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ABSTRACT

Although heating 2-methoxy-2 H-azepine results in a [1,5] sigmatropic hydrogen shift, heating 2-propylthio-2 H-azepine results in not only a
[1,5] sigmatropic hydrogen shift but also a [1,5] sigmatropic propylthio shift. Kinetic measurements reveal that migratory aptitudes increase
in the order of MeO < H, PrS. These [1,5] sigmatropic shifts are discussed on the basis of ab initio DFT calculations.

Interest in the study of concerted processes in organic
chemistry has significantly increased since the development
of the general theory of the principles of orbital symmetry
by Woodward and Hoffmann (W-H).1 According to the
W-H rule, suprafacial [1,5] sigmatropic shifts in polyenes
are thermally allowed. Many studies have reported the
thermal [1,5] sigmatropic hydrogen shift.2 Not only the
hydrogen shift but also the [1,5] shift of other functionalities2

(alkyl,3 aryl,4 boron,5 chlorine,6 amine,7 silicon,8 tin,9 and

germanium10) have been documented. Meanwhile, only two
examples of a formal [1,5] sulfur shift via an ionic process
have been reported so far. One is a base-catalyzed [1,5]
alkylthio shift,11 and the other is an acid-promoted [1,5]
phenylthio shift.12 Cavazza et al. have reported a rapid [1,7]
migration13 of 1,7-dialkylthiocycloheptatrienes at room tem-
perature. This may result from the successive occurrence of
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the [1,5] alkylthio shift. Although Mikhailov et al. have
reported circumambulatory rearrangements14 based on [1,5]
migration in arylthio-substituted cyclopentadienes,15 it was
not shown whether the observed [1,5] migration was a
concerted process.

It is known that 2H-azepines isomerize easily to more
thermodynamically stable 3H-derivatives by the [1,5] sig-
matropic hydrogen shift.16 Therefore, 2H-azepine is consid-
ered to be a suitable system for the study of a thermal [1,5]
sigmatropic rearrangement. Here, we present an unusual
competitive reaction between a genuine [1,5] sigmatropic
alkylthio shift and a [1,5] sigmatropic hydrogen shift
observed in a 2H-azepine ring.

When a CDCl3 solution of 2-propylthio-2H-azepine117

was heated at a reflux temperature, a parallel reaction
between the [1,5] sigmatropic hydrogen shift and the [1,5]
propylthio shift occurred quantitatively to yield a mixture
of 2 and3 in the ratio of 1:1 (Scheme 1).

It is important to establish whether the observed [1,5]
propylthio shift occurs via an orbital-symmetry-allowed [1,5]
sigmatropic shift (concerted mechanism) or via an ionic
pathway (dissociative mechanism). Recently, we reported the
formation of azepinium ions by the reactions of 2-methoxy-

2H-azepines with TiCl4.18 The azepinium ion resulting from
2-methoxy-2H-azepine7 reacted with PrSH to predominantly
yield 1 rather than3,19 suggesting that the rearrangement of
1 to 3 did not proceed by the dissociative mechanism. To
reveal the mechanism, the rates of the [1,5] propylthio and
[1,5] hydrogen shifts in various solvents such as cyclohexane-
d12, CDCl3, and DMSO-d6 were compared at 62°C (Table
1). To estimate the rate of the parallel reaction of 2H-azepine

1, the decrease in the intensity of peaks attributed to azepine
ring protons in the1H NMR spectrum was measured.19

Consequently, kinetically estimated rates of the [1,5] pro-
pylthio and [1,5] hydrogen shifts were effected very slightly
by the polarity of the solvent (Table 1). These experimental
data show that the mechanism of the observed [1,5] propy-
lthio shift is considered to be a concerted process.

