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Enantioselective total syntheses of katsumadain and katsumadain C were achieved concisely through a biomimetic approach. Assembly of styryl-
2-pyranone (3) and monoterpene 6 via acid-promoted regio- and stereoselective C—C bond formation afforded katsumadain (2), which underwent

the photoinduced [2 + 2] dimerization in a head-to-tail mode to furnish katsumadain C (1).

Naturally occurring 2-pyranone derivatives constitute a
large family of natural products that display diverse molec-
ular architectures and a wide range of biological profiles,
such as antitumor, antimicrobial, and anti-HIV activities.'
Recently, katsumadain C (1, Figure 1) was isolated from
the plants of Alpinia katsumadai by Kong and co-workers.>
Preliminary biological evaluations showed that katsuma-
dain C displayed significant growth inhibitory effects against
SMMC-772 cells with 1Csy at 4.8 uM and exhibited
moderate antitumor activity against several other human
tumor cell lines.

From the structural point of view, katsumadain C re-
presents the first monoterpene substituted kavalactone
dimer conjugated in the head-to-tail mode. The proposed
biosynthetic pathway” suggests katsumadain C is derived
from katsumadain (2) through a [2 + 2] cycloaddition
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(Figure 1). Indeed, 2 was also isolated from the same
natural resource by Wang and co-workers in 2010.°> The
structure and relative configurations of 1 were determined
by spectroscopic evidence, while its absolute configuration
remains uncertain.

As part of our continuous interests in the total synthesis
of natural products with a unique molecular architecture,
important biological activity, and intriguing biosynthetic
pathway,* we initiated a program to develop a synthetic
strategy that will allow accessing structural analogues in
addition to a large quantity of natural products for further
biological studies. Herein we report our progress that leads
to the first enantioselective biomimetic total syntheses of
katsumadain and katsumadain C in a highly efficient,
regio- and diastereocontrolled manner.

The synthetic strategy coupled with a plausible bio-
synthetic pathway for katsumadain C (1) is depicted in
Figure 1. According to Kong’s hypothesis,” katsumadain
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Figure 1. Proposed biosynthetic pathway for katsumadain C
and bioinspired synthetic strategy.

C is derived from katsumadain via a [2 + 2] dimerization.
In turn, katsumadain could be generated from styryl-
2-pyranone (3) and a-terpinene (4) viaa C—C bond forma-
tion between C-3 and C-3'. In view of the fact that both
3 and 4 are achiral substrates, while katsumadain and
kasumadain C were isolated as enatiopure compounds, the
C—C bond formation should be an enzyme-catalyzed
enantioselective process, which, though feasible in natural
medium, would be rather challenging for synthetic chemists.
Alternatively, we envision that some other easily accessible
chiral monoterpenes, such as piperitol (5),” 2-menthen-1-ol
(6).° or a-phellandrene (7), could also serve as the pre-
cursors for the biosynthesis of katsumadain. Within this
context, the C—C bond formation between 3 and 5, 6, or 7
could proceed through Sy1 substitution via carbocation
intermediate A under acidic conditions, with the stereo-
chemical outcome controlled by the stereogenic centers
at C-4.

