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Kinetics and mechanism of the reversible ring-opening of thiamine
and related thiazolium ions in aqueous solution
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Kinetic studies of the ring-opening and reclosure reactions of thiamine and three other thiazolium ions
(Q1) in aqueous solution, in the pH range 0–13, have been carried out by stopped-flow and conventional
UV–VIS spectrophotometry. At high pH, ring-opening of thiamine exhibits a temporary diversion to the
well-known ‘yellow form’. Otherwise, the ring-opening reactions are simply first-order in [OH2], consistent
with rate-limiting attack of hydroxide ion at C(2) of the Q1 ring, producing a pseudobase, T8, which
rapidly consumes a second equivalent of hydroxide ion to form the ring-opened enethiolate, ETh2. In
contrast, ring closure of the enethiol in acidic solution exhibits rather complex kinetic behaviour; two
processes are observed for most enethiols, including that derived from thiamine. Both the fast process (a)
and the slower process (b) produce the thiazolium ion Q1 and they exhibit pH- and buffer-independent
rate plateaux at low pH. Rapid, repetitive UV spectral scans and NMR spectral studies show that the two
processes arise from the independent formation of Q1 from the two amide rotamers of the enethiol which
do not equilibrate under the reaction conditions. The major amide rotamer (~75%) gives rise to the fast
process (a) and the minor rotamer to the slow reaction (b). The pH–rate profile and buffer catalysis studies
reveal that the reclosure reaction undergoes a change in rate-limiting step from uncatalysed formation of
T8 at low pH to its general acid catalysed breakdown at higher pH. The latter process is characterized by a
Brønsted á value of 0.70. Additionally, for process (b), a general base catalysed pathway for formation of
T8 can be observed, for which the Brønsted â value is 0.74. The mechanistic details of the ring-opening and
reclosure pathways are discussed.

Thiamine (vitamin B1), or its pyrophosphate, is a cofactor in
many enzymatic processes.1 It contains a quaternary thiazolium
ring which is crucial to its catalytic functions,1,2 and, this ring,
like other thiazolium ions, is susceptible to reversible opening in
aqueous solution.3,4 As depicted in Scheme 1, thiazolium ions

show a pH-dependent equilibrium which favours the quater-
nary cation (Q1) at low pH and a ring-opened enethiolate
(ETh2) at high pH, with a pseudobase 3 (T8) being the most
plausible intermediate.1c,3–9 Even though this type of reaction
has been known for a long time,5 some aspects of the mechan-
isms involved are still unclear 1c despite many studies using vari-
ous kinetic techniques (potentiometry, electrochemistry, pH-
stat, stopped-flow and conventional spectrophotometry),4,7–9

including NMR spectroscopy.8

In a previous communication 6c we reported that two pro-
cesses occur during the reclosure of the enethiolate (ETh2) in
acidic solution. At the time, we ascribed the faster process to an
(N→S) acyl transfer (kinetic control) which precedes the slower
reconstitution of the thiazolium ring (thermodynamic control).
Other workers have also reported seeing two processes during
the reclosure at low pH but they have given different interpret-
ations.7 Our initial proposal has not been supported by sub-
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sequent studies, presented here. It now appears that both the
fast and slow processes produce the thiazolium ion, and that
they arise because the ring-opened thiolate (and hence the thiol)
exists as two rotational isomers 8 which have different pro-
pensities for ring closure.

The present results have relevance to the chemistry and bio-
chemistry of thiamine,†,2 and they may be pertinent to food
technology because the vitamin is added to some commercially-
prepared foods. The results also relate to the behaviour of
tetrahedral intermediates 10,11 since the interconversion of Q1

and ETh2 almost certainly involves a tetrahedral intermediate
T8 (Scheme 1) in which nitrogen, oxygen and sulfur are bonded
to the pro-acyl carbon. Such species,‡ which are involved in the
enzymatic action of thiol proteases as well as other biochemical
processes,1a,12,13 have been studied much less than the more
familiar N,O,O- and O,O,O-tetrahedral intermediates.11

Results
We first studied the reversible ring-opening of the N-
methylbenzothiazolium ion (BT1) and its 2-methyl derivative
(MT1).5,14,15 The cation BT1 seemed a good choice for initial

† Several authors 1,2 have speculated that a ring-opened form of thia-
mine (thiol, thiolate or disulfide) may be transported more easily across
cell membranes than thiamine, which is a cation.
‡ For a kinetic study of another reaction involving the intramolecular
attack of a thiol on an amide group, and which proceeds through a
N,O,S-tetrahedral intermediate, see McDonald et al.12 This reference
also has a detailed discussion of related studies of tetrahedral
intermediates.
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study since it had been studied in some detail by Vorsanger 15

and to a lesser extent by others.4a,5,14 Also, BT1 is not subject to
the formation of a ‘yellow form’ which complicates the
behaviour of thiamine at high pH.7a,9 Subsequently, we studied
the behaviour of the 3,4-dimethyl-5-(2-hydroxyethyl)thiazolium
ion (HET1) which is a thiamine analogue lacking the pyrimidine
moiety and which also has no ‘yellow form’ in basic solution.
Finally, we have carried out studies on thiamine (B11), itself.

In some pH regions, the kinetics of the ring-opening and
reclosure reactions show buffer catalysis. To minimize the con-
tributions of such catalysis to kobs, most experiments were car-
ried out at low buffer concentration (0.01 mol dm23). For
HET1, where buffer catalysis was studied extensively, the
majority of the kobs values used in the pH–rate profiles were the
intercepts of buffer plots.

For the overall reaction shown in Scheme 1, it is convenient
to employ an equilibrium constant, Kop, that is defined [eqn. (1)]

Kop
2 = [ETh2][H1]2/[Q1] (1)

in such a way that pKop is the pH at which [Q1] and [ETh2] are
equal.3 As will be seen below, the pH–rate profiles for opening
and reclosure of thiazolium ions go through a minimum at
pH = pKop.3,6,7,15 In the vicinity of this pH, the rate constant
for equilibration has significant forward and backward
components and kobs = kOH[OH2] 1 kH9[H1]. At equilibrium,
kOH[Q1][OH2] = kH9[ETh2][H1], and so Kop

2 = kOHKw/kH9.
Thus, from measured values of kOH and kH9 one can find
Kop, and in this way Vorsanger 15d estimated pKop = 6.57 for
BT1. Alternatively, Kop may be estimated from equilibrium
measurements, using various techniques, and Breslow 4a has
found a value of pKop = 6.35 for BT1 by titration with NaOH.

