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of Chemistry Securinega alkaloids, known for their unique structures and neuroplasticity-inducing potential, are

promising candidates for treating neurodegenerative diseases such as depression and substance use
disorders (SUD). Herein, we delineate the total synthesis of two dimeric Rauhut—Currier (RC) reaction-

based securinega alkaloids, (—)-flueggenine A and (—)-15-epi-flueggenine D. The key step involved
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DOI: 10.1039/d4sc07525k

chemistry explored en route to (—)-flueggenines C and D, offers a comprehensive synthetic approach
rsc.li/chemical-science for accessing all known RC-based oligomeric securinega alkaloids.
. /_ ;. 3 . A
Introduction 15'-epi-flueggenine D (7). For example, the C(14)-C(15) bond

with an (R)-configuration at C15' present in flueggenine A (6,

Securinega alkaloids have fascinated the synthetic community type A connection) and the C(12)-C(15') bond with an (S)-
for over 60 years due to their unique molecular architectures® configuration at C15 present in flueggenine D (9, type D
and potent biological activities.> The tetracyclic monomeric ~connection) are two connection types that conjugate three
(nor)securinane framework characterized by the butenolide
moiety and the tertiary amine group has spurred the develop-
ment of novel synthetic strategies and tactics.** Recently, it has
been reported that securinega alkaloids can act as
neuroplastogens,®” rendering them promising candidates for
the development of therapeutics against neurodegenerative
diseases such as depression and SUD.**°

Organisms have evolved to synthesize diverse natural prod-
ucts from a common precursor, optimizing the production of
secondary metabolites and thereby gaining selective advan-
tages. To expand the structural repertoires of secondary
metabolites, organisms often biosynthesize oligomeric natural
products by conjugating a well-defined monomeric unit.'* The
plant Flueggea virosa has also adopted this strategy by bio-
synthesizing various RC reaction-based oligomeric securinega
alkaloids such as fluevirosines A (1, Fig. 1),** D (2),"* and G (3),**
and fluevirosinines F (4) and H (5)."

Notably, the monomeric norsecurinine units that consist of .
these oligomeric securinega alkaloids are conjugated by four fusggenine A (5, this work) 15,_ep,,_ﬂu:g;enineD 7. this work)
different types of connectivity that are exemplified in dimeric 05;::00(12 8C15R) c$§2—<‘:§§3 &C18-R)
securinega alkaloid flueggenines A (6)," C (8), and D (9),"> and
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norsecurinine units in fluevirosine A (1). Similarly, norse-
curinines that consist of trimeric fluevirosine D (2) are conju-
gated by types C and D connections found in dimeric
flueggenines C (8) and D (9), respectively (Fig. 1). It is notable
that fluevirosine G (3) is networked by type A connection and the
connection that conjugates the C(a') and C(3") positions with an
(R)-configuration at the C(3") site. The latter connection (type B)
is present in 15"-epi-flueggenine D (7), a presumed natural
product yet to be discovered.’®” An analysis of all RC-based
high-order securinega alkaloids has shown that these four
types of connections encompass all the conjugations among
monomers found in this family of natural products.

Despite significant advancement in the total synthesis of
monomeric securinega alkaloids,>* the synthesis of dimeric
securinega alkaloids has been more challenging with fewer
successful cases.'®?* Our group has been interested in the total
synthesis of RC-based high-order securinega alkaloids.**** In
2017, we reported the total synthesis of (—)-flueggenine C (8) via
an accelerated RC reaction strategy.”® In 2020, our group
described the total synthesis of flueggenine D (9) enabled by
a dimerization strategy involving a Stille cross-coupling reaction
and a stereoselective conjugate reduction.”” However, these
dimerization strategies could not be applied to the synthesis of
flueggenine A (6) or the 15-epimer of flueggenine D, the
missing pieces needed to complete the conjugation network of
RC-based oligomeric securinega alkaloids.®® Herein, we
describe a new dimerization strategy that enables types A and B
connections for the total synthesis of (—)-flueggenine A (6) and
(—)-15"-epi-flueggenine D (7).

