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Enantioselective total syntheses of (+)-fawcettidine and (+)-lycoposerramine Q as well as the first total synthesis of (—)-lycopladine D from a
common intermediate have been accomplished by a divergent path. The common intermediate was derived from a Hajos —Parrish-like diketone by
a stereoselective Birch reduction and a Suzuki coupling. The synthesis of (—)-lycopladine D featured an allylic oxidation and a biomimetic
aminoketalization while the route to (+)-fawcettidine and (+)-lycoposerramine Q highlighted an oxidative rearrangement.

Since the first Lycopodium alkaloid lycopodine was
separated by Bodeker in 1881 from clubmoss Lycopodium
complanatum,' over 200 lycopodium alkaloids have been
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isolated and classified into four major groups to date.>
Members of this family are known to have cardiovascular
and neuromuscular effects. The unique polyfused/bridged
system and impressive biological activities of these com-
pounds have aroused great interest from synthetic chemists
in recent decades.* One of the classes in the family named
fawcettimine-type Lycopodium alkaloids (Figure 1), which
usually feature a tetracyclic skeleton including a a-oriented
methyl group at C-15 and account for nearly one-third of the
members, has particularly attracted the attention of several
groups in total synthesis. As the selected examples shown in
Figure 1, recently, several impressive total syntheses toward
fawcettidine (1), lycojapodine A.° lycoflexine,” huperzine
Q.% and lycoposerramine Q (2)° have been achieved.
Meanwhile, many new fawcettimine-type Lycopodium
alkaloids with more diverse and novel architectures have
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Figure 1. Selected fawcettimine-type Lycopodium alkaloids.

been identified. Lycopladine D (3), which was isolated from
Lycopodium complanatum by Kobayashi and co-workers
in 2006, exhibits a unique carbinolamine lactone, a fused
pentacyclic ring framework, and six stereogenic centers
including an all-carbon quaternary center.'® It is noteworthy
that the stereochemistry at C-4, C-5, and C-15 differs from
other fawcettimine class members, making it more interest-
ing in total synthesis. Although lycopladine D (3) was
isolated seven years ago, no total synthesis has been reported
to date probably due to its unique structure from others.
Interested by the fascinating structural diversities, here we
have discovered a route to accomplish its total synthese as
well as fawcettidine (1) and lycoposerramine Q (2) from a
common intermediate. As shown in Scheme 1 (top), the core
structure of fawcettimine-type Lycopodium alkaloids (I)
could be obtained from the secondary amine (II), which
was supposed to be the biomimetic pathway that has been
employed in the analogous synthesis.* The intermediate II,
as we designed, could be generated from the Hajos—Parrish-
like diketone 9, a very popular and easily accessible starting
material in the synthetic chemistry. The other advantage of
this method is that the stereochemistry at C-4 and C-5 could
be modulated via the diastereoselective reduction and herein
fawcettidine (1), lycoposerramine Q (2), and lycopladine D
(3) can be synthesized via a divergent pathway.

Our retrosynthetic strategy is detailed in Scheme 1 (bottom).
We envisioned that 1—2 or 3 could be respectively obtained
from precursor 4 or 6 through a dehydration condensation or
biomimetic aminoketalization transformation. The functional
groups at C-15 and C-13 in 4 or 6 were expected to be
constructed from carbonyl at C-15 in 5 or 7. We imagined
that both 5 and 7 could be assembled from a common
intermediate 8, which would be prepared from Hajos—
Parrish-like diketone 9.

