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ABSTRACT: The first total syntheses of rubialatins A and B, two newly discovered naphthohydroquinone dimers, were
achieved with high efficiency and elegancy through rationally designed biomimetic approaches. The tandem ring contraction/
Michael addition/aldol reaction followed by oxidation enabled the rapid access of prerubialatin from readily available precursors,
which then diverted into rubialatins A and B via epoxidation and photoinduced skeletal rearrangement, respectively. Moreover,
several new rubialatin congeners were also obtained along the synthetic tour, some of which were proved to be authentic natural

products.

Rubialatins A (1) and B (2) (Figure 1) are two
naphthohydroquinone dimers recently isolated by Tian
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Figure 1. Rubialatins A, B and related congeners.

and co-workers from Rubia alata Roxb,' a plant widely
distributed in South China and used as a folk medicine.
Different from the other naphthohydroquinone dimers
identified in the same genus,z’3 both 1 and 2 bear
unprecedented molecular architectures. As shown, 1 possesses
a 6/6/5/6/6 polycyclic ring system which features a highly
congested bicyclo[3.2.1]octane core attached with five
consecutive stereogenic centers. Comparably, 2 has a planar
6/7/6/6 tetracyclic ring system coupled with a fully substituted
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cycloheptane-1,4-dione core (Figure 1). Preliminary biological
studies showed that 2 displayed moderate cytotoxicity against
several tumor cell lines. Additionally, 1 could inhibit TNF-a
induced NF-kB activation, while 2 activates the NF-xB pathway
with the existence of TNF-a. Not surprisingly, the unique
molecular architectures and promising biological profiles of 1
and 2 render them attractive targets for total synthesis. Herein,
we report the first total syntheses of 1 and 2 based on rationally
designed biomimetic approaches. Meanwhile, our synthetic
effort led to the discovery of several new rubialatin congeners,
including prerubialatin (3), isorubialatin A (4), isorubialatin B
(5), and isoprerubialatin (6) (Figure 1). Of note, two of them,
3 and §, proved to be authentic natural products which were
overlooked in the previous isolation program.

Our strategic planning for the syntheses of 1 and 2 was
inspired by their plausible biosynthetic origins which were first
suggested by Tian and co-workers and further rationalized by
us. As depicted in Scheme 1, Mollugin (7),* a coexisting
substance found in the same plant as 1 and 2, could undergo
oxidative dearomatization to afford 8 which readily converts to
9 via ring contraction under basic conditions. The union of 9
and 10 via a tandem Michael addition/aldol reaction would
yield intermediate 11 which spontaneously undergoes
tautomerization to give hydroquinone 12. At this point, 12
could first advance to quinone 3 via oxidation, which then
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Scheme 1. Proposed Biosynthetic Origins of Rubialatins A
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diverts into rubialatin A (1) via epoxidation (path a-1) or
rubialatin B (2) via skeletal rearrangement (path a-2).
Alternatively, 12 could also directly transform to 2 via an
oxidative skeletal rearrangement (path b), as suggested in the
isolation paper.'

Our investigations started from the preparation of fragment 9
(Scheme 2). Thus, mollugin (7) was first synthesized from the

Scheme 2. Preparation of Fragment 9/16
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commercially available 1,4-dihydroxy-2-naphthoic acid (14) via
two steps based on the known method.® The oxidative
dearomatization of 7 with cerium ammonium nitrate (CAN)
in CH;CN/H,O proceeded smoothly to afford 8 in 92% yield.
Gratifyingly, it was found that 8 could spontaneously undergo
ring contraction to yield a mixture of 16 and its tautomer 9
when purified by chromatography. Subsequently, we found that
such a process could be accelerated under basic conditions.
Thus, the treatment of 8 with NaH (1.1 equiv) in DCM for 15
min resulted in the formation of 16 (dr = 1:1) in nearly
quantitative yield (>95%).

