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ABSTRACT: Fungal indole alkaloids bearing a bicyclo[2.2.2]diazaoctane (BCDO) core
structure are a fascinating family of natural products that exhibit a wide spectrum of
biological activities. These compounds also display remarkable structural diversity, with
many different diastereomers and enantiomers produced by specific fungal strains. The
biogenesis of the unique BCDO moiety has long been proposed to involve an intramolecular
[4+2] hetero-Diels−Alder (IMDA) reaction, but the exact mechanisms for this hypothetical
transformation have remained elusive until recently. This review aims to summarize the
whole history of synthetic and biosynthetic studies of fungal BCDO indole alkaloids, by
covering the discovery, biomimetic syntheses, total syntheses, biosynthetic pathway
elucidation, and biological activities of representative compounds. We highlight the mutual
inspiration and corroboration between biological and synthetic chemists in exploring the
intriguing biosynthetic mysteries of this family of natural products. We also provide
perspectives and clues for the remaining biosynthetic problems.
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1. INTRODUCTION
The fungal indole alkaloids bearing a unique bicyclo[2.2.2]-
diazaoctane (BCDO) core structure have continuously been
isolated from various marine and terrestrial strains of
Aspergillus, Penicillium and Malbranchea genera, showing
anthelmintic, insecticidal, antitumor, antiviral, antibacterial,
calmodulin-inhibitory and other activities. Although indole
alkaloids are widely produced by many bacteria, fungi, and
plants, interestingly, the subfamily of BCDO-bearing alkaloids
have only been discovered from the kingdom of fungi to date.
For decades, these fungi specific, bioactivity diverse, and
structurally intriguing natural products have been attracting
broad interest from natural product, biological, synthetic,
medicinal, and theoretical chemists. A wealth of studies on
derivatives discovery, biological activities, biosynthetic mech-
anisms, and organic synthesis have been conducted.
The most fascinating issues related to these natural products

include: 1) the biogenesis of the central BCDO structure,
which has long been proposed to be formed biosynthetically
through an intramolecular [4+2] hetero-Diels−Alder (IMDA)
reaction; 2) the mechanisms for the diversified biosynthesis of
distinct diastereomers and enantiomers by specific producer
fungi; and 3) other specific structural variations on the
skeletons, e.g., prenylation, hydroxylation, desaturation, iso-
merization, cyclization, and dimerization. To address these
intriguing issues, both synthetic and biological chemists have
been making great research efforts and mutually inspiring
contributions.
This review covers the literature of the whole history for

biosynthetic and chemical synthetic explorations of fungal
BCDO indole alkaloids since the discovery of the first family
member, brevianamide A, in 1969.

2. DISCOVERY OF BICYCLO[2.2.2]DIAZAOCTANE
INDOLE ALKALOIDS FROM NATURE

Since the isolation of the family-founding member breviana-
mide A from Penicillium brevicompactum in 1969, hundreds of
fungal BCDO indole alkaloid family members have been
reported (Table 1). According to our count through March
2024, there have been a total number of 182 BCDO indole
alkaloids discovered from nature, which are uniformly
produced by filamentous fungi. Representative structures
(Figure 1) include the insecticidal (+)-brevianamides from
Penicillium spp., the anticancer agents (−)-notoamides from
Aspergillus protuberus (previously named Aspergillus sp.
MF297-2) and (+)-notoamides (the enantiomers of corre-
sponding (−)-notoamides) from Aspergillus amoenus (pre-
viously A. versicolor NRRL 35600), the antitumor stephacidins
from Aspergillus ochraceus, the versicolamides, the anti-
inflammatory taichunamides, the insecticidal and antimicrobial
sclerotiamides, the anti-biofilm waikialoids, the antimicrobial
amoenamide B, the asperversiamides, aspergamide, the
antiproliferative waikikiamides, the antiparasitic paraherqua-
mides from Penicillium spp., the calmodulin-inhibiting
malbrancheamides, the cytotoxic marcfortines, VM55599, the
paralytic asperparaline (also named aspergillimide or
M55598), the neurocyte protective and antifungal chrysoge-
namide, the anti-acetylcholinesterase mangrovamides, citrina-
lin, the penicimutamides, penioxamide, and spiromalbramide.
The BCDO indole alkaloids with complex structural

diversity can be categorized into diketopiperazine (DKP)
and monoketopiperazine (MKP) subfamilies according to the

number of keto group(s) on the BCDO moiety. Compara-
tively, the current amount of DKPs (111 members) is higher
than that of MKPs (71 members). According to the three
stereocenters in the BCDO core structure, all known DKPs
and MKPs fall into four groups, covering all theoretically
possible diastereomers (Figure 2). In the DKP subfamily, the
[S,S,S] and [S,R,S] groups comprise the majority of members
(51 and 36, respectively), while the [R,S,R] and [R,R,R]
configurations are adopted by a smaller number of members
(12 and 12, respectively). In the MKP subfamily, most
members (57) have the [S,S,S] configuration. There are only 1,
3 and 10 members belonging to the [R,S,R], [R,R,R] and
[S,R,S] groups, respectively. It is intriguing to understand how
these biased stereoselectivity patterns are formed in nature.
The biogenetic mechanisms of these stereospecific BCDO

cores have been attracting continuing interest since the
discovery of the first family member brevianamide A. Porter
and Sammes first proposed a plausible biosynthetic hypothesis
of the [4+2] IMDA process.1 During the long pursuit of the
enzyme (i.e., Diels−Alderase, abbr., DAase) to mediate the
putative [4+2] IMDA cycloaddition (Scheme 1), our
laboratories and others have proposed and then confirmed
that DKPs and MKPs adopt distinct biosynthetic strategies for
construction of their respective core scaffolds. In brief, the core
structure of DKP brevianamide A is formed through a
spontaneous IMDA cycloaddition,2 while those of MKPs are
assembled to generate the syn (malbrancheamide and para-
herquamide A) or anti (precitrinadin A) products by different
bifunctional reductases/DAases.3,4 It appears that fungi have
evolved different enzymatic and nonenzymatic strategies to
achieve the common [4+2] IMDA reactions, but there remain
unknown mechanisms to be explored.
Moreover, diastereomerically distinct and enantiomerically

antipodal BCDO alkaloids continue to be discovered (Figure
1), suggesting that specific producer fungi may deploy
diversified biosynthetic mechanisms for construction of various
diastereomers and enantiomers. One of the most fascinating
examples is the marine-derived fungus A. protuberus, which
produces (+)-stephacidin A and (−)-notoamide B, while the
terrestrial-derived fungus A. amoenus generates their corre-
sponding enantiomers (−)-stephacidin A and (+)-notoamide
B.5

