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Abstract A total synthesis was developed of phyllanemblinin B, a nat-
ural ellagitannin containing 1-O-galloyl and 2,4-O-hexahydroxydiphe-
noyl groups on a D-glucose scaffold. The use of a p-hydroxo copper(ll)
complex resulted in a completely stereoselective oxidative coupling of
the galloyl groups on the open-chain glucose moiety and facilitated the
first total synthesis of phyllanemblinin B.
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Phyllanemblinin B (1) is an ellagitannin first isolated in
2001 by Tanaka, Kouno, and co-workers from the fruit juice
of Phyllanthus emblica L., also known as the Malacca tree
(Figure 1, left).! The tree’s fruits and their juice have been
widely used as antiinflammatory and antipyretic agents.
The authors reported the 'H and *C NMR spectra of 1,
which showed the presence of a B-galloyl group at the 1-
oxygen position (O-1) and a hexahydroxydiphenoyl (HHDP)
group bridging the 0-2 and 0O-4 atoms of the D-glucose
unit. They also reported that the coupling constant be-
tween H-1 and H-2 in the 'H NMR spectrum (Jy.; 4y, = 6.0
Hz) indicated a skew-boat conformation of the glucopyra-
nose scaffold [also refer to our determination of 3S; as re-
ported in the Supporting Information (SI) SI-03]. Moreover,
based on the circular dichroism (CD) spectrum of 1, includ-
ing the observation of a positive Cotton effect at 267 nm
and a negative one at 230 nm, the axial chirality of the 2,4-
O-HHDP groups was determined to be R. Furthermore, the
group also found that hydrogeneration of fucosin (2)? in the
presence of palladium on carbon afforded 1 in 14% yield;
fucosin (2) contains a dehydrohexahydroxydiphenoyl (DH-
HDP) group instead of the HHDP group between O-2 and O-
4 (Figure 1, right). Although 1 and 2 both contain a similar
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11-membered ring, the slight difference in the number of
sp> carbon atoms in the ring (three for 1 versus four for 2)
affects the shapes of these structures.
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Figure 1 Structures of phyllanemblinin B and fucosin

The 2,4-0O-HHDP bridge is an unusual motif for a natural
ellagitannin. In relation to the biosynthesis of ellagatannins,
Schmidt, Haslam, and co-workers proposed the oxidation of
the 1,2,3,4,6-penta-0-galloyl-B-D-glucopyranose (B-PGG;
3), which results in the formation of the HHDP group and
the generation of basic ellagitannins (Scheme 1).3-> For ex-
ample, the oxidative coupling of the galloyl groups at 0-4
and 0-6 in 3 affords the 4,6-0-HHDP bridge, thus resulting
in the biosynthesis of tellimagrandin II (4). Oxidative cou-
pling between discontinuous positions, such as 0-1 and O-
6, is also possible and results in the generation of davidiin
(5). In the case of coupling at 0-3 and O-6, followed by the
hydrolysis of the galloyl groups at O-2 and 0-4, the con-
struction of 3,6-0-HHDP group permits the synthesis of co-
rilagin (6). Thus, for the initial construction of the HHDP
group, a total of eight combinations exist, which involve a
choice of two out of five galloyl groups in 3. Two research
groups have investigated the possible combination tenden-
cies. Niemetz, Gross, and co-workers conducted biological
evaluations and discovered an oxidase that is involved in
the coupling of the galloyl groups between 0-4 and 0-6 in
3.57 An enzyme extracted from Telima grandiflora leaves
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permitted the biosynthesis of 4; however, no further evalu-
ation has been reported. In 2017, we conducted a nonenzy-
matic study that involved the investigation of the chemical
oxidation of 7 possessing partially protected galloyl
groups.® The study established that the galloyl groups tend-
ed to couple in the following order: 0-4/0-6, O-1/0-6, O-
1/0-2, 0-2/0-3, and 0-3/0-6. Notably, the formation of a
2,4-0-HHDP group was not observed. Phyllanemblinin B (1)
is the only natural ellagitannin possessing a 2,4-O-HHDP
group, although numerous ellagitannins containing a DHH-
DP group at O-2 and O-4 have been isolated [e.g. fucosin
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Scheme 1 Proposed biosynthesis of basic ellagitannins

