _the
study of the genifation and decayvof the “yellow form™.
Maier and - Metzler!$ eétilated spectroscopically the

[}
pKav of the two steps of thg formation of the “yellow form"

{stcp 1 and 3, e;. 42) to Qq equal to 11.6 (19 °C,

I =0.2M). This value is very close to pKav = 11.75

(25 °C, I = 1.0 M) from our study, which is derived from
the point of inflection,of thg plot Jf the log kobs vs. pH
(Figure 16; fazt procéss). A 'recégzy;tudy by Hopmanndbd ,
urning atopped-flgu ne;surenents. obtained pRav = 11.47

(20 :C. I = 0.1 M), but his suggest.ed neéhanism for YF-
!oflntion. which involves the first steé as‘th; for-aélon:
of1 the ylid of thianmine, seems most. unlikely’from the

present data. According to our results, the mechaniam

-* suggestad by Maier and Metzlerls is 3ufficien£ with the

s v . .
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E;mr;g___l_a Kinetic spectra of the decay of the yollow'
form, at pH = 12, scaﬁned in the stopped-flow at 20 na/sec,
every 75 se ds (Absorbance scale = 1.0). o

a' ‘'spectrum of the yellow form, YF-

b spectrum of the colourless thiolate, Th-
, .
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o first step, formation of the tricyclic 1n£emdi¢:b¢;. being
the rate limiting step. One intermediate, which -id\t"bo
oconsidered in this mechanisa of the .- reverse reaction, is
the protonated "yellow form"”, YFH (Schene 15), to which the
apparent pKy = 10.85, from the break at the a-cendiu side
of the plot of the generation of Q yellw form” on
Figure 18, ocan be' attributod. This pKy 4s in agreement
with the value of 10.55 (20 'C.~I = 0.1 M) reported by
Bop-ann‘c . This also ocan explain the obao\rvati'on made by
Majer and Hetzlt;r that the "yellow: form* does. not exist to
any appreciable extent below a pH of about IQ.BV. .where the
overall equilibrium of Scheme 15 is shifted back . to

thiamine, B1+. ’ ’ ‘ . :
Fo> the mechanism in eq. 43, whici';, corresponds to the

Scheme 14, an expression for kobs for equilibratjon (eq. .

-
. 44) can be derivet/

.-

Bt et rc =2 ypy KXo yp- (s3)
‘kni- =kt 4+ ka - . s
= b-[oe-] + (k-1 + u(B*]))_Ko[B¢] (44)

. Ky + [8’]

[

4

The first term, kor{[OB-]) = kr, is the rate constant for tho
" Yormation of Yl"'. _-ﬁ,t.he' second torm is  the rate constant
for the decomposition of the YF- ( = ks). Around the pH of

L}
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equilibration (°= 11.75), both kf' and k4 must be conside-
red, but at higher or 16§er pHs, one term dominates.
e . .
Above pH 11.75, ka is not significant and -eq. 44 is

simplified to: . :

5

S kobe = kom[OH-] . . ¢(44b)

A

This explaiﬂg the dependency of the ;qb- on _pH, the slope

of this part of the. plot being equal to 1’ (Figure 16).

.Fro:'our data (Table 9 of the Appenai%s. the secg&dﬁgrder4

. rate c;hsiaqt ‘can’ be estimated as ko = 42.0 H'ls-nﬂ‘ﬁhicﬁv
- r

is comparablé ‘taq theq valuve of 108 HM-15-1 repo£ted by

popmannzé,vta;ing into consideration the difference ié/khe
ionic stiengtﬁﬂused. However, no break in the rate profile
is observed near pH‘12.6,';hich i's teportedli to be the PKa
for ylid formation from the Cz-H in thi&ning. e
In ourwéffgrts to extend the ;;rlier study by’ﬁ“
Hopmann3b', we h;Ve also t}Bﬁled ;i'thq equilibrium between

et g

-“Bi1+ and YF- in the reverse dixec%ioh. Below pB‘Ii.$5, only

4 s - ,
ka is importaht, and below pH 10.5, the expression for ka

v *

also gimpiifies, singé
Under these conditions, kobu-% k; = knEHPiKo. Un{ﬁrtﬁhate-
"ly, our dat; do not accurately bgey this feiationsﬁip beléﬁ
pH 10.5. This probably reflects expe;ilgntal‘difflculﬁie,-

in making the maasurbné;fk. As explained in the-experi;en-

tal section,” a quickly préiared solution of YF- in strong

L

[B*] >> Kv, and Mi[H*] >> k1.
. ’ .

a

& -
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Base must be quenched with a buffer acid. The resultant
. values of kobs (and “§§rhaps PA), are not considered

- reliable.

