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ABSTRACT: Two concise and complementary routes to the pol-
ycyclic alkaloid brevianamide A from readily available amino
acid building blocks is presented. Key to the synthesis is the
strategic use of a gold(l)-catalyzed cascade process that quickly
assembles the characteristic pseudoindoxyl motif of the natu-
ral product along with the two adjacent quaternary centers in
a single step. This sequence, which exemplifies the structural
complexity that can be achieved with gold catalysis, allowed
for the shortest and highest yielding synthesis of brevianamide
A to date (4 steps LLS, 14% overall yield).

Brevianamide A (1) is a prototypical dioxopiperazine natural
product that was isolated in 1969 by Birch and Wright! from
the fungus Penicillium brevicompactum, and that demon-
strates potent antifeedant activity.? In addition to its bicy-
clo[2.2.2]diazaoctane substructure,®* brevianamide A (1) pos-
sesses a characteristic pseudoindoxyl motif and two adjacent
guaternary centers at C, and Cy. These structural features
make this natural product a challenging synthetic target when
it comes to generating structural complexity in the most direct
and efficient manner (Scheme 1). Interestingly, 1 was also co-
isolated in a ~10:1 ratio® with its minor diastereomer brevian-
amide B (2) which does not seem to be biologically active. This
observation has raised several questions on the potential bio-
genesis of these two diastereomeric natural products. The
most recent biosynthetic hypothesis put forth by the groups of
Williams, Sherman and Li has helped shed some light on this
decades old question (Scheme 1). It has been proposed that
this distribution is influenced by the enzyme BvnE. This co-fac-
torindependent isomerase catalyzes a semi-Pinacol rearrange-
ment from an oxidized indolenine precursor 3 to produce the
advanced pseudoindoxyl intermediate 4. Remarkably, the bi-
cyclo[2.2.2]diazaoctane core of the natural product arises from
a spontaneous intramolecular hetero-[4+2] Diels-Alder (IMDA)
reaction leading to the product distribution observed. This se-
guence has major implications on the development of a suc-
cessful total synthesis of brevianamide A (1), more especially
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Scheme 1. Brevianamide A: structural features, and proposed
biosynthesis

when one considers that till very recently past syntheses to-
wards brevianamide A have been met with failure primarily
due to a common end-game strategy resulting in the synthesis
of the minor diastereomer brevianamide B (2).7*2 Breviana-
mide A finally succumbed to synthesis by Lawrence and co-
workers who reported in 2020 a bioinspired chemical route to
this natural product (Scheme 2, part A).}3 Their elegant strat-
egy relied on a late-stage domino sequence that involves a
semi-pinacol rearrangement that accounts for the stereospe-
cific formation of the azadiene intermediate 7 from a pentacy-
clic precursor 6. Brevianamide A and B are produced in situ
from 7 with a distribution that mirrors closely that observed
from natural sources. The key aminal intermediate 6 was
formed in a 6-step sequence during which the indole moiety of
the starting tryptophane methyl ester is subjected to reverse
prenylation before the oxidation of dehydrodeoxybreviana-
mide E (5) into 6 takes place. While this work was in progress,
a second seven step total synthesis of brevianamide A (1) was
achieved by the group of Smith with the same overall efficiency
(Scheme 2, part A).*> Their synthesis relied on a similar end-
game domino sequence strategy, but starting from a precursor
10 in which the pseudoindoxyl moiety is already set up.
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Scheme 2. Previous work towards the synthesis of breviana-
mide A (1), and our approach.