Results and discussion

Retrosynthetic analysis of (—)-flueggenine A (6) and (—)-15"-epi-
flueggenine D (7) is presented in Scheme 1A. We envisioned to
assemble the B-rings present in flueggenine A (6) and 15"-epi-
flueggenine D (7) via parallel intramolecular N-alkylation reac-
tions. For the construction of the butenolide D-rings, intra-
molecular Horner-Wadsworth-Emmons (HWE) reactions
would be employed. We planned to apply a reductive Heck
reaction for the key dimerization. While flueggenine A
precursor 10 would be derived from a reductive Heck reaction
between alkenyl iodide 11 and enone 12, epi-flueggenine D
precursor 13 was designed to be accessed from a reductive Heck
reaction between iodide 14 and the common enone 12. Iodides
11 and 14 were planned to be accessed from common enone 12
via an a-iodination reaction and an iodo-Meyer-Schuster reac-
tion, respectively.

We predicted that the stereochemical outcome of the
reductive Heck reaction would be influenced by the conforma-
tion of enone 12. Enone 12 would adopt either conformation A
or B (Scheme 1B). According to the First-Plattner rule, when
compound 12 assumes conformation A, the alkenylpalladium
species approaches from the top face to avoid an unfavorable
twist boat-like transition state, resulting in product 15 with the
desired (R)-configuration at the connection junction. On the
other hand, in conformation B, the alkenylpalladium interme-
diate would approach from the bottom face to yield compound

© 2025 The Author(s). Published by the Royal Society of Chemistry
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A. Retrosynthetic analysis of (-)-flueggenine A and (-)-15"epi-flueggenine D.

0 (R
H OR,
10
NBoc OR

[e}

RiQ
oc Ex—ij/l
a=
N H . iodination

Boc

1 OR;,
HWE +
reactlon reductive o)
(-)-flueggenine A Heck OR;
(6) N- alkylatlon reaction ’
e — H N
Boc
ORz 4,
IS +
Q ! ) iodo-
Meyer—
% Schuster
H 13 reaction
goc = Boc )
OR
2 14 OR,
(-)-15"-epi-
flueggenine D (7)
B. Stereochemical lysis of the redi Heck di
R-P
conformation A fo)
& o OR,
=
OR, S\, wessmmem - :
? or, * e S; R--HN
TN H Boc
HN- = ringdfip!y  Boc Fiirst- OR, 15
Boc " Plattner rule desired product
OR o
2 12 BocN/_ OR;
OR, ... 5 3
= R H N
RO’ o % Boc
conformation B OR; 4¢

R-Pd

Scheme 1 Synthetic design of (—)-flueggenine A (6) and (—)-15"-epi-
flueggenine D (7).

16 with an (S)-configuration at the connecting carbon. For the
latter case, we anticipated that the protected allylic hydroxyl
moiety may hinder the approach of the organopalladium
species. Taking into consideration the sterically bulky nature of
the Boc-protected pyrrolidine moiety, we initially anticipated
that conformation A of enone 12 would be favored over
conformation B.

To test the plausibility of the reductive Heck dimerization
strategy, we initially attempted the reaction with alkenyl iodide
17 and cyclohexenone (18). Pleasantly, when iodide 17 and
cyclohexenone (18) were heated in the presence of 5 mol% of
palladium(u) trifluoroacetate (Pd(TFA),) and diisopropylethyl-
amine (DIPEA) in N-methyl-2-pyrrolidone (NMP),* reductive
Heck reaction product 19 was obtained in 76% yield as a 22:1
mixture of diastereomers (Scheme 2). Encouraged by these

TMSO % Pd(TFA),
DIPEA
N H
Boc Y NMP, 80°C
OTBS T
6% oTBS
TMSQ 0 ™SO 0 Pd(TFA),
DIPEA
N H N H —
Boc Y Boc Y NMP, 80 °C
6TBS 6TBS Y
17 20 o1BS 21

Deiodination of 17 was the major undesired pathway.