N-Methylbenzothiazolium ion (BT1)
The pH–rate profile for the opening and reclosure of BT1 in the
pH range 0–12 is shown in Fig. 1. Despite the use of slightly
different ionic strengths, there is good agreement between our
kinetic results and Vorsanger’s,15 where they meet (Fig. 1), and
so we have not duplicated her measurements in the pH region
5–8. For ease of comparison with the other thiazolium ions, the
profile is labelled in three parts: process (a), ring closure at
pH < pKop which becomes the faster process at pH < 4; process
(b), a slower reclosure at pH < 4; process (c), ring-opening at
pH > pKop. Comparable processes are observable with HET1

and B11, as described later.
Above pH = pKop, the profile for the ring-opening of BT1

[Fig. 1(c)] rises monotonically to high pH,§ and our data corres-
pond to a rate constant for hydroxide ion attack of kOH = 7500
dm3 mol21 s21 (at I = 0.1 mol dm23), close to Vorsanger’s
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§ Around pH 9–10, where the data in Fig. 1 tend to deviate above the
line defined by the points at higher pH, there is evidence of weak buffer
catalysis in borate and carbonate buffers. Such behaviour, which is also
observed with HET1, was anticipated since general base-catalysed
attack of water on quaternary heterocyclic cations (and stabilized
cations of other types) is well-known.3 Washabaugh and co-workers 4f,g

have studied such catalysis for various thiazolium ions but ascribe it
to general acid catalysed opening of the pseudobase, T8.

value 15b,d of 8600 dm3 mol21 s21 (at I = 0.01 mol dm23). The
pH–rate profile for the cyclization of BTh2 to BT1 at pH < pKop

shows two significant features: (i) a bifurcation into two distinct
processes (a) and (b) near pH 4.2; (ii) pH-independent plateaux
for both processes at low pH [Fig. 1(a) and (b)]. On the two
plateaux no buffer catalysis is observed but for process (a) at
pH > 2 there is general acid catalysis, and the buffer plots are
curved in a way typical of saturation-type kinetics. Because of
the similarity of the two processes between pH 3 and 4, it is not
possible to obtain buffer catalysis data of sufficient quality to
justify analysis. However, as discussed below for HET1, these
observations are consistent with the break near pH 3 being due
to the involvement of an intermediate and a change in rate-
limiting step, rather than to a pKa.

The slower reclosure process (b) has a plateau from pH 0–3,
after which there is a short rise to meet the profile for process (a)
at pH 4.2. Such a rise is seen more clearly in the pH–rate pro-
files for HET1 and B11 (see below), and for several other thia-
zolium ions studied by Knoche and co-workers.7c

The UV spectral changes found between pH 5 and 6.5 are as
reported by Vorsanger,15a,c with BT1 being the product of reac-
tion. When the pH is lowered from 6.5 to 5, the UV spectrum at
time zero alters dramatically since the large absorption max-
imum of the thiolate BTh2 at 268 nm diminishes with pH [see
Fig. 4 in ref. 15(a)], corresponding to a pKa of 5.65 15c that is
attributable to the conjugate acid of BTh2 (BTh, Scheme 2).¶

Fig. 1 pH–rate profiles for the ring-opening (pH > 6.5) and reclosure
(pH < 6.5) of the N-methylbenzothiazolium ion, BT1, in aqueous solu-
tion. The rate constants in the central pH region (e) are taken (or
calculated) from the work of Vorsanger.15 The other data are from this
work: (a) = j, for the reclosure of the major rotamer of the thiol, BTh,
which accounts for ~75% of the BT1 product at low pH; (b) = h, for a
slower reclosure of the minor rotamer BTh which forms ~25% of BT1;
(c) = r, for ring-opening of BT1 to the thiolate, BTh2 (Scheme 2).

Scheme 2
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¶ Vorsanger 15c has presented arguments to support attribution of a pKa

of 5.65 to the thiol BTh. In further support, we note that the pKa of
benzenethiol is 6.62, and that electronegative ortho substituents lower
this to the range 5.4–5.8.16
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This pKa does not give rise to a conspicuous break in the
pH–rate profile [Fig. 1(a)], although Vorsanger detected it in
her kinetic data,15c and analogous pKa values are quite evident
in the reclosure profiles of HET1 and B11 (see later).

2,3-Dimethylbenzothiazolium cation (MT1)
This cation undergoes ring-opening and reclosure at lower rates
than BT1 (Fig. 2). Again, our kinetic data agree with and
extend those of Vorsanger.15 On the basic side of pKop = 6.75,15d

the ring-opening of MT1 continues until high pH, with
kOH = 127 dm3 mol21 s21 for reaction with hydroxide ion. This
value is 60-fold lower than that for BT1, which is attributable to
the steric and electronic effects of the methyl group at C(2) and
is consistent with simple, rate-limiting hydroxide ion attack on
both thiazolium ions.

At pH < pKop the rate profile for the cyclization of the thi-
olate ion (MTh2), derived from MT1, shows a rate increase
with acidity that levels off below pH 3. As with BT1, there is no
obvious break in the profile between pH 4 and 6, but Vor-
sanger 15c found UV spectral changes at time zero that she
ascribed to a thiol pKa of 5.60. Unlike the situation with BT1,
HET1, B11 and other thiazolium ions,7c only one kinetic pro-
cess, labelled (a), was observed at low pH.

3,4-Dimethyl-5-(2-hydroxyethyl)thiazolium ion (HET1)
pH–rate profiles for the reversible hydrolysis of HET1 have
been published,7c but it is not clear if the rate constants were
corrected for the buffer catalysis present above pH 4. The
data we have obtained, corrected for all buffer catalysis, are
presented in Fig. 3. Although similar to the profiles for BT1

(Fig. 1), those for HET1 are more spread out in the region of
ring-closure because pKop = 10.34. Two breaks in the profile
for process (a) can be clearly seen near pH 6 and 8. As with
BT1, pH-independent fast and slow processes are observed at
low pH.

Extensive buffer catalysis studies were carried out for both
processes (a) and (b). Catalysis of process (a) is very weak (or
non-existent) at pH < 5 and is almost certainly due to a medium
effect. A series of phosphate buffers (pH 6.3–7.1) yield
saturation-type catalysis plots (Fig. 4) indicative of a reaction
through an intermediate and a change in the rate-limiting step.
A break in the pH–rate profile near pH 6 also points towards
such a change, since the pKa of the enethiol is expected to be
significantly greater than this.4f,g Above pH 7.5, formation of
the cation HET1 continues to be strongly buffer catalysed, but
the buffer plots are now linear and analysis of their slopes in the
usual way reveals that all of the catalysis is general acid cata-
lysis (GAC) in terms of the neutral thiol or a kinetic equivalent.

Fig. 2 pH–rate profiles for the ring-opening (pH > 8) and reclosure
(pH < 6) of the 2,3-dimethylbenzothiazolium ion, MT1, in aqueous
solution. The open squares (h) are rate constants taken from Vor-
sanger;15 the remainder are from this work. The regions are: (a) reclos-
ure of the thiol at low pH; (c) ring-opening of MT1 to the thiolate,
MTh2. No process corresponding to (b) for the other cations was
detected.

The second-order rate constants for GAC are collected in Table
1(a) and the Brønsted plot with α = 0.70 is illustrated in Fig.
5(a).