Structurally, the backbone of all DKP BCDO alkaloids
originates from the nonribosomal peptide synthetase (NRPS)-
based condensation of L-tryptophan and L-proline. By contrast,
the backbone of MKPs consists of the unchanged tryptophan
and a variable second amino acid (Figure 1), such as L-proline
(e.g., malbrancheamide, citrinalin C, penicimutamide D, and
cycloexpansamine A), L-isoleucine (oxidatively cyclized to β-
methylproline, e.g., paraherquamide A, VM55599, penicimu-
tamide D, aculeaquamide A, peniciherquamide A, and
cycloexpansamine A), L-leucine (oxidatively cyclized to γ-
methylproline, e.g., mangrovamide A, and paraherquamide J-
2), and L-lysine (e.g., marcfortine A, penioxamide A,
penioxalamine A, and probably chrysogenamide A).
It is worth noting that many, but not all BCDO alkaloids

contain a chiral spiro-substructure, for instance, the spiro-2-
oxindole moiety in DKPs notoamides, versicolamides,
sclerotiamides and MKPs spiromalbramides and paraherqua-
mides; and the 3-spiro-ψ-indoxyl group in brevianamides.
These spiro-substructures are considered (confirmed in some
cases) to be formed via initial indole 2,3-epoxidation with
subsequent ring-opening and semipinacol rearrangement

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.4c00250
Chem. Rev. 2025, 125, 1718−1804

1719

pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00250?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
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(Scheme 2). The stereochemical selectivity of this epoxidation
is one of the major reasons for the highly diversified structures
of BCDO alkaloids. Interestingly, this process can also generate
another stable form, 3-hydroxyindolenine, which appears in
some components of brevianamides, taichunamides and
penicimutamides, etc.
Most BCDO indole alkaloids have post-modifications on the

6-membered aromatic ring originated from tryptophan,
including hydroxylation, prenylation, cyclization, oxidation,
and halogenation (Figure 1). The representative substructures
include the pyran and dioxepin rings. The pyran moiety is
widely present in a large number of DKPs (e.g., notoamides,
stephacidins, versicolamides, and taichunamides) and MKPs
(e.g., paraherquamides and mangrovamides). The dioxepin
ring mainly exists in MKPs, such as paraherquamides,
marcfortines, and aculeaquamide A. Halogenation modifica-
tions (chlorination and bromination) only exist in malbran-
cheamides. Intriguingly, there have been five reported dimers
of BCDO indole alkaloids, including (+)-stephacidin B,
(−)-stephacidin B, waikialoids A and B, and waikikiamide C.
Some BCDO indole alkaloids can also condense with other
structures to form more complex products. For instance,
waikikiamides and versicoamides are formed by such a
condensation with semivioxanthin and kojic acid (Scheme
3), respectively.
It is anticipated that more congeners of this family will be

isolated from both marine and terrestrial fungi by natural
product chemists worldwide, as these natural products have so
far been exclusively found in fungi. A fascinating question is
whether any family members could be found from Monera
and/or Plantae in the future. The added new structures,
bioactivities, as well as biogenetic mechanisms associated with
BCDO indole alkaloids will continue to attract broad interest
from scientists in diverse research areas.

3. BIOMIMETIC SYNTHESES BASED ON EARLY
PROPOSAL/HYPOTHESIS FOR BIOGENESIS

The proposals for BCDO biogenesis in the DKP breviana-
mides and the MKP paraherquamides and malbrancheamides
were mainly derived from continual biomimetic syntheses.
With firm belief in the hypothetical IMDA-based assembly of
the BCDO core, synthetic chemists courageously initiated
explorations of BCDO biogenesis without any genetic
knowledge and tools. They started to focus on the
“biomimetic” syntheses of various compounds related to
different BCDO indole alkaloid family members. These
synthetic efforts have led to diverse isotopically labeled
biosynthetic precursors for isotope incorporation studies. A
wealth of key information about the reactivity of proposed
biosynthetic intermediates was acquired, allowing for the

refinement of different biosynthetic proposals. These efforts
have driven the evolution of the long-standing IMDA
hypothesis for biogenesis of fungal BCDO indole alkaloids.
3.1. Diketopiperazines

In this section, we will review in detail the exploration of
DKPs’ biogenesis, which is mainly based on the biosynthetic
and related chemical principles, and isotopically labeled
precursor feeding experiments. The representative fungal
DKP alkaloids include brevianamides, notoamides, and
stephacidins. In addition, the biogenesis of other DKPs
including versicolamides and taichunamides is also discussed.
3.1.1. Brevianamides. Brevianamides (A−D) are the

earliest discovered BCDO indole alkaloids, which were isolated
by Birch and Wright from the culture extract of a Penicillium
brevicompactum strain.6−9 Since then, brevianamides A−D,
along with related derivatives brevianamides E and F, were
isolated from different Penicillium species including Penicillium
viridicatum10 and Penicillium ochraceum.11

Brevianamide A (i.e., (+)-brevianamide A) is a major
metabolite of P. brevicompactum. The initial structural
elucidation of this founding member of the BCDO indole
alkaloid family relied primarily on chemical reduction and
spectroscopic analysis, especially via its chemical derivative
deoxybrevianamide A.9 The presence of an indole substructure
in brevianamide A naturally suggested L-tryptophan as a
biosynthetic precursor.8 The structure of its DKP core also
indicated the other amino acid precursor, which was later
confirmed to be L-proline.6,8 Additionally, the loss of C5H9 in
the mass spectrum implicated the possible presence of an
isopentenyl group. Later, single crystal X-ray analysis of 5-
bromo-brevianamide A enabled full determination of the
absolute configuration of brevianamide A (Figure 3A).12

In the early 1970s, the absolute configuration of naturally
occurring brevianamide B (i.e., (+)-brevianamide B) had not
been assigned, which was thought to be the same as that of
brevianamide A with regard to the BCDO core, but
diastereomeric at the spiro-indoxyl stereogenic center.7 This
inference was mainly due to the experimental results showing
that (−)-brevianamide B, the mirror-image isomer of natural
(+)-brevianamide B, was generated in trace amounts during
the photolysis of brevianamide A (Figure 3B). Additionally,
(−)-brevianamide B was semisynthesized through several
chemical procedures consisting of reduction to deoxybrevia-
namide A and stereoselective reoxidation (Figure 3C). In 1989
the correct absolute configuration of natural (+)-brevianamide
B was elucidated by the Williams group through chemical total
synthesis13,14 and careful comparison of the chiroptical
properties of the naturally occurring,9 synthetic15 and semi-
synthetic brevianamide B7 (Figure 3A). They concluded that

Table 1. continued

aND: Not determined. IC50: half maximal inhibitory concentration. EC50: half maximal effective concentration. LD50: half of the lethal dose. MIC:
minimum inhibitory concentration.
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the natural (+)-brevianamide B is enantiomorphic to
brevianamide A with respect to the BCDO core and has the
same chiral configuration in the spiro-indoxyl substructure.
Brevianamides C and D were shown to be artifacts derived

from irradiation of brevianamide A.7 An almost quantitative,
rapid conversion into the isomers brevianamides C and D was
observed upon irradiation of the solution of brevianamide A in
mixture with benzene and methanol or other methanolic
solutions with visible light. When the producer P. brevicom-
pactum was cultured in the dark and extracted under low light
intensity, no sign of brevianamides C or D could be observed

from thin layer chromatography, while brevianamides A and B
were present in the neutral fraction. Thus, (−)-brevianamide B
and brevianamides C and D are all photochemical artifacts
rather than fungal metabolites.
Birch and Wright not only discovered the family of BCDO

indole alkaloids but also first proposed the biogenetic
hypothesis for brevianamides.8 Accordingly, isotopic precursor
feeding experiments were conducted for the brevianamides
producing P. brevicompactum strain.6,8 As expected, L-
[methylene-14C]-tryptophan, [l-14C]-acetate, [2-14C]-mevalo-
nolactone, L-[U-14C]-proline, and L-[5-3H]-proline could be

