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Inspired by the chemistry and biology of hexahydroxanthones, herein
we report an organocatalytic Michael—Michael—Aldol-decarboxylation
reaction that provides efficient access to biologically interesting fully
substituted hexahydroxanthones bearing six contiguous stereogenic
centers from readily accessible materials in acceptable yields (up to
63%) and excellent stereoselectivities (up to 10:1 dr and >99% ee). In
other words, the reaction efficiently produces three chemical bonds
and up to six vicinal stereogenic centers in a one-pot operation. In
particular, to our knowledge, this is an asymmetric organocatalytic
strategy enabling the first construction of six vicinal stereogenic centers
on non-spirocyclic hexahydroxanthone frameworks.

Small molecules based on privileged natural product frame-
works and rich in three-dimensional complexity are in high
demand in the discovery of new drug molecules." The synthesis
of chiral heterocycles bearing multiple stereogenic centers,
especially via asymmetric oragnocatalysis is an important
issue.Y7 However, efficient and elegant syntheses of such
complex heterocycles in an asymmetric fashion from readily
available starting materials remain a primary challenge. In
this context, hexahydroxanthone scaffolds bearing multiple
stereocenters make up a widespread and representative class
of natural products that display various potent biological
activities (Fig. 1).> Thus, they have been recognized as a
“privileged structure”, and have attracted an immense amount
of attention.”™

Generally, the reported literature methods for the synthesis of
hexahydroxanthones need multiple steps.® Catalytic asymmetric
reactions resulting in optically active hexahydroxanthones are,
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especially, still rare. Very recently, our group accomplished the
first enantioselective construction of six vicinal stereogenic cen-
ters on spirohexahydroxanthones.”” However, the asymmetric
synthesis of simple chiral hexahydroxanthones (non-spirohexa-
hydroxanthones) bearing six contiguous stereogenic centers has
not been reported, yet (Scheme 1a). Thus, the limited
approaches®™ for the synthesis of hexahydroxanthones mean that
innovative and efficient methodology is needed to expand their
structural and stereochemical diversity.

We envisaged that the generated in situ y-nitroaldehydes 3°
might serve as donor/acceptor synthons in asymmetric
Michael-Aldol  annulation reactions with chromone-3-
carboxylic acid 4 in a one-pot operation. If successful, this
would afford fully substituted hexahydroxanthones 5 bearing
six contiguous stereogenic centers (Scheme 1b). In particular,
to our knowledge, this is the first asymmetric strategy enabling
construction of six vicinal stereogenic centers on simple hex-
ahydroxanthones, which is an important continuation of our
previous work on the stereocontrolled construction of fully
substituted spirohexahydroxanthones.*

Nevertheless, several challenging issues need to be addressed
for this unprecedented one-pot reaction:® (1) this steric congestion
makes construction of six vicinal stereogenic centers on simple
hexahydroxanthones challenging; (2) the addition, aromatization,
and facile opening of the chromone ring are also challenging and
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Fig. 1 Representative hexahydroxanthones bearing multiple stereocenters.
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Scheme 1 Stereocontrolled construction of hexahydroxanthones.

aromatization can remove the stereoinformation induced by key
annulation reactions.”

Under optimized reaction conditions (for detailed optimiza-
tion of reaction conditions see the ESIt), we evaluated the
tolerance of the reaction to functional groups at position R?
on B-aryl-substituted nitroalkenes 2 (Table 1). The reaction
proceeded well for substituents with different electronic
properties at different positions; the expected domino adducts
5b-p were obtained efficiently (46-63% yields, 93->99% ee
and 4/1-10/1 dr). Furthermore, both heteroaromatic and alkyl
nitroalkenes 2 were subjected to the conditions. However, the

Table 1 Substrate scope to hexahydroxanthones 57
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heteroaromatic product 5q was obtained in less than 10%,
while no expected product 5r was observed for ethyl nitroalkene
substrate 2.

Screening of chromones 4
tuted chromones also worked well under this one-pot procedure
to afford fully functionalized hexahydroxanthones 5h-p in 48-63%
yield and high stereoselectivities (93->99% ee and 4/1-10/1 dr).
However, Screening of substrate 1 showed that butyraldehyde was
not tolerated, and trace expected product 5s was observed.