Between pH 7 and 9 the descending limb of reclosure process
(a) shows a clear break that can be ascribed to ionization of the
enethiol. Analysis of the data on the rate profile in this range
allows estimation of the spontaneous (or water catalysed) rate
constant for HET1 formation from neutral thiol, along with its
pKa. For the enethiol, with an acid dissociation constant KTh

and a rate constant ko9 for the reaction to give Q1 [eqn (2)], the

ETh2
[H1]

KTh

ETh
ko9

Q1
(2)

observed rate constant is given by kobs = ko9[H1]/(KTh 1 [H1]).
Fitting this equation to the data yields ko9 = 0.127 ± 0.006 s21

and KTh = (1.12 ± 0.06) × 1028 mol dm23 (pKTh = 7.95). When
the enethiol is largely ionized (pH > pKTh), kobs = ko9[H1]/KTh,
and so the apparent rate constant for acid catalysis of ring
closure of the enethiolate is kH9 = ko9/KTh = 1.13 × 107 dm3

mol21 s21 as the pH approaches pKop.
Like process (a), the slow process (b) is independent of pH

and [buffer] over the pH range 0–4. At pH > 4, catalysis by
hydroxide and by buffers is observed, and the buffer plots are
linear. Analysis of the slopes of the buffer plots reveals catalysis
that is kinetically general base catalysis (GBC) in terms of the
neutral thiol. The second-order rate constants for GBC are also
collected in Table 1 and the Brønsted plot (β = 0.74) is shown in
Fig. 5(b).

In contrast to the rather complex pathways for reclosure, the
ring-opening of HET1 at pH > pKop appears to be straight-

Fig. 3 pH–rate profiles for the ring-opening (pH > 10.3) and reclosure
(pH < 10.3) of the cation HET1. The processes are: (a) = r, fast ring
closure of the major rotamer of HETh to HET1; (b) = ,, slow ring
closure of the minor rotamer of HETh to HET1; (c) = e, ring opening
of HET1 to HETh2.

Fig. 4 Curved buffer plots for the ring closure HETh to HET1.
Phosphate buffers of pH 6.31(h), 6.57 (r), 6.75 (,), 7.06 (.). The
curves have the form of saturation kinetics, consistent with a change of
rate-limiting step.
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Table 1 Catalytic coefficients for general acid catalysis in process (a) and for general base catalysis in process (b) for the reclosure of enethiols
derived from HET1 a

HA pKHA kHA/dm3 mol21 s21 kA/dm3 mol21 s21

(a) General acid catalysis of process (a)

H3O
1

H2PO4
2

N-Me-imidazole (H1)
N-Me-morpholine (H1)
(HOCH2)3CNH3

1

HOCH2CH2NHMe2
1

H2O
b

21.74
6.50
7.36
7.77
8.34
9.53

15.55

1.1 × 107

8.6 ± 0.4
1.6 ± 0.4
0.34 ± 0.13
0.28 ± 0.14
0.061 ± 0.021
2.58 × 1023

(b) General base catalysis of process (b)

H3O
1 c

ClCH2CO2H
HCO2H
CH3CO2H
2O2CCH2CO2H
CF3CH2NH3

1

MES(H1) d

H2PO4
2

H2O

21.74
2.66
3.41
4.52
5.14
5.86
6.27
6.50

15.55

2.92 × 1024

(6.5 ± 0.8) × 1023

(1.95 ± 0.16) × 1022

(6.8 ± 3.0) × 1022

0.10 ± 0.02
1.7 ± 0.2
1.4 ± 0.3
2.4 ± 0.3
6.4 × 106

a At 25.0 8C, I = 1.00 mol dm23 (KCl) in H2O, for which pKw = 13.81. For H2O, pKHA = pKw 1 log [H2O] = 15.55 and for H3O
1, pKHA = 2log

[H2O] = 21.74. Following common practice, the pKHA values for the buffer acids are taken to be equal to the pH at half-neutralization, in I = 1.00
mol dm23 aqueous KCl. b Assuming GAC by water, kHA = 0.143/55.5 = 2.58 × 1023 dm3 mol21 s21. More likely, the reaction entails spontaneous
ionization. c Assuming GBC by water, kA = 0.0162/55.5 = 2.92 × 1024 dm3 mol21 s21. Possibly, the reaction involves simple attack of water.
d MES = N-morpholinoethanesulfonic acid.

forward. Only one kinetic phase is observed and the pseudo-
first-order rate constants are strictly first-order in hydroxide
with kOH = 1.49 ± 0.08 dm3 mol21 s21 (I = 1.00 mol dm23). From
this value, with kH9 = 1.13 × 107 dm3 mol21 s21, (evaluated
above), and using Kop

2 = kOHKw/kH9 (derived earlier), one finds
pKop = 10.34.

In the pH region 10–11, the ring-opening shows no catalysis
by n-butylamine, triethylamine or 2-(N,N-dimethylamino)-
ethanol buffers. Weak catalysis by carbonate and phosphate
buffers was observed but it could not be simply ascribed to a
GAC or GBC pathway. Since we could not rule out a specific
salt or medium effect of the polyanionic buffer species and
because the catalysis is so weak relative to the reaction with
hydroxide ion, we did not pursue further study of buffer cata-
lysis in the high pH region.||

Fig. 5 Brønsted plots for buffer catalysis, constructed from data in
Table 1. (a) General acid catalysed formation of HET1 from HETh via
a pseudobase, HET8 [process (a)]; the correlation does not include the
point for water (s) since it is believed to arise from the spontaneous
ionisation of HET8. (b) General base catalysed formation of T8 from
the minor rotamer of HETh [process (b)]; the correlation does not
include the point for water (j) since it probably represents a different
(uncatalysed) mechanism.

|| Using iodine trapping of the thiol or thiolate, Washabaugh and co-
workers 4f,g have carried out extensive buffer studies of ring-opening of
thiazolium ions at lower pH, where competition from the hydroxide ion
is less much important.

Thiamine (B11)
The pH–rate profiles for the ring-opening and recyclization of
thiamine are displayed in Fig. 6. As with BT1 and HET1, two
processes (a) and (b) are observed at low pH and process (a)
continues up to pH = pKop. At higher pH, process (c), which
forms the ring-opened enethiolate, is seen, but at pH > 10 a
profile due to a faster process (d) appears.

