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Brevianamides X (1) and Y (2) are relatively new members of the
bicyclo[2.2.2]diazaoctane alkaloid family, whose biosynthetic ori-
gins remain unresolved. We report the asymmetric total synthesis of
(+)-brevianamides Y (2), Z (16) and (+) brevianamide X (1) through a
hydroxyproline-guided cascade. Oxidation timing governs diver-
gence, affording concise routes and underscoring hydroxyproline
as a privileged scaffold.

The brevianamides, a subclass of the bicyclo[2.2.2]diazaoctane
alkaloids, are structurally complex fungal metabolites that have
long challenged the synthetic community." More recently, the
isolation of brevianamides X (1) and Y (2) by Qi and co-workers
from the deep-sea-derived P. brevicompactum DFFSCS0252,
expanded the structural diversity of this class, introducing
natural products bearing spiro-oxindole functionalities.>
Within this family, (+)-brevianamides A (4) and B (6) were the
first isolated in 1969, and feature an unusual indoxyl motif
and an anti-configured bicyclo[2.2.2]diazaoctane core. In con-
trast to (+)-brevianamides A (4) and B (6), (+)-brevianamide X (1)
adopts a syn-configured core, while (+)-brevianamide Y (2)
retains the anti-configuration. This clear division between
indoxyl-containing (+)-brevianamides A (4) and B (6) and
oxindole-containing (+)-brevianamides X (1) and Y (2), as well
as their contrasting stereochemistry, points to diverging bio-
synthetic logic (Fig. 1). Beyond the brevianamides, related
alkaloids such as stephacidin A (3) and paraherquamide (5a)
underscore the structural versatility of this framework, with
members of the family exhibiting diverse biological activities
including insecticidal, anticancer, and anthelmintic
properties.* Since their isolation in 1969, for more than five
decades, the total synthesis of (+)-brevianamide A (4) has
remained an unsolved challenge. Pioneering efforts were led
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by Williams and co-workers, who over several decades devel-
oped multiple synthetic approaches to brevianamide B (6) and
its enantiomer, yet these efforts consistently did not provide
(+)-brevianamide A (4).

A landmark breakthrough came in 2020, when the Lawrence
group disclosed the first successful total synthesis of
(+)-brevianamide A (4), elegantly combining biomimetic
reasoning with experimental validation. This synthesis rapidly
inspired further activity in the field.®

In 2021, Smith and co-workers reported the total synthesis of
brevianamide A (4), albeit in racemic form, and afterwards the
Gagosz group also reported an expedited total synthesis of
(+)-brevianamide A (4), strategically exploiting gold(i)-catalysis.”
Building on these landmark contributions, our group subse-
quently developed an asymmetric total synthesis, demonstrating
that hydroxyproline-derived diketopiperazines could serve as
privileged intermediates to access (+)-brevianamides A (4) and
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Fig. 1 Structural diversity within bicyclo[2.2.2]diazaoctane alkaloids.
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B (6).° In parallel, Sherman and co-workers reported a bioengi-
neered pathway that enabled the production of (+)-brevi-
anamides A (4) and B (6).” The resulting synthetic and biosyn-
thetic framework subsequently paved the way for the unified
synthesis of brevianamides X (1) and Y (2), further expanding our
understanding of structural divergence in this class. In 2015, Qin
and co-workers reported a 20-step synthesis of the unnatural
enantiomer of brevianamide Y (ent-2)."" In 2020, during their
biosynthetic investigations, Williams, Sherman, and Li accom-
plished a 12-step synthesis of natural (+)-brevianamide Y (2)."*
Subsequently, the group demonstrated that
(+)-dehydrodeoxybrevianamide E (11) could also be converted
o (+)-brevianamide Y (2).° Despite their structural kinship to
(+)-brevianamides A (4) and B (6), the biosynthetic origins of
brevianamides X (1) and Y (2) are under investigation, as no
dedicated biosynthetic gene cluster has yet been identified.'* We
were inspired by the structural features of hydroxyproline-
derived natural products, which are frequently encountered in
fungal secondary metabolism. At the core of our proposal lies the
hydroxyproline-derived diketopiperazine (7), which we regard as
a plausible biosynthetic progenitor of the brevianamide family
(Scheme 1). This scaffold possesses both the oxidation handles
and conformational bias needed to channel biosynthetic flux
toward multiple divergent products. From 7, epimerization and
oxidation rationalize the known natural product aspergiamide
C (8) and elimination and isomerisation of 8 would lead to