To validate our biosynthetic hypothesis and explore a
feasible method for assembling the 2-pyranone and mono-
terpene fragments, a simple model study was conducted
with commercially available triacetic acid lactone 8 and
racemic allylic alcohol 5°° as substrates. Notably, although
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Scheme 1. Acid-Promoted Assembly of Fragment 8 and 5
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the C-3 functionalization of 8 with an allylic alcohol
acetate via Pd-catalyzed allylic substitution has been well
documented,’ the more direct acid-promoted Sy substi-
tution with the allylic alcohol has rarely been investigated,®
presumably due to the expected complicated regio- and
diastereoselectivity issues. Thus, we performed a systema-
tic condition screening on this transformation (for details,
see Table-S1 of the Supporting Information). It was ob-
served that when a strong Bronsted acid (2 N HCl or 2 N
H,SO,) or Lewis acid (TiCly, BF3eEt,O, or TMSOTY) was
employed with CH;CN as solvent, only a trace amount of
the desired product 9 (5—10% yield) was obtained (Scheme 1).
Instead, compound 10, possibly generated from 9 via an
intramolecular etherification reaction, was isolated as the
major product in 25—30% yield. We envisioned that the
formation of 10 might be attributed to the relatively harsh
acidic conditions, and therefore, some weak acids such as
AcOH, HCOOH, PhCOOH, and CH;CH;COOH were
examined in this transformation. Gratifyingly, it was
found that in these cases 9 was isolated as the major
product (30—55% yield) without formation of 10. How-
ever, other byproducts 11, 12, and 13, which are either the
regio- or diastereoisomers of 9, were isolated in substantial
amounts (18—40% in combined yield). To further mini-
mize the formation of byproducts, the solvent effect was
then evaluated. Eventually, a satisfying result was obtained
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by using AcOH as the promoter and a mixture of CH3;CN/
H,O0 (3:1) as the solvent, which provided 9 in 72% iso-
lated yield, with only a trace amount of other byproducts
observed.

With the method for assembly of 2-pyranone and mono-
terpene fragments established, we next turned our atten-
tion to the synthesis of katsumadain. Thus, 9 was first
treated with n-BuLi (2.5 equiv) at —78 °C to form the
corresponding dianion intermediate which underwent nu-
cleophilic addition to benzaldehyde to furnish 14 in 90%
yield.” Upon treatment of 14 with Ac,O/TEA followed by
the addition of an excess amount of DBU,'” 15 was
generated in 60% yield, accompanied by the formation
of a substantial amount of (£)-katsumadain (16) (30%).
Removal of the acetyl group of 15 using DBU/CH;OH led
to (£)-katsumadain in 88% yield (Scheme 2). Notably, the
transformations from 14 to 16 could be also operated in a
one-pot manner, which resulted in a comparable overall
yield (77%).

Scheme 2. Synthesis of (£)-Katsumadain
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With (£)-katsumadain (16) in hand, various photochem-
ical conditions involving different photoresources, sol-
vents, and temperature were investigated to effect its [2 + 2]
dimerization into (%)-katsumadain C. After extensive
attempts, it was found that when 16 was irradiated with
a mercury lamp (365 nm) in its solid state'" in thin-film
form under N, protection, the desired [2 + 2] dimerization
proceeded smoothly to provide (£)-katsumadain C (17) in
30% yield. Interestingly, in addition to the recovery of
40% of starting material 16, another product was isolated
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in 18% yield, whose structure was assigned as 18. Apparently,
(£)-katsumadain C (17) was generated from the homo-
dimerization of one single enantiomer of 16 via transition
state TS-1, while 18 was derived from the heterodimeriza-
tion of two different enantiomers via transition state TS-2.
In both cases the [2 + 2] dimerization proceeded domi-
nantly in the head-to-tail mode, which could be attributed
to the favorable electronic effect (71— stacking interaction
between the phenyl ring of one molecule and the 2-pyra-
none ring of the other, as shown in Scheme 3) and steric
effect (severe steric interactions could be imagined between
the two monoterpene moieties in the head-to-head mode,
which are not shown herein). The observation that the
homodimerization was more favorable than the hetero-
dimerization in the transformation might be ascribed to
the trivial difference between the steric interactions asso-
ciated with TS-1 and TS-2 (Scheme 3).