Figure 1. Representative diketopiperazine and monoketopiperazine BCDO indole alkaloids.
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incorporated into brevianamide A (Scheme 4). Moreover,
mevalonic acid was shown to be a virtually irreversible
intermediate in fungal terpenoid biosynthesis.16 Therefore, its
incorporation is significant in terms of the presence of a
terpene unit, and based on mass spectrometric analysis, it was
inferred to be an isopentenyl group. Taken together, a
reasonable biosynthetic intermediate deoxybrevianamide E,
which was isolated from another fungus Aspergillus ustus, was
tentatively proposed.17

Based on the putative chemical structure of brevianamide
A,9 Porter and Sammes proposed that the BCDO core
structure might result from a [4+2] IMDA reaction between
the isopentenyl unit (as dienophile) and the pyrazine moiety
(as diene)1 (Scheme 5A). To test this hypothesis, a pyrazine
analogue 1 was chosen to react with dimethyl acetylenedi-
carboxylate in dimethylformamide at room temperature, which
yielded the expected BCDO product (2) (Scheme 5B). The

Figure 2. Stereoselectivity patterns of BCDO indole alkaloids. The numbers of each group member discovered from nature are displayed.

Scheme 1. Model Reaction of [4+2] Hetero-Diels−Alder (DA) Cycloaddition (Upper Panel) and Putative Biogenesis of
Enantiomeric and Diastereomeric BCDO Structures through Intramolecular [4+2] Hetero-DA (IMDA) Cycloaddition (Lower
Panel)a

aThe diene and dienophile groups are shown in blue and red, respectively.

Scheme 2. Biogenesis of Spiro-Substructures and 3-
Hydroxyindolenine in BCDO Alkaloids
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pyrazine analogue 3 was also able to undergo a DA reaction
with norbornadiene to give the corresponding [4+2] adduct 4
(Scheme 5C). These results showed that the [4+2] IMDA
reactions were favored in the cycloaddition equilibrium, as the
formation of two amide groups partly compensated the
resonance energy associated with the dihydroxypyrazine
systems. In addition, more analogues similar to the structure
of brevianamide A were prepared by following the same IMDA
strategy.1

Further investigation by Birch and Russell for additional
indole precursors from the metabolites of P. brevicompactum

led to the discovery of brevianamide F in 1972.7 Notably, only
1 mg of the crystalline brevianamide F was obtained from 40 L
of fungal culture. Due to the small amount and technical
limitation at that time, it was challenging to determine the
stereochemistry of this compound. Analysis of its ultraviolet
and mass spectra indicated that brevianamide F should be a
derivative of tryptophan. The predominant occurrence of L-
amino acids prompted the comparison of the natural product
with a sample of chemically synthesized cyclo-L-tryptophanyl-L-
proline, thereby confirming the identity of these two structures.
It is evident that brevianamide F should be a common

Scheme 3. Condensation Reactions of BCDO Indole Alkaloids with Semivioxanthin and Kojic Acid Leading to Waikikiamides
and Versicoamides, Respectively

Figure 3. Structures of Brevianamide Derivatives (A), Photolysis of Brevianamide A (B), and Semisynthesis of (−)-Brevianamide B (C).
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biogenetic precursor for brevianamides. Although another
postulated precursor deoxybrevianamide E (isolated from A.
ustus17) was not detected in any cultures of P. brevicompactum,
Birch and co-workers proposed an insightful biosynthetic route
from brevianamide F to brevianamide A (Scheme 6A), which
was confirmed to be essentially correct after almost half a
century.2

To verify that brevianamide F is a building block of
brevianamide A, the radioactive brevianamide F (i.e., cyclo-L-
[methylene-14C]tryptophanyl-L-[5-3H]proline) was synthe-
sized.6 The feeding study showed that the intact, doubly

labeled material was incorporated into brevianamide A
(Scheme 4B). The highly specific incorporation of “hot”
brevianamide F and the fact that deoxybreviamide E is the
adduct of an isoprene unit and brevianamide F strongly
supported the early biosynthetic steps leading to brevianamide
A (Scheme 6A).
Next, the remaining biosynthetic steps of brevianamide A

featuring the IMDA transformation were proposed13 (Scheme
6B). Hypothetically, deoxybrevianamide E could act as a key
intermediate leading to a hexacyclic indole 6 via oxidative
[4+2] IMDA cycloaddition of the prenyl moiety across the
piperazinedione nucleus, through an azadiene intermediate 5
derived from C−N bond desaturation. Further oxidation of the
hexacyclic indole 6 followed by ring-contractive rearrangement
(semipinacol rearrangement) would furnish brevianamide A.
After Williams and co-workers elucidated the correct

absolute configuration of natural (+)-brevianamide B through
total synthesis,13,14,18 a modified biosynthetic pathway was
suggested (Scheme 6C). The achiral azadiene intermediate 5
was postulated to undertake the [4+2] IMDA cycloaddition to
furnish the enantiomeric hexacyclic indoles 6 and 7. Oxidation
of the hexacyclic indoles and subsequent pinacol-type
rearrangement would afford the two spiroindoxyl diaster-
eomers brevianamides A and B. Williams insightfully
speculated that if this biosynthetic scheme was correct, the
hydroxyindolenines 8 and 9 should not be enantiomeric but
diastereomeric in order to generate the diastereomeric
brevianamides A and B. Specifically, the major metabolite
brevianamide A produced by P. brevicompactum should result
from oxidation on the more hindered face of the hexacyclic
indole 6 (providing the α-face hydroxyindolenine 8), and the
minor metabolite brevianamide B would derive from oxidation
on the less hindered face of 7 (via β-face hydroxyindolenine 9).
This inference led to a hypothesis that P. brevicompactum
probably had evolved different genes responsible for enantio-

Scheme 4. Isotopic Incorporations into Brevianamides by P. brevicompactuma

aCompounds in black dashed boxes could be incorporated into brevianamides, while those in red dashed boxes could not.