Scheme 2 Initial attempts for the reductive Heck reaction.
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results, we next attempted the reductive Heck reaction between
iodide 17 and enone 20. However, even after extensive experi-
mentation, the desired conjugated product 21 was not formed
(Scheme 2). Deiodination of compound 17 was the major
undesired pathway, yielding enone 20. This suggests that while
the oxidative addition of the palladium catalyst to alkenyl iodide
17 was occurring, the migratory insertion of the resulting
organopalladium intermediate into enone 20 was hindered.

Further insights into the lack of the desired reactivity were
gained through single-crystal X-ray diffraction (SCXD) analysis
of enone 20 (CCDC number of compound 20: 2385997).
Contrary to our initial predictions, the SCXD data revealed that
compound 20 adopts a conformation where the Boc-protected
pyrrolidine moiety is positioned pseudo-axially, while the two
silyl ether groups are arranged pseudo-equatorially (Scheme 3).
Solution phase DFT-calculations of enone 20 also corroborated
this conformational preference (see the ESI for detailst). In this
conformation, the approach of the alkenylpalladium species
from the top face would be inhibited by steric hindrance caused
by the bulky Boc-protected pyrrolidine moiety and the unfa-
vored twist boat-like transition state. The absence of the
reductive Heck product with an (S)-configuration at the
connection junction suggests that the approach of the organo-
palladium intermediate from the bottom face is also hindered,
presumably due to the presence of the silylether group.

These observations made it clear that we needed to induce
a ring flip in the conformation of the reductive Heck acceptor
enone to achieve the desired reactivity with the correct stereo-
chemistry. Historically, there have been elegant examples where
an energetically less favorable conformation was induced
through transitory covalent bond formation to achieve the
desired reactivity and selectivity.>’** Inspired by these prece-
dents, we envisioned tethering the two hydroxyl groups in
compound 20 to enforce their axial positioning. To accomplish
this, we designed silyl-tethered enone compound 22 to promote
a ring flip. We anticipated that this silyl-tethered compound
would adopt a conformation in which the Boc-protected pyr-
rolidine group is positioned pseudo-equatorially (Scheme 3).
Indeed, SCXD analysis of the a-iodinated derivative of 22
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Scheme 3 Conformational analysis of 20 and design of the silyl-
tethered enone 22 for the reductive Heck reaction.
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confirmed that the silyl-tethered enone adopts the desired ring-
flipped conformation (CCDC number of compound 23:
2385995). With this newly designed silyl-tethered reductive
Heck acceptor enone 22, we predicted an unhindered approach
of the alkenylpalladium species from the top face of it,
complying with a Fiirst-Plattner rule, to yield the desired types A
and B connections present in flueggenine A (6) and 15'-epi-
flueggenine D (7).

With the new design of tethered reductive Heck acceptor
enone 22, we embarked on the total synthesis of both
(—)-flueggenine A (6) and (—)-15"-epi-flueggenine D (7). The
synthesis of reductive Heck reaction coupling partners
commenced with our previously accessed y-hydroxyenone
compound 24.>° For the synthesis of a-iodoenone 17, vy-
hydroxyenone 24 was subjected to a two-step protocol involving
TBS protection of the hydroxyl group (91% yield) and a-iodin-
ation of the enone moiety with iodine in pyridine and chloro-
form co-solvent (94% yield). The synthesis of silyl tethered
enone 22 was achieved by first removing the TMS group of 24 in
the presence of triethylamine trihydrofluoride to yield diol 25 in
>99% yield (Scheme 4). Diol 25 was subsequently allowed to
react with dichlorodiisopropylsilane in the presence of DIPEA to
produce the key silyl tethered enone 22 in 94% yield. The
synthesis of iodobutenolide compound 28 involved selective
TBS protection of the secondary allylic hydroxyl group in diol 25.
The resulting ketone compound 26 was reacted with lithium
phenoxyacetylide generated in situ from phenoxy dichlor-
oethene 27 to yield the propargylic alcohol intermediate. This
1,2-addition product was subsequently allowed to react with N-
iodosuccinimide (NIS) to yield iodobutenolide 28 via
a presumed iodo-Meyer-Schuster rearrangement in 47% yield
over two steps.?”**%” The structure of iodide 28 was corroborated
by SCXD analysis (CCDC number of compound 28: 2385999).