The fast process (d) is due to the equilibrium of the cation
B11 with its unstable ‘yellow form’, YF2 [equilibrium (3)].6a,7a,9

For the equilibrium, a constant is defined by KYF
2 = [YF2][H1]2/

[B11] which is analogous to Kop [eqn. (1)]. Rate constants for
the equilibrium have forward and backward components:
kobs = kfKw/[H1] 1 kb[H

1], and fitting this equation to the

Fig. 6 pH–rate profiles for the ring-opening (pH > 9.5) and reclosure
(pH < 9.5) of thiamine (B11). The processes are: (a) = r, fast ring clos-
ure of the major rotamer of B1Th to B11; (b) = ,, slow ring closure of
the minor rotamer of B1Th to B11l (c) = e, ring opening of the B11 to
B1Th2, after equilibration with YF2; (d) = m, equilibration of B11 with
its unstable yellow form, YF2.
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kinetic data gave kfKw = (6.14 ± 0.19) × 10213 mol dm23 s21 and
kb = (1.29 ± 0.6) × 1011 dm3 mol21 s21, from which KYF = kfKw/
kb)¹² = (2.18 ± 0.08) × 10212 mol dm23 and pKYF = 11.66 ± 0.02,
close to literature values in the range 11.4–11.6.6a,7a,9a–c

The presence of the yellow form, YF2, in equilibrium with
B11, affects the profile for the ring-opening of thiamine [pro-
cess (c), Fig. 6] and it gives rise to the unusual decrease in kobs at
pH > 11.6. Following the original suggestion of Maier and
Metzler,9a the profile can be accounted for by the steps shown in
reaction (4), where B1T8 is the pseudobase of thiamine and

YF2
2[H1]

KYF

B11
kOH[OH2]

B1T8
OH2

B1Th2
(4)

B1Th2 is its ring-opened enethiolate ion. The corresponding
form of kobs is given in eqn. (5), and fitting this equation to the

kobs = kOHKw[H1]/(KYF
2 1 [H1]2) (5)

data for process (c) gives kOHKw = (1.30 ± 0.05) × 10213 mol
dm23 s21 and KYF = (2.75 ± 0.10) × 10212 mol dm23. From these
values, kOH = 8.79 ± 0.34 dm3 mol21 s21 and pKYF = 11.56 ±
0.02, the latter being in reasonable agreement with the values
given in the previous paragraph.

The pH–rate profiles for the reformation of thiamine at
pH < pKop [Fig. 6(a) and (b)] are very similar to those of HET1

(Fig. 3). Moreover, buffer catalysis is observed in the same
regions, namely, on the descending limb of process (a) and on
the rising portion of process (b). Also, there is a conspicuous
break in process (a) near pH 7, and analysis of the kinetic data
in the pH range 6.3–8.8, in terms of reaction (2) and in the same
way as for HET1, affords ko9 = 0.0627 ± 0.0015 s21 and
KTh = (7.60 ± 0.27) × 1028 mol dm23 (pKTh = 7.12). Likewise,
the rate constant for acid catalysis of ring closure of the thiolate
is kH9 = ko9/KTh = 8.25 × 105 dm3 mol21 s21 in the range pKTh

< pH < pKop. Combining this last value with kOHKw =
1.30 × 10213 mol dm23 s21 (from above) leads to Kop = (kOHKw/
kH9)¹² = 3.97 × 10210 mol dm23 and pKop = 9.40, which compares
to literature values of pKop of 9.0–9.3.9

Rapid UV–VIS spectral studies
The spectral changes we observed by conventional spectro-
photometry for the formation and reclosure of the thiolate of
BT1 agreed with those already reported.14,15 However, using
rapid mixing and fast scans, we find that the UV spectral
changes for reclosure at pH < 4 have two distinct kinetic phases,
corresponding to processes (a) and (b) in the pH–rate profiles,
and both phases are associated with the reformation of the
thiazolium ion, as shown below.

Fig. 7(a) shows fast repetitive spectral scans recorded dur-
ing the course of cyclization of the thiolate BTh2 (present as
the thiol BTh) at low pH. As is clearly seen in the figure, both
the fast and slow kinetic phases lead to increases in the
absorption band at 278 nm, and decreases at 250 nm, as
expected for the formation of the benzothiazolium cation,
BT1.14,15 Also, note that the total absorbance change for the
faster process is about three times greater than that for the
slower process. In a similar way, the spectral changes associated
with the reclosures leading to HET1 and B11 show two kinetic
phases, and the amplitudes of the two phases are also in the
ratio of about 3 :1 [Fig. 7(b) and (c)]. By contrast, the ring
closure leading to MT1 shows only one kinetic phase (scans not
shown). In all cases the final UV spectrum was identical to that
of an appropriate concentration of the relevant cation. These
observations have an enlightening correspondence to those
made by 1H NMR spectroscopy.

NMR spectral studies
1H NMR studies of thiamine in strongly basic solution have
shown the presence of two rotational isomers of the ring-

opened thiolate,4b,8b arising from slow rotation about the C]N
bond of the amide group [equilibrium (6)].**,17 Similarly, we
find that two rotamers are formed from the cations BT1 and
HET1 (Figs. 8–10), and, more significantly, that the ratio of the
rotamers is about 3 :1 in all three cases (Table 2).

Opening of BT1 in NaOD–D2O leads to the 2-(N-
methylformamido)thiophenolate ion (BTh2) which displays

Fig. 7 Rapid UV spectral scans taken during the cyclizations of
enethiolates leading to thiazolium ions at low pH. A solution of the
enethiolate ion was rapidly quenched with aqueous HCl (see Experi-
mental section). (a) Cyclization of the benzenethiol BTh to BT1; the
two time domains are: A, 11 scans at 0.2 s/scan; B, 13 scans at 10 s/scan.
(b) Cyclization of the enethiol HETh to HET1; the two domains are: A,
13 scans at 0.5 s/scan; B, 13 scans at 20 s/scan. (c) Cyclization of the
enethiol B1Th to B11; the two time domains are A, 13 scans at 0.5
s/scan; B, 6 scans at 20 s/scan.

N
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H

O N

S–
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slow
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** In a previous study, from one of our laboratories, two kinetically
significant rotamers of o-(N-methylformamido)-N-methylbenzamide
were observed by NMR spectroscopy during the course of the opening
of the 3,4-dihydro-1,3-dimethyl-4-oxoquinazolinium cation in basic
solution.18 Other examples of reactions involving slowly interconvert-
ing amide rotamers are cited in refs. 11(a) and 18.
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two N-methyl signals, in the ratio of 3 :1 [Fig. 8(a)], for the two
amide rotamers. When the solution of the thiolate rotamers is
quickly acidified with DCl, one of the N-methyl signals of the
thiol BTh disappears rapidly, as expected for process (a)
(t₂

₁ = 0.33 s), but the other, smaller N-methyl signal takes about 1
min, as is appropriate for process (b). These NMR observations
are consistent with those made by UV spectrophotometry for
the two kinetic phases [Fig. 7(a)].

When MT1 is ring-opened to the (N-acetylamino)-

Fig. 8 1H NMR spectra (300 MHz) taken before and during the cycliz-
ation of BTh2 to BT1. (a) Initial 1H NMR spectrum of BTh2 in
NaOD–D2O; note the two N-methyl signals for the two amide rotamers.
(b) Successive single-scan spectra taken at 4 s intervals following acidifi-
cation with DCl–D2O. The early traces show a mixture of rapidly
formed BT1 and a small amount of BTh; the latter disappears at the
rate of process (b).

