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In order to clarify the differences in reactivity between cation radicals and dications, the kinetics and mechanisms
were analysed in detail for the reactions of the electrogenerated 2,3,7,8-tetramethoxythianthrene cation radical
(TMT�+) and of the dication (TMT2+) with methanol and pyridine derivatives by using a pulse-electrolysis stopped-
flow method. From the rate law determined for each reaction, the reaction mechanisms were elucidated, though they
are different depending on the couples in the reactions. The reactions of TMT�+ proceeded by multi-step reactions
including the electron transfer of another TMT�+ to generate TMT before the rate-determining step (rds). In
contrast, in the reactions of TMT2+, it was found that the rds was the first or the second step of the reaction; i.e. the
unstable cationic intermediate seems to be formed directly, not by the electron transfer. In addition to the excessive
charge present in the dicationic state, a mechanism in which TMT2+ is easily accessible to the rds also seems to explain
the high reactivity of TMT2+. The differences in the reaction mechanism depending on the nucleophiles were also
supported by observing the substituent effects of pyridine derivatives on the reactions.

Introduction
While numerous studies have been devoted to the kinetic
analysis of electrogenerated cation radicals with nucleophiles,1–3

little is known about the reaction kinetics of electrogenerated
dications.4,5 For the purpose of clarifying the comprehensive
reactivity of electrogenerated species, it would be valuable to
compare the reaction kinetics and mechanisms for cation rad-
icals and dications. In addition, because the dicationic species
has previously been thought to be produced by a dispro-
portionation reaction of the cation radicals,6 experimental
discrimination of both reactions is necessary to elucidate the
reactivity of the electrogenerated species.

However, the kinetic analysis of dications has been very dif-
ficult mainly because dications are generally too unstable to be
detected. Another problem is the comproportionation reaction
between a dication and its neutral molecule to generate two
cation radicals, which would cause significant interference in
the analysis of the pure reaction kinetics of dications with
nucleophiles.

In a previous communication, we analysed the reactions
of electrogenerated 2,3,7,8-tetramethoxythianthrene (TMT)
dication (TMT2+) and cation radical (TMT�+) with nucleophiles
using a pulse-electrolysis stopped-flow method.7 Owing to its
methoxy substituents, TMT2+ is stable enough in acetonitrile
(AN).8 Therefore, the column electrolysis method, in which
exhaustive electrolysis can be achieved,9 permits us to analyse
the reactions of electrogenerated TMT2+ and to compare those
with the reactions of TMT�+. As a result, the changes in the
reaction mechanisms were demonstrated in addition to the
differences in the reaction rates.

† Present address: International Innovation Center, Kyoto University,
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In the present paper, the kinetics and mechanisms of the
reactions of TMT2+ and TMT�+ with various nucleophiles are
reported in detail. As nucleophiles, methanol (MeOH), pyridine
(Py) and pyridine derivatives (XPy) are examined in this
comprehensive study.

The reactions of cation radicals with Py have been investi-
gated in detail, in particular, those of the 9,10-diphenyl-
anthracene cation radical (DPA�+).1–3 However, because of the
high reactivity of the thianthrene cation radical (TH�+) toward
Py, compared with that of DPA�+, there has been little study of
the reaction of TH�+ with Py.10 The lower reactivity of TMT�+

compared with TH�+ permitted analysis of the kinetics and
mechanisms of its reaction with Py,7,11 and, furthermore, the
reactions of TMT2+ with nucleophiles can be investigated
thoroughly owing to the even lower reactivity of TMT2+.

Through the comprehensive analysis of their reactions with
nucleophiles the aim of this paper is to show how different are
the reaction kinetics and mechanisms for the dication and
cation radical in the case of a model compound, TMT.

Experimental

Analysis of reaction kinetics and mechanisms

The details of spectroscopic measurements using the pulse-
electrolysis stopped-flow method have been described previ-
ously.12,13 In the present work, the solution of TMT2+ or TMT+.,
which was quantitatively prepared by a controlled-potential
electrolysis, was mixed with a solution containing nucleophiles
(MeOH, Py or XPy), and then the changes in absorption
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spectra with time or the time–decay curves of absorbance at a
fixed wavelength were observed in an optical flow-cell. The
temperature was controlled at 25 �C by circulating water on the
outside of the cell. Electrolysis was performed with a PAR
Model 173 potentiostat.