WQMEML&;MMM‘
m - ' ) " ,“ - s, ‘ v

\-

It has been known for years ghat. "when alkaline

I

solutions of thiamine are allowed .to stand for a suffi-
ciently long period of time, the final spectra a:7 the same
regardless of whether the solutions had Béep strongly or

-

ﬁaégjg. alkalinpe. Evidently, the same product nust have

‘been. formed, which is the ring-opened thxol (Fxgure 18),

- and is the thermodynam1cally stable form of thlamxne in

alka]ing‘pplutlons. This was also ., con{irmed by our NMR

. . experiments, discﬁssed-earlier

4 N

As previously- -entioned Haler andcﬂetzlerls presented
arguments suggesting that the yellou forn“ is the
kxnetically controlled product,’ whachﬁgggﬁys via th;allne

to the ring opened th;ol form, and -that ‘all .of these

~

a

transformations -are reversgble equilibria (eq. 42). In"

Y

addtcion. the time dependpnt UV spectra of’the“transforla—

tion of the yellou form” to the ﬁhxol form (Figure 18),

pass through an ;soabostic point at 298 nm. inaicatingsthnt
no intor-ediate 15 for-ed in significant a-ounts L

Hopmann's -echanistic suggestions about the direct convo£~”

sion of the "yellow form™ to the'thiol ‘form, Q:e rather
, i .

&

/-rv
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unreasonable, since they are not supported by lonough

’ oxpetinantaf ovidooce.

—

I

:folloys:

The kinetics of the decay of the “"yellow form" cons-
tltutes part of a bell-shaped pH-rate profile, illustratod

on Figure . lb‘gslow process, pB ».10.6). dur rate‘profile

1}

is in ogréenent with the literaturei5335 and, ¢« in fact,
extends those alreaay foportedIS.ib. since we studied this

reactionnop to pH 13.4. The points on the curve below pH

{

10. orfespond to the rate of the reaction of thiamine

and ‘4: eq. _42): Therefore, the top of the pH rato

.profilé, pPH ~ "11.75, corresponds to the pKav for the

o equiLﬁbﬁatjon of the “yeiloy form" and the thiamine,
o ‘uﬁé;eaé. the lowest part of this rate profile at pH = 9.6-

: corrosponds t the pKi¢ - of the conversion of thiamine to.
» P“ ' . !

the ring opened thiol, Th- (eq.. 45).

F &
R '———"BH <—-"-_R_I%’L—'lr —L“—-'rh- (5)

LS
3 v . -

’ Froo the pﬁav falues of 11.75 for.the conversion to
the yellou fofmd, aod o? 9.6 for the convera1on to. the
thiol forn. it. follows that, at equilxbrlun. the ratio of-
the colorless tth] form to the-"yellow form" sﬁould be
10,000 and the d1sappearunce of the yellow colour essen-

Ay

tially ‘conplete.v ) Conuoqqpntly, kobs may bo,dafinod as

>



- constant on pH seen as the ascending ' part pf the pH-rate
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kobs kt + ka

Kou[OH-] . [H*]2 ~+ ~ .k‘1[H+) , : (46)
K2 + [B¥]2  (Krn- + H*) - °

* where Kz = [YF-1[H*]? = (10-11.75)2 -
. IBI"'I . o

’ .

and the term _- [H+]2 represents the fraction of
) K2 + (B+)2

thiamine present in eqﬁilibrium with the YF-. Above pH
9.6, the term containing k-1 for the reverse reaction is

ﬁot important, therefore, eq. 46 is simplified to eq. 47.

o

2 2
o Kg + (7] /

It is this eguation which accdunts for the bell-shaped Y

-~ kobs = korKw[H*] ' (47) ///
/

profile skown in Figure 16~(lowerf. For pPH < 11.75 = pKy;//

[H*] >> Ky, and, S ’ Y.
) \ , / 8

/

. /
’ - /
and kobas = KonKw '= kom [OH-) f 7 (48)
' [(B+] R
y

This explains.- the posiéive dependency o{ the obéérved rate

profile: From our data in this pH region,/fﬁe second order
rate constant kon has the value of 10.7 M-1s-1, which is ¢
close to previously reported values3b,f4b.15. |

7~
At pH > 11.75 = pKy, [H*] << Ry,

~
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therefore kobs = konKw[H*] A\ (49)
: , e — .