Lawrence

y Me
N Me e N Me
7 H/ epimeri- / H H/
~ _N_ 0  Zzation N__o 123h|ft
H
[Q] H
oZN SV
‘OH
aspergiamide C (8) (M _OH
isolation: our hypothesis

Me
M
[O] and : ©

View Article Online

ChemComm

brevianamide K (9). Meanwhile, selective oxidation of 7 and 8
would furnish the recently reported hydroxyproline-derived bre-
vianamide Z (10 and ent-10). Moreover, plausible biosynthetic
conversion of 7 to (+)-dehydrodeoxybrevianamide E (11) provides
a direct bridge to the well-established pathway of (+)-brevian-
amides A (4) and B (6), further supporting the centrality of this
intermediate."”>" Crucially, oxidation of 7 followed by a [1,2]
shift generates oxindole 12, which via elimination yields the
intermediate 14, which could undergo elimination-isomerisa-
tion directly coupled with an intramolecular [4+2] cycloaddition,
thereby forging the bicyclo[2.2.2]diazaoctane skeleton in a single
cascade. Conformational freedom around bonds @ and b in the
cycloaddition transition state would, in principle, give rise to
four possible stereochemical outcomes, thereby unifying the
origin of both brevianamide Y (2) and brevianamide X (1).
Additional putative molecules such as 16 and 17, although not
yet isolated, can also be rationalized as shunt or alternative
products within this framework. Notably, 16 was designated as
(+)-brevianamide Z by Lawrence and has been proposed as a
potential future natural product.®

Overall, this hypothesis considers 7 as a biosynthetic linch-
pin, offering a possible unifying rationale for the origin of
(+)-brevianamides X (1) and Y (2), while simultaneously con-
necting them to related congeners of the brevianamide family.
In order to experimentally probe our hypothesis, we required
synthetic access to the activated oxindole intermediate (13),
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TIn the literature the name “brevianamide Z” has been applied both to the synthetic (not isolated yet) anti-diastereomer 16
(by Lawrence and later Williams/Sherman/Li) and to a distinct hydroxyproline based metabolite 10 isolated in 2022."

Scheme 1 Plausible biosynthetic network from hydroxyproline-derived intermediates leading to brevianamides X and Y.
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Scheme 2 Synthesis of hydroxyproline-derived diketopiperazine 23.

which we had postulated to undergo elimination-isomerization
followed by a [4+2]-cycloaddition en route to brevianamides X (1)
and Y (2) (Scheme 1). To this end, we designed a hydroxyproline-
derived diketopiperazine 23 as a much simpler synthetic surro-
gate of 13. The synthesis commenced with amide coupling
between Boc-protected r-tryptophan (18) and r-hydroxyproline
methyl ester (19), followed by deprotection and cyclization,
which furnished (—)-8-hydroxybrevianamide F (20) in 73% yield
over two steps. Mesylation of the secondary alcohol gave 21 in
excellent yield, which was subjected to reverse prenylation under
the Danishefsky protocol."* This transformation provided the
desired compound 23 in 43% yield (Scheme 2).

With 23, we next investigated the proposed elimination-
isomerisation-[4+2] cascade (Scheme 3). Treatment of 23 with
Et;N/DIPEA in THF was not successful. Employing stronger
non-nucleophilic bases improved reactivity, DBN or DBU pro-
moted smooth elimination isomerisation, delivering (+)-dehydro-
deoxybrevianamide E (11) alongside the cycloadducts (+)-26 and
(£)-27 in modest yields. Upon heating, however, 11 was no longer
observed. Specifically, under conditions with DBU at 80 °C, the
[4+2] cycloaddition proceeded cleanly, affording the anti-
diastereomer (26) and syn-diastereomer (27) in 25% and 48%
yields, respectively. Heating isolated 11 at 80 °C with DBU resulted
in the formation of 26 and 27 in a comparable diastereomeric
ratio. These results provide direct chemical evidence that the
cascade proceeds stepwise: initial elimination-isomerisation gen-
erates 11, which then tautomerizes to the conjugated diene 25,
enabling an intramolecular [4+2] cycloaddition.

