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Protecting-Group-Free Enantioselective Synthesis of (¢)-Pallavicinin
and (++)-Neopallavicinin
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Abstract: The first enantioselective synthesis of (¢)-pallavici-
nin and (++)-neopallavicinin has been achieved in 15 steps. The
described synthesis avoids protecting-group manipulations by
synthesis designs predicated on highly chemo- and stereose-
lective transformations. Highlights of the synthesis include
a palladium-catalyzed enantioselective decarboxylative allyla-
tion to form the chiral all-carbon quaternary stereocenter,
a palladium-catalyzed oxidative cyclization to assemble the
[3.2.1]-bicyclic moiety, and an unprecedented LiBHEt3-
induced fragmentation/protonation of an a-hydroxy epoxide
to form the a-furan ketone with the desired configuration.

Diterpenoids from liverworts often have interesting biolog-
ical activities such as antifungal, antimicrobial, cytotoxic,
insect antifeedant, insecticidal, and muscle relaxants.[1]

(++)-Pallavicinin [(++)-1] and (¢)-neopallavicinin [(¢)-2],
two structurally complex secolabdane-type diterpenoids,
were first isolated by Wu and co-workers from the Taiwanese
liverwort Pallavicinia subciliata, and then by Lou and co-
workers from the Chinese liverwort Pallavicinia ambigua
(Figure 1).[2, 3] (++)-Pallavicinin (1), along with other biosyn-

thesis-relative natural products had also been identified from
the Japanese liverwort Pallavicinia subciliata by Asakawa and
co-workers.[4] The absolute configurations of (++)-1 and (¢)-2
were unambiguously assigned by single-crystal X-ray diffrac-
tion and circular dichroism (CD) analyses.[3] Their unique
structures feature a novel ladder-shaped/cagelike [6-5-5-5]
tetracyclic skeleton bearing seven contiguous stereogenic

centers, including an all-carbon quaternary center, and
a bridge ring of the left-part bicyclo[3.2.1] moiety. The
unique structural features and potential bioactivities of
(++)-1 and (¢)-2 make them attractive targets for total
synthesis.[5,6]

In this context, the group of Wong reported the first, and
thus far, the only total synthesis of (�)-1 and (�)-2 in
a biomimetic manner from the (�)-Wieland-Miescher ketone
in 2006.[5a]

Despite tremendous advances of new methodologies and
strategies in organic chemistry, protecting-group-free (PGF)
total syntheses of complex natural products still present
a highly challenging task.[7,8] As a continuation of our ongoing
projects focused on improving the efficiency of complex
natural products synthesis,[9] herein we report the first
asymmetric total synthesis of (¢)-1 and (++)-2 without the
use of protecting groups. Moreover, an unprecedented
LiBHEt3 (super hydride)-induced fragmentation/protonation
of an a-hydroxy epoxide was discovered.

Our retrosynthetic analysis of (¢)-1 and (++)-2 is illus-
trated in Scheme 1. We envisioned that both (¢)-1 and (++)-2
could be generated from the lactone 3 by oxa-Michael
addition and subsequent aldol condensation. The compound
3 could then be derived from the ketone 4 by nucleophilic
methylation of the C8 carbonyl with subsequent peroxy acid
oxidation of the furan moiety. The expeditious assembly of 4
with the desired a-C9 configuration of the furan substituent
could be derived from the a-hydroxy epoxide 5 by an
unprecedented LiBHEt3-induced fragmentation/protonation,Figure 1. Structures of (¢)-pallavicinin (1) and (++)-neopallavicinin (2).