‘ ! 3
This expression corresponds to the points on the descending
part of the lower profile in Figure 15.

Overall, the data give - a good fit to eq. 47, with

ko = 10.6 M-1s5-1, and Ky = 1.9 x 10-12 M (pKy .= 11.72). -

This last value iS in excellent agreément with that found

from the.upper ?fofile in Figure 15 (pKy = 11.75). Thus,

the data fog/ the decay of .the "yellow form”, YF-, are

adeqﬁately giplained by the mechanism of Maier and Metzler,
; "
as is the/data for its formation. - The additional steps

proposed /by Hopmanni7, 3b do not seem necessd;y'or -

justifiable.
-
/
Ring-closing reaction of Bi* o .
// When alkaliﬁe solutions of thiamine are acidifiéd,

/ ring-closure of the open thiolate takes place through.the

tetrahedral intermediéte and the thiazolium ring of
thiamine is rapidly)regenerated.

As expected from our previous studies, the BT+ and
HET+ ions, ;eclosu;e of the enethiolate derived froq

thiamine, shows one kinetic phase (process (a)) at

intermediate pHs, but at low pHs (pH < 4.5), two distinct’

phases (processes (b) and (c)) are’observable (Figure 17);

-
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Process (a). Similar to the case of HET+, process (a) on

@

the pH-rate profile of Bi* .represents the regeneration of

thiamine from the amido enethiolate Th- or its conjugate

" acid, Th (eq. 50).

- T '
" TG SN TS
™ SR =T et Bt (5

O

Buffer catalysis. experiments for this pH region showed

genéral acid catalysis up to pH~8Q5.— Beyond this, }t was -

not detectable. Thése observations, along with the
negative dependence of the kobs on the pB, (Figure 17a),

can be rationalized by the general acid-catalyzed loss of

OH- from the tetrahedral intermediate T°, being the rate

. ? N
limiting step. However, this breakdown of T* is not

i§gnificaﬁt1y catalyzed by H' in thi§ pH rpgion.> The
appareﬁt break of the pH-rate profile - and the plateau, at
about pH 6.7, are attributed to the pKa of the thiol, Th.

This value is close to the corresponding pKa of the thiol

[

of HET*. (pKa = 7.8).

Kinetic analysis, based on eq:. 50, requires'thaiﬁ*
kove = koKPn[H'] '
/ (Krn + [A*1) (s9)

e
[ Y

A plot of 1/kovs vs. 1/[B*] for our data over the pH range
5.8 to 7.8 gives koKTn = 0.084 s-1 and krib = 1.8 x 10-7 M
(pKre = 6.7). - &

4

- . ’

JV@&
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In addition, another pPKa tﬁa£ is involved in this pH
kregion is the pK- of the protonation of the pyrimidine ring
at the N position with an estiqated value‘} about 5.0.

However, this is not conspicuous in the rate profile.

ocess . 'As for . ﬁET*. the 'bifurcgfion of‘ the rate
profile around pH 4.5 (Figure 17), is ascribed tH the onset
of the proton-catalyzed (and general. ac1dvcatglyzed)
brcakdown of the tetrahedral intermediate, Tf. to give the
protonated amino enethio] ester Es‘ (eq. 52). This Procese

| ' N\
corresponds to an acyl transfer from N to S.