Fig. 9 1H NMR spectra before and during the cyclization of HETh2

to HET1. (a) Initial 1H NMR spectrum of HETh2 (and some HET1) in
NaOD–D2O; note the two C-methyl signals and the two N-methyl sig-
nals for the two amide rotamers. (b) Successive single-scan spectra taken
at 8 s intervals following acidification with DCl–D2O. The early traces
show a mixture of rapidly formed HET1 and some HETh; the latter
disappears at the rate of process (b).

thiophenolate ion (MTh2) in basic D2O and observed by 1H
NMR spectroscopy (Table 2), two amide rotamers are observ-
able but they are present in very unequal amounts, in a ratio of
about 14 :1. So, it is possible that the slow process (b) also
occurs but it is not easily seen by UV spectrophotometry
because its absorbance change is small, only ~6% of that for

Fig. 10 1H NMR spectra before and during the cyclization of B1Th2

to B1T1. (a) Initial 1H NMR spectrum of B1Th2 (and B1T1) in
NaOD–D2O; note the two C-methyl signals for the two amide rotamers.
(b) Successive single-scan taken at 8 s intervals following acidification
with DCl–D2O. The early traces show a mixture of B1T1 and some
B1Th; the latter disappears at the rate of process (b).

Table 2 Selected proton NMR spectral data for thiazolium ions and
related enethiols and enethiolates a

δ

Species

BT1

BTh2

BTh
MT1

MTh2

HET1

HETh2

HETh
B11

B1Th2

B1Th

Rotamer

Major
Minor
Minor c

Major
Minor

Major
Minor
Minor c

Major
Minor
Minor c

N-Me

4.46
3.16
3.30
3.34
4.24
3.13
3.30
4.09
2.88
3.08
3.11

C-Me b

3.17
1.81 d

~1.75 e

2.48
1.88
1.80
1.87
2.55
1.64
1.50
1.86

Other

3.13 (t) f

2.61 (t)
2.55 (t)

~2.65 (t)
2.64 g

2.39 g

2.40 g

2.59 g

3.85 (t) f

~3.79 (t)
~3.80 (t)
~3.85 (t)

8.03 h

7.91 h

7.99 h

8.14 h

Major/
minor

3.1

14.3

3.2

3.4

a At 20–25 8C. The cations BT1, MT1, HET1 and B11 were in D2O;
enethiolates: BTh2, MTh2, HETh2 and B1Th2, were in NaOD–D2O,
pD > 10; the corresponding enethiols: BTh, MTh, HETh and B1Th,
were obtained by quenching the thiolates with DCl–D2O, to give
pD < 2. The terms ‘major’ and ‘minor’ refer to the two amide rotamers
of the enethiolates and enethiols. b Refers to a methyl group on the
thiazolium ion. c Major rotamer not observable due to rapid cyclization
in the acid medium by process (a). d Of reduced intensity due to H/D
exchange with the medium. e Obscured by peaks of the sodium 4,4-
dimethyl-4-silapentane-1-sulfonate reference, at δ 1.7–1.8. f Methylene
protons of the 2-hydroxyethyl group at the 5-position appearing as
triplets (t). g Methyl group at the 2-position of the pyrimidine ring.
h Aromatic C]H at the 6-position of the pyrimidine ring.
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process (a). In addition, it is possible that the two thiol rota-
mers have fairly similar reactivities, so that their independent
closure is not distinct.

The 1H NMR spectrum of HET1 in NaOD–D2O shows two
rotamers of the thiolate, HETh2 (Table 2). They are most evi-
dent in the C-methyl and N-methyl signals [Fig. 9(a)] and their
ratio is 3.2 :1. When the thiolate solution is acidified and the
thiol cyclizes to the cation HET1, one of its rotamers disap-
pears rapidly, followed by the slower decay of the other one
[Fig. 9(b)]. Comparable spectral changes are observed for the
opening 4b,8b and reclosure of thiamine [Fig. 10].

Fitting exponentials to ~20 points for the decaying signals of
appropriate N-methyl or C-methyl groups during the reform-
ation of BT1, HET1 and B11 gave rate constants of
0.065 ± 0.002, 0.015 ± 0.001 and 0.022 ± 0.003 s21 (at 20–
25 8C), respectively, in very good agreement with the values of
0.057, 0.016 and 0.029 s21 found for the slow process (b) by UV
spectrophotometry (at 25 8C). These and the other NMR obser-
vations are compatible with those made by UV spectroscopy for
the two kinetic phases (Fig. 7). Accordingly, we believe that the
faster process (a) at low pH in each of the pH–rate profiles
(Figs. 1, 3 and 6) is cyclization of the major amide rotamer of
the enethiol and that the slower process (b) is cyclization of the
minor rotamer.

To corroborate the importance of amide rotation, the effect
of temperature on the proton spectrum of the benzenethiolate,
BTh2, was also examined. As expected, raising the temperature
broadened the NMR signals dramatically (e.g. Fig. 11), which is
consistent with slow rotation about the N]CO bond at room
temperature that is faster at higher temperatures. Mean life-
times of the two amide rotamers were obtained by complete
line shape analysis of the N-methyl group signals over the range
40–90 8C (Fig. 11), and from their temperature dependence

Fig. 11 Digitized experimental (points) and fitted theoretical (smooth
curves) spectra showing broadening of the N-methyl signals of the two
amide rotamers of BTh2 (in NaOD–D2O) over the temperature range
40–90 8C

activation parameters were estimated using linear regression.
By extrapolation, free energies of activation (∆G‡) at 295 K for
the major and minor rotamers were estimated to be 78.0 and
75.3 kJ mol21, respectively, which are in the normal range for
amide rotation.17 The predicted lifetimes of the two rotamers at
295 K are 8.8 and 3.0 s, corresponding to a rate constant of 1.1
s21 for the conversion of the major to the minor rotamer and
3.3 s21 for the reverse. These rate constants are close to that for
the faster cyclization [process (a)] observed at low pH by UV
spectrophotometry and larger than that for the slower one
[process (b)]. However, it must be realized that the values are
not strictly comparable since the NMR results pertain to the
thiolate in base, whereas the processes (a) and (b), seen by UV
spectrophotometry, are for the thiol in acidic solution. Never-
theless, the hypothesis that amide rotation may be slow enough
to be the origin of the two cyclization processes is supported.

