Total Syntheses of Enokipodins A and
B Utilizing Palladium-Catalyzed Addition
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The enantioselective total syntheses of enokipodins A and B, a-cuparenone-type sesquiterpenoids with antimicrobial activity, have been
achieved. The key step is the enantiospecific construction of the quaternary carbon center using a palladium-catalyzed addition of an arylboronic

acid to an allene followed by an Eschenmoser—Claisen rearrangement.

The enokipodins A (1) and B (2), isolated by Takahashi et
al. from a culture broth of an edible mushroom (Flammulina
velutipes, “enokidake” in Japanese),*? are highly oxidized
o-cuparenone-type sesquiterpenoids that exhibit antimicrobial
activity against Cladosporium herbarum and Bacillus
subtilis.? Owing to the sterically congested structures of
these compounds (Figure 1), which possess a quaternary
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Figure 1. Structures for enokipodins A and B.

carbon stereocenter on the cyclopentane ring, they have
attracted considerable synthetic interest.®

Recently, we have developed a regiocontrolled addition
of arylboronic acids to allenic alcohols using a palladium or
platinum catalyst.* The selectivity of the reaction can be
altered by the choice of the metal reagent and the base, with
the aryl-substituted allylic alcohol having an endo olefin
being obtained regio- and stereoselectively when the hy-
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droxopalladium complex and Et;N were used. Consequently,
we expected that a quaternary carbon center could be
stereoselectively created by a Claisen-type rearrangement®
of this resulting allylic alcohol (Scheme 1), and thus we

Scheme 1. Stereoselective Construction of a Quaternary Carbon

Center
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applied this methodology toward the synthesis of 1 and 2.
Herein, the enantioselective total syntheses of enokipodins
A and B are described.

Our strategy for enokipodins A (1) and B (2) is shown in
the retrosynthetic analysis in Scheme 2. We anticipated

Scheme 2. Strategy for 1 and 2
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synthesizing enokipodins A (1) and B (2) from cyclopen-
tenone 3, according to Kuwahara’s protocol.?®¢ The cyclo-
pentenone 3 could be obtained enantiospecifically via a
Claisen-type rearrangement of the allylic alcohol 4, which would
be prepared by the palladium-catalyzed addition of the arylbo-
ronic acid 6 to the optically active allenic alcohol 5.

The synthesis of the optically active allenic alcohol 5 and
the arylboronic acid 6 was conducted as shown in Scheme
3. Addition of the lithium acetylide 8 to benzaldehyde (7)
afforded the propargylic alcohol (+)-9, which was oxidized
with MnO; to give the ketone 10. Enantioselective reduction
of 10 with the (R)-CBS reagent® and BH; and subsequent
treatment of the resulting (+)-9 with LAH furnished the
optically active allenic alcohol 5in 92% ee. The aryl bromide
12, prepared by bromination of the arene 11, was converted
to the arylboronic acid 6 by reaction with n-BuLi and
B(OiPr)3.

With the key substrates in hand, we next examined the
palladium-catalyzed reaction of 5 with 6 (Table 1). When 5
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Scheme 3. Syntheses of 5 and 6
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was treated with 5 mol % of [Pd,(OH),(PPhs)4][BF4]. and 5
equiv of Et;N in dioxane/H,O (20/1) at 60 °C,* the desired

Table 1. Palladium-Catalyzed Reaction of 5 with 6

OMe
OH (HO),B 5 mol %
X~z [Pdz(OH)2(PPh)IBF )z
Ph < 5 equiv amine
dioxane/H,0 (20/1), 0.5 h, A

OMe
5 [
OH OMe OMe
ph o pr N
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4 13
entry amine temp (°C) product yield (%)

1 Et;N 60 4 61
2 Et;N 80 4 68
3 Et;N 100 4 60
4 Pr,NEt 80 4 53
5 Pr,NH 80 4 47
6 pyridine 80 13 92
7 Et;N“ 80 4 56
8 Et;N? 80 4 42

20.5 equiv of Et;N was added. 0.2 equiv of Et;N was added.

aryl-substituted allylic alcohol 4 was produced as the sole
product in 61% vyield (entry 1). With the yields of 4 being
influenced by the reaction temperature (entries 2 and 3), the
best result was obtained when the reaction was carried out
at 80 °C (entry 2). Similar results were observed when other
amines such as 'Pr,NEt and 'Pr,NH were used (entries 4 and
5). Interestingly, the dehydrated diene 13 was predominant

(7) Although the reason for the pyridine effect is not clear, similar
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in the presence of pyridine (entry 6).” Even with decreased
amounts of EtzN (0.5 equiv and 0.2 equiv), the reactions
afforded the product 4 in moderate yields (entries 7 and 8).
These results suggest that the role of the amine is the
activation of the catalyst by coordination to the palladium
metal.*

To construct the quaternary asymmetric center, we next
attempted Claisen-type rearrangements of 4. The Eschen-
moser rearrangement>® successfully provided the corre-
sponding amide 14 in 80% yield, with an enantiomeric excess
of 91% (Scheme 4), indicating that the [3,3]-sigmatropic

Scheme 4. Syntheses of 1 and 2
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rearrangement had proceeded in a highly enantiospecific
manner. Conversion of the amide 14 to the methyl ketone

(8) Wick, A. E.; Felix, D.; Steen, K.; Eschenmoser, A. Hely. Chim. Acta
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15 with MeLi followed by the oxidative cleavage of the
double bond furnished the ketoaldehyde 16. The cyclopen-
tenone 3 was obtained quantitatively by the intramolecular
aldol condensation of 16 with K,COs. Since the cyclopen-
tenone 3 has already been utilized as an intermediate in the
Kuwahara total synthesis,?®© we followed their procedure
to complete our total synthesis. Thus, treatment of 3 with
Mel and NaH in THF-HMPA provided the dimethylated
product 17, which was hydrogenated and oxidized with CAN
to give enokipodin B (2) [mp 120—122 °C, [a]® —52 (c
0.4, MeOH); lit.* semisolid, [o]J% —63 (c 0.05, MeOH)].
Reduction of the benzoquinone moiety of 2 with Na,S;04
produced enokipodin A (1) [mp 140—142 °C, [a]® +42 (c
0.6, MeOH); lit.*® 138.5—138.9 °C, [a]¥ +48 (c 0.5,
MeOH)]. The *H and **C NMR data of synthetic 1 and 2
were completely identical with those of the natural enoki-
podins A and B, respectively.

In conclusion, we have completed the enantioselective total
synthesis of enokipodins A and B, in which the enantiospe-
cific construction of the quaternary carbon center, using a
palladium-catalyzed addition of an arylboronic acid to an
allene followed by an Eschenmoser—Claisen rearrangement,
has been successfully accomplished. As the stereoselective
construction of molecules with quaternary carbon centers
represents a challenging area in organic synthesis,® our
methodology would provide a new synthetic protocol.
Application of these results to the syntheses of other natural
products is now in progress.
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