I -

}

) . - R \ .
Th;===Tq’“‘i£r‘*‘E5’==§L=F='557 (52)
As previously, at low pHs (0-3.5): the rate of the reaction
is indepeﬁdent of the [H*l (plateau of ;rpcess~ (b)),fvhich‘
" carn be explained by a change of rate—li-itihg step: at low
pH the breakdown of T° is sufficiently fast that its
formatxon becones rate-limiting. The opserved peeudo;first
order rate"conspant for the pleteau region ‘has been
estimated as 0.57 5'{, which is a little lower than that
for HET*. (0.68 s-1). J
Bopmann’b reported a kobvs for the plateau of 0.25 s8-1

but his data aré limited atL pHs above 3.0, and at 20 °C,

I= 0.2\ Surprisingly, he observed only one process at
Jow pHs. | #ﬁ@“ . , .
& - o
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. Process (c). As for HET*, NMR and UV spectta of the slow
process of the ring-;cyclization reaction indicate that

- thiamine is the i"inal product. /'l'he_refore, process (c)
" ‘ (Fim.;re 17) is attributed to the ‘/,éc;x.wel"si'on of Est to the

‘thiazoli‘.um. ion of Bi1+, als,o"/through the intermediate T°

s

(éq. 53).
/ o |
/ L .
/ ’ . T + '
! Es+ T Es ‘_‘_Kx__.b T® —-—H——.>B1 + h ..(53)
, . & '
¢

{ The' plateau at pH 0-3 can be explained by the mechanism
suggested -above.' At low ©pH, no catalysis is obsérved,

) since the:‘n;céssary deprotonatiog 9of Est cancels wi\ii'.h the
proton. catalysis of T° to give Bi+, and hence, overall, the

rate of the reactior‘x plppears.to be pH independent. . Above

- .+ pH 3.5, the profile for process. (c) rises and the reaction
appears to be specific base-catalyzed. 'l'h:';s arises 'chause
the) conversion' of T° +to Bi*+ may be unassisted (ko) at low

r . :"l ,
B3, - - | a

i

' The overall e.xp‘ression derived for the mechanism shown

.i.n eq. 53 is:

kobs = (ko + Mn[H*1)Kse - ~(54)
Ke (H+) :

4

s
. .

- \asauning that tﬁe a-it;o group is protonated.- At low pH,
o i.e. high [B+], below pH 3.5, the term kin[H*] is dominant,

-
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and so, eq. "52*'15i9p1i6§$ to kobs = ‘h!Kn/K}- and a plateau
" YRR .
is observed. Above pH/E.5, the reverse holds and

kows™ = koKl-/K}s (B+*]), which appears a;s specific base

\In general, all the processes described above in the
ring-opening and ring-closing reaction can be understood in
terns of the breakdown of .the' tetrahedral intermediate, T°.
This species wmay undergo C-O, C-N, or C-S bond cleavage
(Scheme 16), depending upon theﬂ pH. In the ring 'Qpening
direction, a C-§ bond cleavage oégi;rs. Qnd the enethiolate
T- is forn;ed. AL aéidi‘c pHs,/’ a C-N bond cleavage of T°
gives., the amino enethiol ester, ‘whereas the C-0 bond
cleavage results in the reconstitution of the thiazolium
ring. Apparently, ki\netic factors 'favour the former,

!
whereas thermodynamic factors favour the +thiazolium ring

formation. q

1’ -Methyvlthiaminjuh: Dication (NiMeBi+t). This ion,

first prepared by Jordan and coworkers56, serves as a model.-
~

for thiamine _protonated on the Ni of its pyrimidine ring.

* Also, of course, it is a useful substituted analogue of

thianine.

In alkaline solution, NiMeBi! ring-opens in a similar
.manner to thiamine. ;l'he kinetics of equilibration of the
cation and 'ring-opened thiolate were studied recentiy. .by

Zoltewicz and Uray3a .‘ They found th;t_ the pKav was 8.58 ~

g
H
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.I’“‘* Bhaai) IS 3;!*
S ) .

