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Total Syntheses of Juglorescein and Juglocombins A and B
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Abstract: Total syntheses of juglorescein and juglocombins A
and B are reported. The highly oxygenated 6/6/5/6/6-fused
pentacyclic ring system of these natural products was con-
structed through a bioinspired dimerization of 1,4-naphtho-
quinone. Notably, five new stereogenic centers were con-
structed in a single step by the dimerization reaction. The
epoxide intermediate obtained from the dimerization was
successfully converted into juglocombins A and B through
photoinduced reduction of the epoxide, dehydration, and
conversion of the resultant quinone into a hydroquinone
derivative. The same epoxide intermediate was also converted
into a dicarboxylic acid, which was transformed into juglor-
escein through intramolecular lactonization, hydrolysis of the
resulting lactone, and removal of the protecting groups.
Furthermore, the relative and absolute configurations of
juglorescein and juglocombins A and B were determined.

Juglorescein (1), and juglocombins A (2) and B (3) have been
isolated from Streptomyces sp. 815 and GW4184 (Fig-
ure 1a).[1] Because 2 and 3 are unstable and highly polar,
they were converted into dimethyl esters (2’’ and 3’’) and 1’-O-
methyljuglocombin B dimethyl ester (4) to confirm their
structures. Although the structures were confirmed by
detailed NMR studies, the relative and absolute configura-
tions of the compounds remained undetermined. These
compounds have a highly oxygenated, 6/6/5/6/6-fused A/B/
C/D/E ring system. The related naphthoquinone dimers
zeylanone,[2a,b] zeylanone epoxide,[2c] and two shikometabo-
lins,[2d] are shown in Figure 1b. Zeylanone shows antibacterial
and antifungal activity.[2b] This compound also exhibits
cytotoxic activity against cancer cell lines.[2b] Shikometabo-
lins E and F show significant neuraminidase inhibitory
activity.[2d,e] Total synthesis of racemic zeylanone and zeyla-
none epoxide was achieved by our group.[3] However, no total
synthesis of 1–3 has been reported to date, because con-
struction of this carbon framework with multiple contiguous
stereogenic centers has proven challenging. Herein, we report
the first total syntheses and determination of the absolute
configurations of 1–3. Construction of the ring system,

including the five stereogenic centers, was achieved through
a bioinspired dimerization of a naphthoquinone monomer.

The proposed biosynthetic pathway to 1–3 involves the
dimerization of juglomycin C (5 ; Scheme 1).[1, 4] Sequential
intermolecular and intramolecular Michael addition of 5,
followed by oxidation of the resulting hydroquinone, gives 2
and 3. Compound 3 is then enzymatically oxidized to yield 1.

Our retrosynthetic analysis of 1–3 is illustrated in
Scheme 2. We propose that these compounds can be synthe-
sized from common intermediate 6, which in turn can be
prepared through a bioinspired dimerization reaction of the
juglomycin C derivative 7.[1] We envisioned that this dimeri-
zation would proceed in a highly regio- and stereoselective
manner via a five-membered cyclic transition state (I).
Epoxidation of the resultant hydroquinine monoanion with
oxygen[5] would occur preferentially from the opposite side of
the side chain at C-2’.[3] Compound 7 can readily be prepared

Figure 1. a) Structures of juglorescein (1), juglocombins A (2), and B
(3), and their derivatives (2’’, 3’’, and 4). b) Related naphthoquinone
dimers zeylanone, zeylanone epoxide, and shikometabolins E and F.
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from the known optically active epoxide (8)[6] and 2-bromo-
naphthalene (9).[7]

Our synthesis began with the generation of a Grignard
reagent from aryl bromide 9, which was treated with optically
active epoxide 8 to give 10 in 57% yield (Scheme 3). The
hydroxy group in 10 was protected as a methoxymethyl
(MOM) ether to give 11 in 74 % yield. Oxidation of 11 with
iodobenzene diacetate (PIDA) gave juglomycin C derivative
7 in 90 % yield.[8] The key dimerization reaction of 7 under
basic conditions using 1,8-diazabicyclo[5.4.0]undec-7-ene

(DBU) in an oxygen atmosphere proceeded to produce the
desired dimer 6 in 73% yield.[9] Notably, five new stereogenic
centers were generated in a single step. With dimer 6 in hand,
reduction of the epoxide in 6 was examined. Traditional sets
of conditions, including molybdenum hexacarbonyl in tolue-
ne,[10a] zinc powder in AcOH,[10b] and titanocene dichloride in
THF,[10c] were examined, yet neither the desired alcohol nor
the naphthoquinone compound was obtained. However,

Scheme 1. Proposed biosynthesis of 1–3.