Electrochemical analysis

Cyclic voltammograms (CV) were measured using a PAR 174
analyser. A Pt disk electrode of 1.0 mm diameter was used as
the working electrode. The reference electrode used was the
Pt | (I3

�, I�) in AN. All CV experiments were performed in an
H-shaped cell at ca. 25 �C.

Product analysis was carried out using a batchwise
controlled-potential electrolysis of TMT in the presence of
nucleophiles using a platinum mesh working electrode for the
stirred solution as reported previously.13 The isolated product
was identified by means of NMR and MS.

Reagents

Acetonitrile (AN, Nacalai Tesque, GR grade) was twice dis-
tilled over P2O5. The supporting electrolyte, tetrabutyl-
ammonium perchlorate (TBAP), was made from sodium
perchlorate and tetrabutylammonium bromide, and purified by
recrystallization five times from ethanol–water. Methanol and
pyridine derivatives (Aldrich, Wako Chemicals, or Nacalai
Tesque) were used as received. TMT was prepared from 1,2-
dimethoxybenzene and SCl2 following the procedure described
in the literature.14

Results and discussion

Electrochemical and spectroscopic properties of TMT2� and
TMT�+

At first, the cyclic voltammogram of TMT in AN was meas-
ured. Owing to its methoxy substituents, TMT2+ is rather stable
in AN and two reversible waves are observed in the cyclic
voltammogram even at a scan rate of 100 mV s�1 as shown in
Fig. 1A.

Because both of the electrooxidized states are stable, we
observed the absorption spectra of TMT�+ and TMT2+ in AN
using the electrolysis stopped-flow method. By applying poten-
tials of 0.85 or 1.25 V to the column electrode for 10 s, and
delivering the solution into the optical cell by means of a piston
drive, the absorption spectra of TMT�+ and TMT2+ could be
easily observed selectively as shown in Fig. 1B, C.

At the wavelengths of both absorption maxima, the changes
in absorbance depending on the applied potential were meas-
ured, the result of which is shown in Fig. 2. The plateau values
are observed in the potential regions corresponding to the gen-
eration of TMT�+ and TMT2+. In addition, for the observed
results in the potential region around 1.0 V, a Nernstian
response was confirmed for the concentrations of TMT�+ and
TMT2+. Thus, quantitative electrolysis was ascertained in the
present method.

On the basis of these results and the plateau values, the molar
absorptivity was determined to be 9.8 × 103 M�1 cm�1 at 800
nm for TMT�+ and 3.0 × 104 M�1 cm�1 at 701 nm for TMT2+,
respectively. While the value of the molar absorptivity of
TMT2+ was previously reported to be comparable (log ε = 4.15)
to that of TMT�+ (log ε = 4.00),15 we have used the value of
3.0 × 104 M�1 cm�1 in further analysis on the basis of our
qualified result.

Because it was found that TMT2+ and TMT�+ could be
generated quantitatively and selectively with this method, next,
the reaction processes with nucleophiles were traced by mixing
the AN solutions of TMT2+ or TMT�+ and nucleophiles
directly using the pulse-electrolysis stopped-flow method.

Reaction of TMT2� with MeOH

Because the reaction with MeOH can be regarded as a
prototypical reaction for water and alcohols,13,16 we analysed
the reactions of TMT2+ and TMT�+ with MeOH.

Fig. 3A shows a typical result of the dynamic transformation
of the absorption spectra in the reaction of TMT2+ with
MeOH. This result clearly shows that TMT2+ decays monoton-

Fig. 1 (A) Cyclic voltammogram of TMT in AN and (B, C)
absorption spectra of the oxidized solutions of TMT. (A) Working
electrode: platinum disk electrode (diam. 1.0 mm). Reference electrode:
Pt | (I�, I3

�) electrode. Scan rate: 100 mV s�1. (B, C) Absorption spectra
measured using the pulse-electrolysis stopped-flow method at the
applied potential of 0.85 (B) and 1.25 V (C), which are attributed to the
spectra of TMT�+ and TMT2+, respectively.

Fig. 2 Changes in absorbance depending on the applied potential
measured using the pulse-electrolysis stopped-flow method. � At a
wavelength of 800 nm, corresponding to the absorption maximum of
TMT�+. � At a wavelength of 701 nm, corresponding to the absorption
maximum of TMT2+.
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ously without forming TMT�+. Namely, it is inferred that this
reaction does not involve homogeneous electron transfer from
TMT2+ to form a sufficient amount of TMT�+.