-CHO

: c-s-
Es* T® \

br

Scheme 16. Possible modes of cleavage of the tetrahedral

/‘ | . -

intermediate T®.
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(25.1 °C, 1 = 0.2 M), about one unit lower that for thiami-
ne, due to the positively:;ha:gad pyrimidine ring. The
o;octron-withdrawing iaductive effect of this group |
destabilizes thg thiazolium ring and stabilizes the ring-

opened thiolate anion. For similar reasons, the NiMeB:*

[
ion is attacked 11 times more rapidly by the hydroxide ion,

with kow = 117 M1g1¥ | -
Ring-closing of NiMeBi? ©

tudied at the pH

The ring-closing reaction of tbs fhiol_foim of the
1’'-methylthiaminium. dication (11) was af

range 0-6.25, at 25 °C, and 1 = 1.0 Q (ﬁaCl). The pH rate

profile for .this thiazolium ion (Figure 19) s very similar

to ,that of thia ne in this pH region, but only one procéss

was observed. As with thiamine, the reaction is pH
independent up to pH 3.5, forming a plateau, whereas an
‘overall négative‘dependence on th9 pH is obSerqu,én the pHl
region 3.50 - 8.56. . )

A previous spudy‘on the ‘ring-opening and ring;cloaing
of thé. N1 MeB1 ¢+ ion gy Zaltewécz and Uray3a covered oniy pH
region'7.5 - 10.0, around‘the pH of' equilibratioﬁ of. the
ring-opened form and the thiazolium ion® = From their
‘experiments, carried out at 25.1 °C, and I =0.2 ‘M, thoy‘

o

estimated the pKav for the ring-opening process to be 8.58,

and the second order rate constants koi and ku for the

ring-opening Jnd ring-ciosinz, equal to 117 H‘{s-l and

—~
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y
‘ . l . ¢
of |
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Ny
.ﬂ 3
' . !
- . o«
: 1 T 3 K LI R 3 ¥ pH
fore , .
. / g
E . k.
‘ v
nng_iﬂ. pH dependence of the first order r:te constants

."for the ring closing of 1’'-methylthiaminium ion (Nt MeB1¢+).

® data from this laboratory, given in Table 13 of the

. /
Appendix . 2

-4 calculated data.from Zoltewicz and Urayls

“
3
} ‘ ‘
-
o .
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1.55 x 105 M-1s5-1, respectively. Our data are in good ‘
agreement with their data, given the difference in the
ionic strenéth. .

As wi;h other thiazolium ions studied, the plateau
region (Figure 19). can be ascribed to rate-limiting
formation of the tetrahedral intermediate from the undisso-
ciated thigl Th (eq. 55, Step 1). Again, the break in the
rate profile at about .pH 3.5 is due to change “ in the rate-

limiting step, so that the general-acid catalyzed breakdown

of T° becomes the rate-limiting step (eq. 55, Step 2).

. 1o e 2
Th- <gr Th.:__"““'l‘ —'Cl'-l"_/HT’ NxHeBl*’ (55)‘

Obviéusly. more experimental datg are required in this
'pH region, so that a better mechanisﬁic,explanation of the
- . .

pH-rate profile might be given, even though it looks very

similar to that of thiamine, where a more extensive study

has been done. For example, the pKa of the thiol form Th.

is expected to be as for thiamine, i.e. about 6.7. indoed;
i

Pl -
a discontinuity between our™ data and the literature data

occurs there (Figure 19).

4

Surprisingly, no slow process has been observed for

the reclosure of NiMeB1+ compound, . which otherwise shows

]

similar kinetic behaviour tb that of thiamine. Of coirse,

there is the possibility thaf, in this case, the slow

Q

process is too slow to be observed by stopped-flow.
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Alternatively, the “slow" process may be faster th;n in the
previous cases, so. that, essentially, it 6ver];ps with the .
fqgt phase. Also, for reasons which are not readily"
gpparent, experimental difficulties were encountered during
the study of the reclosure of NiMeBi*. The absorbance
‘cﬁangesj though of reasonable size, gave noisy traces and
lhe rate constants are less reliable than normal. It is'
concejvable iha@ there is a “slow" process? involving a
smal]l absorbance change, which was not obsérvéd.

g

«  Clearly, further invespihatién of the kinetics.of hp:

.
-

'"?ing-closing of this thiazolium ion is needed to eluc; e

the role of the positively charged py;imidihe ring as a

substituent on the thiazolium ion and .to clear up the
.

_unccrtainly'about the apparent absence of a "slow" process.