Previously, the Martin and Feldman groups have both
reported studies on the construction of the 2,4-O-HHDP
group. Although there are a number of reports concerning
the chemical syntheses of natural ellagitannins containing
1,6-° 2,3-10-13  34-1415  36.1617  or 4,6-0-HHDP
groups'%1318-22 o p-glucose, the synthesis of phyllanembli-
nin B (1) has not been described. In 1998, prior to the isola-
tion of 1, Martin and co-workers investigated an Ullman
coupling reaction in the presence of a copper compound in
refluxing DMF for the coupling of 2-iodo-3,4,5-trimethoxy-
benzoyl groups on a carbohydrate derivative (Scheme 2a).1°
With the 3,6-anhydro glucose derivative 8 as a substrate
containing two iodobenzoyl functionalities at O-2 and 0-4,
the coupling reaction resulted in the construction of a fully
O-methylated HHDP group, providing 9 in 90% yield as a
73:27 mixture of diastereomers. The axial chirality was not
determined in the study. The authors speculated that the
conformational flexibility around the C-O-C(O) bonds of
the ester linkage in 8 controlled the stereoselectivity of the
coupling reaction. Although this approach is an effective
method for the construction of the 2,4-0-HHDP group, per-
O-methyl ethers are not considered to be useful moieties in
natural-product synthesis.?3

Five years later, Feldman and co-workers investigated
the stability and reactivity of the 2,4-O-HHDP group
(Scheme 2b).?* The lead(IV) acetate-mediated conversion?3
of the partially protected galloyl groups of 10 led to the for-

mation of the HHDP-containing product 11 as a complex
mixture of diastereomers, in addition to the generation of
diphenyl ketal regioisomers. The silylation of the free hy-
droxy groups in 11 gave a crude mixture of four isomers.
Purification of the crude product by flash chromatography
and further thin-layer chromatography provided (R)-12 and
(S)-12 in yields of 40 and 36%, respectively. The axial chiral-
ity of (R)-12 was established by a comparison of its CD
spectrum with that of 1. Consequently, the complexity aris-
ing from the presence of both diastereomers as well as re-
gioisomers differing in the position of the protective groups
makes the chemical synthesis of such natural products
challenging.

In the present study, we developed a total synthesis of
phyllanemblinin B (1). Our synthetic approach was based
on our previous study on the synthesis of corilagin (6) by
using a symmetry-protected galloyl group on the flexible
open-chain glucose derivative 13 as the coupling precursor
(Scheme 2c¢).7 In the study, the oxidation of 13 by a com-
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plex of copper(Il) chloride and butylamine resulted in the
stereoselective construction of the HHDP group and afford-
ed 14. To provide the 2,4-0-HHDP group for phyllanembli-
nin B (1), the oxidation of 15 by using a p-hydroxo cop-
per(Il) complex resulted in the formation of 16 with a com-
plete diastereoselectivity (Scheme 2d). Consequently, the
outcomes of this work permitted an effective synthesis of 1.
Moreover, the glucopyranose conformation, which was
bridged by the 2,4-O-HHDP group, was analyzed, and the
axial chiralities of both the constructed and the naturally
occurring HHDP group of 1 were confirmed.

The 2,4-O-HHDP bridge on the open-chain glucose de-
rivative was constructed from a known compound 17?
(Scheme 3). Subsequent protection of the two hydroxy
groups at 0-2 and 0-4 in 17 with methoxymethyl (MOM)
moieties provided 18 (SI; SI-04). Consecutive hydrolysis of
the thioacetal functionality in 18 by N-bromosuccinimide
and water, Wittig olefination of the hemiacetal group, and
p-methoxybenzyl-protection of the resulting hydroxy moi-
ety provided 19 in 50% yield in three steps (SI; SI-05). Treat-
ment of 19 with hydrochloric acid removed the MOM
groups to provide 20 in 69% yield (SI; SI-06). Subsequent es-
terification of the hydroxy groups in 20 by using a galloyl
acid derivative protected with benzyl and MOM groups,!”
followed by acid treatment, provided the coupling precur-
sor 15 (SI; SI-07 and SI-08). Notably, for the construction of
the desired (R)-HHDP group from 15, the p-hydroxo cop-
per(Il) complex [Cu(OH)(TMEDA)],Cl,, previously reported
by Koga and co-workers,?® was effective in generating 16.

