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a b s t r a c t

A one-step biomimetic synthesis of racemic linderspirone and bi-liderone from methyllinderone has
been achieved, which probably reflects the biosynthesis of the natural products. There are few naturally
occurring substances that appear to be formed by a [4+4] or [4+2] cycloaddition. We proposed that the
[4+4] dimerization of methyllinderone proceeds via a stepwise mechanism involving a diradical
intermediate.

� 2011 Elsevier Ltd. All rights reserved.
We have recently isolated a pair of novel windmill-shaped
enantiomers (+)-linderaspirone A (1) and (�)-linderaspirone A (1)
by a chiral phase HPLC separation and (±)-bi-linderone (2) from a
famous traditional Chinese medicinal plant Lindera aggregata
which has been used for thousands of years and investigated
extensively recently.1,2 Absolute structures of (+)-linderaspirone
A (1) and (�)-linderaspirone A (1) were elucidated unambiguously
by single-crystal X-ray crystallographic analysis and optical rota-
tion computation (Fig. 1).1 The structure elucidation of (±)-bi-lind-
erone (2) was also reported on the basis of extensive analysis of
NMR spectra and crystal X-ray diffraction (Fig. 1).2 (±)-Linderaspi-
rone A (1) and (±)-bi-linderone (2) showed interesting activity to-
ward improvement of insulin sensitivity.

Linderaspirone A and bi-linderone represent an unprecedented
class of natural product with highly symmetrical spirocyclopen-
tene diones. Although they share their structural features with
the cyclopentenedione derivative methyllinderone (3), they have
a backbone with 34 carbon atoms that includes unique spiro rings,
which are unprecedented in the field of natural products. All of the
uncommon structural features present in these molecules exhibit
an unusual metabolite profile that suggests a unique biogenetic
pathway. We previously put forward the hypothesis1,2 that linde-
raspirone A and bi-linderone may be derived biosynthetically from
methyllinderone (3), which occurs in abundant in the same plant
too. On the basis of enzymatic and chemical consideration, we pro-
posed that a [4+4] cycloaddition reaction from the monomer 3 for
the formation of two spiro rings and the core structure of 1 might
ll rights reserved.
be involved, that a [4+2] cycloaddition reaction from the monomer
3 for the formation of one spiro ring and the core structure of 2
might be involved. This hypothesis formed the basis of our
biomimetic synthesis for (±)-linderaspirone A (1) and (±)-bi-linder-
one (2).

The unique structure, significant biological activity, and biogen-
esis of linderaspirone (1) and bi-linderone (2) are features that
make them fascinating targets. Intrigued by whether that event re-
quires enzymatic catalysis or, instead, might be sufficiently fast to
account for formation of 1 and 2 spontaneously, under biological
relevant conditions, we initiated a program to explore their biomi-
metic syntheses. In this Letter, we report our investigations of the
biomimetic synthesis of 1 and 2, using a radical inducing reaction
from the precursor 3.

The [4+4] cycloaddition reaction3 generally proceeds under
photoirradiation or in the presence of transition-metal catalysts,4

only a few exceptional thermal [4+4] cycloaddition reactions.5

Our synthesis started with the known methyllinderone (3). The
precursor was readily obtained from the same plant. 3 was re-
ported as a human chymase inhibitor from Lindera erythrocarpa.6

The total synthesis of 3 was achieved previously by the Lee group
via a biogenetic ring-contraction reaction and Aoyama group via a
palladium-catalyzed ring-expansion reaction, respectively.

We have tried reactions under photoirradiation, sunshine, or in
the presence of transition-metal catalysts, such as Ru, but all
attempts failed. Therefore, we decided to use the radical initiator
to perform the cycloaddition reaction. Initial attempts gave
promising results. Indeed, as shown in Scheme 1, we were pleased
to find that the treatment of 3 (30 mg, 0.1 mmol) in 1 ml
anhydrous toluene with 2,20-azobisisobutyronitrile (AIBN 2.8 mg,
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Figure 1. Linderaspirone A (1), bi-linderone (2) and methyllinderone (3).

O

O

O

O

O O

O

O

O

O

O

O

O

O

O

O

O

O

O
O

O O

OO

O

O
O O

O O

linderaspirone A (1)

O

O

O

O

O

OO

O

O

O

O

O

O

O

O

O

O

O

X

3a

AIBN

OO

3a

3a

3b

Figure 2. Possible mechanism for the formation of linderaspirone A (1).
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0.015 mmol) at 80 �C for 20 h afforded the separable major adduct
1 (54%) and minor adduct 2 (9%). By comparison, when heating 3 at
the same or even higher temperatures in the absence of AIBN, no
reaction took place.

It was proposed that the [4+4] dimerization of methyllinderone
(3) proceeds via a stepwise mechanism involving a diradical inter-
mediate. The reactions were initiated by the thermal decomposition
of AIBN under nitrogen to generate free radicals. Subsequently, the
known methyllinderone (3) was induced as a diradical intermediate
(3a). The intermolecular additions of two diradical intermediates
occurred in a way of radical–radical combination. It is worth noting
that methyllinderone (3) dimerizes to give the head-to-tail, [4+4] di-
mer (1, Fig. 2). Transition-state (TS) computations were performed
using a model molecule.1 Only the relative energy in (S,S) and (R,R)
is lower. It is less favored to form enantiomers (S, R) or (R, S). The
head-to-head [4+4] dimmer (3b) was not isolated in this experi-
ment. This result is attributed to the highly steric hindrance of two
cyclopentenediones in the formation of head-to-head [4+4] dimer.

