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a b s t r a c t

The stereoselective syntheses of the tricyclic core structure of vinigrol and highly functionalized polycy-
clic molecules from 5-bromo-2-methoxyphenol in five synthetic steps are reported. Intramolecular and
intermolecular Diels–Alder reactions and tandem oxy-Cope/ene reactions are the key steps in the
synthesis.

� 2014 Elsevier Ltd. All rights reserved.

Vinigrol, which was isolated from Virgaria nigra in 1987, is a dit-
erpenoid with a unique tricyclo[4.4.4.04a,8a]tetradecane frame-
work, involving a cis-decalin system bridged by an eight-
membered ring (Fig. 1).1 Vinigrol shows antihypertensive, platelet
aggregation-inhibiting, and tumor necrosis factor (TNF) antagonist
properties.2 Owing to its promising biological properties and struc-
tural complexity, considerable efforts have been devoted to the
synthesis of vinigrol.3,4 In 2009, Baran5a reported the first total syn-
thesis of vinigrol and a few years later Barriault5b and Njardarson5c

published a formal and total synthesis of vinigrol, respectively.
Recently, our laboratory demonstrated that masked o-benzo-

quinones (MOBs), derived from easily accessible 2-methoxyphenol,
can be rapidly expanded into complex structural motifs.6,7 Using
this approach, we developed a methodology for constructing cis-
decalin skeletons from 1,5-dienes using the anionic oxy-Cope rear-
rangement (Scheme 1).8,9 Accordingly, we envisioned that the tri-
cyclo[4.4.4.04a,8a]tetradecane framework in vinigrol could be
obtained from another 1,5-diene substrate using the same rear-
rangement. We reported herein a strategy to construct the core
structure of vinigrol along with unexpected polycyclic ring sys-
tems, from 1,5-dienes, which were also obtained rapidly from
MOBs.

To examine the feasibility of this approach, we first obtained
the desired 1,5-dienes. These 1,5-diene substrates were synthe-
sized from 5-bromo-2-methoxyphenol (1). The intramolecular
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Figure 1. Structure of vinigrol.
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Scheme 1. Oxy-Cope rearrangements of 1,5-dienes.
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Diels–Alder reaction of MOBs 3a–c that were generated in situ
from 1 in the presence of alkenols 2a–c, respectively, formed tricy-
clic ketones 4a–c in high yields (Scheme 2).10,11 The bromo group
in 4a–c was then replaced by a vinyl group under Stille conditions
to give 1,3-dienes 5a–c. Addition of a preformed vinylmagnesium
bromide–CeCl3 reagent12 to 5 yielded the two stereoisomers, 6
and 7. In this reaction, a nucleophilic attack occurred preferentially
at the sterically less-hindered endo-face of the ketones 5 to pro-
duce syn-isomers 6 as the major or exclusive products.13

The next step involved the intermolecular Diels–Alder reaction
of 1,3-dienes 6 with symmetric dienophiles. Symmetric dieno-
philes were chosen to avoid the formation of regioisomers in the
Diels–Alder reaction. Therefore, maleic anhydride was first used
as the dienophile in the Diels–Alder reaction with 6a. The reaction
reached completion after 6 days at room temperature and pro-
duced two cycloadducts, 8a and 10a, in 57% and 38% yields, respec-
tively (Table 1, entry 1). On the other hand, when N-
phenylmaleimide reacted with 6a at room temperature, the reac-
tion was completed after 8 days and produced three cycloadducts
9a, 11a, and 13a (entry 2). In contrast to diene 6a, dienes 6b,c
reacted with maleic anhydride and N-phenylmaleimide to give sin-
gle Diels–Alder adducts (entries 3–6). The Diels–Alder reaction was
accelerated under microwave irradiation at 80 �C, and the reac-
tions were completed within 12 h (entries 3–4).

Methyl vinyl ketone, a monosubstituted dienophile, was also
examined in the Diels–Alder reaction. As shown in Table 1, excel-
lent stereoselectivity was observed in the Diels–Alder reactions
of 1,3-dienes 6b,c (R1 = Me) with symmetric dienophiles. Thus,
6b was reacted with methyl vinyl ketone at room temperature;
the reaction was sluggish, however microwave conditions signifi-
cantly accelerated the reaction, and the two diastereomers 14b
and 15b were obtained in 1:1 ratio (Scheme 3). Surprisingly, in
contrast to maleic anhydride and N-phenylmaleimide, methyl
vinyl ketone showed poor stereoselectivity but excellent regiose-
lectivity in the Diels–Alder reaction with 6b. The different Diels–
Alder adducts, thus obtained, were characterized structurally using
IR, NMR, and mass spectral analyses. The stereostructures of 10a,
11a, 13a, 14b, and 15b were confirmed by single-crystal X-ray dif-
fraction analyses.14

With 1,5-dienes 8–15 in hand, we explored suitable conditions
for the oxy-Cope rearrangement. First, we used potassium bis(tri-
methylsilyl)amide (KHMDS) in the presence of 18-crown-6 in
THF. Unfortunately, the expected anionic oxy-Cope rearrangement
products were not observed at either 0 �C or at the reflux temper-
ature; instead, complex mixtures were formed. The exceptions
were two 1,5-dienes: (i) 14b which gave 18b, and (ii) 15b, for
which the starting material was recovered. The unexpected prod-
uct 18b was formed from 14b via a tandem anionic oxy-Cope/aldol
reaction (Scheme 4).

In order to prevent the undesired intramolecular aldol reaction
after the anionic oxy-Cope rearrangement of 14b, the ketone in
14b was converted to ketal 19b.15 This product was then treated
with KHMDS and 18-crown-6 in refluxing THF. The resulting anio-
nic oxy-Cope rearrangement product 20b was obtained in 85%
yield, and it possessed the tricyclic core of vinigrol (Scheme 5).
Thus, we believe that our strategy has potential use in the synthe-
sis of vinigrol analogues.

We reasoned that the reaction of 1,5-dienes 8–13 under basic
conditions resulted in complex mixtures because of the anhydride
and imide moieties. Thus, we turned our attention to the use of
neutral conditions. Accordingly, 1,5-diene 8a was heated to
220 �C in a sealed tube in toluene, and the unexpected polycyclic
compound 23a was obtained in 74% yield (Table 2, entry 1). This
polycyclic compound was formed via the sequential oxy-Cope/
ene rearrangement reaction16 of 1,5-diene 8a. Other 1,5-dienes—
8b, 9a–b, 14b, and 19b—gave similar results under identical condi-
tions (Table 2, Scheme 6). To our surprise, 1,5-dienes 8c and 9c,
which cannot undergo the ene reaction after the oxy-Cope
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Scheme 2. Preparation of tricyclic 1,3-dienes.

Table 1
Intermolecular Diels-Alder reactions of tricyclic 1,3-dienes 6
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Entry Diene Dienophile Time Product/yield (%)

1 6a X = O 6 d 8a/57 + 10a/38
2 6a X = NPh 8 d 9a/38 + 11a/38 + 13a/19
3 6b X = O 7 d (10 h)a 8b/95 (95)a

4 6b X = NPh 10 d (12 h)a 9b/88 (89)a

5 6c X = O 7 d 8c/95
6 6c X = NPh 10 d 9c/88

a Microwave irradiation at 80 �C.
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Scheme 3. Intermolecular Diels–Alder reaction of tricyclic 1,3-diene 6b and methyl
vinyl ketone.
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