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Abstract—Intramolecular ionic Diels–Alder reaction of 2-methyl-3,9,11-tridecatriene-2-ol (1) was studied under acidic conditions.
Treatment of 2-methyl-3,9,11-tridecatriene-2-ol (1) with trifluoromethanesulfonic acid yielded 7-methyl-8-isopropenyl-
1,2,3,4,4aR*,7R*,8R*,8aS*-octahydronaphthalene (4) and (1Z)-1-((E)-but-2-enylidene)-2-(2-methylpropenyl)cyclohexane (5)
through regioselective intramolecular ionic Diels–Alder reaction. The reaction appeared to proceed partly through a stepwise mech-
anism involving a carbocation intermediate. However, a concerted pathway rather than a stepwise one is suggested to be involved in
the acid-catalyzed intramolecular Diels–Alder reaction of 2,11-dimethyl-1,3,9,11-dodecatetraene (13).
� 2006 Elsevier Ltd. All rights reserved.
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The intramolecular Diels–Alder reaction is one of the
most powerful methods for the synthesis of polycyclic
compounds including natural products.1 Particularly,
ionic Diels–Alder reactions are shown to be syntheti-
cally useful reactions due to their increased reactivity
and excellent stereoselectivity.2 A comprehensive mech-
anistic study on the reactions of allyl cations with 1,3-
dienes was carried out by Woodward and Hoffmann.3

Gassman investigated extensively the scope of the intra-
molecular ionic Diels–Alder reaction4 and discussed
briefly whether the additions of dienes to allyl cations
are concerted or stepwise. They synthesized 15 tetra-
enes4d as precursors of allyl cations and treated them
with an acid to study the mechanistic pathway of the
intramolecular ionic Diels–Alder reactions.5 In most
cases, cycloadducts were produced apparently stemming
from concerted processes, while stepwise processes
might have been favored in some cases. A similar treat-
ment of a dilute solution of triene-2-ol 2 with 5 mol % of
trifluoromethanesulfonic acid at �25 �C for 20 min gave
only product 3 stereoselectively in a high yield via the
concerted process (Fig. 1).4b
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Based upon these observations, we were interested in the
mechanism of the intramolecular ionic Diels–Alder reac-
tion of trienol 1, which was different from 2 in the chain
length of the tethering group and the position of methyl
group at the diene unit. A bicyclo[4.4.0]decane system,
instead of a bicyclo[4.3.0]nonane system, was expected
from trienol 1. Herein we report on the mechanistic
studies based upon the intramolecular Diels–Alder reac-
tion of trienol 1 using trifluoromethanesulfonic acid at
various temperatures.

Trienol 1 was synthesized according to a literature proce-
dure.6 Treatment of trienol 1 with trifluoromethanesulf-
onic acid at various reaction temperatures gave a mixture
of bicyclo[4.4.0]decyl ring product 4 and monocyclic
triene 5 (Table 1).7 The distribution of the products
was significantly sensitive to the reaction temperature.
The reaction of trienol 1 with 20 mol % of trifluoro-
methanesulfonic acid at 12 �C for 5 min afforded 4 and
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Table 1. Intramolecular ionic Diels–Alder reaction of trienol 1

OH
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CF3SO3H

4 51
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Entry CF3SO3Ha (mol %) Temperature (�C) Time (min) Yieldsb (%)

4 5

1 20 12 5 38 21
2 20 0 5 35 45
3 20 �30 5 20 49
4 20 �78 5 13 36

a 0.05 M of CF3SO3H in dry CH2Cl2 was used.
b Isolated yields after chromatography based on starting trienol 1.
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5 in 38% and 21% yields, respectively (Table 1, entry 1).
The structure of compound 4 was assigned to the
expected trans-fused cycloadducts by using NOESY
experiments.8 A similar treatment of trienol 1 with the
same amount of trifluoromethanesulfonic acid at 0 �C
for 5 min afforded 4 and 5 in 35% and 45% yields, respec-
tively (Table 1, entry 2). Under these conditions, the
combined yield of 4 and 5 was 80%. At �30 �C, 4 and
5 were produced in a 69% combined yield with a 20:49
ratio after 5 min (Table 1, entry 3). However, the yields
of both 4 and 5 were noticeably decreased at �78 �C
(Table 1, entries 4 and 5).

On the basis of these results, we proposed a plausible
mechanistic pathway (Scheme 1). Formation of allyl
cation 1a through protonation at the hydroxyl group
followed by the exclusive formal cycloaddition involving
the C3–C4 portion of the allyl cation and the diene
would give a cation 4a via a concerted process. Depro-
tonation of 4a affords Diels–Alder product 4. According
to Roush’s hypothesis,9 this reaction would proceed
through an endo transition state and produce the
trans-fused product 4. Alternatively, allyl cation 1a is
delocalized between the tertiary and secondary sites
and is cyclized across the C4–C9 to form allyl cation
1b, which upon deprotonation would give a monocyclic
triene 5. On the other hand, allyl cation 1b would also
cyclize across the C3–C12 bond to give 4a.
OH