Scheme 5. Initial IMDA Proposal (A) for the BCDO Core
and Related Chemical Tests (B, C)a

aThe diene and dienophile groups are shown in blue and red,
respectively.
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Scheme 6. Early Proposed Brevianamides Biosynthetic Pathways. (A) The Biosynthetic Route from Brevianamide F to
Brevianamide A Proposed by Birch.7 (B) Hypothetical Biogenesis of Brevianamide A Featuring a Hexacyclic Indole
Intermediate.13 (C) Early Proposal for the Biogenesis of Brevianamides by Williams.13,14,18 (D) The Revised Biosynthetic
Pathway for Brevianamides A and B by Williams19a

aPutative key intermediates are highlighted in red.
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and diastereodivergent pathways for production of breviana-
mides A and B.
Since the putative hexacyclic indole 6 was considered to be a

crucial biosynthetic precursor to the brevianamides, the
fermentation extracts of P. brevicompactum were carefully
examined at varying growth intervals in order to capture this
hypothetical intermediate.14,18 Despite intense efforts, the
attempts to identify even trace amounts of the hexacyclic
indoles were unsuccessful. Although this did not rule out the
possibility that the hexacyclic indoles might be short-lived or
tightly enzyme-associated (e.g., not being secreted into the
fermentation media), the failure to trap hexacyclic indoles
raised some new proposed routes to the brevianamides.
Thus, Williams et al. chemically synthesized the hypothetical

biosynthetic precursor hexacyclic indole 6.18 Simply allowing
this compound to remain in ethyl acetate solution in the air led
to a variety of unidentified oxidative products. However,
neither brevianamide A nor B could be detected in the final
mixture. Additionally, chemical oxidation of the hexacyclic
indole 6 with m-CPBA in CH2Cl2 followed by the treatment
with NaOMe in MeOH gave (−)-brevianamide B in a good
yield, but brevianamide A remained undetected. As breviana-
mide A could not have resulted from autoxidation or chemical
manipulation of the hexacyclic indole 6, the authors proposed
that the indoxyl brevianamides should result from a specific
enzymatic transformation.
To validate this proposal, the racemic [8-13C]-hexacyclic

indole (±6) was chemically synthesized for the isotopic
incorporation experiment19,20 (Scheme 4C). Feeding of this
13C-labeled compound to cultures of the brevianamides A and
B producing fungus failed to show significant enhancement of
the C-8 signal in their 13C NMR analysis and the (M+l)+/M+

intensity ratio in the mass spectra, indicating no incorporation
of the hexacyclic indole. This result motivated more
investigations of alternative biosynthetic pathways.
To ascertain the intermediacy of deoxybrevianamide E, the

[8-3H] labeled substance was synthesized from the gramine
derivative [3H]-10 and the dioxopiperazine 11 through
condensation, hydrolyzation, and decarboxylation19,20

(Scheme 4D). Feeding experiments with the synthetic
[8-3H]-deoxybrevianamide E showed significant incorporation
of the radioactivity into both brevianamides A and B, thus
confirming their common biosynthetic origin. It is noteworthy
that the incorporation of [8-3H]-deoxybrevianamide E into
brevianamide E was also highly efficient. These results
confirmed that deoxybrevianamide E is indeed a biosynthetic
precursor to brevianamides A, B, and E.
Furthermore, [5-3H]-brevianamide E (prepared from

[8-3H]-deoxybrevianamide E by photooxidation and reduc-
tion) was also subject to the precursor feeding experiment.19,20

However, no significant radioactivity incorporation was
observed in both brevianamides A and B (Scheme 4E). Of
note, the labeled brevianamide E seemed quite stable under the
culture conditions with a high extraction recovery ratio.
Brevianamide E was always present in a fairly constant
proportion relative to brevianamide A in P. brevicompactum
cultures, but it was not detected even in trace amount in the
culture of another deoxybrevianamide E producing fungus A.
ustus, strongly suggesting this product should not be an artifact.
In consideration of these facts, brevianamide E was believed to
be a shunt metabolite that would not be transformed to
brevianamide A or B, representing a dead-end product in a side
biosynthetic pathway.

Through a series of biomimetic syntheses of isotopically
labeled brevianamide-related intermediates and corresponding
feeding experiments, Williams and co-workers depicted a more
detailed biosynthetic scheme to explain the stereochemical
outcomes in the biosynthesis of brevianamides A and B19

(Scheme 6D). Specifically, brevianamide F is converted into
deoxybrevianamide E via a reverse prenylation step. This is
followed by an R-selective hydroxylation at the 3-position of
the indole, furnishing the 3-hydroxyindolenine 12. Nucleo-
philic addition of the DKP secondary amide N to the C�N
bond results in an N−C ring closure, giving rise to the shunt
metabolite brevianamide E. Alternatively, a semipinacol
rearrangement of the 3-hydroxyindolenine 12 affords the R-
absolute stereochemistry at the quaternary center to give the
indoxyl species 13. Following oxidation and enolization of the
DKP subunit to form an azadiene 14, in the final step, an
enzyme catalyzed [4+2] IMDA cyclization from the major
conformer leads to brevianamide A, and from the other minor
conformer results in brevianamide B. Hence, this proposal
supports the existence of two enantiomorphic BCDO core
systems.
Without genetic and biochemical evidence, it was difficult to

explain why both brevianamides A and B are coproduced by P.
brevicompactum. A central question was whether the hypo-
thetical [4+2] IMDA cycloaddition is enzyme catalyzed or not.
If the IMDA reaction is catalyzed by an enzyme, the
preponderance of the major azadiene conformer over the
minor one could result from either the relative activities of two
different DAases or the differential affinity of a single enzyme
toward each individual conformer. For the previous hypothesis,
considering that DAases are rare in nature, it is unlikely that a
biosynthetic system harbors two distinct DAases to recognize a
common substrate. With regard to the latter hypothesis, it is
also difficult to imagine that the intermediate could adopt two
opposite conformations within a common active site. Thus,
Williams proposed another possibility that the hypothetical
“DAase” might just catalyze the oxidative process, converting
indoxyl 13 into azadiene 14, and the subsequent Diels−Alder
cycloaddition reactions could occur spontaneously through
substrate anchimeric assistance.21

To explore this hypothesis, Domingo and co-workers
performed ab initio calculations for the four possible
transition-state structures of the IMDA cycloaddition of the
azadiene intermediate to give brevianamides A and B and the
other two presumed isomers21 (Scheme 7). Interestingly, the
transition state 1 (TS1) that would lead to brevianamide A has
the lowest relative energy, and TS2 corresponding to
brevianamide B has a relative energy of 6.35 kcal/mol. This
energy difference results from the favorable H-bond between
the indoxyl N−H and the DKP carbonyl oxygen. The
calculated energies of the other two epimers TS3 and TS4
(11.02 and 12.73 kcal/mol, respectively) are considerably
higher. The calculation results are consistent with the
experimental ratio of approximately 10−20:1 between
brevianamides A and B, and no other isomers have ever
been detected in fermentation cultures.
Although the hypothetical azadiene intermediate 14 is

essential for the IMDA cycloaddition, there was no direct
evidence for the existence of such an azadienic compound.
Thus, Williams and co-workers carried out further total
syntheses of brevianamides with different biomimetic strategies
(see section 5.1 Total Synthesis of Brevianamides”).22−24

