Biomimetic Synthesis of Zeylanone and
Zeylanone Epoxide by Dimerization of
2-Methyl-1,4-naphthoquinone
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A biomimetic synthesis of zeylanone and zeylanone epoxide, which are natural dimeric naphthoquinones, has been accomplished starting from
plumbagin, a natural monomeric naphthoquinone. The key features of our synthesis are cascade intermolecular and intramolecular Michael
reactions, followed by epoxidation of the resultant hydroquinone with molecular oxygen.

Zeylanone (1) was originally isolated from the evergreen
shrub Plumbago zeylanica in 1979 by Sankaram et al.
(Figure 1).! Although the structure of 1 was confirmed
from detailed NMR studies carried out by Gu et al.,” the
relative configurations at positions C-5a and C-12a in zeyla-
none remain undefined. The specific rotation value of 0
(¢ 1.5%, CHCI;) for natural zeylanone indicates that the
natural product was isolated as a racemic mixture. This
compound shows cytotoxic activities against cancer cell
lines, as well as antibacterial and antifungal activities.’
Recently, zeylanone epoxide (2) was isolated from the stem
bark of Diospyros anisandra.> The syn relationship between
the methyl group at C-5a and H-12a in 2 was determined
by NOESY correlations. However, the stereochemical
relationship between the methyl group at C-5a and the
epoxide remains unknown. The structurally related dimeric
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naphthoquinones juglorescein (3) and juglocombin A (4)
were isolated from Streptomyces strains GW4184 and 815.*

It has been proposed that the biosynthetic pathways of
both 1 and 2 may involve the dimerization of plumbagin
(5) (Scheme 1).'* Sequential intermolecular and intramo-
lecular Michael reactions of 5, followed by oxidation of the
resulting hydroquinone, would give 1 or 2.

We report herein the first synthesis of 1 and 2 based on the
proposed biosynthetic pathway, as well as determination of
the relative configurations of natural zeylanone and zeyla-
none epoxide. We also obtained optically pure (+)- and
(—)-zeylanone and determined their absolute configurations.

Vitamin K3 (6), 2-methyl-1,4-naphthoquinone, was used
as a model substrate for developing the key dimerization
step (Scheme 2). Treatment of 6 with lithium hexamethyl-
disilazide (LHMDS) (0.5 equiv) in THF at —78 °Cled to its
decomposition. We tested several other bases (NaHMDS,
KHMDS, LDA, NaH, -BuOK, and DBU) but were unable
to detect formation of the hydroquinone 7. We also quenched
the reaction by the addition of TBSCl in an attempt to trap
any 7 that was generated. However, none of the desired
product 8 was obtained. We therefore concluded that the
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Figure 1. Structures of zeylanone and its related dimeric naphtho-
quinones. Selected carbon atoms are labeled using IUPAC
numbering.

Scheme 1. Proposed Biosynthesis of Zeylanone (1) and
Zeylanone Epoxide (2)
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Scheme 2. Attempts to Obtain Hydroquinone Intermediates
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proposed synthesis failed as a result of preferential decom-
position of 6 or 7.
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Scheme 3. Formation of Epoxide 9¢
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“Selected carbon atoms are labeled using [UPAC numbering.

We found that treatment of 6 with 5 M NaOH in EtOH
under an aerobic atmosphere afforded a dimeric epoxide 9
in 37% vyield (Scheme 3).° The structure of 9 was unam-
biguously determined by X-ray crystallography (see Sup-
porting Information). A cis relationship between H-11a
and the methyl group at C-5b, and an anti relationship
between the methyl group and the epoxide were indicated.
The formation of 9 is explained by generation of hydro-
quinone 7 and its subsequent epoxidation with molecular
oxygen under basic conditions.°