H+

H

H

4
9

3

9

12

1a

Concer
Pathwa

1b

1

12
2 +

+

Stepwise 
Pathway

4

Scheme 1.
Thus, the formation of 4 from 1, which was the formal
intramolecular ionic Diels–Alder product, appears to
have resulted from a stepwise process. However, the
possibility of a concerted process could not be elimi-
nated. On the assumption that the reaction proceeds
through a stepwise pathway, intermediate 1b was of
particular interest to us. In order to establish that allyl
cation 1b was an intermediate in the formation of
cycloadducts 4 and 5, we prepared 1-(2-(2-methyl-1-pro-
penyl)cyclohexyl)-2-buten-1-ol (11) (Scheme 2) as a pre-
cursor for intermediate 1b. The synthesis of 11 began
with the reduction of trans-1,2-cyclohexanedicarboxylic
anhydride (±)-6. Synthesis of alcohol 9 was accom-
plished through a series of reactions including Wittig
reaction of aldehyde 710 and removal of the benzoyl
group from 8. Swern oxidation of 9 led to aldehyde
10, which was treated with 1- or 2-propenyl Grignard
reagents to yield precursors 11 and 12, respectively.11

Treatment of 11 with 10 mol % of trifluoromethanesulf-
onic acid at 0 �C for 5 min gave 4 and 5 in 32% and 46%
yields, respectively. Thus, the same products as those
obtained from the reaction with trienol 1 (Table 1) were
obtained in a similar ratio. When the amount of tri-
fluoromethanesulfonic acid was increased to 20 mol %
under otherwise the same reaction conditions, the yields
of 4 and 5 were in 30% and 35%, respectively. When 11
was treated with 50 mol % of trifluoromethanesulfonic
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Scheme 2. Reagents and conditions: (i) LAH, THF, reflux, 2 h, 93%;
(ii) NaH, benzoyl chloride, THF, 0 �C, 30 min, 66%; (iii) DMSO,
oxalyl choride, CH2Cl2, �60 �C, 30 min, 76%; (iv) n-BuLi, isopropyl-
idenetriphenylphosphorane, C6H6, 0 �C, 1.5 h, 80%; (v) NaOH,
MeOH, H2O, 20 h, 81%; (vi) DMSO, oxalyl choride, CH2Cl2,
�60 �C, 30 min, 90%; (vii) 1-propenylmagnesium bromide, THF,
�20 �C, 30 min.
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acid at �30 �C for 5 min, 5 was obtained in 12% yield
and unreacted starting compound 11 was recovered in
an 82% yield. An attempt of the reaction at �78 �C
did not promote any reaction and 11 was recovered in
a 95% yield. These results suggest that allyl cation 11a
(1b, Scheme 1) may serve as a precursor of cycloadduct
4 outlined in Scheme 3. Thus, it is assumed that the
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trans-fused Diels–Alder product 4 arises at least in part
from a stepwise cyclization mechanism that involves
an intermediate 1b. However, the yields and ratios of
the products depend strongly on the concentration of
the acid and reaction temperature.

Gassman reported that the reaction of dodecatetraene
134d with trifluoromethanesulfonic acid afforded two
major trans-fused bicyclo[4.4.0] products 14 and 15
(Scheme 4). Protonation at the C1 of 13 gives an allyl
cation 13a, which is quite similar to the allyl cation gen-
erated from the deprotonation of trienol 1 (Scheme 1).
They differ from each other in the position of the methyl
group on the diene unit. Accordingly, we became inter-
ested in exploring the detailed mechanistic pathway in
the intramolecular ionic Diels–Alder reactions of tetra-
ene 13.

In order to establish whether a cationic intermediate 12a
(Scheme 4) is involved in the intramolecular ionic Diels–
Alder reaction of tetraene 13, we prepared 2-methyl-1-
(2-(2-methyl-1-propenyl)cyclohexyl)-2-propen-1-ol (12)
(Scheme 2) as a precursor of an allyl cation 12a. Treat-
ment of 12 with trifluoromethanesulfonic acid gave only
two major products, 16 and 17 (Scheme 5).12 Surpris-
ingly, the formation of Diels–Alder products 14 and
15 was not observed. This result indicates that the for-
mation of allyl cation 12a,13 which would be cyclized
to 14 and 15, is energetically more unfavorable than
the protonation at the olefin of allylic alcohol 12 to form
a tertiary cation 12b (Scheme 5). This tertiary cation
might be readily transformed to an enol and be rear-
ranged to ketone 16 through tautomerism14 or cycliza-
tion15 to bicycle 17 (Scheme 5). Thus, it is highly
plausible that the reaction of tetraene 13 has no inter-
mediate and it may prefer to proceed through a con-
certed pathway rather than a stepwise one. The ratio
of 16 and 17 strongly depended on the reaction condi-
tions. When 12 was treated with 10 mol % trifluoro-
methanesulfonic acid at 0 �C for 10 min, only 16 was
obtained in a 37% yield. Under strong acidic conditions,
the enol system undergoes a cyclization and affords
bicycle product 17. Treatment with 50 mol % trifluoro-
methanesulfonic acid at 0 �C for 10 min afforded 16
and 1716 in 3% and 30% yields, respectively, and poly-
mer as major products.
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In conclusion, we have demonstrated that intramole-
cular ionic Diels–Alder reaction of trienol 1 proceeds,
at least in part, via a stepwise mechanism through inter-
mediate 1a to give Diels–Alder adducts 4 and 5. The
yields and distribution of products in the Diels–Alder
reactions of 1 were strongly dependent upon the reac-
tion conditions. In contrast, we have not been able to
obtain experimental evidence leading to the stepwise
mechanism for the cyclization of tetraene 13. Moreover,
allyl cation precursor 12 did not produce the same prod-
ucts as tetraene 13 did. Instead, it produced new prod-
ucts 16 and 17 under the same acidic conditions. Thus,
we have characterized the mechanism of these intra-
molecular ionic Diels–Alder reactions as a concerted
process where the asynchronicity in the C–C bond-
formation depends on the position of electron-releasing
methyl group on the diene unit.
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