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ABSTRACT: The total syntheses of perenniporide A (1) and
related compounds have been achieved. Starting from 1,3,5-
trifluorobenzene (9), difluorodienone 6 was obtained by
oxidative dearomatization, which served as a platform for the
high-pressure cycloaddition and for the introduction of the
C3-methoxy group. The synthesis allowed access to the natural
congeners 2 and 3, enabling assignment of the absolute structures of these natural products.

Perenniporides A−D (1−4) (Figure 1) constitute a class of
natural products recently isolated from the fungus

Perenniporia sp., inhabiting the larva of a phytophagous weevil,
Euops chinesis.1 Since 1 shows a significant inhibitory effect
against several plant pathogens, it may serve as a lead for new
agrochemicals. Structurally, these compounds share an α-
tetralone skeleton possessing a 2-hydroxypropanoic acid
appendage. The relative stereochemistry of 1 was assigned as
4R*,12R* by X-ray analysis, while the absolute structure has
remained unassigned. Aiming at developing a general synthetic
route, we undertook the synthetic study of these compounds that
would hopefully contribute to the study of the structure−activity
relationship.
In this communication, we report the first total synthesis of 1

from 1,3,5-trifluorobenzene (9) as well as a viable synthetic
access to congeners 2 and 3, enabling the assignment of the
absolute stereochemistry of these natural products.
Scheme 1 shows the retrosynthesis of 1. The bottom line is the

use of 1,3,5-trifluorobenzene (9) (Scheme 1, eq 1), which would
allow assembly of the basic skeleton A by anchoring two rings, a
spiro-oxa cycle and a fused aromatic ring, and installing the
requisite oxygen functionalities. Scheme 1 shows the specific
planning by employing difluorodienone 6 as the immediate
precursor to 1. The hope was that the fluoroenone moiety in 6

would serve as a dienophile to react with diene 5,2 while the other
fluorine atom would be replaced by a methoxy group. This key
compound 6 would be accessible by the oxidative dearomatiza-
tion of α-hydroxy acid 7, which in turn could be dissected into the
donor/acceptor synthons B andC. As the synthetic equivalent to
the donor synthon B, fluoroarene 8 could be used by exploiting
the facile lithiation at the indicated position between two fluorine
atoms, while the acceptor C could be derived from chiral,
nonracemic glycidol 10.
1,3,5-Trifluorobenzene (9) was converted to difluoride 8 via

the SNAr reaction with benzyl alkoxide, which stopped at a single
substitution (Scheme 2).3 Regioselective lithiation of 8 with
PhLi4,5 followed by the addition of (R)-106 in the presence of
BF3·OEt2 gave adduct 11. Protection of the secondary alcohol in
11 (TIPSOTf, 2,6-lutidine, CH2Cl2) gave the corresponding
TIPS ether, and exposure to catalytic TsOH in MeOH allowed
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Figure 1. Perenniporides A−D.

Scheme 1. Retrosynthetic Analysis of Perenniporide A (1)

Letter

pubs.acs.org/OrgLett

© XXXX American Chemical Society A DOI: 10.1021/acs.orglett.5b02906
Org. Lett. XXXX, XXX, XXX−XXX

pubs.acs.org/OrgLett
http://dx.doi.org/10.1021/acs.orglett.5b02906


selective removal of the TBS group under the carefully specified
conditions,7 giving prim-alcohol 12 in 84% overall yield from 11.
Oxidation of alcohol 12with IBX8 in DMSO followed by Kraus−
Pinnick oxidation9 afforded acid 13 in 88% yield (two steps).
Hydrogenolytic removal of the benzyl ether in 13 provided the
corresponding labile phenol, which was immediately subjected to
the oxidative dearomatization10 by treatment with PhI-
(OCOCF3)2, giving difluorodienone 6 in 68% yield.
Having the key intermediate 6 in hand, we first examined the

Diels−Alder reaction with siloxy diene 5 (Scheme 3).2,11 In spite

of extensive screening of the reaction conditions, the desired
product 14 was not obtained under either thermal conditions
(e.g., toluene, reflux, 16 h) or Lewis acidic conditions (e.g.,
ZnCl2, toluene, rt, 16 h).
We noted that two issues are relevant (Scheme 4). First, diene

5 is thermally unstable, undergoing isomerization at ambient
temperature, or even at −30 °C, by [1,5]-silatropic shift into the
C-silyl isomerA (Scheme 4, eq 3).2,12 The second issue in diene 5
is the difficulty in adopting the s-cis geometry required for the
Diels−Alder reaction (Scheme 4, eq 4). By contrast, the [4 + 2]
cycloaddition was possible with siloxydiene 1513 without the
ethyl group, affording product 16 in 29% yield. Use of the diene
in excess resulted in the dual reaction to give 17 in 20% yield.
To cope with the first issue, we examined siloxy diene 18 in

which the TMS moiety was replaced by a TBS group, expecting
increased thermal stability (Table 1). Although simple thermal
reaction was not productive (Table 1, entry 1), use of highly
polar media by adding lithium salts,14 LiClO4 or LiOTf, enabled
the reaction to give the product 14, albeit in low yields (Table 1,
entry 2 and 3). Even though the starting material 6 was
completely consumed, the reactions were not so clean, and the
product 14 was not free from impurities.