The kinetic parameters for the [1,5] hydrogen shift and
[1,5] propylthio shift of1 are shown in Table 2. The negative

activation entropy of the [1,5] propylthio shift and the [1,5]
hydrogen shift corresponds to a rigid transition state,
indicating that the observed [1,5] shifts are not radical
processes. The parameters of the [1,5] propylthio shift
correlate well with those of the [1,5] hydrogen shift.
Furthermore, heating 4-methyl-2-propylthio-2H-azepine419

also results in a parallel reaction of a [1,5] hydrogen shift
and a [1,5] propylthio shift (Scheme 1, Table 2). The
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Scheme 1. Thermal Parallel Reaction between a [1,5]
Hydrogen Shift and a [1,5] Propylthio Shift in

2-Propylthio-2H-azepines1 and4

Table 1. Rates of the [1,5] Propylthio and [1,5] Hydrogen
Shifts of 1 in Various Solvents at 62°C

solvent
kH

a

(10-6 s-1)
k1/2-H

b

(102 s )
kPrS

c

(10-6 s-1)
k1/2-PrS

d

(102 s)

DMSO-d6 32.1 216 27.2 255
CDCl3 26.8 258 18.5 375
cyclohexane-d12 23.8 290 21.3 325

a Rate constants for the [1,5] hydrogen shift.b Half-lives for the [1,5]
hydrogen shift.c Rate constants for the [1,5] propylthio shift.d Half-lives
for the [1,5] propylthio shift.

Table 2. Experimental Activation Parameters of a [1,5]
Sigmatropic Hydrogen Shift and a [1,5] Sigmatropic Propylthio
Shift

2H-azepines
∆H‡

(kJ/mol)
∆S‡

(J/Kmol)
∆G‡

298

(kJ/mol)

1a 95.7 -47.7 110
1b 99.4 -39.9 111
4a 96.0 -44.5 109
4b 99.4 -34.7 110
7a 92.8 -66.2 113

a [1,5] hydrogen shift.b [1,5] propylthio shift.
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exchange of thetert-butyl group for the methyl group in the
4-position on the azepine ring shows no effect on the rate
of the [1,5] hydrogen shift and the [1,5] propylthio shift.

On the other hand, when 2-methoxy-2H-azepine717 was
heated in CDCl3, an exclusive hydrogen shift was observed
to yield an azepine mixture of 5-tert-butyl-2,7-dimethoxy-
3H-azepine (8) and 4-tert-butyl-2,7-dimethoxy-3H-azepine
(9) in the ratio of 1:8 (Scheme 2). Efforts to separate the

two isomeric azepines,8 and9, by utilizing column chro-
matography were unsuccessful. The mixture already attained
equilibrium because when a benzene solution was heated
for 10 days the 1:8 mixture of the 3H-azepines8 and9 was
maintained. In the time-dependent1H NMR spectrum of
isomerization of7 in CDCl3, 8 and9 were formed in a ratio
of 1:8 simultaneously with a decrease in7, suggesting that
the [1,5] hydrogen shift from8 to 9 is very fast. These results
indicate that rapid equilibrium between8 and9 is reached
as soon as the isomerization of7 occurs. It is considered
that 8 is formed by an exclusive [1,5] hydrogen shift of7
followed by 9, which is produced by successive [1,5]
hydrogen shifts of8. The [1,5] methoxy shift was not
observed in the thermal isomerization of7.

To obtain a theoretical background for the difference
between the [1,5] alkoxy shift and the [1,5] alkylthio shift,
calculations were performed using simple model compounds
such as 7-methoxy-2-methylthio-2H-azepine (10) and 2,7-
dimethoxy-2H-azepine (15) by using the GAUSSIAN03
program package.20 The density functional method was
employed using the B3LYP21 and 6-31G(d,p) basis sets.
Transition-state structures were characterized by an imagi-
nary frequency. Two optimized structures were found by
calculating the transition state of the [1,5] methylthio shift
between10and12. The structure in which the methyl group
is on the opposite side of the nitrogen atom is a more stable
transition structure than the structure in which the methyl
group is on the same side.19 The calculated activation energy
of the respective [1,5] shifts is shown in Figure 1.