Discussion
Apart from the transient formation of the yellow form (YF2)
from thiamine in base, there are broad similarities between the
pH–rate profiles for the thiazolium ions studied: BT1, MT1,
HET1 and B11 (Figs. 1–3 and 6). At pH > pKop, ring-opening
of the thiazolium ion, Q1, to the enethiolate, ETh2, consumes
two hydroxide ions (Scheme 1) but the rate of reaction only
shows a first-order dependence on [OH2]. This behaviour is
evidence for rate-limiting formation of the pseudobase, T8, in
equilibrium with ETh2 [reaction (7)].1c,3,4d,8a Near pH = pKop,

Q1
kOH[OH2]

ko

T8
K2[OH2]

 ETh2
(7)

both forward and backward rates are significant, and so the
observed rate constant is given by eqn. (8),8a which is equivalent

kobs = kOH[OH2] 1 ko/K2[OH2] (8)

to kobs = kOH[OH2] 1 kH9[H1], used earlier in the Results sec-
tion. Note that eqn. (8) is valid only where pH > pKTh and the
enethiol exists largely as its anion, ETh2.

The pH–rate profiles for reclosure at pH < pKop show a
region where the rate increases with decreasing pH with a plat-
eau at low pH. In fact, three of the cations, BT1, HET1 and
B11, show two processes at low pH, labelled (a) and (b), both of
which have pH-independent plateaux (Figs. 1, 3 and 6).

Biphasic kinetic behaviour during the cyclization of the
enethiols has been observed previously.6b,c,7 European workers
attributed the faster process (a) to the formation of the pseudo-
base (T8),6b,7a or its N-protonated form,7b,c and the slower pro-
cess (b) to the breakdown of T8 to the thiazolium ion. However,
no convincing spectroscopic evidence (UV or NMR) was pre-
sented to characterize the proposed intermediate(s). In our pre-
vious report,6c we suggested that process (a) is an N- to S-acyl
transfer that gives an aminothioester, present as its protonated
form at low pH. Process (b) would then represent conversion of
the protonated aminothioester to the cation, Q1. We had no
direct evidence for the thioester intermediate and subsequent
spectroscopic studies have failed to find any. Instead, they
showed something quite different.

UV spectral studies of the formation of the cations BT1,
HET1 and B11 from their respective enethiols at low pH indi-
cate that both kinetic phases lead to the thiazolium ion (Fig. 7)
and in each case the absorbance amplitude of the faster process
is about three times that of the slower one. In addition, NMR
studies show that ring-opening of the three cations gives two
slowly interconverting amide rotamers of the corresponding
enethiolates (Figs. 8–10) [equilibrium (6)], also in a ratio of
about 3 :1. This ratio should be more or less maintained when
solutions of the enethiolates are rapidly acidified and the rate of
equilibration of the two enethiol rotamers should also be slow.17

Consequently, the fast and slow processes, (a) and (b), seen at
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low pH, are attributed to independent formation of the thiazo-
lium ion (Q1) from the major and minor amidoenethiol rota-
mers, respectively. Supporting evidence for this proposal comes
from NMR spectra recorded immediately after acidification of
enethiolate solutions which reveal that the signals of the major
rotamer of the enethiol disappear much more rapidly than
those of the minor one, and decay of the latter occurs with a
rate constant appropriate to process (b).

In keeping with earlier studies on related tetrahedral inter-
mediates,12,19 we propose that the rate-limiting step on the pH-
independent plateaux of the processes (a) and (b) is the uncata-
lysed formation of neutral tetrahedral intermediate T8 from the
two rotamers of the enethiol. In the specific case of HET1, the
break in the pH–rate profile of process (a) between pH 5 and 6
(Fig. 3), and the curved buffer catalysis plots (Fig. 4) are indica-
tive of a change in rate-limiting step to the general acid
catalysed breakdown of T8 to the thiazolium ion, Q1.†† Only
one kinetic process is observed above pH 6.5 and the Brønsted α
value of 0.70 found for the buffer catalysis (Table 1) gives no
further information about the pathway from T8 to Q1. We
propose simply that proton transfer from the general acid to T8
is concerted with C]O bond-breaking [equilibrium (9)].‡‡

In contrast to the behaviour of the major rotamer in process
(a), formation of T8 from the minor rotamer in process (b)
exhibits hydroxide ion catalysis and GBC (β = 0.74) above pH 4,
until the two processes meet near pH 6.5 (in the case of HET1).
We do not observe the analogous base catalysed pathways
for the major rotamer since the spontaneous reaction of the
enethiol on the plateau of process (a) is much faster, and the
change in rate-limiting step at pH 5–6 occurs before it can be
observed. The buffer catalysis of process (b) could represent
true GBC of thiol attack on the amide carbonyl, forming the
anion of T8 which is rapidly protonated [Scheme 3(a)], or the

kinetically-equivalent reaction of GAC of thiolate attack on
the amide carbonyl within ETh2 [Scheme 3(b)]. Of these two,
we favour the latter since a Brønsted α value of 0.26 for such
a process is quite reasonable, based on the known behaviour
of thiolate ions with carbonyl groups.20 Also, from a study of
irreversible opening of N-(p-nitrobenzyl)thiazolium ions at pHs
near neutrality, achieved by iodine trapping of the thiol and

S
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H
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†† A comparable change in the rate-limiting step has been observed for
another reaction involving intramolecular thiol attack on an amide.12

‡‡ Obviously this requires that in the reverse direction the attack of
water on Q1 to form T8 is general base catalysed, as is suspected (see
footnote §).

thiolate, Washabaugh and co-workers 4f,g proposed a GBC-
pathway from T8 to ETh2 (β = 0.34 ± 0.05) and the enethiol
ETh, which is the reverse of the GAC-pathway shown in
Scheme 3(b).

So, for the reclosure reactions at pH < pKop, we believe that
breakdown of the pseudobase T8 to Q1 is rate-limiting down to
the pH where the plateaux for processes (a) and (b) are estab-
lished, at which point formation of T8 from the enethiol ETh
becomes rate-limiting. In order to account fully for the profiles
(a), it is necessary to propose conversion of ETh to the inter-
mediate T8 which may undergo loss of OH2 spontaneously
(ko) or with proton catalysis (k2) [reaction (10)], and to make

ETh
k1

k21

T8
ko

k2[H
1]

Q1 (10)

allowance for ionization of the thiol at higher pH [equilibrium
(11)]. In combination, these processes lead to the expression for

ETh
KTh

ETh2 1 H1 (11)

kobs given in eqn. (12), assuming that T8 is a steady-state
intermediate.

kobs =
k1(ko 1 k2[H

1])[H1]

(k1 1 ko 1 k2[H
1])(KTh 1 [H1])

(12)

Eqn. (12) effectively describes the data for the whole of pro-
cess (a) for the cations BT1, MT1, HET1 and B11, from pH 0
up to pH = pKop. In the cases of BT1 and MT1, ionization of
the thiol is not clearly evident in the rate profile (because pKTh is
quite close to pKop and ko is barely significant) and so a simpler
version could suffice. The calculated curves for process (a) in the
rate profiles shown in Figs. 1–3 and 6 were generated with eqn.
(12), using parameters given in Table 3.