With the synthesis of 16 secured, we then attempted the
proposed tandem Michael—aldol reaction. Notably, we recently
completed the total synthesis of incarvilleatone, wherein a
biomimetic tandem oxa-Michael/Michael/aldol reaction was
achieved by using the combination of NaH/ DCM.® Given the
resemblance between these two cases, we first examined that
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condition in the current scenario. To our delight, upon
treatment of 16 and 10 with NaH (1.2 equiv) in DCM under
an argon atmosphere for 40 min, the expected reaction did take
place, affording a mixture of C-3 epimers 12a/12b (1:1.6 ratio)
in 20% combined yields together with 50% of unchanged
starting material (Table S1, entry 1, Supporting Information).
To our delight, we subsequently found that the direct use of 8
instead of 16 in the reaction gave a better result, with 12a/12b
obtained in 78% combined yields (Table S1, entry 2). Of note,
small amounts of the quinone derivatives 3 and 6 (ca. 10%)
were also detected at this stage, which might respectively
generate from 12a and 12b via autoxidation when exposed to
the air.” Thus, without isolation the crude products were
directly treated with excess amounts of CAN in CH;CN/H,0,
which gave a mixture of 3 and 6 in nearly quantitative yield.
The chromatographic separation of 3 and 6 turned out to be
laborious due to the similar polarity. Thus, they were directly
submitted to the next step for epoxidation (H,0,, 1 N Na,CO,,
THF, 1 h), which finally delivered rubialatin A (1) and its C-3
e;))iéner 4 in 34% and 36% isolated yields, respectively (Scheme
3).

Scheme 3. Total Synthesis of Rubialatin A and Its Congeners
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The spectroscopic data of synthetic 1 were in good
agreement with those of the natural product. However, careful
examination of the "H NMR spectrum of the natural sample
revealed that it was contaminated with a minor component
which was not mentioned in the isolation paper.1 Interestingly,
we found that its '"H NMR signals are identical to those of
synthetic compound 3, indicating that 3 is actually a natural
product which was overlooked in the previous study (for
details, see Supporting Information). In view of its apparent
biosynthetic relationship to 1, 3 was named as prerubialatin.
Similarly, 4 and 6, albeit having not been identified in nature so
far, were respectively named as isorubialatin A and isoprer-
ubialatin. Their structures were confirmed by the crystallo-
graphic studies.”

Besides the stepwise synthesis of 1, a more operationally
simple one-pot protocol was also developed by us. As shown in
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Scheme 4, the treatment of 8 and 10 with NaH in DCM under
an argon atmosphere for 40 min followed by exposure of the

Scheme 4. One-Pot Syntheses of Rubialatin A and
Isorubialatin A
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resulting reaction mixtures to O, for 0.5 h led to the formation
of 1 and 4 in 23% and 20% yields, respectively. On the basis of
some related precedents,'® we assumed that the naphthoxide I-
1, once formed, could in situ convert to the peroxy anion I-2 in
the presence of O,. I-2 would then transform to the 1,2-
dioxetane I-3 via intramolecular 1,4-conjugate addition, which,
after cleavage of the O—O bond of peroxide followed by release
of H,0O, could afford 1 and 4. Notably, the direct oxidation of
hydroquinone to its quinone oxide with molecular oxygen was
believed to be involved in the biosynthesis of Vitamin K
oxide.'””® We assumed that such a process may also account
for the biosynthetic origin of 1.

Having achieved the synthesis of 1, we then turned our
attention to rubialatin B (2). Initially, the assumed oxidative
skeletal rearrangement of 12a/12b (path b, Scheme 1) was
attempted. Although considerable effort was devoted to this
subject, we failed to obtain promising results. Serendipitously,
we found that the quinone 6 was unstable when kept in DCM
for a long time and gradually transformed into some new
products. To our delight, one of them (ca. 35%, entry 1, Table
1) turned out to be the desired product 2, and the other proved
to be 17 by the crystallographic study.” This finding suggested
that it was the quinones 3/6 instead of the hydroquinones 12a/
12b that might be the direct biosynthetic precursor of 2. To
find out the key factor that effected the rearrangement, we
performed a systematic investigation. It was found that simply
heating 6 in DCM at 100 °C (sealed tube) for 6 h failed to yield
the desired product (entry 2), indicating that the reaction was
unlikely promoted by thermal conditions. Next, both a
Bronsted acid (e.g, HCl) and Lewis acid (e.g,, ZnCl,) were
evaluated (entries 3 and 4).