X
ACTIVATION PARAMETFRS

To provide further insight and another way J&f compa-

ring the different thiazolium ring systems, activation

‘parameters _have been measured.. The wmeasurements were

Y

carried qut at pH 2, which Ps iu the cenier of the plaieau
regions of both the fast and.thp slow processes, *for three
reasons. Firstly, these processes are the ones of most

interest . Secondly, problems associated with the tempera-

‘ture dependence of pH should be winimal. Thirdly, no

1

buffer catlalysis was found in this region.
= t

w

-



Table 4. . Summary of results.
¢ rs
pKav kon Eplateau Aﬂg . DS
M-1g5-1 51 Kcal/mole E.u.
4 = -
BT+ 6.5 8700
fast ' 2.1 7.7 -31
slow " 0.054 9.2 , —34
HET+ 10.3 1.3
fast 0.68 7.5 -34
slow ~ 0.016 10.0 - -33
B + .9.6 10.6
fast - 0.57 6.3 -39
slow 0 9.7 -33

.029
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The activation entropy and eqthaipy pf"fhe ring-
closing of BT+, HET+,-and Bi*+ thiazolium iéns were obtained -

by carrying out experiments on the temperature dependence
of koba. The values' of AS' and AB' g.iven in T-able 4, -

were obtained by the least 5quare analysis of the plot of .

In(kobs /T) ws. 1/T for the tonperaturé range 15 35 °C. As

expected for a cyclxzation reacg%on. -the activation

1 entropies S* have. large negative values.ﬂoﬂoreéver, there

are no major differences in the - /AB® ‘and  /As* values for
ao ¢ M

the' different thiazolium riéﬁ_ systems® ~ Clearly, .the

principal factors involved in the fist and slow processes -

are the same for the various substrates. " ‘QL\

The analysis of“the pH-rate profile of the reversible
thiazolium ring cleavage of HET*, Bi+, and BT+ (previously
studied! 92 ) have been investigated for the.pﬂ,region 0-14.

The ring-opening process shows a }ate-liliting‘ attack of

hydroxide ion’;n the tﬁiazoliun ring to f@rn the pseudobase’

"T*  which then undergoes, fast deprotvnation and ring-

A9ponin¢ to - the oneth}olate, T-. The estimated pKn§ of the

-

equilibration'of the thiazolium cat10n5 BT+, HET+, and Bi+
to their ring-opened for-, are 6.5, 10.3. and 9.6 (at

26 *C), respoctively. A correlation of thg‘ntructuros of
the thiuzolium‘ ion under =study with .their rgte constants

. -rb
kot and pKav (Table 4) leads to the ‘'conclusion that




o)

By

“\.,;:-:,J

4
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,eléctron‘withdraving substituents, such as the aromatic

ring in BT* and -CH2R (where R is the amino pyrimidine

s

. ring) in B1+ aécqleraies the attack of OH- on the 2-

v

position abd

0

liun .ring and stabilization of the thiolate.

” Two kinetically distinguishable processes have been

\
./found. at low pB.,for'the ring-closing of the enethiolates

T derived from Bi+, HET+, and BT*. According to proposed

mechanism, the flrst (kinetic control) foszw’an amino
enethiol ester, while the second (thprmodynanic control)
résults in the4recon§titu{ion of‘the appropriate ﬁhianoliu-
ring. Compafi;bg of the firs?—oraér rate coﬁﬁtants (Tgﬁle
4) of Bi+, HET+, and BTnf .shows thaé acyl tréﬁgfer takes
place about_3 times faster in the thiol form‘P§ BT* than“in
HET+ and ‘?I*. This can be expYained by the lower pKrn
value for BT+ (5.6), compared to that of HET+ (8.03) or Bi+

(6:7), ;incq the\rate-limiting st%é for this process, from
the propo;ed ;echanism (éq: 52) is:1the formation " of the
fetrahedral intermediate T* from the thiéi‘fo$- T.