As outlined in Scheme 2, our syntheses commenced
with Hajos—Parrish-like diketone (R)-9, containing an
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Scheme 1. Retrosynthetic Analysis
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all-carbon quaternary center, which was easily prepared
from 1,3-cyclopentadione by a three-step procedure.'! The
first challenge we faced was the selective 1,4-reduction of
the enone in the presence of the terminal alkene and
isolated carbonyl to construct the cis-fused 6,5-carbocyclic
ring. Direct reduction from the diketone (R)-9 proved to be
problematic. The terminal alkene was also reduced by hydro-
genation of 9 catalyzed by Pd/C. Reduction by ~-BuCuH
or NiCl,/NaBH, gave a trans-fused bicycle ring as the
major product. The diastercoselectivity was almost 1:1
when 9 was subjected to lithium in liquid ammonia. Herein
the alternative hydroxyl-directed stereocontrolled Birch
redution developed by Corey and co-workers was em-
ployed.'? Selective reduction of the unconjugated carbonyl
group in 9 with NaBH, at —78 °C afforded 10 with the
desired selectivity,'* which was then subjected to lithium in
liquid ammonia to give 11 in 8:1 diastereoselectivity. The
cis-fused isomer obtained as the major product was prob-
ably the result of intramolecular protonation of the radical
anion by internal proton transfer from the secondary
hydroxyl in the Birch reduction. With the cis-bicycle being
established, Dess-Martin oxidation of the hydroxyl group
followed by selective protection of the less sterically hin-
dered carbonyl provided 12 in one pot.'* Treatment of 12
with KHMDS followed by PhNTf, afforded the triflate,
which coupled'® with the boron species generated in situ
from N-tosylallylamine and 9-BBN to furnish the common
intermediate 8 in high yield.
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Scheme 2. Synthesis of Common Intermediate 8

OH
_NaBH, MeOH _LiNHs)
s°c 97% THF, THE, 8%
H

(R-9
/ NHTs
o 1) KHMDS, PhNTF, THF
DMP, DCM, 4 °C 2 1NN =
then glycol, p-TsOH o 9-BBN, THF
— ,
62% (2 steps) fo) A then PdCl,(dppf), AsPh;
Cs,CO3, DMF, 92% (2 steps) lo) H
12 8

With the common intermediate 8 in hand, the synthetic
routes toward fawcettidine (1) and lycoposerramine Q (2)
from 8 are illustrated in Scheme 3. Successive hydrobora-
tion of 8 was achieved with 9-BBN and a borane—THF
complex and subsequent oxidation by NaBO, afforded a
diol,'® which was selectively transformed into O-tosyl
derivative 13 with p-toluenesulfonyl chloride at —10 °C.
The stereochemistry of 13 was determined by a NOESY
experiment. Simultaneous silylation of hydroxyl with
TBSOTT and deprotection of the ketal with 0.8 M HCl
in 13 afforded 14 in 90% yield. Treatment of compound
14 with Cs,CO; provided 5 with an azonane ring by an
intramolecular Sn2 reaction. 5 was then dehydrogenated
to 15 by IBX oxidation developed by Nicolaou and co-
workers.'” After nucleophilic addition of 15 with a methyl-
cerium reagent,'® the resulting tertiary allylic alcohol was
elaborated to 16 by a PDC-mediated oxidative rearrange-
ment."” Reductive cleavage of the N-tosyl amide in 16
accompanied by 1,4-reduction of the conjugated double
bond with lithium in liquid ammonia provided the amino
ketone 4. Finally, treating 4 with oxalic acid in AcOH* at
120 °C furnished lycoposerramine Q (2). Oxiation of 2 with
PCC afforded fawcettidine (1).%

Encouraged by the successful syntheses of 1 and 2, we
next explored the synthesis of lycopladine D from the
common intermediate 8 (Scheme 4). Selective hydrobora-
tion of 8 was achieved with 9-BBN and following oxidation
by NaBO, afforded primary alcohol 17, which was trans-
formed into azonane ring 18 by a modified intramolecular
Mitsunobu reaction.?! The latter compound was elabo-
rated to 7 in a one-pot operation involving hydroboration/
oxidation with BH;- THF/NaBO, and successive depro-
tection of the ketal by 4 M HCl followed by silylation with
TBSCI. The stereochemistry of 7 at C-4, C-5 was opposite
to that of 13 as a result of the steric hindrance of the
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Scheme 3. Route to Fawcettidine (1) and Lycoposerramine Q (2)
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azonane ring of 18. 7 was then subjected to Tf,O using
Cy,NEt as a hindered base, and the resulting enol triflate
was further converted into the methyl ester compound 19
by a palladium catalyzed®* carbonylation reaction in
methanol.