The synthesis of zeylanone and zeylanone epoxide is
shown in Scheme 4. Because plumbagin (5) decomposed
under basic conditions for dimerization, the hydroxyl
group of 5 was protected as a methoxymethyl ether to
give 10. Dimerization of 10 with KOH in CH,Cl,—MeOH
under an oxygen atmosphere afforded the dimer 11in 63%
yield. Treatment of 11 with KI in acetic acid, followed by
p-toluenesulfonic acid, gave (£)-1 in quantitative yield in
two steps. The spectral data (UV, IR, 'H and '°C NMR,
and MS) for synthetic (£)-1 were in agreement with those
reported for natural 1. Deprotection of the methoxy-
methyl group in 11 with acetic acid gave zeylanone epoxide
[(£)-2]. The spectral data (IR, 'H and '*C NMR, and MS)
for synthetic (£)-2 were in agreement with those reported
for natural 2. On the basis of the X-ray structure of 9, a cis
relationship between the methyl group at C-5a and H-12a
was established in (+)-1 and (4)-2. In addition, an anti
relationship between the epoxide and the methyl group in
(£)-2 was determined.
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2046. (b) Baxter, I.; Cameron, D. W.; Sanders, J. K. M.; Titman, R. B.
J. Chem. Soc. C 1971, 1253.
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Scheme 4. Synthesis of (+)-Zeylanone (1) and Zeylanone Epoxide (2)
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Scheme 5. Optical Resolution of ()-Zeylanone (1), and Preparation of Chiral Tetraphenylporphyrin Derivatives 14 and 14’

o> (=

o]
c—S

o]
EtsN
(-1
-78°C
20% aq HCI
1,4-dioxane (reflux)
(+)-1 (38%) (-)>-1 (43%)
COyH
TPP-CO,H
MNBA, Et;N
= TPP-CO,H DMAP
Ph Ph CH,Cl,
Ph
o]
14 (51%) 14' (44%)
We prepared both enantiomers of zeylanone, and deter- afforded two diastereomers 12 and 13, which were separated
mined their absolute configurations using the exciton- by HPLC. Hydrolysis of 12 and 13 under acidic conditions

coupled circular dichroic method’ (Scheme 5 and Figure 2).
Esterification of (£)-1 with (1S,4R)-camphanic chloride

(9) The absolute configurations of (+)- and (—)-1 were confirmed by
comparison of TDDFT-B3LYP/6-31G(d,p)-calculated CD spectra with
(8) Shiina, I.; Ibuka, R.; Kubota, M. Chem. Lett. 2002, 286. experimentally determined spectra (see Supporting Information).
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Figure 2. CD (a) and UV (b) spectra of 14 and 14'.Conditions:
CHCl;, 1 x 107 M, 25 °C, light path length = (a) 5 mm, (b) =
10 mm.

gave (4)-1 and (—)-1, respectively. The specific rotations of
(+)-1 and (—)-1 were +507.3 and —508.1 (¢ 0.42, CHCl;),
respectively. Both (+)-1 and (—)-1 were condensed with
tetraphenylporphyrincarboxylic acid (TPP-CO,H) by
2-methyl-6-nitrobenzoic anhydride (MNBA)® and triethy-
lamine to afford 14 and 14, respectively. The CD and UV
spectra of 14 and 14’ are shown in Figure 2. The CD spectra
of 14 and 14’ exhibited split Cotton effects as a result of the
chiral exciton couplings between the two TPP groups. The
negative exciton chirality (Ae —11.0 at 428 nm and +28.6
at419 nm) of 14 led to the assignment to (+)-1 and 14 of the
5aS,12aS configuration (Figure 3a). The positive exciton
chirality (Ae +12.8 at 428 nm and —25.0 at 419 nm) of 14’
led to the assignment to (—)-1 and 14’ of the 5aR,12aR
configuration (Figure 3b).”

In summary, we have successfully developed a dimeriza-
tion of 2-methyl-1,4-naphthoquinone via sequential inter-
molecular and intramolecular Michael reactions. Using
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Figure 3. Determination of absolute configurations of 14 and 14'.

these reactions, we accomplished the first synthesis of
zeylanone and zeylanone epoxide, dimeric natural naphtho-
quinones, and confirmed their relative configurations.
Zeylanone was obtained in a four-step sequence, with an
overall yield of 59%, starting from plumbagin. Zeylanone
epoxide was synthesized in three steps, with an overall yield
of 54%. We prepared both enantiomers of zeylanone and
determined their absolute configurations. Further synthetic
studies toward related natural products are currently
ongoing in our laboratory.
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