These studies to a large extent demonstrated that the core
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BCDO structure should likely arise from an IMDA cyclization
between the isoprene-derived dienophile and the azadiene. It is
noteworthy that the diastereofacial bias of the IMDA

cyclization was not strongly affected by solvents, indicating
that the proposed biosynthetic process is possible in aqueous
solution under ambient conditions. The chemical cyclization in
the laboratory favored the formation of the syn-configuration
product (i.e., C19-epi-brevianamide A). This is different from
the stereoselectivity in the natural biosynthetic case, which
exclusively favors formation of the anti product (brevianamide
A). This fact raises the possibility of enzyme-involved
organization of the transition state structures or the existence
of some unknown natural precursor.
Stocking et al. further investigated the attachment mode of

dimethylallyl pyrophosphate (DMAPP) in the biosynthesis of
brevianamide A by [13C2]-acetate feeding experiments25

(Scheme 8). The isotopic enrichment results indicated that
the isoprene unit in brevianamide A should arise via the
canonical mevalonate pathway since both carbons of the
dimethyl groups in brevianamide A were derived from the
labeled acetate. Interestingly, one carbon of the two methyl
groups showed a higher percentage of specifically incorporated
13C than the other. This observation suggested that, although
there was a loss of stereochemical integrity of the dimethyl
groups originated from DMAPP in the biosynthesis of
brevianamide A, the putative “reverse” prenyltransferase still
maintained some degree of stereofacial bias during the reverse
prenylation of brevianamide F to deoxybrevianamide E.
Recently, the Lawrence group achieved the chemical

synthesis of brevianamide A and proposed a modified
biosynthetic pathway26 (Scheme 9). Their total synthesis
involved a bioinspired cascade transformation of the linearly
fused dehydrodeoxybrevianamide E, a natural product isolated
from various Penicillium and Aspergillus species.27−29 Essen-
tially, the DKP ring was already at the redox state for the late-
stage IMDA cyclization. The authors presumed this known
natural product as a biosynthetic intermediate in breviana-
mides biosynthesis. Dehydrodeoxybrevianamide E was first
diastereoselectively oxidized into dehydrobrevianamide E,
which is not yet a known natural product. Retro-5-exo-trig
ring opening followed by stereospecific 1,2-shift pinacol
rearrangement gave the indoxyl species 15. Subsequent
tautomerization yielded the key enantiopure azadiene inter-
mediate 14, followed by the final spontaneous anti-selective

Scheme 7. Transition State Structures for the Spontaneous
IMDA Reactions Leading to Brevianamides A and Ba

aThe calculation was performed with the Gaussian 92 suite of
programs and fully optimized at the restricted Hartree−Fock (RHF)
level with the 3-21G and 6-31G* basis set.21

Scheme 8. Uneven 13C Isotopic Incorporation Resulting from Reverse Prenylation
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IMDA cycloaddition to generate brevianamides A and B in a
93:7 diastereomeric ratio, which is closely consistent with their
ratio (∼10:1) in P. brevicompactum fermentation.30 Thus, it
was speculated that the IMDA reactions to generate
brevianamides in natural producers might also be a
spontaneous process without participation of a long-proposed
DAase.
Furthermore, the successful chemical synthesis of breviana-

mides A and B led to an extension of the biosynthetic
speculation to account for the formation of other known
BCDO-containing brevianamide derivatives, namely, breviana-
mides X and Y.31 It is worth mentioning that the Sun and
Rateb groups independently designated two different natural
products as brevianamide X,32,33 which are not discussed in
this review, as they do not belong structurally to BCDO
brevianamides. Putative biosynthetic pathways following the
hypothetical intermediate dehydrodeoxybrevianamide E to
brevianamides X and Y were proposed accordingly (Scheme
9). Briefly, dehydrobrevianamide E could undergo an
alternative pinacol-type rearrangement, via a transient epoxide
intermediate, to give a thermodynamically more favorable
oxindole species 16. Subsequent tautomerization of the
oxindole gave an enantiopure azadiene intermediate 17,
which would undergo similar IMDA cycloaddition to generate
brevianamide Y. Moreover, a minor diastereomer named
(+)-brevianamide Z was formed along with (+)-brevianamide
Y in the chemical synthesis.31 The diastereomeric relationship
between brevianamides Y and Z is similar to that between
brevianamide A and B, as they share a common spiro-
stereogenic center and have enantiomeric bicyclo[2.2.2]diaza-
octane cores. This suggests that (+)-brevianamide Z might be
a potential natural product worth further investigation. It is
worth mentioning that in 2022, Liu and co-workers isolated a
natural product and also named it brevianamide Z.34 This
compound, however, is distinct from the one discussed in this
review. For brevianamide X with a syn-configured BCDO core,
the proposed pathway was different from that of brevianamide

Y in that the BCDO core was considered to be formed through
an early IMDA cycloaddition via a key intermediate azadiene
followed by oxidation and pinacol rearrangement to generate
brevianamide X.
3.1.2. Notoamides and Stephacidins. The BCDO-

containing DKPs notoamides (i.e., notoamides A−D) were
first isolated by the Tsukamoto group in 2007 from a marine-
derived fungus A. protuberus that was isolated from the mussel
Mytilus edulis collected off Noto Peninsula in the Sea of
Japan.35 The key structural difference between the notoamides
and the brevianamides is the substitution of a dimethylpyranyl
ring on the indole moiety of former structures (Figure 1).
Since the original discovery, a fast-growing number of the
notoamide family members have been reported, including
notoamides A to Z.36−43 The first isolation of stephacidins A
and B, which were believed to be biosynthetically related to
notoamide A, from the solid fermentation of Aspergillus
ochraceus WC76466 was reported by Gao et al. in 2002.44

Since then, stephacidins A and B, together with 6-epi-
stephacidin A, have been isolated from various Aspergillus
spp.; for example, stephacidins A and B were found to be
coproduced with notoamides A−D by A. protuberus.35

Based on the structural relationship between notoamides
and stephacidins35 and biomimetic total syntheses,45−48 their
biogeneses were proposed (Scheme 10A). In the putative
biosynthetic pathway, notoamide E is derived from deoxy-
brevianamide E upon installation of a dimethylpyran ring
through sequential hydroxylation, prenylation and oxidative
cyclization. Epoxidation of the indole C2�C3 bond of
notoamide E with following pinacol-rearrangement or C−N
ring closure gives notoamide C and D, respectively. Oxidative
C−N desaturation of notoamide E generates the key azadiene
intermediate 18, followed by [4+2] IMDA reaction giving rise
to stephacidin A containing the BCDO core. Subsequent
epoxidation and pinacol-rearrangement lead to notoamide B,
which further undergoes N-hydroxylation to produce the final
product notoamide A.