For the time–decay curve of TMT2+ at 701 nm [Fig. 3B(a)],
numerical simulation analysis was performed as reported previ-
ously 13 on the basis of first- and second-order decays to yield
curves (b) and (c) in Fig. 3B, respectively. As a result, it was
clarified that the reaction was first order in TMT2+ from the
excellent fit.

Given that the rate law of this reaction can be expressed by
eqn. (1), several values of the pseudo-first-order rate constant,
kapp, were measured by altering the concentration of MeOH.

As a consequence, the dependence of the kapp values on
[MeOH] was obtained as shown in Fig. 4. From this relation-

Fig. 3 (A) Dynamic transformation of the absorption spectra in the
reaction of TMT2+ and MeOH. The solution of TMT2+ was produced
by electrolyzing the AN solution of 0.50 mM TMT containing 0.1 M
TBAP with the applied potential of 0.12 V for 10 s, and then it was
mixed with the solution of 0.50 M MeOH (time intervals: 50 ms). (B)
(a) Changes in absorbance with time at 701 nm, corresponding to the
absorption maximum of TMT2+ in spectra (A); (b), (c) decay curves
simulated assuming a first- and second-order reaction, respectively
(dotted lines).

Fig. 4 Dependence of the pseudo-first-order rate constant, kapp, on the
concentration of MeOH in the reaction of TMT2+ with MeOH.

�d[TMT2+]/dt = kapp[TMT2+] (1)

ship, the reaction order of MeOH was determined to be second,
so that the rate law can be defined as given in eqn. (2).

The rate constant, k, in eqn. (2) was determined to be
3.3 × 10 M�2 s�1. The rate law represented by eqn. (2) means
that the first encounter step between TMT2+ and MeOH [eqn.
(3)] is in equilibrium and the proton abstraction by another
MeOH [eqn. (4)] is the rate-determining step (rds).

This mechanism is similar to that reported for the reaction of
the 10-phenylphenothiazine dication with water.4 In addition,
the result that the cationic species, TMT(MeO)+, is produced in
the rds is similar to the reaction of TH�+ with water.3 Because
the isolated product in this reaction was only 2,3,7,8-tetra-
methoxythianthrene 5-oxide [TMT(O)], the reaction after
eqn. (4) to produce TMT(O) is assumed to proceed rapidly in
solution or in the work-up processes.

Reaction of TMT�+ with MeOH

Similarly, kinetic analysis was performed for the reactions of
TMT�+ with MeOH. As a result of the simulation for the decay
curves of TMT�+ at 800 nm after mixing with MeOH, it
was ascertained that this reaction is second-order in TMT�+

[eqn. (5)].

Fig. 5 shows the plot of log kapp vs. log [MeOH]. From this
relationship, the reaction order of MeOH was determined to be
second. Hence, the rate law is expressed by eqn. (6), and the
reaction mechanism can be summarized by eqns. (7)–(9). In
addition, the rate constant, k, in eqn. (6) was determined to be
4.5 M�3 s�1.

Fig. 5 Dependence of the pseudo-second-order rate constant, kapp, on
the concentration of MeOH in the reaction of TMT�+ with MeOH.

�d[TMT2+]/dt = k[TMT2+][MeOH]2 (2)

TMT2� � MeOH TMT(MeOH)2� (3)

(4)

�d[TMT�+]/dt = kapp[TMT�+]2 (5)

�d[TMT�+]/dt = k[TMT�+]2[MeOH]2 (6)

TMT�� � MeOH TMT(MeOH)�� (7)

TMT(MeOH)�� � MeOH
TMT(MeO)� � MeOH2

� (8)

(9)

J. Chem. Soc., Perkin Trans. 2, 2001, 1005–1010 1007



From a mechanistic aspect, the possibility of a dispro-
portionation reaction of TMT�+ [eqn. (10)] can be ruled out

using the values determined in this work, as described
previously.3

That is, on the basis of the difference in the formal potentials,
the disproportionation constant of eqn. (10) (Kdis) can be esti-
mated to be 10�6.7. If the reaction of TMT�+ proceeds via the
disproportionation and the follow-up reactions of eqns. (3) and
(4), the reaction rate should be expressed as 2 Kdisk. Because the
value of k was 33 M�2 s�1, as determined above, the contribu-
tion of the disproportionation reaction can be concluded to be
very small, if anything. This means that TMT�+ surely reacts
with MeOH in the first stage of the reaction as in eqns. (7)–(9),
as is usual in the nucleophilic reactions of cation radicals.3,6

From a comparison of eqns. (7)–(9) with the reaction of
TMT2+ in eqns. (3) and (4), it can be concluded that the reaction
of TMT�+ with MeOH involves one more equilibrium before
the rds. However, the formation of TMT(MeO)+ in the rds is
the same for both the reactions.