Where ionization of the enethiol is negligible (pH < pKTh),
eqn. (12) reduces to eqn. (13) which describes the plateau of
process (a) and the pH region just beyond the break. At the
lowest pHs, breakdown of the intermediate T8 to the cation Q1

is much faster than its return to enethiol (ko 1 k2[H
1] @ k21), so

that formation of T8 is rate-limiting and eqn. (13) simplifies

kobs =
k1(ko 1 k2[H

1])

(k1 1 ko 1 k2[H
1])

(13)

greatly to kobs = k1, which defines the plateau of process (a). As
it stands, eqn. (13) is not suitable for fitting to the data because
k21 and ko are not separable.§§ Instead, one must use eqn. (14),

kobs =
(ko0 1 k1[H

1])

(Kapp 1 [H1])
(14)

in which ko0 = k1ko/k2 and Kapp = (k21 1 ko)/k2. Note that pKapp

(= 2log Kapp) corresponds to the break at the end of the plateau
and the pH at which the change in the rate-limiting step occurs.
Values of pKapp are given in Table 3.

In the pH region above pKapp, the acidity is sufficiently low
that (k21 1 ko) @ k2[H

1], and so eqn. (14) reduces to
kobs = (ko0 1 k1[H

1])/Kapp which describes the pH–rate profile
until the ionization of the enethiol intrudes. Without this
intrusion, kobs would eventually level off at kobs = ko0/Kapp

= k1ko/(k21 1 ko) = ko9.
To describe the behaviour at pHs between pKapp and pKop,

while taking account of the ionisation of the enethiol, we
impose the inequality (k21 1 ko) @ k2[H

1] on eqn. (12), which
leads to eqn. (15). A simpler, equivalent form is eqn. (16), which

§§ Also, it turns out that the rate constants k21 and ko are not very
different in magnitude for HET1 and B11, but for BT1 and MT1

k21 @ ko (see later).
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Table 3 Rate and equilibrium constants associated with the reversible ring-opening of thiazolium ions (Q1) in aqueous solution a

Process

k1/s
21 (a)

k1/s
21 (b)

kOH9/dm3 mol21 s21 (b)
kH/dm3 mol21 s21 (a)
kH9/dm3 mol21 s21 (a)
ko9/s21 (a)
kOH/dm3 mol21 s21 (c)
k1/ko

pKapp

pKTh

pKop

BT1

2.3
0.057
2.2 × 108

2400
1830 c

2.2 × 1023 c

7500
1040

3.02
5.65 c

6.57 c

MT1

0.13
b
b
82
73 c

9.2 × 1025 c

130
1400

2.80
5.60 c

6.75 c

HET1

0.68
0.016
6.4 × 106

3.3 × 105

1.1 × 107

0.13
1.5
4.2

5.69
7.95

10.34

B11

0.57
0.027
8.0 × 108

3400
8.3 × 105

0.063
8.8
8.1

3.78
7.12
9.40

a At 25 8C. The rate constants k1 correspond to the plateaux of processes (a) and (b); kOH9 is for base catalysis of process (b); kH = k1/Kapp is for acid
catalysed cyclization of ETh to Q1, via T8 [reaction (10)]; kH9 = ko9/KTh is for the acid catalysed cyclization of ETh2 to Q1 and ko9 is the related rate
constant for the conversion of ETh to Q1 [reaction (2)]; kOH is for the attack of OH2 on Q1 to give T8 [reaction (7)]; pKapp is the pH at the break point of
the plateau for process (a); pKTh is the thiol pKa; pKop is the apparent pKa for the ring-opening [from eqn. (1)]. Since ko9 = k1ko/(k21 1 ko), the ratio
k21/ko = (k1/ko9) 2 1. b Process (b) was not observed. c Taken from the work of Vorsanger.15

kobs =
k1(ko 1 k2[H

1])[H1]

(k21 1 ko)(KTh 1 [H1])
(15)

kobs =
(ko9 1 kH[H1])[H1]

(KTh 1 [H1])
(16)

is comparable to the equation used earlier by Vorsanger.15 In
eqn. (16), kH = k1k2/(k21 1 ko) = k1/Kapp and ko9 = k1ko/(k21 1
ko), as above. At the point where k2[H

1] becomes negligible
compared to ko, the acid catalysed decomposition of T8 gives
way to its spontaneous ionization, and eqn. (16) reduces further
to: kobs = ko9[H1]/(KTh 1 [H1]). This expression was introduced
in the Results section to describe the situation depicted in
equation (2).

The various equations introduced above were fitted to kinetic
data in appropriate regions of pH to arrive at the estimates of
the parameters and deduced quantities collected in Table 3.
Broadly speaking, the reactivity trends that these parameters
show are understandable in terms of the proposed mechanisms.
For example, OH2 is less reactive towards MT1 then BT1

because of the steric and electronic effects of the 2-methyl
group in the former. Likewise, cyclization of the corresponding
thiol MTh to MT8 is slower than that of BTh to BT8 since the
former entails nucleophilic attack on a CH3CO] group whereas
the latter involves attack on a HCO] group. As a consequence,
pKop for MT1 and BT1 are quite similar, since pKTh for the
thiols MTh and BTh are very close.

The ratio k1/ko measures the tendency of the intermediate T8
to ring open to the enethiol ETh, as opposed to losing OH2 to
give the cation Q1. For BT1 and MT1, the ratio is 1000–1400,
whereas for HET1 and B11 the ratio is only 4–8. This large
difference probably arises because the thiazolium rings of
HET1 and B11 are more ‘aromatic’ than the benzannelated
rings of BT1 and MT1, so that spontaneous ionization (ko) is
appreciably faster. A less aromatic thiazolium ring can also
account for the faster attack of OH2 on BT1 than HET1 or B11

and, together with the easier ionization of the thiol BTh, for the
more facile ring-opening (lower pKop) of BT1.

The reactivity differences between HET1 and B11 are attrib-
utable to the electron-withdrawing effect of the pyrimidine ring
in thiamine. For example, for B11, kOH is 120 times larger, ring-
opening is easier (pKop is lower) and cyclization is slower (see kH

and kH9 in Table 3). It should be noted that thiamine has a
pKa ≈ 4.9 due to protonation on the pyrimidine ring.4c,8b,9c A
similar pKa must exist for B1Th but it is not apparent in the
pH–rate profile for cyclization [Fig. 6(a)], although it is discern-
ible as a change in the UV spectral amplitude of the process
between pH 4 and 5.9c Since the state of protonation of the
pyrimidine ring of B1Th seems to have little effect on the rate of

formation of the thiazolium ring, we have ignored it as we do
not believe that it significantly alters the overall mechanistic
picture.