For the intramolecular oxidative coupling of the galloyl
motifs, a p-hydroxo copper(Il) complex was used to con-
struct the HHDP group. Initially, we used the reaction con-
ditions previously reported by our group. Combining cop-
per(Il) chloride and butylamine in methanol'” gave 16 in a
low yield of 6% (SI; SI-09). As a result of a screening of the
oxidizing reagent, we found that the oxidation of 15 with
[Cu(OH)(TMEDA)],Cl, in dichloromethane resulted in a con-
siderable improvement in the yield of 16 to 82%.27 We sus-
pect that this marked improvement in the yield originates
from inhibition of solvolysis of the ester as a result of re-
placing methanol with dichloromethane. In addition, our
study also found that the p-hydroxo copper(Il) reagent was
useful in constructing HHDP groups between O-2 and O-3
or between 0O-4 and 0-6 in the glucopyranose derivatives,
which are the common components of ellagitannins (see
also the additional experiments described in the SI; SI-14).
Notably, no reaction occurred when a combination of cop-
per(Il) chloride and butylamine with dichloromethane as
the sole solvent was used. By the extension of the usable
solvent system for the oxidative coupling of the galloyl
groups, this alternative method permits the installation of a
HHDP moiety in a manner that cannot be achieved by using
the conventional method.

We subsequently established the constructed axial chi-
rality of 16. In the coupling reaction that we conducted, 16

was obtained as a single diastereomer. Benzyl protection of
16 followed by solvolysis afforded 21 in 37% yield over two
steps (Scheme 3; see also SI; SI-10). Comparison of the opti-
cal rotary dispersion data of the prepared sample of 21 with
previously reported data?%2? suggested an (R)-axial chirali-
ty; we therefore inferred that the oxidative coupling of the
galloyl groups on the flexible open-chain glucose scaffold
in 15 progressed with complete (R)-selectivity.

The final steps of the total synthesis of 1 involved a ring-
closing reaction to provide the glucopyranose scaffold
(Scheme 3). Following protection of the hydroxy groups in
16 with benzyl groups, treatment with 2,3-dichloro-5,6-di-
cyano-1,4-benzoquinone (DDQ) afforded 22 in 75% yield
from 16 (SI; SI-11 and SI-12). Dihydroxylation and oxidative
cleavage by using a combination of osmium(VIII) oxide and
sodium periodate converted the exo-olefin functionality in
22 into an aldehyde moiety. To reconstruct the pyranose
ring, acylation at O-1 by using fully O-benzylated gallic acid
anhydride® effectively afforded 23 (SI; SI-13). Finally, hy-
drogenolysis of the benzyl groups in 23 generated 1.3

However, the 'H and 3C NMR data for 1 were not identi-
cal to those reported in the literature.! Such trends are fre-
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quently observed for ellagitannins because their NMR
chemical shifts are sensitive to the measurement condi-
tions, and often vary depending on the temperature, con-
centration, and the amount of water contamination. There-
fore, to match the measurement conditions, the NMR spec-
tra of the synthesized product 1 were directly compared
with those of 1 obtained from natural fucosin (2) measured
by using the same NMR instrument under identical condi-
tions (SI; SI-01). The established data were identical. We
therefore concluded that we had achieved the first total
synthesis of 1. As a result, it is noteworthy that our synthe-
sis starting from 16 chemically confirmed the axial chirali-
ty of 1 as R. Furthermore, our method for determining the
pyranose conformation3? established that glucopyranose
ring of both 23 and 1 containing 2,4-O-HHDP groups exhib-
ited an 3S; conformation (SI; SI-02 and SI-03).

In summary, we have effectively accomplished the first
total synthesis of phyllanemblinin B (1) in three key steps:
(i) ring-opening of a glucopyranose moiety, (ii) preparation
of a HHDP group by the oxidative coupling of the two gal-
late moieties at O-2 and 0-4, and (iii) reconstruction of the
glucopyranose moiety. The comprehensive evaluation of
each step, including the development of an alternative cou-
pling method, confirmation of the axial chirality, and deter-
mination of the glucopyranose conformation has advanced
the chemistry of the key scaffolds of ellagitannins contain-
ing components at O-2 and 0-4.
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