Due to the mechanistic difference revealed here, simple com-
parison of the reaction rate is difficult between TMT�+ (4.5 M�3

s�1) and TMT2+ (33 M�2 s�1). However, by multiplying the
former value by the initial concentration of TMT�+ (0.5 mM),
the higher reactivity of TMT2+ is apparent.

Reaction of TMT2� with Py

Next, the reaction of TMT2+ with Py was analysed. In this case,
the reaction is so fast that the time–decay curves were observed
in the Py concentration range of 0.5 to 2.5 mM for the reaction
with 0.25 mM TMT2+. Fig. 6 shows the dynamic transformation
of absorption spectra in the reaction of TMT2+ with Py.

For the decay with time of TMT2+ at 701 nm, numerical
simulation analysis was also performed as in the previous
communication.7 Although pseudo-reaction order analysis
could not be applied in this case, the simulated decay curve
fitted all the data obtained at various concentrations of Py.
Consequently, the reaction orders of both TMT2+ and pyridine
were determined to be first. Thus, the rate law is expressed as in
eqn. (11).

Together with the reaction orders, the reaction rate, k, in eqn.
(11) was determined to be 8.5 × 102 M�1 s�1. The rate law of
eqn. (11) means that the first encounter of TMT2+ and Py is the
rds as shown in eqn. (12).

Fig. 6 Dynamic transformation of absorption spectra in the reaction
of TMT2+ and Py. The solution of TMT2+ was produced by
electrolyzing the AN solution of 0.50 mM TMT containing 0.1 M
TBAP with the applied potential of 0.12 V for 10 s, and then it was
mixed with the solution of 2.5 mM MeOH. Time interval: 200 ms.

(10)

�d[TMT2+]/dt = k[TMT2+][Py] (11)

(12)

In this reaction, a noteworthy feature is that TMT�+ was
generated in the successive reactions as shown in Fig. 6.
Upon increasing the concentration of pyridine, the generation
of TMT�+ was enhanced in the measured absorption spectra.
However, the decay reaction of TMT2+ with pyridine was
almost complete before the start of the generation of TMT�+.
Thus, TMT�+ is inferred to be generated after the rds [eqn. (12)].

Reaction of TMT�+ with Py

Similarly, the reaction of TMT�+ with Py was analysed. It was
found that this reaction was second-order in TMT�+. Fig. 7
shows the plot of log kapp vs. log [Py]. From this relationship,
the reaction order of Py was determined to be second at lower
concentrations of Py [eqn. (13)]. However, at higher concen-
trations, the slope changed so as to indicate a first-order
dependence [eqn. (14)] rather than second.

Thus, for the reaction of TMT�+ with Py, eqns. (15)–(17) can
be proposed, in which the rds is susceptible to the concentration
of Py. If eqn. (15) is the rds, the reaction order of Py is first
[eqn. (14)], and if eqn. (16) is the rds, then the reaction order is
second [eqn. (13)].

In the previous report using a channel-flow method, the first-
order dependence of [Py] was reported for this reaction.11 Also,
for the reaction of TH�+ with Py, a mechanism was reported in
which the second step is the rds.10 On the basis of the rate law of
eqn. (13), the rate constant, k, is estimated to be 3.0 × 104 M�3

s�1 by extrapolating [Py] to 1.0 M; on the basis of eqn. (14), k is
1.6 × 104 M�2 s�1.

In the reactions with Py of both TMT�+ and TMT2+, the
isolated product was TMT(O), which is similar to the reactions
with MeOH. It is thus inferred that TMT(O) is produced after
the rds in solution or in the work-up processes.

Fig. 7 Dependence of the pseudo-second-order rate constant, kapp, on
the concentration of Py in the reaction of TMT�+ with Py.

�d[TMT�+]/dt = k[TMT�+]2[Py]2 (13)

�d[TMT�+]/dt = k[TMT�+]2[Py] (14)

TMT�+ + Py TMT(Py)�+ (15)

TMT(Py)�+ + TMT�+ → TMT(Py)2+ + TMT (16)

TMT(Py)2+ + Py → TMT(Py)2
2+ (17)
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Table 1 Results of the kinetic analysis of the reactions of TMT�+ and TMT2+ (Ox) with MeOH and Py (Nu)a

Reaction order
Concentration

Ox Nu range of Nu/M Ox Nu Rate constant

TMT�+ MeOH 3.0–7.0 2 2 4.5 M�3 s�1

Py 0.1–0.6 2 2 3.0 × 104 M�3 s�1

Py 0.6–1.0 2 1 1.6 × 104 M�2 s�1

TMT2+ MeOH 0.2–1.0 1 2 3.3 × 10 M�2 s�1

Py 0.2–2.5 × 10�3 1 1 8.5 × 102 M�1 s�1

a Based on each rate law of �d[Ox]/dt = k[Ox]p[Nu]q, the rate constants were determined by extrapolation to [Nu] = 1.0 M or by direct simulation.