Scheme 3. Total Synthesis of (+)-Katsumadain C
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Notably, when 15 was submitted to the same [2 + 2] re-
action conditions, only the homodimerization product 19
was isolated in 45% yield, without formation of the
heterodimerization product 20 being observed (with 45%
of starting material 15 recovered). The structure of 19 was
confirmed by its conversion to (+)-katsumadain C (17)
after removal of the acetyl groups. This result indicated
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that 15 displayed interesting self-recognition behavior (i.e.,
(+)-15 + (+)-15or (—)-15 + (—)-15 via TS-3) in the [2 + 2]
cycloaddition. So far it still remains unclear about the exact
factors responsible for such phenomena;'? however, simple
analysis of the molecular model of 15 suggested that
introduction of the acetyl group on the 3-OH will increase
the steric hindrance around the 2-pyranone-monoterpene
moiety (Scheme 3), which might render the transition state
TS-4 much more sterically unfavorable than TS-3. It is
worth noting that the [2 + 2] dimerization of 16 or 15 could
also proceed upon direct exposure to sunlight, and com-
parable results were obtained. However, an attempt to im-
prove the conversion of the transformation by elongating
the reaction time proved fruitless, only leading to substan-
tial decomposition of the starting material and product.

Scheme 4. Enantioselective Total Synthesis of Katsumadain C
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With the racemic synthesis of (+)-katsumadain C (17)
accomplished, the stage was then set for its asymmetric
version. To this end, the chiral monoterpene (R)-cryptone
(21) was prepared according to a known method in
enantioenriched form (89% ee)."® Treatment of 21 with
MeLi/LiBrat —78 °C afforded a mixture of (15,4 R)-6a and
its stereoisomer (1R,4R)-6b in a 3:1 ratio,® which could be
used directly in the next step without separation. We en-
visioned that monoterpene 6 could be used as the surrogate

(12) Efforts to obtain the crystal structure of 15 to understand its
unusual behavior in the [2 4 2] dimerization failed after extensive tries.

(13) Same procedure was employed as Baran’s method, except for
that (R)-catalyst was used; see: Chen, K.; Ishihara, Y.; Galan, M. M.;
Baran, P. S. Tetrahedron 2010, 66, 4738-4744.
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of 5 in the following transformation due to the anticipated
equilibrium between the carbocation A and B. Indeed, the
assembly of styryl-2-pyranone (3)'* with 6 worked well as
expected under the optimized conditions (HOAc, CH3;CN/
H,O0 = 3:1, 85 °C, 6—10 h) to afford katsumadain (2) in
65% yield (Scheme 4).

Finally, the photoinduced [2 + 2] dimerization of katsu-
madain (2) (neat, Hg lamp, 365 nm, 1 h) proceeded
smoothly to provide katsumadain C (1) in 45% yield,
along with the recovery of 45% of starting material. The
recovered 2 could be reused in the [2 + 2] cycloaddition
with the same efficiency, and thus the overall yield of the
reaction could be increased to 65% after two runs. Nota-
bly, the spectroscopic data of synthetic katsumadain and
katsumadain C ("H and '>*C NMR, IR, HRMS) were fully
identical with those reported for natural products. More-
over, their measured optical rotations were also in agree-
ment with those of natural substances (for katsumadain:
[op> = +172.4, ¢ 0.20, CH;0H, lit.Ja]p>*> = +170.0, ¢
0.40, CH;OH; for katsumadain C: [o]p>* = +140.4,¢0.10,
CH;0H/CHClI; (1:1), lit.Jo]p>? = +173.2, ¢ 0.05, CH;OH/
CHCl; (1:1)), indicating that the absolute stercochemis-
tries of C-3’ and C-4’ stereogenic centers of katsumadain
and katsumadain C are R and R configurations respec-
tively (Scheme 4).

In summary, the first enantioselective total syntheses of
katsumadain and katsumadain C were achieved through
an efficient and biomimetic strategy, which features an
acid-mediated regio- and stereoselective C—C bond for-
mation between styryl-2-pyranone (3) and monoterpene
6 to afford katsumadain (2), and a photoinduced topo-
chemically controlled [2 + 2] dimerization of 2 to give
katsumadain C (1). Our study provides strong evidence for
the proposed biosynthtetic pathways of these two natural
products. Moreover, it also paves the way to access large
quantities of natural products as well as their analogs for
further biological studies, which is underway in our la-
boratory and will be communicated in due course.
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