Scheme 9. Biosynthetic Routes for Brevianamides A, B, X and Y Proposed by Godfrey et al.26a

aThe putative key intermediate is highlighted in red.
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Scheme 10. Variant Biosynthetic Proposals for Stephacidins and Notoamides. (A) Initial Proposal for Biogenesis of
Stephacidin A and Notoamides A and B. (B) Proposed Biogenesis of Enantiomers of Notoamides and Stephacidins. (C)
Alternative Biogenesis of the Enantiomeric Pair of Notoamides. (D) The Proposed Biosynthetic Pathway of Notoamides by
Sherman and Co-workers. (E) The Proposed Stereochemically Parallel Pathways from Notoamide S in A. protuberus and A.
amoenus
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Intriguingly, multiple enantiomers of notoamides and
stephacidins can be produced by different Aspergillus strains.
For example, (−)-stephacidin A and (+)-notoamide B isolated
from the terrestrial-derived fungus A. amoenus are the
corresponding enantiomers of (+)-stephacidin A and (−)-no-
toamide B produced by the marine-derived fungus A.
protuberus.37 These enantiomeric compounds raised an
enigmatic question on how these enantiomers containing
multiple stereogenic centers are biosynthesized. This enigma
led researchers to suspect that these distinct enantiomers might
be assembled either via stereochemically parallel pathways or
by stereoselective enzymes in different fungal species37

(Scheme 10B).
Notoamide M was isolated in 2009, and it contains a

hydroxy group at C-1738 and thus is proposed to be a potential
precursor to the azadiene species for the putative [4+2] IMDA
cyclization (Scheme 11). Oxidation at C-17 of the DKP ring
followed by dehydration seemed to occur prior to the
formation of the azadiene species. This finding provided an
indirect support to a potential mechanism for the IMDA-based
construction of the BCDO core in notoamides.
An alternative biosynthetic pathway that explains the

biogenesis of the two antipodes of notoamide B in different
producing fungi was also proposed38 (Scheme 10C). An R-
selective indole oxidase in the marine-derived A. protuberus and
an S-selective enzyme in terrestrial A. amoenus might catalyze
the stereo-opposite epoxidation of deoxybrevianamide E,
followed by pinacol rearrangement of the isoprenyl group
from C-2 to C-3, thereby affording the distinct oxindole
species 19 and 20, the corresponding 3-epi diastereomers.
Further oxidation and tautomerization of the oxindole species
would generate the azadiene intermediates 17 and 21, which
undergo [4+2] IMDA to form the BCDO core. Subsequently,
oxidation and prenylation reactions construct the pyran ring to
yield (+)- or (−)-notoamide B. In the postulated biosynthetic
pathway, the enantio-divergence comes from the consequence
of incipient R- or S-selective epoxidation of indole instead of
the enantioselective IMDA cyclization.
To test this hypothesis, [13C]2-[15N]-deoxybrevianamide E

was chemically synthesized for the precursor feeding experi-
ments of A. protuberus49 (Scheme 12A). Purification of the
fungal metabolites afforded a mixture of the [13C]2-[15N]-
labeled compounds, whose structures were first elucidated to
be the proposed oxindoles but later corrected to be
brevinamide E and its epimer 22.50 However, no labeled
bridged BCDO-containing alkaloids such as notoamide B were
isolated. To further explore the downstream metabolites, the
synthetic [13C]2-[15N]-brevinamide E and the corresponding
epimer were fed individually to the same strain. The results
showed that no labeled downstream product was detected,

indicating that these two compounds were shunt metabolites
in the biosynthesis of notoamides.
According to the initially proposed notoamide biosynthetic

pathway, notoamide E was postulated to be a key biosynthetic
intermediate. To confirm the existence of notoamide E, the
Tsukamoto group sought to detect and isolate this compound
from A. protuberus fermentation cultures.39 It was revealed that
notoamide E existed only in the 5-day culture and then
disappeared, which confirmed that this intermediate was
indeed produced in the early phase of growth and rapidly
converted into other downstream metabolites.
Subsequently, [13C]2-notoamide E was chemically synthe-

sized by following the reported approach with the 13C-labeled
starting marterials.51,52 The isotope incorporation experiment
in A. protuberus39 (Scheme 12B) showed that the 13C isotopes
from synthetic [13C]2-notoamide E were incorporated into
notoamides C and D, along with 3-epi-notoamide C and three
new minor alkaloids, notoamides E2−E4. Surprisingly, the
BCDO-containing alkaloids, the 13C-labeled notoamides A and
B as well as stephacidin A, were not isolated from the feeding
experiment. Of note, the yield of 3-epi-notoamide C, which was
not isolated from the culture under unlabeled conditions in a
normal medium, was higher than that of notoamide C. Feeding
experiments in A. amoenus53 showed similar results but only
produced a trace amount of 3-epi-notoamide C. The authors
reasoned that the presence of excess notoamide E in the
feeding experiment might have changed the expression levels
of some downstream enzymes, thereby altering the metabolite
profile. These results also allowed the researchers to speculate
that the timing of BCDO ring assembly precedes that of the
pyran moiety.
After identification of notoamide gene clusters (Figure 7B)

in A. protuberus54 and A. amoenus,5 as well as characterization
and prediction of related enzyme functions, Sherman and co-
workers proposed a plausible notoamide biosynthetic path-
way54 (Scheme 10D), in which notoamide S without the
BCDO and pyran moieties was proposed as a key intermediate,
potentially leading to the achiral azadiene 23.5 To explore the
intermediacy of notoamide S to the distinct natural notoamide
enantiomers produced by different fungi, the Williams group
accomplished the total synthesis of notoamide S.55

Considering the observation that distinct enantiomers of
stephacidin A and notoamide B were isolated from the marine-
derived A. protuberus54 and terrestrial-derived A. amoenus,37 a
stereochemically parallel pathway downstream of the precursor
notoamide S was proposed56 (Scheme 10E). The [4+2] IMDA
cycloaddition and following oxidative ring closure would
produce the (+)- and (−)-enantiomers of stephacidin A in the
respective producing microorganisms. Opposite face-selective
epoxidations followed by semipinacol rearrangement of the

Scheme 11. A Putative Biosynthetic Route to the BCDO Core
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Scheme 12. Isotopic Feeding Experiments for the Explorations of Notoamides Biosynthesis. (A) The Isotopic Incorporation of
[13C]2-[15N]-Deoxybrevianamide E. (B) The Isotopic Incorporation of [13C]2-Notoamide E. (C) The Feeding Experiment
Results of Isotopically Labeled Stephacidin A. (D) The Isotopic Incorporation of [13C]2-[15N]-6-Hydroxydeoxybrevianamide
E. (E) The Isotopic Incorporation of [13C]2-[15N]2-Notoamide S. (F) The Isotopic Feeding Experiment of [13C]2-Notoamide T
in A. amoenus. (G) The Isotopic Incorporation of [13C]2-Notoamide T in A. protuberus
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2,3-disubstituted indole would then yield the corresponding
spiro-oxindoles, (−)- and (+)-notoamide B, respectively.
Stephacidin A was proposed as a key biosynthetic

intermediate with a BCDO core in notoamide biosynthesis.
Following an established biomimetic strategy,45−47 the doubly
13C-labeled racemic stephacidin A was synthesized and fed to
A. amoenus and A. protuberus,56 respectively. Product analysis
revealed the enantiospecific incorporation of intact (+)-ste-
phacidin A into (−)-notoamide B in A. amoenus and
(−)-stephacidin A into (+)-notoamide B in A. protuberus
(Scheme 12C). These results provided strong experimental
evidence for the hypothesis that complementary face-selective
oxidative enzymes (presumed to be flavoenzymes) likely exist
in the two different Aspergillus strains.
As the immediate precursor of notoamide S, [13C]2-[15N]-6-

hydroxydeoxybrevianamide E, was also chemically synthesized
according to the established synthetic route with isotopically
labeled substrates.57 Unexpectedly, its feeding studies with the
terrestrial-derived A. amoenus58 and marine-derived A.
protuberus49 showed that only the isotopically labeled
notoamide J could be isolated (Scheme 12D).
Notoamide S was proposed to be the substrate for oxidative

desaturation, which yields the key azadiene intermediate for
the subsequent hypothetical [4+2] IMDA cyclization.54,59 This
compound was also considered a pivotal branching point in the
notoamide biosynthetic pathway. To address this hypothesis,
[13C]2-[15N]2-notoamide S was chemically synthesized using
the strategy previously established by the Williams group.55