The ensuing allylic oxidation of 19 proved to be difficult,
presumably due to the steric hindrance of the vicinal
quaternary carbon. After numerous conditions were eval-
uated, we observed that treatment of 19 with SeO, fol-
lowed by oxidation with DMP produced 20in 15% yield.*?
The low yield resulted from the elimination of the hydroxyl
of the corresponding allyl alcohol intermediate and de-
composition of the TBS protecting group. To avoid the
side reactions, we hypothesized that the allyl alcohol
intermediate could be oxidized in situ by an appropriate
oxidant. After carefully screening, we found that in situ
oxidation using IBX with NaHCO; as a buffer signifi-
cantly improved the yield to 35%.>* Finally, this yield
could be improved to 46% (66% b.r.s.m.) at 105°Cin 1 h
in a microwave reactor.”® Hydrogenation of 20 under
30 atm of hydrogen followed by removal of the
p-toluenesulfonyl group from nitrogen led to 6. The
final critical biomimetic aminoketalization was achieved

(22) Snider, B. B.; Vo, N. H.; Neil, S. V.; Foxman, B. M. J. 4m.
Chem. Soc. 1996, 118, 7644.

(23) Sharpless, K. B.; Lauer, R. F. J. Am. Chem. Soc. 1972, 94, 7154.
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J. Am. Chem. Soc. 2006, 128, 6312.

(25) For a review of microwave-assisted organic synthesis, see:
Caddick, S.; Fitzmaurice, R. Tetrahedron 2009, 65, 3325.

(26) Miyashita, M.; Sasaki, M.; Hattori, I.; Sakai, M.; Tanino, K.
Science 2004, 305, 495.

(27) CCDC 936082 (3) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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Scheme 4. Approach to Lycopladine D (3)

TsHN

HO,

9-BBN, THF ADDP, BugP

8 then NaBOy4, H,O o] toluene, 60 °C o

85% </ 87% </

0] H o

17 18

T
N

Ts
|
1) BHg, THF, 5°C N
then NaBO,, H,0 1) Tf,0, Cy,NEt
then 4 M HCI DMAP, CH,Cl,
—_— Tty
2) TBSCI, DMAP "”’OTBSZ) Pd(OAc),, PPh3
imi CO, DIPEA
imidazole o ) MeO,C
7
Ts y
N N
Se0,, IBX, NaHCO; 1) Pd/C, H, o
1,4-dioxane, microwave ] EtOH, 50°C
_ > _— =
105 °C 2) Na, naphthalenide
-wOTBS
46% (66% b.r.s.m.) “OTBS DME, -65 °C o '
MeO,C H
H
20 6

"OTBS
MeOH
72% (2 steps)

H

Ts
N
H
S
76% (2 steps)
19

MeO,C

TFAH;0 = 5:1
—_——— H
80°C

59% (3 steps)

X-ray crystal structure of lycopladine D

by treatment of 6 with aqueous TFA at 80 °C to produce
lycopladine D.*
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The synthetic compound was identical with the nat-
ural material, including '"H NMR, '3C NMR data, and
mass spectra. X-ray crystallographic analysis of single
crystal of 3 unambiguously confirmed the structure.?’
The consistency of the optical rotation of the product
also determined the absolute configuration of the natu-
rally occurring 3.

In summary, we have achieved the syntheses of (+4)-
fawcettidine and (+)-lycoposerramine Q, as well as the first
total synthesis of (—)-lycopladine D in 15, 14, and 15 steps
from known compound 9 by a divergent path.”® The
syntheses highlight the following: (1) a stercoselective
Birch reduction by way of intramolecular protonation
and a Suzuki coupling with in situ generated boron species
to afford the cis-fused intermediate 8; (2) 1—-2 and 3 could
be respectively obtained from diastereoisomers 5 and 7,
both of which were produced from the common inter-
mediate 8 by changing the sequence of cyclization and
hydroboration oxidation of the double bond at C-4, C-5;
(3) an allylic oxidation with large steric hindrance and a
biomimetic aminoketalization. Due to the great efficiency
of this synthetic strategy, endeavors in achieving the total
syntheses of other fawcettimine-type alkaloids are being
pursued in our laboratory, and the results will be reported
in due course.
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