‘ No major dffferenées have been found in the values of
the activétion parameters l&B? and"[SSO“ (Table 4) between
thé fast and the slow pgasé of the riﬁg—closing. which
explains ouf -gqhanistic’ suggestion that both propesiol

occour via the' tetrahadral internedzate,\T' Suggestions

for further work include:

[

lbuers the pKav probably by destabilization of the thiazo-

B -
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- More kinetic NMR studies‘ for the fast process of the
ring-closing, probably by a stopped-flow NMR spectrome-
ter. This type of study shoix‘ld elucidate the product
analysis of the fast prpc.ess. '

-~ Dynamic and static NMR exper{ments at room ténperatu;e,
and at elevated fempez"ature, will. giye infc;rmation about
the relative stability of the ;tflO@ observed rotamers of
the thiol form. These studies, in conhection with
kinetics in “_s_topped:-flow" at elevated temperature, may
also indicat‘e any possible connection between the two
rotational isomers of the thiolate and the two processes
observed on the reclosure.

- Finally, extended investigation in. the kinetics of the NI—‘
mephyl-thiqminium ion‘, as well as of other substitutgd

| thiamine derivattives, w'illq help, so that the chemistry of

r -, .
thiamine, this sc‘)“ ‘biologically . important compound, be

better understood.

]

]|

Al
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Table 5. Rate constants for ring-opening of HET*.

eH _l_lob: 10K kobs
o-

13.52 0.657 | -0.182
13.12 0.268 ‘ -0.572
12.82 0.131 ' -0.883
12.51 0.0736 . - -1.13
12.42 0.0582 “1.24
12.30 0.0456 -1.34

12.12 '0.0313 | -1.50 .
11.83 0.0151 , -1.82
11.60 0.00900 -2.05
11.44 0.00658 . -2.18
11.32 0.00525 o ' -2.28
11.18 - ~ 0.00410 . -2.39
10.98 0.00325 -2.49
10.82 ' 0.00148 -2.83
10.61 0.00135 o -2.87
10.52 0.00114 ‘ -2.94
10.35° 0.00111 'f,~\ --2.95
.-10.03 0.00120 -2.91

s ,
¢
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Table 8. Rate constants for ring-closing of HET+

-~  (fast process) .

eH -Kobe -1of RKobs
- s:x M

0.44 0.610 ~0.214 o
1.13 0.690 -0.161
2.13 0.688 ‘ © . -0.162
2.62 0.700 -0.155

. 3.20 0.696 -0.157
3.49 ~662 - -0.179
3.94 0.641 ” : -0.193
4.49 0.595 -0.225
4.56 L 0.589 -0.230
5.35 Y 0.511 ~0.292
5.75 0.476 . " -0.322
5.95 0.373 - . =0.428 -
. 6.31 , 0.330 '-0.481
6.52 0.236 » -0.627
6.57 0.244 -0.613
6.75 0.213 -0.672
7.06 0.149 -0.827
7.47 0.1r0 . ~0.958
7.80 0.082 - ' . -1.09
8.28 . 0.038 -1.42
8.59 0.0226 { -1.65
8.70 ‘ 0.0207 -1.68
8.83 0.0151 o -1.82
8:90 0.0131 -1.89_
8.95 0.0118 - g -1.93
9.01 0.0100 -2.00
9.13 0.00798. -2.10

T 9.21 0.00564 -2.18
9.25 0.00596 - -2.22
9.31 « 0.00561 . -2.25 "%
9.53 0

.00305 _ -2.52
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Rate constants for ring-closing of HET+

(slow proéess).

* -~

0

-

Kobs
s-1

.0134

‘“ Q.0145
0°.0160

d 3
-é

A ]
CO0O0O0OOCOOOOOOOODOOOOObLO

.0156
.0154
.0166
.0162
.0159
.0141

.0160
.0166
.0159
.0178
.01980
.0179
.0192
.0226
.0288
.0294
-0396

.0858
.0432
.0803

.0165 -

.0471;

A
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' Table 8. Buffer catalysis rate . constants for process (b)

-

of HET+. Phosphate buffers.

eH, [buffer] kobe
M s-1
5.95 0.200 0.812
- 0.150 0.754
\ 0.100 : 0.601
. 0.050 , 0.478
0.025 . . 0.411
0.010 0.336
6.31 . 0.200 0.517
. 0.150 ' , 0.468
" 0.100 "' . 0.390
o * 0.050 0.307
. 0.025 . . 0.256
. . 0.010 0.218
6.57 . 0.200 © 0.517
. 0.150 0.468
0.100 \ 0.390
0.050 ‘ 0.307
0.025 0.256
'0.010 , '0.218