Scheme 2. Retrosynthetic analysis of 1–3. TBS = tert-butyldimethylsilyl,
MOM= methoxymethyl.

Scheme 3. Reaction conditions for the synthesis of 16 : a) 9, Mg
(2.5 equiv), 1,2-diiodoethane (0.01 equiv), THF, RT, 35 min, then 8
(1.2 equiv), CuCN (0.05 equiv), THF, ¢78 88C to RT, 1.5 h, 57 % yield;
b) MOMCl (3.5 equiv), DIPEA (3.6 equiv), TBAI (0.1 equiv), CH2Cl2,
reflux, 2 d, 74 % yield; c) PIDA (1.5 equiv), TFE/H2O (5:3), RT, 15 min,
90%; d) DBU (3.0 equiv), O2, CH2Cl2, ¢25 88C, 5 d, 73% yield; e) 12
(7.1 equiv), Na2CO3 (75.4 equiv), Na2S2O4 (60.3 equiv), EtOAc/H2O
(1:1), white light, RT, 3 days; f) 13 (7.1 equiv), 4 ç molecular sieves,
toluene, 50 88C, 35 min; g) Me2SO4 (15.3 equiv), K2CO3 (15.2 equiv),
acetone, reflux, 22 h; h) TBAF (5.1 equiv), AcOH (3.8 equiv), THF,
30 88C, 2 d, 30 % yield over four steps. THF = tetrahydrofuran,
DIPEA =N,N-diisopropylethylamine, TBAI= tetra-n-butylammonium
iodide, PIDA= iodobenzene diacetate, TFE= 2,2,2-trifluoroethanol,
DBU= 1,8-diazabicyclo[5.4.0]undec-7-ene, TBAF = tetra-n-butylammo-
nium fluoride.
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a solution of 6, sodium carbonate, sodium hydrosulfite, and
12[11] was irradiated under white light to give alcohol 14.[12]

Thermal dehydration of alcohol 14 proceeded easily, but the
resultant naphthoquinone was too unstable to isolate. There-
fore, 14 was treated with dihydronicotinamide 13 under
heating at 50 88C to give hydroquinone 15. Without purifica-
tion, methylation of the two phenolic hydroxy groups in 15,
followed by removal of the tert-butyldimethylsilyl (TBS)
protecting groups with tetra-n-butylammonium fluoride
(TBAF)/AcOH gave 16 in 30 % yield over the four steps
from 6. The relative and absolute configurations of 16 were
determined by rotating frame nuclear Overhauser effect
spectroscopy (ROESY) correlations and comparison of the
calculated and experimental circular dichroism (CD) spectra
(see Figure S1 in the Supporting Information).

The synthesis of juglocombins A and B is shown in
Scheme 4. Oxidation of the primary alcohols in 16 through
Dess–Martin oxidation[13] and Pinnick oxidation[14] gave
dicarboxylic acid 17 in 94% yield over two steps. Oxidation
of the 1,4-dihydroxynaphthalene moiety in 17 with [bis(tri-
fluoroacetoxy)iodo]benzene (PIFA),[8] followed by removal
of the four MOM protecting groups with trifluoroacetic acid
(TFA) in CH2Cl2 gave juglocombins A (2) and B (3) as an
unstable tautomeric equilibrium mixture. Therefore, 2 and 3
were converted into dimethyl esters 2’’ and 3’’ through
methylation with trimethylsilyldiazomethane. The 1H and
13C NMR spectroscopic data for synthetic 2’ and 3’ were in
agreement with those reported for the same compounds
derived from natural 2 and 3. Furthermore, treatment of
dimethyl esters 2’’ and 3’ with p-toluenesulfonic acid in
methanol gave 1’-O-methyljuglocombin B dimethyl ester (4)
in 68% yield ([a]D

24¢133.0 (c 0.20, acetone); lit. [a]D
20¢133.3

(c 0.2, acetone)). The spectroscopic data and optical rotation
of synthetic 4 were identical to those of the same compound
derived from natural juglocombins A and B, thus
indicating that their absolute configurations were
1’R,2’R,3’R,9R,10R,10’S.