Comparison of the reactivities of TMT2� and TMT�+

The results obtained above show that the reaction mechanisms
are quite different for the reactions of TMT2+ and TMT�+ as
well as for the reactions with MeOH and Py.

Table 1 summarizes the reaction orders and the reaction rates
of the analysed reactions. Because the rate laws are different in
the respective cases, it is difficult to compare the reactions
directly. However, the changes in the reactivity can be estimated
by multiplying the concentrations. Also, the measured concen-
tration range would be also a measure of the reactivity. Thus, as
a whole, the higher reactivity of TMT2+ than TMT�+ is con-
firmed as well as its higher reactivity toward Py than toward
MeOH. As a remarkable mechanistic difference between the
reactions of TMT2+ and TMT�+, it is pointed out that the
number of pre-equilibria before the rds is not the same.

The reactions of TMT�+ were found to proceed via two or
three steps including the electron transfer of another TMT�+ to
generate TMT before the rds as indicated by the second-order
dependence on [TMT�+]. This type of rate law has been
reported in the reactions of other cation radicals with nucleo-
philes.1–3 On the other hand, in the case of TMT2+, the rds is the
first or the second step of the reactions; i.e. the unstable cationic
intermediate seems to be formed directly, not by electron
transfer.

Therefore, while promotion of the first attack, caused by the
excessive charge in the dicationic state,8 would be a significant
factor for the higher reactivity of TMT2+, mechanisms in which
TMT2+ is easily accessible to the rds also could also explain the
higher reactivity of TMT2+ compared with TMT�+.

In addition, the difference in the apparent decay rate between
TMT�+ and TMT2+ is more noticeable in the reactions with Py
than in those with MeOH as recognized from the measured
concentration ranges of the nucleophiles in Table 1. This differ-
ence is assumed to come from the change in the mechanism as
represented in eqns. (3), (4) and in eqn. (12) because the ease of
initial attack caused by the excessive charge at the sulfur centers
should be similar in both reactions. In the reaction with Py, the
faster reaction rate of TMT2+ is expected to come from the
reaction mechanism in which direct attack is the rds [eqn. (12)],
while the reaction with MeOH involves two steps [eqns. (3), (4)].

Substituent effects of pyridine derivatives on reactions with
TMT2� and TMT�+

In order to clarify the influence on the reactivity of the number
of steps to the rds, we analysed the reactions of TMT2+ and
TMT�+ with various pyridine derivatives (XPy). The results
are summarized in Tables 2 and 3, for TMT2+ and TMT�+,
respectively.

It is known that the influence of substituents on the pyridine
derivatives manifests itself as steric and electronic effects. For
example, in the reactions of cation radicals derived from
9-phenylanthracene (9XA�+), the reaction rates with 4-methyl-
pyridine (4MPy) are faster and those with 4-cyanopyridine
(4CPy) are slower, than those with Py reflecting the electronic
effect of the substituents in the 4-position.17 Also, substituents
on the 2- and 6-positions cause deceleration of the reactions

due to a steric effect that is concurrent with the electronic
effect.17 While these results have been obtained in the reactions
of the cation radicals, the reaction mechanism of 9XA�+ with
Py is similar to that of TMT2+ in the present study. This is
because the first encounter step governs the reaction rate in
both reactions.

Therefore, the results in Table 2 seem to be most reasonable,
taking into account both the electronic and steric effects of the
substituents. Because the reaction rates are governed by the
first interaction between TMT2+ and XPy, it can be con-
cluded that the substituent effects manifested themselves as
both steric and electronic effects. The differences in the reac-
tion rates due to the substituents on the 4-position, –CH3, –H
and –CN, were more significant in the present reaction com-
pared with the reported ones.17 In addition, significant steric
hindrance was observed in the case of the present 2- and
6-substituted derivatives.