Scheme 1. Retrosynthetic analysis of (¢)-1 and (++)-2. TMS= trimethyl-
silyl.
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which was serendipitously discovered during attempts to
utilize the LiBHEt3-mediated Payne rearrangement of 5.[10] It
was very difficult to install the furan with the a configuration
at the C9-position of 4 because the furan moiety is located on
the endo-face of this concave skeleton, and nucleophilic
attack or electrophilic attack would preferentially occur on
the less sterically hindered exo-face.[6a,11] The epoxide 5 could
be accessed from the [3.2.1]bicyclic ketone 6 by functional-
group manipulations. Accordingly, the C2¢C8 bond of 6 could
be assembled by a palladium-catalyzed oxidative cyclization
of the known chiral cyclohexenone 7,[12, 13] which has been
prepared by a palladium-catalyzed enantioselective decar-
boxylative allylation of 8, elegantly developed by Stoltz and
co-workers.[14, 15]

Our synthesis commenced with the preparation of the
chiral cyclohexenone 7 in 85% ee following StoltzÏs proce-
dure, thus constructing the all-carbon quaternary stereogenic
center (Scheme 2).[14a] Treatment of 7 with LDA and TBSCl

led to the corresponding TBS enol ether, which underwent
oxidative cyclization upon exposure to a catalytic amount of
Pd(OAc)2 under an atmosphere of O2 to give the desired
[3.2.1]bicyclic ketone 6 in 77% overall yield.[14] Conjugate
addition of a vinyl group to 6 afforded the ketone 10 with
a satisfactory diastereomeric ratio (d.r. = 10:1). The observed
high preference for re-face attack can be easily explained by
the steric hindrance between the allylic hydrogen atom and

the nucleophile (6a in Scheme 2).[16] Double methylation of
10 produced the desired diene intermediate 11 in 93 % yield.

Selective allylic oxidation at C9 of 11 with an excess of
tBuO2H (TBHP) in the presence of a catalytic amount of
SeO2 afforded the corresponding allylic alcohol 12 as the sole
stereoisomer (Scheme 2).[17] The hydroxy-directed epoxida-
tion of 12 with VO(acac)2/TBHP furnished the expected
epoxide 13 as the only product.[18] The subsequent oxidation
of 13 with Dess–Martin periodinane (DMP) provided the
diketone 14 in 87% yield, and its structure was confirmed by
the X-ray crystallography analysis.[19] Importantly, the opti-
cally pure diketone 14 (> 99 % ee) could be readily obtained
after one recrystallization, thus providing a basis for the
enantioselective syntheses of (¢)-1 and (++)-2. Chemo- and
stereoselective addition of trimethylsilyl furan lithium to the
C9 carbonyl group of 14 delivered the desired epoxide 5 in
72% yield.[20, 21]

With 5 in hand, LiBHEt3-mediated Payne rearrangement
was initially tested (Scheme 3). Surprisingly, treatment of 5

with LiBHEt3 at 30 88C not only afforded the epoxide
migration product 15 in 35 % yield, but also led to the
isolation of an unexpected ketone (4) in 45 % yield, and it is
the key late-stage intermediate in our retrosynthetic design.
Further optimizing the reaction conditions showed that 4
could be obtained as the sole product in 84% yield by
increasing the reaction temperature to 60 88C. In contrast,
decreasing the reaction temperature to 0 88C only gave the
epoxide 15 in 90% yield. To the best of our knowledge, this
LiBHEt3-induced fragmentation of such a-hydroxy epoxide
to the ketone has not been reported previously.[22]

To have preliminary insight on such an unprecedented
fragmentation reaction, the epoxide 15, resulting from the
Payne rearrangement was subjected to the reaction condi-
tions (LiBHEt3 at 30 88C or 60 88C), but it did not react to give
the desired ketone 4. This result implied that the rearrange-
ment product 15 was not the exact precursor of the
fragmentation reaction. Based on the literature and the
above facts, a plausible mechanism for the fragmentation/
protonation cascade process is proposed in Scheme 4. Firstly,
the ketone moiety on C3 is reduced and the C9 hydroxy group
is deprotonated with LiBHEt3 to form the alkoxide anion A.
When the reaction is run at low temperature, the epoxide

Scheme 2. Synthesis of 5. LDA = lithium diisopropylamide, TBS = tert-
butyldimethylsilyl, DME= ethylene glycol dimethyl ether, DMP= Dess–
Martin periodinane, DMSO=dimethyl sulfoxide, HMPA= hexamethyl-
phosphoric triamide, THF = tetrahydrofuran, VO(acac)2 =vanadyl ace-
tylacetonate.