This key structural unit was obtained from a C, substituted in-
dole intermediate 8 that was oxidized (8—9) prior to being
submitted to reverse prenylation (9—10). Despite the concise-
ness and overall efficiency of both syntheses, it was considered
that some improvement could potentially be made regarding
the oxidation step and the introduction of the tert-prenyl moi-
ety, more especially in terms of step and atom economy,
productivity, and cost. These two steps are indeed critical to
introduce the functionalities required for the formation of the
key 2-tert-prenyl pseudoindoxyl moiety involved in the termi-
nal IMDA reaction. The combined oxidation and reverse
prenylation steps are moderately efficient in both approaches
(Lawrence: 39%, Smith: 45%). In the synthesis by Lawrence, an
early-stage redox process with the use of an external oxidant
(t-BuOCl, 1 equiv.) and a two-fold excess of B-prenyl-9-BBN
was employed to tert-prenylate a phthalimido protected tryp-
tophane methyl ester (69% yield, see Scheme 1, part A). This

non commercially available boron-based reagent required a
three-step synthesis from 2-methyl-3-butyn-2-ol that was re-
ported by the authors as low yielding (32%). In the work by
Smith and co-workers, the oxidation step and the reverse
prenylation are performed successively later in the synthesis
(see Scheme 1, part B). Two equivalents of a pyridine/HMPA
molybdenum oxide complex (MoOPH) are used to access the
pseudoindoxyl intermediate 9, which is then treated with a
large excess (5 equiv.) of an expensive prenyl-stannane rea-
gent under acid catalysis.'® Based on these considerations, a
new synthetic approach toward Brevianamide A (1) that would
have the potential to shortcut and improve the access to the
key 2-tert-prenyl pseudoindoxyl moiety was designed (Scheme
1, part C). The well established biosynthetic hetero-[4+2]
IMDA?-2! was retained as an end-game strategy as it is argua-
bly an incredibly powerful disconnection to access the bicy-
clo[2.2.2]diazaoctane core of the natural product. In addition,
the gold catalysis developed in our group to produce
pseudoindoxyl derivatives 12 by reaction of 2-alkynylaryl az-
ides 11 with allylic alcohols was considered as an ideal tool to
access the required IMDA precursor in an expedite manner.?
In this scenario, and in contrast with the two previous synthe-
ses, the oxidation and tert-prenylation steps would be advan-
tageously achieved in a cascade process.?® The transformation
would allow for a significant increase in structural complexity
with the creation of the indoxyl moiety, three new bonds and
two quaternary adjacent centers in a single operation. In addi-
tion, the transformation would be highly atom economic and
cost efficient: no additional oxidant would be required, a role
played internally by the azide moiety in 11, and prenyl alcohol,
a costless multi ton production commodity chemical, would be
used as the tert-prenylating agent.1®

We report herein the successful implementation of this strat-
egy with the development of two complementary and highly
concise syntheses of the polycyclic natural product breviana-
mide A (1).

Similarly to what was reported by Lawrence, and by Smith,
our synthesis began with the protection of an amino acid as a
phthalimide derivative (Scheme 3, part A). The commercially
available DL-propargylglycine 13 was reacted with N-carbeth-
oxyphthalimide 14, at room temperature under basic condi-
tions to produce 15 in 69% yield.?*? The more classical use of
phthalic anhydride at higher temperature proved to be less ef-
ficient. Carboxylic acid 15 was then converted into its acyl chlo-
ride using the Ghosez reagent?® 16 and subsequently reacted
with imine?” 17 as described by Li and Seipel in their synthesis
of virginiamycin M1.2 The resulting key enamide intermediate
18 was thus produced in 66% yield over two steps. When the
coupling of the imine and the acyl chloride was realized with
the N-Boc protected version of propargyl glycine 13 only trace
amounts of the desired enamide product were formed. The
Ghosez chloroenamine 16 was also found to be the reagent of
choice for the generation of the acyl chloride. The alternative
use of SOCly, (COCI), or various peptide coupling reagents were
completely unsuccessful regardless of the nature of the N-pro-
tecting group employed. A Sonogashira coupling with 1-azido-
2-iodobenzene 19,% followed by phthalimide deprotection
with methanolic ammonia and acetylation of the resulting
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Scheme 3. Synthesis of brevianamide A (1).