Feeding the labeled notoamide S to the culture of A. amoenus
showed that (−)-stephacidin A and (+)-notoamide B, as well
as notoamide C and D, incorporated significant amounts of
isotopes60 (Scheme 12E). These results, together with the fact
that notoamide S was identified as a minor metabolite of A.
amoenus,61 strongly supported that the construction of the
BCDO ring system should occur prior to the formation of the
pyran ring.
Notoamide T differs from stephacidin A in that its pyran

ring remains unclosed. It was hypothesized to be derived from
notoamide S through putative oxidation followed by a [4+2]
IMDA reaction and was considered the direct precursor to
stephacidin A.54 In an effort to verify the biogenesis of

stephacidin A and notoamide B, the total synthesis of
notoamide T was achieved by Williams and co-workers.62

Furthermore, racemic D,L-[13C]2-notoamide T was synthesized
for the following precursor incorporation studies62 (Scheme
12F). Complete consumption of racemic D,L-[13C]2-notoamide
T was observed for A. amoenus, indicating that the construction
of the pyran ring might be mediated by a promiscuous oxidase
to accept both enantiomers of notoamide T. The isotopically
labeled (+)-stephacidin A and (+)-notoamide B were
subsequently isolated. (+)-Notoamide B was likely derived
from the unisolated intermediate (−)-stephacidin A. Since
(+)-stephacidin A is not an endogenous natural metabolite
produced by A. amoenus, it was not incorporated into the
biosynthetic pathway, thus being isolated from the feeding
experiments, which supported the proposed enantiospecific
pathway (Scheme 10E) in A. amoenus.
In the precursor incorporation study in A. protuberus,

racemic [13C]2-notoamide T was also consumed and trans-
formed into D,L-[13C]2-stephacidin A, D,L-[13C]2-notoamide B,
D,L-[13C]2-notoamide F, D,L-[13C]2-notoamide R, and D,L-
[13C]2-notoamide T262 (Scheme 12G). Further investigations
revealed that, different from the selective D,L-[13C]2-notoamide
T incorporation results in A. amoenus (Scheme 12F), all the
isolated metabolites were racemic mixtures, suggesting that
orthologous enzymes in A. protuberus might respectively
recognize the two enantiomers of notoamide T and
stephacidin A in the biosynthetic process to notoamide B.
These results also implied that the feeding of racemic
notoamide T might have activated the expression of some
dormant tailoring enzymes to alter the metabolite profile of
producing organism.
Moreover, one could speculate that 6-epi-stephacidin A

should be derived from 6-epi-notoamide T. To verify this
hypothesis, the Tsukamoto and Williams groups sought to
detect 6-epi-stephacidin A in the culture of A. protuberus with
the feeding of 6-epi-notoamide T.63 Considering 6-epi-
stephacidin A might be a short-lived precursor, time course
studies of the metabolite profiles of A. protuberus were
conducted. The results clearly indicated that 6-epi-stephacidin
A was produced by the fungus in the early phase of growth and
then rapidly converted to other downstream metabolites.

Scheme 13. Proposed Biosynthetic Origins of Stephacidins in A. protuberus (A) and A. amoenus (B)
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However, the precursor incorporation experiments using
synthetic [13C]2-(±)-6-epi-notoamide T did not result in the
detectable level of 13C-labeled 6-epi-stephacidin A. Interest-
ingly, the feeding of nonlabeled (±)-6-epi-notoamide T on
minimal medium agar plates led to the accumulation of
racemic 6-epi-stephacidin A (Scheme 13A). However, the
possibility that the racemic 6-epi-stephacidin A was generated
from an endogenous biosynthetic pathway of A. protuberus
could not be excluded.
Besides the major metabolite (−)-stephacidin A, Tsukamoto

and co-workers also isolated 6-epi-stephacidin A from A.
amoenus.61 Careful analysis by chiral HPLC showed that the
isolated 6-epi-stephacidin A was actually an enantiomeric
mixture enriched with the (−)-isomer. Meanwhile, notoamide
S was also identified from the fermentation extract of A.
amoenus. These results indicated that notoamide S was indeed
a natural metabolite and could be converted into (−)-stepha-
cidin A, (+)- and (−)-6-epi-stephacidin A (Scheme 13B).
3.1.3. Versicolamides. As the representative structure of

versicolamide family members, versicolamide B was first
isolated from the fungus A. amoenus.37 The absolute
configuration was determined to be an (+)-enantiomer.
Versicolamide B and notoamide B have the same polycyclic
structure with differences in the two stereogenic centers of C3

and C19. Considering that oxidation of the 2,3-indole moiety
of (−)-stephacidin A to the corresponding spiro-oxindole
generates (+)-notoamide B, it was proposed that similar face-
selective oxidation of the presumed precursor 6-epi-stephacidin
A would produce (+)-versicolamide B (Scheme 14).
Consistent with this proposal, 6-epi-stephacidin A was later
found to be an actual natural metabolite of A. amoenus.61

When the 13C (C12 and C18) and 15N (N13 and N19)
quadruply labeled notoamide S was synthesized and fed to the
cultures of A. amoenus60 (Scheme 15A), (−)-versicolamide B,
together with (+)-notoamide B and (−)-stephacidin A, were
found to contain significantly incorporated 13C and 15N
isotopes, indicating that notoamide S should be a common
precursor for these metabolites.
The initially isolated versicolamide B from A. protuberus was

assigned as a (−)-enantiomer.38 Through careful reanalysis of
the natural metabolite, it was revealed that the absolute
configuration should be revised to the (+)-form.63 Thus, both
the marine-derived fungus A. protuberus and terrestrial-derived
A. amoenus produce the same (+)-versicolamide B. Consider-
ing this fact and the previous report about the bioconversion of
notoamide T into (+)-stephacidin A and (−)-notoamide B,62

the Tsukamoto and Williams groups proposed that versicola-
mide B might be biosynthesized from 6-epi-notoamide T via 6-