In contrast, in the reactions of TMT�+, the occurrence of a
substituent effect changes as shown in Table 3. While the reac-
tion order of Py in the reaction with TMT�+ was complicated
(as shown in Fig. 7), apparent changes in the reaction order
only arose in the reaction with 4MPy. It is expected that this
difference is caused by the electron-donating methyl substitu-
ent, which changes the rds to eqn. (16). Besides this change, the
most significant feature was the occurrence of a steric effect in
the 2- and 6-positions. The decay of TMT�+ in the presence of
2-methylpyridine, 2,4-dimethylpyridine, 2,6-dimethylpyridine
or 2-methylpyridine was much faster than that with Py, and,
furthermore, than that with 4MPy. Thus, in the reactions of
TMT�+ with XPy, the steric effect is concluded to be very small,
compared with the reactions of TMT2+. This result is in accord
with a reaction mechanism in which there are several steps
before the rds. The complex aspect of the mechanism is inferred
to have changed the appearance of a substituent effect in a
different manner from in the case of TMT2+.

While the substituent effects on TMT�+ have been discussed
above by comparing mechanistically those on TMT2+, it is also

Table 2 Results of the kinetic analysis of the reactions of TMT2+ with
pyridine derivatives

Reaction order
Concentration Log

XPya range of XPy/mM TMT2+ XPy (k/M�1 s�1)

Py 0.2–2.5 1 1 2.9
4MPy 0.2–1.3 1 1 5.1
4CPy 0.2–1.3 1 1 1.0
2MPy 0.2–2.5 1 1 3.4
24MPy 0.2–2.5 1 1 3.7
26MPy 0.2–2.5 1 1 3.7
246MPy 0.2–2.5 1 1 3.9
2EPy 0.7–2.5 1 1 2.5
2PPy 0.7–2.5 1 1 2.5
a Abbreviations: Py = pyridine, 4MPy = 4-methylpyridine, 4CPy =
4-cyanopyridine, 2MPy = 2-methylpyridine, 24MPy = 2,4-dimethyl-
pyridine, 26MPy = 2,6-dimethylpyridine, 246MPy = 2,4,6-trimethyl-
pyridine, 2EPy = 2-ethylpyridine, 2PPy = 2-phenylpyridine.
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expected that the positive charges on TMT, i.e., TMT�+ or
TMT2+, change the way XPy approaches for reaction.

Conclusion
The differences in the reactivity of the cation radical and
dication have been clarified in their reactions with MeOH, Py
and XPy in the case of TMT, in particular, in the light of their
reaction mechanisms. While a simple comparison was difficult
because of the changes in reaction mechanism depending on
the oxidation states, i.e., TMT�+ and TMT2+, and on the nucleo-
philes, the higher reactivity of TMT2+ was confirmed in
reactions with all the nucleophiles.

In the present results, in addition to the excessive charge in
the dicationic state, the change in mechanism is concluded to be
a significant factor in bringing about the higher reactivity of
TMT2+. By proceeding directly to the rds, it is expected that the
overall reactivity of TMT2+ is increased significantly.

The present results indicate that there is a remarkable

Table 3 Results of the kinetic analysis of the reactions of TMT�+ with
pyridine derivatives

Reaction order
Concentration

XPya range of XPy/M TMT2+ XPy Log k

Py 0.1–0.6 2 2 4.5b

Py 0.6–1.0 2 1 4.2c

4MPy 0.025–0.25 2 1 3.9c

2Mpy 0.025–0.25 2 2 5.0b

24MPy 0.025–0.25 2 2 5.6b

26MPy 0.025–0.25 2 2 5.5b

2EPy 0.05–0.2 2 2 5.5b

a Abbreviations: Py = pyridine, 4MPy = 4-methylpyridine, 2MPy =
2-methylpyridine, 24MPy = 2,4-dimethylpyridine, 26MPy = 2,6-
dimethylpyridine, 2EPy = 2-ethylpyridine. b Units of the rate constant:
M�3 s�1. c Units of the rate constant: M�2 s�1.

mechanistic difference in the reaction mechanisms also between
the reactions with MeOH and with Py. Parker and Tilset
reported the superacid properties of dications in solution.5 For
proton-releasing nucleophiles such as MeOH, it is inferred that
the reaction proceeds by proton abstraction from the dicationic
adduct (TMT+–MeOH+). In contrast, in the cases of Py and
XPy, because the dication would be stabilized by the formation
of a dicationic adduct,5 it seems that TMT+–Py+ is formed in
the rds. However, the reaction pathway after the rds is uncertain
because only TMT(O) was isolated in all the reactions.
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