It is interesting to note that the [4+2] dimerization of methyl-
linderone (3) occurs in this experiment too. The diradical interme-
diate of methyllinderone (3) might undergo an intramolecular
radical-radical combination to generate the intermediate (4) with
a four-membered ring. The new diradical intermediate (4a) was
generated in a way of r-bond homolysis since the bond is very
strained. The intermolecular [4+2] additions of two diradical inter-
mediates 4a and 3c occurred in a way of radical-radical combina-
tion to form bi-linderone (2). It is interesting to note that
methyllinderone (3) dimerizes in the head-to-tail fashion to give
rise to [4+2] dimer (2, Fig. 3). The head-to-head [4+2] dimer (4b)
was not isolated in this experiment. This result is also attributed
to the increasing steric retardation of two cyclopentenediones in
the formation of head-to-head [4+2] dimer.

The synthetic samples showed NMR spectra identical to those
of natural product.7,8 Slow and careful recrystallization from
AIBN

toluene
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Scheme 1. Synthesis of linderaspirone A (1) and bi-linderone (2).
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Figure 3. Possible mechanism of the formation of bi-linderone (2).
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CHCl3/MeOH furnished yellow crystals. It indicated its racemic nat-
ure evidenced by the lack of optical activity.

In summary, a one-step biomimetic synthesis of racemic linder-
spirone and bi-liderone from methyllinderone has been achieved,
which probably reflects the biosynthesis of the natural products.
There are few naturally occurring substances that appear to be
formed by a [4+4] or [4+2] cycloaddition. The key step relies on a
biomimetic radical inducing [4+4] or [4+2] cycloaddition reaction.
We proposed that the [4+4] dimerization of methyllinderone pro-
ceeds via a stepwise mechanism involving a diradical intermediate.
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7. Synthetic linderaspirone A (1): Yellow crystal (CHCl3/MeOH); mp 181–182 �C;
½a�20

D 0 (c 0.06, CHCl3). UV kmax (MeOH) (log e) nm: 300 (4.19). IR (KBr)
mmax�cm�1: 3007, 2955, 1673, 1655, 1620, 1497, 1460, 1435, 1331, 1195,
1143. 1H NMR (CDCl3, 400 MHz) d ppm: 3.50 (OCH3, s), 3.89 (OCH3, s), 3.95
(OCH3, s), 5.41(CH, d, J = 10.2 Hz), 5.41(CH, d, J = 10.2 Hz), 7.14 (5CH, m). 13C
NMR (CDCl3, 100 MHz) d ppm: 43.2 (CH), 55.3 (OCH3), 59.4 (OCH3), 59.4 (OCH3),
66.5 (C), 102.1 (CH), 127.6 (CH), 128.4 (CH), 128.4 (CH), 129.6 (CH), 129.6 (CH),
138.0 (C), 151.8 (C), 153.2 (C), 153.9 (C), 192.1 (C), 194.6 (C). EI-MS m/z: 600
[M]+ (65), 585 (62), 568 (55), 553 (22), 536 (12), 356 (95), 341 (20), 325 (10), 313
(100), 297 (30), 279 (15), 269 (75), 241 (60). ESI-MS (pos.) m/z: 600 [M]+. HR-
ESI-MS (pos.) m/z: 600.1996 (Calcd for C34H32O10, 600.1995).

8. Synthetic bi-linderone (2): Colorless crystal (CHCl3/MeOH); mp 200–201 �C. ½a�20
D

0 (c 0.02, CHCl3). UV kmax (MeOH) (log e) nm 251 (4.18), 298 (4.19). 1H NMR
(CDCl3, 400 MHz) d ppm: 3.58 (OCH3, s), 3.61 (OCH3, s), 3.75 (OCH3, s), 3.87 (CH,
d, J = 11.6 Hz), 3.99 (OCH3, s), 4.04 (OCH3, s), 4.11 (OCH3, s), 4.32 (CH, s), 4.84
(CH, s), 6.12 (CH, d, J = 11.7 Hz), 7.03 (10CH, m). 13C NMR (CDCl3, 100 MHz) d
ppm: 43.1 (CH), 45.8 (CH), 48.2 (CH), 54.8 (OCH3), 58.8 (C), 59.2 (OCH3), 59.4
(OCH3), 59.5 (OCH3), 59.9 (OCH3), 64.9 (OCH3), 96.3 (CH), 110.9 (C), 127.4 (CH),
127.5 (CH), 128.0 (CH), 128.2 (CH), 128.9 (CH), 136.1 (C), 140.0 (C), 146.7 (C),
147.6 (C), 152.7 (C), 153.4 (C), 154.6 (C), 172.6 (C), 183.9 (C), 186.6 (C), 194.6 (C),
196.0 (C). EI-MS (positive) m/z: 600 [M]+ (100), 585 (10), 568 (60), 553 (16), 536
(18), 521 (5), 356 (14), 341 (16), 325 (15), 297 (16), 279 (16), 131 (18); HR-EI-
MS (positive) m/z: 600.1990 (Calcd for C34H32O10 600.1995).
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