Conclusions
The principal conclusions of this paper are that the ring-
opening of simple thiazolium ions such as BT1, HET1 and B11

in basic solution produces an amidoenethiolate (ETh2) that
exists as two rotamers, due to slow rotation about the amide
N]CO bond, and that these rotamers give rise to two processes
upon recyclization at low pH. When a solution of the rotamers
of ETh2 is neutralized they are rapidly converted to rotamers of
the corresponding enethiol (ETh) which undergoes cyclization
through the tetrahedral intermediate, T8. At the lowest pH
values, where formation of T8 from ETh is rate-limiting, the
two rotamers cyclize at different rates, giving rise to two distinct
kinetic phases for reconstitution of the corresponding thiazo-
lium ion, Q1.¶¶

Experimental

Materials
Liquid amines for use in buffer studies were freshly distilled and
stored under nitrogen until required. All other buffer com-
ponents were reagent grade and were used without further
purification. Solutions were made up with glass distilled water
throughout.

N-Methylbenzothiazolium (BT1) iodide was made up by a
literature procedure.21 The corresponding methylsulfate was
also prepared, as follows. Dimethyl sulfate (7.56 g, 60 mmol)
was carefully added to benzothiazole (6.75 g, 50 mmol) in 50
cm3 of acetone and the mixture was left at room temperature
for two days. The resulting off-white crystals were filtered
off, washed with diethyl ether and then dried. Yield: 10.8 g
(67%). Recrystallized from ether–ethanol, mp 125–127 8C. In
D2O, this material gave the same proton NMR spectrum as the
iodide, with an extra peak at δ 3.74 for the MeSO4

2 counter-ion.
The iodide and methylsulfate salts of the 2,3-dimethyl-
benzothiazolium cation (MT1) were prepared likewise.15,21

¶¶ Barrabass et al.7c attributed the fast process to conversion of the
enethiol ETh to the N-protonated form (T1) of T8, and the slow
process to conversion of T1 to the product, Q1. Based on this attribu-
tion, they analysed the pH dependence of the absorbance amplitudes
of the fast and slow processes to find pKa values for ETh and for T1.
For 10 different thiazolium ions, these two pKa values are similar, if not
the same.7c According to our interpretation, the two pKa values should
be virtually the same since the two absorbance changes result from
reaction of the two rotamers of ETh, in a pH-dependent equilibrium
with the two rotamers of the anion, ETh2.
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3,4-Dimethyl-5-(2-hydroxylethyl)thiazolium (HET1) iodide
was initially prepared by methylation of the corresponding thi-
azole. Later, it was purchased directly from the Aldrich Chem-
ical Company, along with thiamine hydrochloride.

Kinetic methods
All kinetic runs were carried out at 25.0 ± 0.1 8C. Buffer solu-
tions were prepared following normal practice 12,18 and the
ionic strengths of the reaction solutions were maintained at
1.00 mol dm23 (KCl or NaCl) or 0.10 mol dm23 (NaCl), as
detailed in the main text. Kinetics were followed by monitoring
the UV spectral changes associated with the decrease in [Q1] (or
the increase in the enethiolate ion) for ring-opening reactions,
and with the increase in [Q1] for reclosure reactions (cf. Fig. 7).
The monitoring wavelengths were generally close to maxima to
provide large absorbance changes. Slow kinetics (t₂

₁ > 5 s) were
carried out conventionally using instrumentation and method-
ology described previously.12 Fast reactions were studied with a
set-up consisting of an Aminco-DW2 spectrophotometer and
Aminco-Morrow stopped-flow accessory, with the data acquisi-
tion system developed in-house.18,22 Data analysis followed
established practice 22 and for the fast process (a) at low pH,
which precedes the slower process (b), infinity readings were
estimated using the Kezdy–Swinbourne method.23

For ring-closing reactions, the appropriate thiazolium ion was
first opened in a dilute base solution, with three times as much
NaOH as cation (0.20–1.00 mmol dm23). After waiting long
enough for the ring-opening to be essentially complete, ring
closure was initiated by mixing with an appropriate buffer or
acid solution of low pH.

Non-linear fitting of kinetic expressions to pH–rate constant
data was performed with computer programs written by one of
us and based on the Marquardt algorithm.24

Rapid UV spectral scans
These experiments were carried out using a HP 8451A diode
array spectrophotometer and a Hi-Tech rapid mixing device. A
solution of the enethiolate ion was mixed with dilute acid and
the spectral changes accompanying the fast and slow processes
(a) and (b) were monitored in the UV region (Fig. 7). The
enethiolate ETh2 was first generated by ring-opening the
appropriate cation Q1 (0.20 mmol dm23) in aqueous NaOH
(2.0 mmol dm23). The resulting solution of ETh2 was rapidly
mixed (1 :1) with 0.10 mol dm23 aq. HCl, so that initially the
reacting solution contained the enethiol (0.10 mmol dm23) in
0.05 mol dm23 aq. HCl. Timing details are given in the legend
of Fig. 7.

The first spectrum recorded is mostly due to the enethiol,
ETh, with a small, initial amount of the cation Q1. As shown in
Fig. 7(a)–(c), for the cations BT1, HET1 and B11, there are two
kinetic phases, A and B, both of which lead to absorbance
changes appropriate to the formation of the corresponding cat-
ion. In all three cases, the absorbance for A are about three
times greater than those for B, and the timing is such that ~75%
of the spectral change occurs during the course of the fast pro-
cess (a) and the remaining ~25% of spectral change spans the
slow process (b).

NMR studies
1H NMR spectra were obtained with a Varian Unity INOVA
spectrometer, operating at 300 MHz. For acquiring spectra rap-
idly during the course of cyclization, the spectrometer was run
unlocked, without sample spinning, and with all automation
disabled. The samples were introduced into the spectrometer as
quickly as possible after acidification of the basic solutions in
NMR tubes. Following the sample insertion instruction, a sin-
gle scan was taken for each time in a queued, arrayed delay
sequence, which was started as the sample was being lowered
into the magnet. Arrayed total delays of 2 and 4 s (recycle
times) were employed, the first acquisitions being taken before

the sample had stabilized in the probe. Consequently, the first
one or two spectra of each data set were discarded.

For the temperature dependence studies, 10 spectra of
BTh2 (in NaOD–D2O, pH > 9) were recorded over the range
40–90 8C. The digitized intensities in the N-methyl region were
transferred from the spectrometer to another computer for
processing. The temperature-dependent spectra (115–145
points) of the N-methyl signals were fitted (e.g. Fig. 11) in an
iterative non-linear regression sequence by the full uncoupled
two-site exchange equations of Gutowsky and Holm,25 using
a Simplex algorithm, written in Pascal.26 The mean lifetimes
of the two N-methyl group sites, the chemical shift of the
major rotamer and the scaling factor were allowed to vary
during the fitting sequence; the chemical shift difference
between the two N-methyl sites, and the linewidth in the
absence of exchange were held constant at pre-determined
values. An initial estimate of the chemical shift of the major
rotamer was made by the software from the input data; start-
ing values for the other parameters in the iterative process
were selected by the operator. There was no evidence for any
change in the chemical shift difference over the temperature
range employed. The HOD signal was used as an internal
linewidth reference.
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