At this stage, we focused on the high-pressure conditions,
expecting the pronounced rate-acceleration effect,15 which,
pleasingly, gave a positive result (entry 4). A mixture of 6 and
diene 18 (1.5−2.0 equiv) was subjected to the super high-
pressure conditions16 (10 Kbar, CH2Cl2, rt, 24 h). The crude
mixture was condensed and treated with TsOH in methanol,
giving the product 14 in 62−68% reproducible yields.
It is worth noting that the initial cycloadduct I persisted under

the high-pressure conditions. After we performed the high-
pressure reaction in CD2Cl2, a part of the mixture was taken to
measure 1H NMR, showing the absence of 14 and the prevalence of
I.17 Thus, it was only after acid treatment that HF was eliminated
from I to give 14.18 This must be an important feature to the
success of the reaction, as the reaction media remains neutral,
where the acid-labile diene 18 is not deteriorated and effectively
works for the [4 + 2] cycloaddition. This also indicates that only a
slight excess of 18 is necessary, reducing the probability of the
double reaction.19

The 1H NMR analysis suggested that 14 is composed of a 3/2
mixture of isomers, inseparable by silica gel chromatography.
However, gel-permeation chromatography (YMC-GPC
T4000+T2000, AcOEt) enabled a good separation and recovery.
In one run (68% combined yield), the separation gave 14a (40%
yield) and 14b (26% yield), which proved to be a pair of
diastereomers arising from the difference in the C4 chiral center.
The NOESY analysis assigned the stereochemistry of 14a as 4R
on the basis of the correlation between H11α and H5, while that of
14b was assigned as 4S by the correlation between H12 and H5 as
shown in Scheme 5.
Although the selectivity 14a/14b (3/2) wasmodest, it is worth

noting in a formal analysis how this selectivity evolves (Scheme
6). Without regard to the exo/endo selectivity or the π-facial
selectivity on the cyclohexadienone plane, the key is the group
selectivity on two diastereotopic fluoroenones.20 By the choice of
right or left dienophilic sites, the prochiral C4-center in 6 is
converted into the stereogenicity in 14: 4R by the reactions from
the left side and 4S by those from the right side.21

Concerning the drawing of 14b (Scheme 6), the upper one is
more comprehensive for grasping its relationship to the group-
selective reaction, while the lower drawing better represents the
epimeric relationship of 14a and 14b at the C4 spiro center. The

Scheme 2. Preparation of Difluorodienone 6

Scheme 3

Scheme 4. Two Issues in Siloxy Diene 5
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latter will be used in the synthetic transformation of 14b into 4-
epi-perenniporide A (23) (vide infra, Scheme 8).
Having identified 14a as the (4R,12R) isomer, i.e., the same

relative configuration of the natural product (4R*,12R*), we
converted it to the final product for comparing the [α]D values to
assign the absolute stereochemistry (Scheme 7). The fluorine
atom in 14a was replaced by a methoxy group by treatment with
sodium methoxide (MeOH, − 78 → 0 °C, 15 min), where
lactone 20 was obtained in 17% yield and ester 21 in 81% yield.
Although these compounds were separated by silica gel
chromatography (20: Rf 0.70, 21: Rf 0.29, toluene/AcOEt =
95:5), both converged into perenniporide A (1) upon treatment
with n-Bu4NF for removal of the TIPS group (20→ 1: 90% yield,
21→ 1: 68% yield). After purification on the silica gel preparative

TLC (1: Rf 0.37, toluene/AcOEt = 1:1), the material was
recrystallized from acetone to give a pale yellow needles (mp 197
°C, dec). The physical data (1H, 13C NMR and high-resolution
MS) of 1 fully coincided with those reported for the natural
product.1

Conformity of the sign and magnitude of the [α]D values of
synthetic and natural materials1 of 1 identified its absolute
structure as 4R,12R. Furthermore, the rigorous enantiomeric
purtiy (>99% ee) of synthetic 1 was proven by HPLC analysis
with a chiral stationary phase by comparison with ent-1 that was
prepared from the enantiomeric epoxide (S)-10.22

Furthermore, the same conversion was applied to the epimer
14b, giving 4-epi-perenniporide A (23) (Scheme 8). Upon

treatment of 14bwith sodiummethoxide (MeOH,− 78→ 0 °C,
15 min), ester 22 was obtained as the sole product in 85% yield.
Removal of the TIPS group in 22 gave the C4-epimer 23, which
was clearly discernible from 1 by 1H NMR analysis.
Having confirmed the identity of 1, the conversion into other

congeners was examined (Scheme 9). It turned out that acidic
methanolysis of 1 (TsOH, MeOH, rt, 8 h) followed by
purification on the preparative TLC (diol silica gel) afforded
perenniporide B (2) as a colorless oil. On the other hand,
treatment of 1 with MS3A in MeOH allowed methanolysis and

Table 1. [4 + 2]-Cycloaddition of 6

entry diene (equiv) conditions additive yield of 14 (%)

1 4.0 neat 100 °C 1 h 0
2a 4.0 Et2O 100 °C 1 h LiClO4 (1 M) ca. 16
3a 4.0 THF 100 °C 1 h LiOTf (5 M) ca. 26
4b 1.5−2.0 CH2Cl2 rt 24 h 10 Kbar 62−68

aIn a sealed tube. bRIKEN apparatus.

Scheme 5. Separation and Stereochemical Assignment of
Isomers 14a and 14b

Scheme 6. Group-Selectivity Diverging into 14a and 14b

Scheme 7. Total Synthesis of Perenniporide A (1)

Scheme 8. Synthesis of 4-epi-Perenniporide A (23)
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an oxa-Michael addition to give perenniporide C (3) as a
colorless oil. The physical data of the synthetic materials 2 and 3
also coincided with the reported data, respectively.1

In summary, we have achieved the first total syntheses of
perenniporide A (1) and the congeners 2 and 3 and their epimers
using difluorodienone 6 derived from 1,3,5-trifluorobenzene (9).
The absolute structure of these natural products was assigned.
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