The synthesis of juglorescein (1) is shown in Scheme 5.
Removal of the two TBS protecting groups in epoxide
intermediate 6 gave diol 18 in 78 % yield. Oxidation of the
primary alcohols in 18 through Dess–Martin oxidation and
Pinnick oxidation gave dicarboxylic acid 19. Intramolecular
lactonization of 19 using a carboxylic acid functionalized silica
gel (Chromatorex-COOH) easily afforded six-membered
lactone 20 in 81% yield over the three steps.[15] Because the
carboxylic acid attacks from the opposite side of the epoxide,
the anti relationship between the epoxide and the side chain
at C-9 in 6 was validated. Finally, removal of the MOM
protecting groups and hydrolysis of the lactone under acidic
conditions gave juglorescein (1) in 62 % yield ([a]D

24 ¢99.1 (c
0.58, MeOH); lit. [a]D

20 ¢107.4 (c 0.29, MeOH)). Because the
spectroscopic data and optical rotation of synthetic 1 agreed
with those reported for natural 1, the absolute configuration
of natural 1 was determined to be 1’S,2R,3R,2’R,3’R,9R,-
10R,10’S.

In conclusion, the first total syntheses of juglorescein (1)
and juglocombins A (2) and B (3) have been accomplished.
Juglorescein (1) was synthesized in nine steps and in 11%
overall yield from known compounds 8 and 9. 1’-O-Methyl-

juglocombin B dimethyl ester (4), a common derivative of
juglocombins A and B, was synthesized in 14 steps and 3%
overall yield from compounds 8 and 9. The key feature of this
synthesis is a bioinspired dimerization of a juglomycin C
derivative, which efficiently provides access to the 6/6/5/6/6-
fused core skeleton. A photoinduced reduction of the epoxide
in dimer 6, followed by further transformations, gave
juglocombins A and B. Conversion of dimer 6 into dicarbox-
ylic acid 19, and an acid-promoted intramolecular lactoniza-
tion followed by hydrolysis of the resultant lactone, afforded
juglorescein. Notably, our total syntheses of 1–4 establish the
relative and absolute configurations of these compounds. The
synthetic route reported herein will support synthetic and
biological studies of these natural products and their deriv-
atives.

Scheme 4. Reaction conditions for the synthesis of 1’-O-methyljuglo-
combin B dimethyl ester (4): a) Dess–Martin periodinane (4.0 equiv),
CH2Cl2, RT, 25 min; b) NaClO2 (5.8 equiv), 2-methyl-2-butene
(21.6 equiv), NaH2PO4·2H2O (10.0 equiv), tert-BuOH/THF/H2O
(1:1:1), 0 88C, 15 min, 94 % yield over two steps; c) PIFA (1.2 equiv),
TFE/H2O (5:3), 0 88C to RT, 1 h; d) TFA/CH2Cl2 (4:1), 0 88C to reflux,
30 min; e) trimethylsilyldiazomethane (8.1 equiv), CH2Cl2/MeOH (1:2),
RT, 15 min, 56% over three steps; f) TsOH·H2O (2.5 equiv), MeOH,
RT, 24 h, 68 %. PIFA= [bis(trifluoroacetoxy)iodo]benzene, TFA = tri-
fluoroacetic acid, TsOH= p-toluenesulfonic acid.
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Scheme 5. Reaction conditions for the synthesis of juglorescein (1):
a) TBAF (3.0 equiv), AcOH (2.6 equiv), THF, RT, 2 d, 78 %; b) Dess–
Martin periodinane (3.9 equiv), CH2Cl2, RT, 30 min; c) NaClO2

(5.9 equiv), 2-methyl-2-butene (19.4 equiv), NaH2PO4·2H2O
(9.8 equiv), tert-BuOH/THF/H2O (1:1:1), 0 88C, 10 min; d) carboxylic
acid functionalized silica gel, CH2Cl2, RT, 3 h, 81% yield over three
steps; e) Amberlyst 15, 1,4-dioxane/H2O (4:1), 75–8088C, 4 d, 62%
yield.
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