diketopiperazine 20 provided 21 in an excellent 61% yield over
three steps. The acetyl protecting group was chosen consider-
ing it could be easily cleaved under the conditions used for the
endgame IMDA sequence. The viability of the programmed key
gold-catalyzed cascade was then studied using the experi-
mental conditions we previously reported for the formation of
variously substituted pseudoindoxyl derivatives.?? The general
mechanism of this transformation is presented in Scheme 3,
part B. Upon activation of the alkyne moiety in the substrate
by a gold(l) complex, a reversible 5-endo-dig cyclization can in-
itially produce an intermediate adduct 26. A subsequent elim-
ination of dinitrogen allows for the generation of a reactive a-
imino gold carbene 27 which can be trapped with prenyl alco-
hol to furnish 28 with concomitant regeneration of the cata-
lyst. A final [3,3]-sigmatropic rearrangement is responsible for
the formation of the pseudoindoxyl motif, the introduction of
the tert-prenyl unit at C; with formation of two adjacent qua-
ternary centers. The reaction was initially attempted with

substrate 20 lacking the acetyl group on the deketopiprazine
unit. Unfortunately, only products derived from a competitive
intramolecular addition of the amide onto the alkyne could be
observed when 20 was reacted with 10 mol% of (IPr)AuNTf,
and a large excess of prenyl alcohol (10 equiv.) in 1,2-DCE at 80
°C. Under the same experimental conditions, the acetylated
derivative 21 could be converted into the desired
pseudoindoxyl 23 albeit in a modest 38% yield in addition to
unidentified impurities and some decomposition. Attempts to
improve the process by modifying the catalytic conditions
were unsuccessful (see Scheme 3, part C and SI).3° Having iden-
tified optimal conditions for this Au-catalyzed cascade reac-
tion, we went ahead and attempted to access brevianamide A
directly from precursor 21. To our delight, the in situ treatment
of the crude Au-catalyzed reaction with a solution of LiOH in a
mixture of water and methanol induced the cleavage of the ac-
etate moiety, followed by the previously reported tautomeri-
zation into azadiene 4 and [4+2] IMDA. The targeted



brevianamide A (1) was thus produced in 21% yield in one-pot
from the 2-alkynyl phenylazide 21. Overall, this route allowed
access to brevianamide A (1) in only six steps (LLS) from com-
mercially available building blocks in 8% overall yield, thus
equaling the routes described by Lawrence and by Smith in
terms of efficiency. We also recognized that the Sonogashira
coupling product 24 resulting from step #3 could advanta-
geously serve as a precursor for the gold-catalyzed cascade re-
action. In case of success, the phthalimido protecting group
could be cleaved in situ, thus allowing us to shortcut the previ-
ously established route. After much optimization (see Scheme
3, part C, and SI), we discovered that treating 24 with 10 mol%
of (IPr)AuNTf; in prenyl alcohol used as the solvent at 80 °C
provided pseudoindoxyl 25, an intermediate in the synthesis of
brevianamide A by Smith, in 47% isolated yield (50% NMR
yield). We concluded our study by attempting to convert
pseudoindoxyl 24 into brevianamide A in one pot manner, sim-
ilarly to what was achieved with 21. Gratifyingly, the treatment
of 25 with ammonia in MeOH induced the deprotection of the
phthalimide group, and the subsequent diketopiperazine for-
mation. Further addition of LiOH ultimately furnished brevian-
amide A (1) which was isolated in 28% yield for the three steps
one-pot sequence.

In summary, we have achieved the shortest and highest
yielding (four steps LLS, 14% overall yield) synthesis of brevian-
amide A (1) to date. The successful execution of this strategy
relies on the use of a gold(l)-cascade process which forged the
key pseudoindoxyl motif of the natural product in one step us-
ing simple prenyl alcohol to introduce the tert-prenyl unit at
position C; and generate the two adjacent quaternary centers.
Thanks to the general compatibility of the experimental condi-
tions used for the gold-catalyzed steps with basic media, we
were also able to telescope the synthesis such that no isolation
or purification of late-stage intermediates was required.
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