With the cascade conditions in hand, our attention turned
to the synthesis of brevianamides X (1) and Y (2). Diketopiper-
azine 23 was converted to oxindole 29 as a single diastereomer
upon treatment with NCS/H,O to give 61% yield. The exclusive
formation of 29 likely reflects the inherent structural bias of the
diketopiperazine 23. Guided by our hypothesis, we anticipated
that base-mediated activation of the compound 29 (synthetic
surrogate of 13) would trigger an elimination-isomerisation
sequence followed by a [4+2] cycloaddition.

In principle, this cycloaddition could proceed with both
the syn- and anti-configured adducts. Experimentally, however,

This journal is © The Royal Society of Chemistry 2025

View Article Online

Communication

NH pe
P2 Me
Hy =
N_o
O N H
(23)
OMs
NH
p Me 1o
—N
o] OH
ol
(25) (+)-(26) (-(27)
anti-[2.2.2] syn-[2.2.2]
entry?  pase®  solvent temp. time yield®
11) (26) (27)
1. Et;N THF 25°C 24 h - - -
2. DIPEA THF 100 °C 24 h - - -
3. DBN THF 60 °C 4 h 31% 1% 18%
4. DBU THF 60 °C 4 h 34% 10% 12%

2all reactions were carried out at 0.15 mmol scale. 2.5 equiv. Cisolated yield.

Scheme 3 ‘L-(4R)-hydroxyproline-guided cascade’ optimization.

under DBU-mediated conditions, the [4+2] cycloaddition
proved to be highly anti-selective, providing (+)-brevianamide
Y (2) in 43% yield, accompanied by (+)-brevianamide Z (16) in
18% yield, while no trace of brevianamide X (1) or other syn-
diastereomer 30 was detected. The anti-selectivity can be attrib-
uted to the inherent diastereocontrol of the azadiene inter-
mediate 15b. Notably, when the cycloaddition involves an
indole (e.g., 25), partial syn-selectivity is observed, whereas with
an oxindole such as 15b, the reaction proceeds with complete
anti-selectivity.

Thus, the pre-oxidation strategy delivers (+)-brevianamide Y
(2) but not brevianamide X (1). This selectivity prompted us to
consider an alternative sequence, wherein oxidation occurs
after the [4+2] cycloaddition. In this post-oxidation strategy,
the cycloaddition first generates the syn-configured framework
27, which then undergoes a face-selective oxidation under ¢
BuOCI/H,O conditions affording (+)-brevianamide X (1) as a
single product. The stereochemical outcome can be rationa-
lized by initial chlorination of the indole, followed by face-
selective water addition to give 31, and a subsequent ring
contraction that furnishes brevianamide X (1) as a single
diastereomer. Overall, these results establish an elegant
chemical logic: oxidation before the [4+2] event directs the
pathway toward the anti-configured brevianamide Y (2),
whereas oxidation after the cycloaddition enables access to
the syn-configured brevianamide X (1). Together, the results
identify oxidation timing as the central control element in the
structural diversification of the brevianamides (Scheme 4).

In summary, a hydroxyproline-derived diketopiperazine
strategy has provided concise access to three brevianamides:
(£)X (1), (+)Y (2), and (+)-Z (16). 1-(4R)-hydroxyproline has
emerged as a privileged scaffold, preorganising the system for
a base-promoted elimination-isomerisation-[4+2] cascade that
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Scheme 4 Total synthesis of brevianamides X, Y and Z controlled by oxidation timing.

efficiently built the bicyclo[2.2.2]diazaoctane framework. Cru-
cially, oxidation timing dictated divergence, with pre-oxidation
delivering brevianamide Y (2) and post-oxidation channeling to
brevianamide X (1). In total, brevianamides Y (2) (7.8% overall
yield), Z (16) (3.2% overall yield), and X (1) (10.3% overall yield)
were completed in six steps, highlighting 1-(4R)-hydroxy proline
as a unifying synthetic and biosynthetic scaffold for breviana-
mide alkaloids and offering broader implications for the design
of cascade-based strategies in alkaloid assembly.
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