8.75 . 0. 20Q . 0.408
, ' 0.150 0.375
0.100 0.319
0.050 _ - 0.256
0.025 0.215
0.010 0.190
7.06 . 0.200 0.228
‘ ) 0.150 -— 0.221
T . 0.100 _ 0.189
\ . 0.050 ‘ 0.168
) 0.025 0.146
0.010 - 0.132

« ¥
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Table 9. Rate’ constants”for the formation of the “yellow

form" of Bi+. L. F o EOPLTE
o | kovs | log kobs
s 4 )

3.7 : 911 _ Lo

o 8.4 “ \ 0.851 .

13.0 .o 3.96 ' 0.598 ,
e | 1,33 s " 0.126

12.0 0.607 - :  o.218

11.75 ~ ‘ " 0.580 : -0.236

11.50 ) " 0.668 T o118

11.28 ‘ 0.755 022

10.88 168 . .

10.50 L1 , s

10.05 .04 _ .

9.65 4.78 - 0.879

9.A2 8.42 0.925

9.10 : 10.9 - 1.06

9.01- . 1276 : 10

8.54 " 17.0 ~ ‘ s

8.22 30.1 1.48
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Table 10. Rate constants'fo:'ring—opening of Bi1+.

!

. pB \\;\\“ ‘. k;?f | ‘ lggigf#;f

13.4 0.00149 . -2.83
13.0 0.00266 -2.57
12.5 0.00769 2.1
12.0 0.0217 . -1.866
11.53, ) ] 0.0219 -1.66
11.16 ‘ 0.0204 -1.69°
10.87 - | 0.0102 - -1’99

.10.72 0.00623 -2.21
ro.57. 0.00279 % oo T -2.56
10.17 ., 0.00116 ‘—3.94
9.67 0

.00038 ‘ ' - -3.42
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Table 11. Rate constants for ring-closing of Bi+

(fast_proceés).'

eH kobs log Kkobe
51 : -

0.33 0.549" A -Q.260
1.0 0.572 -0.243
1.5 . 0.569 " -0.245
2.0 0.567 - ~0.247
2.55 0.555 -0.256
2.62 0.616 -0.210
2.87 ' 0.537 ‘ -0.270
3.25 0.482 ~ -0.317
3.36 . 0.429 ‘ -0.367
3.41 0.445 N " -0.851
3.60 0.439 "T-0.357.
3.77 0.321 : <. -0.493
4.12 - 0.252 . =0.800
4.40 0.172 -0.763 "
4.51 0.167 ° -0.773
4.98 0:115 -0.938
5.06 e 0.107 - =0.970
5.58 . 0.0820 , -1.09
5. 82 0.0686 , -1.16
5.94 ° . 0.0704 7/ -1.15.
6 32 -0.0554 -1.26
6.40 0.0608 -1.22
6.84 0.0408 -1.39
6.95 ‘ 0.0373 - -1.43
7.24° . 0.0240 N ~1.62
7.34 S 0..0220 5o —1.66 T
7.44 0.0162 -1.79 ‘
7.84 . 0.0098 . -2.04
8.32 ' 0.00393 -2.41
8.31 0.00378 -2.42
8.78 0.00155 ' -2.81
8.82 0.00124 -2.91
9.23 “ © 0.000670 -3.17
9

.32 0.000660 ) -3.18
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Table 12. Rate éonstants for ring-closiné of B1+

W W W oW NN NN M = O

.33
.00
.50
.00
.31
.62
.87 "
.25
.41

.75
.23

(slow process).

K

mb- ;

~1.60
-1.60°
-1.57
-1.56
-1.53
. -1.46
-1.50
-1.46
-1.33
-1.11
~1.16
~0.804
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\Tgblg 13. Rate constants for ring-closing of NiMeB1+.

’

eH !ob: - , 1o kobvs -
: s
0.33 0.522° = T -0.282
1.00 0.568 . -0.246 '
2.00 0.589 . -0.230
3.04 0.584 -0.234
3.80 0.460 -0.337 :
4.62 . ¢ 0.212 - -0.874
5.75 0.0858 | -1.07
6.25 0.0443 - .. -1.35

»
-—
«
JUPP,