Scheme 3. Unexpected LiBHEt3-induced fragmentation of 5.
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migration is under kinetic control, and Payne rearrangement
occurrs to form 15 (path a). When the reaction is run at higher
temperature, it is under thermodynamic control and the
attack of the alkoxide anion at the less-substituted carbon
atom of the epoxide formed the oxetane intermediate C,[23]

which could readily undergo a fragmentation reaction to
generate the enolate D. Finally, D is quenched with a proton
from the less-hindered equatorial face (exo-face) of the
concave skeleton to produce 4.

Having set the a configuration of the furan group at C9 of
4, the completion of the syntheses of (¢)-1 and (++)-2 is shown
in Scheme 5. At this stage, attempts on direct methylation of 4
resulted in the decomposition of the starting material. Dess–
Martin oxidation of 4 provided the diketone 16. To pursue
a protecting-group-free route, a challenging chemoselective
monomethylation at the C8 carbonyl group of 16 was then
examined. Initially methylation using 1.5 equivalents of MeLi
in THF yielded the desired product 17 in 40% yield,
accompanied by the undesired byproduct 18 in 12 % yield,
as well as the recovery of starting material 16 in 28 % yield.[24]

However, 17 and 16 could not be separated by column
chromatography. An assortment of reaction conditions with
various methylation reagents, solvents, additives, and temper-
atures were screened (see the Supporting Information), and it
was found that reaction of 4 with 5.0 equivalents of MeMgBr
in THF at ¢40 88C (two cycles) afforded the desired 17 in 80%
yield.

Epoxidation of 17 with m-CPBA gave the unstable b,g-
butenolide 19, which was subsequently treated with DBU and
underwent a base-induced double-bond migration followed
by intramolecular oxa-Michael addition to form the key
tetracyclic compounds 20 and 21 in 30% and 15 % yield,
respectively (Scheme 5). Notably, the key intermediate a,b-
butenolide 3b, rather than its C11 epimer 3a, could be readily
isolated in 48% yield after column chromatography, when the
reaction was quenched after 5 minutes, and its structure was
unequivocally confirmed by X-ray crystallographic analysis

(Scheme 6).[19] Further control experiments showed that 3b
could also be completely converted into the products 20 and
21 in 83 % overall yield with the same ratio (20/21 = 2:1) by
prolonging the reaction time under the aforementioned basic
conditions. These results indicated that the undetected
intermediate 3a, which could be formed in situ from a fast
equilibration with 3b in the presence of DBU, quickly
underwent a subsequent intramolecular oxa-Michael addition
to yield the stereodefined compound 20.

Scheme 4. Proposed mechanism for reaction of 5 with LiBHEt3.

Scheme 5. Completing the total synthesis of (¢)-1 and (++)-2.
m-CPBA=meta-chloroperoxybenzoic acid, DBU =1,8-diazabicyclo-
[5.4.0]undec-7-ene, DMAP= 4-dimethylaminopyridine, Ms = methane-
sulfonyl.

Scheme 6. Conversion of 19 into 20 and 21.
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Finally, the aldol reaction of 20 with acetaldehyde
followed by treatment of the corresponding adduct with
MsCl and Et3N provided the target molecule (¢)-1 in 55%
over two steps, and its absolute configuration was confirmed
by X-ray crystallography (Scheme 5).[19] In the same manner,
21 can be transformed into the target molecule (++)-2, albeit
only in 12% yield. The physical data of our synthesized
products (¢)-1 and (++)-2 are identical to those reported in the
literature (see the Supporting Information).[2, 3,5a]

In summary, we have accomplished the first asymmetric
total synthesis of (¢)-1 and (++)-2 in 15 steps from the known
cyclohexenone 7 without the use of protecting groups. The
success of this PGF synthesis was mainly dependent on
several highly chemo- and stereoselective reactions. The
present synthesis features a palladium-catalyzed enantiose-
lective decarboxylative allylation to form the chiral all-carbon
quaternary center, a palladium-catalyzed oxidative cycliza-
tion to assemble the [3.2.1]bicyclic moiety, and an unprece-
dented LiBHEt3-induced fragmentation/protonation of an a-
hydroxy epoxide to form the a-furan ketone with the desired
configuration.
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Szolcs�nyi, T. Gracza, Tetrahedron 2013, 69, 4185.