However, all of them failed to promote the desired
rearrangement. Instead, 6 gradually underwent epimerization
on the C-3 stereocenter to afford a mixture of 3 and 6 (Scheme
S-1, Supporting Information). Fortunately, we found that
photoirradiation could notably accelerate the reaction. Indeed,
upon irradiation with a metal—halide lamp (150 W) in DCM
for 6—8 h, 6 was totally consumed, furnishing 2 in 51% yield
together with 20% of 17 (entry S). More pleasingly, when we
directly irradiated 6 in its solid form,'" a cleaner reaction was
observed, with 2 obtained in a 56% yield (80% based on
recovery of starting material) (entry 6). Furthermore, we found
that besides 6 its C-3 isomer 3 could also undergo the skeletal

Table 1. Skeletal Rearrangement of 3/6 to Rubialatin B and
Its Congeners

for details
6 seetext

or

rubialatin B (2) isorubialatin B (5) rubialatin C (17)
(X-ray)
yield of products (%)°
entry conditions” 2 S 17 6/3

1 6, DCM, rt, 7 day 35 trace 15 28 (6)

2 6,DCM, 100 °C, 6 h trace 90 (6)

3 6,2 N HCI, DCM, 100 °C, trace 90 (6/3 =
10h 1/1)

4 6, ZnCl, (2 equiv), DCM, trace 95 (6/3 =
rt, 6 h 1/1)

S 6, DCM, hv, rt, 8 h S1 trace 20

6 6, neat, hv, rt, 30 h 56 trace 30 (6)

7 3, DCM, hy, tt, 8 h 60 trace

8  3,neat, hy, rt, 30 h 24 18% 50 (3)

“All reactions were performed with 6 or 3 (0.5 mmol) under the
conditions as shown. “Isolated yields.

rearrangement when irradiated in DCM, providing the same
product 2 in good yield (entry 7). Comparably, the
photoreaction of 3 in the solid state appeared to be sluggish,
only resulting in 2 in moderate yield even with a long reaction
time (entry 8). A new product was observed in this reaction;
however, attempts to obtain a pure sample for the structural
assignment proved to be problematic, since it readily converted
to 2 with further photoirradiation. Based on the following
mechanistic rationalization as well as the experimental results,
its structure was tentatively assigned as .

Mechanistically, we assumed that the photoactivation of 3/6
could result in the formation of biradical intermediate I-4 via n-
7* transition.'> I-4 then undergoes intramolecular 1,5-hydro-
gen atom transfer to give I-5, which subsequently evolves into
I-6 through homolytic cleavage of the C3—C4 bond. At this
point, I-6 could probably convert to the final products directly.
However, it is more likely to transform to the zwitterion
intermediate I-7 first, which then diverts into 2 and § via 1,4-
carboxylate migration (path a) or 17 via direct cyclization (path
b) (Scheme 5)."

Scheme S. Plausible Mechanism of Photoinduced Skeletal
Rearrangement of 3 and 6
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While the above mechanistic rationalization appeared to be
reasonable, another question deserved further consideration:
why the rearrangement led to 2 as the sole or dominant
product, although both 2 and 5 might generate from I-7 via the
rotation of the C2—C3 single bond. To answer the question, we
conducted a computational study using B3LYP for geometry
optimization and MO06 for energy calculation with the 6-31++G
(d, p) basis set. The result suggested that the isomer 2 is 11.2
kJ/mol more stable than the isomer § (for details, see
Supporting Information). Thus, I-7, once formed, prefers to
evolve into the thermodynamically more stable product 2,
especially for those reactions performed in solution. For the
solid-state photoreaction of 3, the isomer 5 may generate at
first due to the restricted rotation of the C2—C3 single bond,
which then isomerizes to 2 with further photoirradiation. Of
note, both the experimental and calculation results are in good
accordance with the fact that only rubialatin B (2) has been
identified in nature. Nevertheless, when we carefully examined
the "H NMR spectrum of the naturally occurring 2,' we found
that it was also contaminated with two tiny components, one of
which had the same signals as those of § (for details, see
Supporting Information). Thus, it is highly possible that § is
indeed a naturally occurring substance, albeit probably in
extremely low abundance.'* In this context, it was named as
isorubialatin B. Similarly, 17 was tentatively named as rubialatin
C.

In summary, the biomimetic syntheses of rubialatins A and B
have been achieved, the key elements of which include a highly
efficient tandem reaction involving ring-contraction/Michael
addition/aldol reaction/autoxidation and a novel photoinduced
skeletal rearrangement, respectively. Moreover, several new
rubialatin congeners were also obtained along the synthetic
tour, among which prerubialatin and isorubialatin B were found
to be authentic natural products, and the others, as we
anticipated, might be identified in nature some day. Taken
together, the presented work not only sheds light on the
biogenetic pathways of the rubialatin family of natural products
but also paves the way to access ample material of the natural
products as well as their analogs for further biomedical studies,
which is ongoing in this laboratory.
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