With iodoenone 17 and silyl tethered enone 22 in hand, we
executed the key reductive Heck reaction in the presence of
Pd(TFA), and DIPEA. To our utmost delight, the desired
reductive Heck product 29 with the (R)-configuration at the
connection junction (type A connection) was obtained in 70%
yield consistent with our stereochemical model (Schemes 3 and
4). HF-pyridine-mediated global desilylation of compound 29
and subsequent acetylation of the resulting product afforded
diacetate 30 in 88% yield over two steps. To our pleasure,
iodobutenolide 28 and silyl tethered enone 22 successfully
furnished conjugated product 31 with type B connectivity in the
presence of Pd(OAc), and DIPEA in 35% yield. When silyl ether
31 was subjected to the aforementioned desilylation and acet-
ylation protocol, acetylated compound 32 was obtained in 93%
yield over two steps. The structure of compound 32 was
unambiguously conformed by its SCXD analysis (Scheme 5,
CCDC number of compound 32: 2386004).

The end-game of the synthetic campaign toward (—)-flueg-
genine A (6) involved parallel installation of the butenolide
moiety and intramolecular N-alkylation to construct the octa-
cyclic framework. The butenolide moiety was introduced by
treating diol 30 with diethylphosphonoacetic acid in the pres-
ence of N,N'-dicyclohexylcarbodiimide (DCC), yielding the HWE
precursor. Subsequent reaction of the resulting ester with 1,8-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 Completion of the total synthesis of (—)-flueggenine A (6) and (—)-15"-epi-flueggenine D (7).

diazabicyclo(5.4.0)undec-7-ene (DBU) produced the butenolide
compound 33 in 46% yield over two steps (Scheme 5). For the N-
alkylation, acetate 33 was subjected to methanolysis, yielding
diol 34 in 94% yield. The diol moiety was then activated by
mesylation.  Trifluoroacetic acid (TFA)-mediated Boc-
deprotection of the resulting carbamate intermediate, fol-
lowed by base treatment of the secondary amine, afforded the
first synthetic sample of (—)-flueggenine A (6) in 63% yield over
3 steps. The spectral data of the synthetic compound matched
those of the natural product.'® To our delight, applying the same
end-game protocol to alcohol 32 resulted in the successful
synthesis of 15'-epi-flueggenine D (7) in analogous efficiency
compared to the route to (—)-flueggenine A (6). The structure of
5'-epi-flueggenine D (7) was unequivocally corroborated by its
SCXD analysis (CCDC number of compound 7: 2387436).

© 2025 The Author(s). Published by the Royal Society of Chemistry

Conclusions

In conclusion, we have completed the total synthesis of RC-
based dimeric securinega alkaloids (—)-flueggenine A (6) and
(—)-15"-epi-flueggenine D (7). The key dimerization step was
achieved via a reductive Heck reaction. The design and
employment of silyl-tethered reductive Heck acceptor enone
was crucial to achieve the desired reactivity as well as stereo-
selectivity. This new dimerization strategy, enabling types A and
B linkages between norsecurinine monomeric units, combined
with existing conjugation chemistry for types C and D connec-
tions,*>*” provides a foundational synthetic solution to access
all known RC-based oligomeric securinega alkaloids. Those
studies are currently underway in our laboratory and will be the
subject of forthcoming reports.
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Data availability

The experimental procedures and additional data can be found
in the ESL.7 Crystallographic data for the structure reported in
this article have been deposited at the Cambridge Crystallo-
graphic Data Centre, under deposition number 2387436 (7),
2385997 (20), 2385995 (23), 2385999 (28), and 2386004 (32).
Copies of the data can be obtained free of charge from the
CCDC via https://www.ccde.cam.ac.uk/structures/.
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