[7] For recent reviews on the protecting-group-free syntheses, see:
a) I. S. Young, P. S. Baran, Nat. Chem. 2009, 1, 193; b) R. N.
Saicic, Tetrahedron 2014, 70, 8183; c) R. W. Hoffmann, Synthesis
2006, 3531.

[8] For selective recent examples on protecting-group-free synthe-
ses of complex natural products, see: a) S. Krîger, T. Gaich,
Angew. Chem. Int. Ed. 2015, 54, 315; Angew. Chem. 2015, 127,
320; b) Y.-M. Zhao, T. J. Maimone, Angew. Chem. Int. Ed. 2015,
54, 1223; Angew. Chem. 2015, 127, 1239.

[9] a) H. Qin, Z. Xu, Y. Cui, Y. Jia, Angew. Chem. Int. Ed. 2011, 50,
4447; Angew. Chem. 2011, 123, 4539; b) W. Hu, H. Qin, Y. Cui, Y.
Jia, Chem. Eur. J. 2013, 19, 3139; c) L. Guo, F. Zhang, W. Hu, L.
Li, Y. Jia, Chem. Commun. 2014, 50, 3299.

[10] a) M. Dobler, J. C. Anderson, M. Juch, H.-J. Borschberg, Helv.
Chim. Acta 1995, 78, 292; b) R. M. Hanson, in Organic
Reactions, Vol. 60 (Eds.: L. E. Overman, et al.), Wiley, New
York, 2002 ; pp. 1 – 156.

[11] For example, bromination of the compound A gave the a-
bromide ketone B, and installation of the 1,4-butanolide moiety
to A afforded the product C. The addition of trimethylsilyl furan
lithium to the C9 carbonyl group of 14 delivered the epoxide 5
(Scheme 2).

[12] For seminal reports on stoichiometric palladium(II)-mediated
silyl enol ether oxidative cyclizations, see: a) A. S. Kende, B.
Roth, P. J. Sanfilippo, J. Am. Chem. Soc. 1982, 104, 1784; b) A. S.
Kende, B. Roth, P. J. Sanfilippo, T. J. Blacklock, J. Am. Chem.
Soc. 1982, 104, 5808.

[13] For the development of palladium(II)-catalyzed oxidative cyc-
lizations, see: a) M. Toyota, T. Wada, K. Fukumoto, M. Ihara, J.
Am. Chem. Soc. 1998, 120, 4916; b) M. Toyota, M. Rudyanto, M.
Ihara, J. Org. Chem. 2002, 67, 3374; For a review, see: c) M.
Toyota, M. Ihara, Synlett 2002, 1211; For selective synthetic
application, see: d) J. T. S. Yeoman, V. M. Mak, S. E. Reisman, J.
Am. Chem. Soc. 2013, 135, 11764; e) O. F. Jeker, E. M. Carreira,
Angew. Chem. Int. Ed. 2012, 51, 3474; Angew. Chem. 2012, 124,
3531; f) K. C. Nicolaou, G. S. Tria, D. J. Edmonds, M. Kar, J. Am.
Chem. Soc. 2009, 131, 15909; g) G. N. Varseev, M. E. Maier,
Angew. Chem. Int. Ed. 2009, 48, 3685; Angew. Chem. 2009, 121,
3739; h) M. Toyota, T. Asano, M. Ihara, Org. Lett. 2005, 7, 3929;
i) M. Toyota, T. Odashima, T. Wada, M. Ihara, J. Am. Chem. Soc.
2000, 122, 9036.