Because it is preferable that the calculated barrier of the
suggested [1,5] methylthio shift is smaller than that of the
[1,5] methoxy shift, isomerization of 2-alkylthio-2H-azepine
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Figure 1. Calculated energy profile of a [1,5] sigmatropic reaction.aCalculated barrier for the [1,5] hydrogen shift between10 and11.
bCalculated barrier for the [1,5] hydrogen shift between15 and16. cCalculated barrier for the [1,5] methylthio shift between10 and12.
dCalculated barrier for the [1,5] methoxy shift between15 and17.

Scheme 2. Thermal [1,5] Sigmatropic Hydrogen Shift of
2-Methoxy-2H-azepine7
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proceeds via competitive alkylthio and hydrogen shifts.
Conversely, the high activation energy indicates that a [1,5]
alkoxy shift cannot proceed easily in the case of 2-methoxy-
2H-azepine. Thermally allowed [1,5] sigmatropic rearrange-
ment on heating has a close connection with the frontier
orbital interaction between theσ* orbital of the moving group
and theπHOMO of a conjugated diene system (Figure 2).22

According to AM1 calculations, theσ* energy of the C-O
bond is considerably higher than that of the C-S bond. The
AM1 calculatedσ* energy of CH3SCH3 is 0.94 eV, and that
of CH3OCH3 is 3.25 eV. It is considered that the low-energy
level for the σ* orbital of the C-S bond stabilizes the
transition state for the [1,5] alkylthio shift compared to that
of the [1,5] alkoxy shift.

These calculations agree with experimental observations.
Although the calculated activation energy of the [1,5]
hydrogen shift (127 kJ/mol) is larger than that of the [1,5]
methylthio shift (98.6 kJ/mol), the experimental activation
parameter of the former (96 kJ/mol) is slightly smaller than

that of the latter (99 kJ/mol) (Table 2, Figure 1). This
contradiction may be ascribed to the solvent effect. Therefore,
calculations including the Onsager reaction field approxima-
tion23 with the dielectric constant 5.05 (CHCl3)24 were
performed to improve the discrepancy between experimental
and calculated results. Unfortunately, there is a slight change
in the activation energy of the [1,5] hydrogen shift (127 kJ/
mol) and that of the [1,5] methylthio shift (98.0 kJ/mol).19

Generally, B3LYP calculations tend to underestimate the
activation energy of some proton and hydrogen shift reac-
tions.25 In this regard, the present overestimated activation
energy of the [1,5] hydrogen shift is inexplicable. A similar
overestimation of [1,5] hydrogen shifts on cyclopentadiene
and cycloheptatriene systems is reported.6a Recently, Yamabe
et al. have proposed that such an overestimation should be
ascribed to a bimolecular multistep reaction.26 The scheme
occurs successively as follows: [6+ 4] cycloadditionf a
hydrogen shift in the cycloadductf Cope rearrangement
f retro hydrogen shiftf retro [6 + 4] cycloaddition.
Therefore, an overestimation of the [1,5] hydrogen shift may
suggest the possibility that the observed hydrogen shift on
2H-azepine occurs via a bimolecular multistep process.

In conclusion, heating 2-propylthio-2H-azepine results in
a parallel reaction between the [1,5] sigmatropic hydrogen
shift and the [1,5] sigmatropic propylthio shift to yield
7-propylthio-3H-azepine and 3-propylthio-3H-azepine. Ki-
netic measurements have revealed that the observed [1,5]
propylthio shift proceeds via a concerted mechanism (i.e.,
sigmatropic rearrangement). DFT calculations of simple
model compounds have shown that the [1,5] shift of an
alkylthio group occurs easily, whereas the [1,5] alkoxy shift
occurs with difficulty.
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Figure 2. Frontier orbital interaction between theσ* orbital of
the moving group and theπHOMO of a conjugated diene system.
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