While the yields are only moderate in many cases (Table 1),
this method allows for rapid access to structurally intriguing
fully substituted hexahydroxanthones.

However, subjection of y-nitroaldehyde 3a’, as the donor-accep-
tor C4 synthon, with 4 to the DBU-promoted conditions did
not provide the desired product 5. Instead, the unexpected
2-hydroxybenzophenones 6 were obtained in moderate yields
(Scheme 2). The structure of product 6 was determined by single
crystal X-ray analysis (for details, see the ESI). Without 3a’, the
reactions did not provide products 6. We suspected that the
substrate 4 led to ring opening of the chromone core and then a
benzannulation sequence’ to access unexpected 6 under 3a’ and
DBU-promoted conditions. The detailed mechanistic study is
currently underway.

The absolute configuration of the products 5 was assigned
as 1'R,2'R,3'R,4'R,5'S and 6'R on the basis of the X-ray crystal-
lographic analysis of 5m (for details, see the ESIt).

showed that electron rich substi-
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removal of solvent, 4 (0.2 mmol) and DBU (0.2 mmol) in the CHCI; (2 mL) were added and stirred at 40 °C for 2 h.
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Scheme 2 y-Nitroaldehyde 3a’ in this transformation.

In order to further demonstrate the practical utility of this
one-pot protocol, we have performed a 1.0 mmol scale Michael-
Michael-Aldol-decarboxylation reaction between 1a, 2a, and 4a
under optimized reaction conditions (for details, see the ESIt).
Delightedly, the desired hexahydroxanthone 5a was obtained in
52% yield without deteriorating the stereochemical outcome of
the reaction (Scheme 3).

In addition, the potential synthetic usefulness of our metho-
dology was also demonstrated by the transformation. For
example, the reduction of 5 with NaBH, led to the corres-
ponding hydroxylation product 7 in good yield by selectively
reducing the carbonyl group without erosion of the enantio-
meric excess (Scheme 4).

On the basis of our results, a plausible Michael-Michael-
Aldol-decarboxylation reaction mechanism 1is tentatively
proposed (Scheme 5). First, the chiral y-nitroaldehyde inter-
mediates 4 are easily prepared in a single Michael addition step
and nearly enantiopure form from aldehydes and nitroalkenes
by means of well-established Hayashi-Jorgensen secondary
amine catalyzed methods.® Subsequently, as donor/acceptor
bifunctional synthons, the intermediates 4 trapped the vinylo-
gous ester function of chromone-3-carboxylic acid 4 via a
Michael-Aldol procedure. Finally, the expected products 5 were
readily afforded via a decarboxylation® reaction.

With the successful generation of optically pure hexahydrox-
anthones (Table 1), we finally attempted to identify the
potential bioactivity of these compounds. Some selected com-
pounds were subjected to in vitro cytotoxicity tests against
different human cancer cells, including K562 leukemia cells
and A549 lung cancer cells, by the MTT-based assays’ using the
commercially available broad-spectrum anticancer drug, cispla-
tin as a positive control (K562 ICs, 21.32 uM and A549 ICs,
20.14 pM). The preliminary results revealed that all of the tested
5 compounds exhibited cytotoxicity against the cell lines of
K562. Compounds 5c¢, 5k, and 51 also showed impressive
cytotoxicity to the A549 lung cancer cells (Scheme 6).

In conclusion, we have developed an organocatalytic
Michael-Michael-Aldol-decarboxylation reaction in a one-pot
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Scheme 3 Large-scale synthesis of product 5a.
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operation, which provides efficient access to biologically inter-
esting fully substituted hexahydroxanthones in acceptable
yields (up to 63%) and excellent stereoselectivities (up to 10:1
dr and >99% ee), by employing the generated in situ
v-nitroaldehydes 3 as donor/acceptor bifunctional building
blocks. In particular, to our knowledge, this is an asymmetric
organocatalytic strategy enabling the first construction of non-
spirocyclic hexahydroxanthone frameworks that possess up to
six vicinal stereogenic centers. Furthermore, the convenient
and general method is also an important continuation of our
previous work on the stereocontrolled construction of fully
substituted spirohexahydroxanthones, further expanding the
diversity of hexahydroxanthones. Further studies on the bioac-
tivity of the resulting enantioenriched hexahydroxanthones are
currently in progress in our laboratories.
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Scheme 6 The biological evaluation.
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