[14] a) S. R. Levine, M. R. Krout, B. M. Stoltz, Org. Lett. 2009, 11,
289; b) J. T. Mohr, D. C. Behenna, A. M. Harned, B. M. Stoltz,
Angew. Chem. Int. Ed. 2005, 44, 6924; Angew. Chem. 2005, 117,
7084; c) D. C. Behenna, B. M. Stoltz, J. Am. Chem. Soc. 2004,
126, 15044; d) D. C. Behenna, J. T. Mohr, N. H. Sherden, S. C.
Marinescu, A. M. Harned, K. Tani, M. Seto, S. Ma, Z. Nov�k,
M. R. Krout, R. M. McFadden, J. L. Roizen, J. A. Enquist Jr.,
D. E. White, S. R. Levine, K. V. Petrova, A. Iwashita, S. C. Virgil,
B. M. Stoltz, Chem. Eur. J. 2011, 17, 14199; For a review, see:
e) A. Y. Hong, B. M. Stoltz, Eur. J. Org. Chem. 2013, 2745. For
selective recent examples on application of the palladium(II)-
catalyzed enantioselective decarboxylative allylation in natural
product syntheses, see: f) Z. Li, S. Zhang, S. Wu, X. Shen, L. Zou,
F. Wang, X. Li, F. Peng, H. Zhang, Z. Shao, Angew. Chem. Int.
Ed. 2013, 52, 4117; Angew. Chem. 2013, 125, 4211; g) Z. Xu, Q.
Wang, J. Zhu, J. Am. Chem. Soc. 2013, 135, 19127; h) Z. Xu, Q.
Wang, J. Zhu, J. Am. Chem. Soc. 2015, 137, 6712.

[15] B. M. Trost, R. N. Bream, J. Xu, Angew. Chem. Int. Ed. 2006, 45,
3109; Angew. Chem. 2006, 118, 3181.

[16] M. Toyota, T. Wada, Y. Nishikawa, K. Yanai, K. Fukumoto, C.
Kabuto, Tetrahedron 1995, 51, 6927.

[17] a) M. A. Umbreit, K. B. Sharpless, J. Am. Chem. Soc. 1977, 99,
5526; b) S. C. Dolan, D. W. Holdup, M. Hutchison, J. MacMillan,
J. Chem. Soc. Perkin Trans. 1 1985, 651.

[18] a) K. B. Sharpless, R. C. Michaelson, J. Am. Chem. Soc. 1973, 95,
6136; b) E. D. Mihelich, K. Daniels, D. J. Eickhoff, J. Am. Chem.

..Angewandte
Communications

13602 www.angewandte.org Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2015, 54, 13599 –13603

http://dx.doi.org/10.1016/j.phytochem.2004.01.003
http://dx.doi.org/10.1016/S0031-9422(00)00454-4
http://dx.doi.org/10.1080/10286029908039862
http://dx.doi.org/10.1002/hlca.200590204
http://dx.doi.org/10.1248/cpb.46.178
http://dx.doi.org/10.1248/cpb.46.178
http://dx.doi.org/10.1002/asia.200600061
http://dx.doi.org/10.1039/c2cc34310j
http://dx.doi.org/10.1002/anie.200806335
http://dx.doi.org/10.1002/ange.200806335
http://dx.doi.org/10.1002/ange.200806335
http://dx.doi.org/10.1038/nchem.216
http://dx.doi.org/10.1016/j.tet.2014.06.025
http://dx.doi.org/10.1055/s-2006-950311
http://dx.doi.org/10.1055/s-2006-950311
http://dx.doi.org/10.1002/anie.201407280
http://dx.doi.org/10.1002/ange.201407280
http://dx.doi.org/10.1002/ange.201407280
http://dx.doi.org/10.1002/anie.201410443
http://dx.doi.org/10.1002/anie.201410443
http://dx.doi.org/10.1002/ange.201410443
http://dx.doi.org/10.1002/anie.201100495
http://dx.doi.org/10.1002/anie.201100495
http://dx.doi.org/10.1002/ange.201100495
http://dx.doi.org/10.1002/chem.201204137
http://dx.doi.org/10.1039/c3cc49717h
http://dx.doi.org/10.1002/hlca.19950780204
http://dx.doi.org/10.1002/hlca.19950780204
http://dx.doi.org/10.1021/ja00370a076
http://dx.doi.org/10.1021/ja00385a053
http://dx.doi.org/10.1021/ja00385a053
http://dx.doi.org/10.1021/ja9739042
http://dx.doi.org/10.1021/ja9739042
http://dx.doi.org/10.1021/jo011169d
http://dx.doi.org/10.1055/s-2002-32946
http://dx.doi.org/10.1021/ja406599a
http://dx.doi.org/10.1021/ja406599a
http://dx.doi.org/10.1002/anie.201109175
http://dx.doi.org/10.1002/ange.201109175
http://dx.doi.org/10.1002/ange.201109175
http://dx.doi.org/10.1021/ja906801g
http://dx.doi.org/10.1021/ja906801g
http://dx.doi.org/10.1002/anie.200900447
http://dx.doi.org/10.1002/ange.200900447
http://dx.doi.org/10.1002/ange.200900447
http://dx.doi.org/10.1021/ol051411t
http://dx.doi.org/10.1021/ja0017413
http://dx.doi.org/10.1021/ja0017413
http://dx.doi.org/10.1021/ol802409h
http://dx.doi.org/10.1021/ol802409h
http://dx.doi.org/10.1002/anie.200502018
http://dx.doi.org/10.1002/ange.200502018
http://dx.doi.org/10.1002/ange.200502018
http://dx.doi.org/10.1021/ja044812x
http://dx.doi.org/10.1021/ja044812x
http://dx.doi.org/10.1002/chem.201003383
http://dx.doi.org/10.1002/ejoc.201201761
http://dx.doi.org/10.1002/anie.201209878
http://dx.doi.org/10.1002/anie.201209878
http://dx.doi.org/10.1002/ange.201209878
http://dx.doi.org/10.1021/ja4115192
http://dx.doi.org/10.1021/jacs.5b03619
http://dx.doi.org/10.1002/anie.200504421
http://dx.doi.org/10.1002/anie.200504421
http://dx.doi.org/10.1002/ange.200504421
http://dx.doi.org/10.1016/0040-4020(95)00341-5
http://dx.doi.org/10.1021/ja00458a072
http://dx.doi.org/10.1021/ja00458a072
http://dx.doi.org/10.1039/p19850000651
http://dx.doi.org/10.1021/ja00799a061
http://dx.doi.org/10.1021/ja00799a061
http://dx.doi.org/10.1021/ja00415a067
http://www.angewandte.org


Soc. 1981, 103, 7690; c) B. M. Trost, L. Dong, G. M. Schroeder, J.
Am. Chem. Soc. 2005, 127, 10259.

[19] CCDC 1402061 (14), CCDC 1404087 (3b), CCDC 1404088 (20),
CCDC 1404089 ((¢)-1) contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre. The
solvent(s) used for crystallization to generate the crystals (20)
were dichloromethane and petroleum. Given that the compo-
nents in petroleum are complex and that there are large cavities
in the crystals, residual solvent molecules were obviously
disordered and the results reported mainly depended on the
positions of electron density peaks on the difference Fourier map
and the structure refinement. Since compound 14 was optically
pure (see page 60 in the Supporting Information), chiral
inversion or racemization could not take place in the following
procedure, and it is believed that the Flack constant which is not
equal to 0 for (¢)-1, was caused by experimental error.

[20] C. S. Carman, G. F. Koser, J. Org. Chem. 1983, 48, 2534.
[21] M. Mortimore, G. S. Cockerill, P. Kocieński, R. Treadgold,
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