Scheme 14. Proposed Biogenesis of Versicolamide B

Scheme 15. Precursor Feeding Experiments Using the Isotopically Labeled Notoamide S (A) and 6-epi-Notoamide T (B)
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epi-stephacidin A63 (Scheme 14). To test this hypothesis, the
precursor feeding experiment of A. protuberus using synthetic
[13C]2-(±)-6-epi-notoamide T was conducted (Scheme 15B).
Interestingly, this precursor was converted to a racemic
mixture of (±)-versicolamide B and seven new metabolites
including (±)-6-epi-notoamides T3−T8 and (±)-6-epi-notoa-
mide I (see Table 1 for structures).
To date, only (+)-versicolamide B has been iso-

lated,37,38,61,63−65 while (−)-versicolamide B has not been
detected yet as a natural metabolite of any fungal species. From
a biosynthetic point of view, the precursor of (+)-versicola-
mide B should be (+)-6-epi-stephacidin A, which could be
isolated from the culture of A. protuberus. Interestingly, the
isolated 6-epi-stephacidin A from A. amoenus was determined
to be an enantiomeric mixture enriched with the (−)-isomer.61

Based on these results, Tsukamoto and co-workers proposed
that notoamide S could be converted into both (+)- and
(−)-6-epi-stephacidin A by A. amoenus through (+)- and
(−)-6-epi-notoamide T, respectively, but only (+)-6-epi-
stephacidin A could be further transformed into (+)-versico-
lamide B (Scheme 14). The presence of (+)-versicolamide B

suggested that this fungus might only contain the indole
oxidase that is able to recognize (+)-6-epi-stephacidin A rather
than (−)-6-epi-stephacidin A. Consequently, (−)-6-epi-stepha-
cidin A became an end product without being converted to
(−)-versicolamide B.
3.1.4. Taichunamides. Taichunamides A−G were isolated

from the fungus Aspergillus taichungensis IBT 1940465 (Figure
4 and Table 1). After comparative structural analysis of these
new indole alkaloids from the corresponding structures
discovered from the fungus A. versicolor HDN11-84 by Li
and co-workers, the structure of taichunamide A was revised to
a 3-hydroxyindolenine.66 Taichunamide B was determined to
exist as an equilibrium mixture of keto−enol tautomers, one of
which contains a rare 4-pyridone ring. Taichunamide C
features a unique endoperoxide bridge structure, while
taichunamide D has a methylsulfonyl unit, which is the first
reported isolation of a 1-methylsulfonylindole alkaloid from
natural sources. Zhang and co-workers isolated another new
component 21-epi-taichunamide D from cultures of the
endophytic A. versicolor F210.67

Figure 4. Structures of taichunamides.

Scheme 16. Proposed Biogenesis of Taichunamides
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Biosynthetically,65 (+)-6-epi-stephacidin A was proposed to
be the key intermediate for taichunamides (Scheme 16), which
is also the putative precursor for versicolamides. Specifically, β-
face epoxidation followed by pinacol rearrangement would
afford versicolamides B and C, while taichunamide E
presumably arises from α-face epoxidation followed by pinacol
rearrangement. The unique 4-pyridone unit in taichunamide B
could be derived from (+)-6-epi-stephacidin A. The oxidative
C−C bond cleavage at the indole 2,3-position would give
product 24. Afterward, cyclization between C2 and C4
generates intermediate 25, which then undergoes dehydration
to form a double bond, resulting in taichunamide B.
3.2. Monoketopiperazines

Structurally, the BCDO core structure of MKPs is different
from that of DKPs in terms of the number of BCDO-tethered
keto group(s) (Figure 2). This difference originates from
distinct biosynthesis of the initial cyclic dipeptide precursors.
Similar to the exploration of DKPs biogenesis, the early
understandings of MKPs biosynthesis also relied on precursor
feeding experiments and related chemical principles. In this
section, we will discuss the studies on biogenesis of some
representative MKP compounds.
3.2.1. Malbrancheamides. (+)-Malbrancheamide and

(+)-malbrancheamide B were isolated from the cultures of
the fungus Malbranchea aurantiaca RRC1813.68,69 These two
metabolites are the first members of the BCDO-containing
alkaloids with a halogenated indole moiety (Figure 5). Later,
the Williams group reported the isolation of the non-
halogenated premalbrancheamide from the cultures of M.
aurantiaca. Crews et al. also isolated two new chlorinated
derivatives (−)-spiromalbramide and (+)-isomalbrancheamide
B from another fungal strain Malbranchea graminicola, and two
brominated analogues (+)-malbrancheamide C and (+)-iso-
malbrancheamide C in the cultures with added bromine salts.70

Based on the structures of isolated natural malbranche-
amides, a putative biosynthetic pathway was proposed
(Scheme 17).71 Deoxybrevianamide E was again proposed to

be an early precursor, oxidation of which could lead to the
intermediate azadiene 5. This azadiene would undergo an
[4+2] IMDA reaction to give the cycloadduct keto-premal-
brancheamide 26, which is then reduced to premalbranche-
amide. After sequential chlorinations, the monochlorinated
malbrancheamide B and dichlorinated malbrancheamide are
formed.
To test this biosynthetic hypothesis, the doubly 13C-labeled

premalbrancheamide and keto-premalbrancheamide 26 were
synthesized using the method developed for the synthesis of
stephacidin A.37,47,71 In the precursor feeding experiment ofM.
aurantiaca,71 the labeled premalbrancheamide was incorpo-
rated into malbrancheamide B, but not malbrancheamide
(Scheme 18A). It was presumed that the kinetics of the second
chlorination reaction might be much slower than those of the
first one. By contrast, the feeding of doubly 13C-labeled keto-
premalbrancheamide 26 to M. aurantiaca labeled neither
malbrancheamide nor malbrancheamide B (Scheme 18B).

Figure 5. Structures of malbrancheamides.

Scheme 17. Initially Proposed Biosynthetic Pathway of Malbrancheamides

Scheme 18. Isotopic Incorporation with 13C-Labeled
Premalbrancheamide (A) and Keto-premalbrancheamide
(B)
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These results strongly suggested that the reduction of the
tryptophan-derived amide carbonyl residue might precede the
formation of the BCDO core. More importantly, these findings
indicated an alternative pathway that the putative [4+2] IMDA
reaction for malbrancheamides likely involves a key MKP
azadiene intermediate 27 (Scheme 17), which could be the
direct precursor of premalbrancheamide.
To validate the sequence of malbrancheamide biosynthesis,

Williams and co-workers chemically synthesized premalbran-
cheamide through a biomimetic approach, however giving rise
to both (+)- and (−)-enantiomers.3 By contrast, the optically
pure (+)-premalbrancheamide is formed by Malbranchea spp.,
suggesting that an enzyme-directed cyclization process might
occur in the producing strains.
3.2.2. Paraherquamides. The first member of the

paraherquamide family, paraherquamide A, which contains
an unusual amino acid, β-methyl-β-hydroxyproline, was
isolated in 1981 from the cultures of Penicillium paraherquei
by Yamazaki and co-workers (Figure 6).72 From then on, more
family members, such as paraherquamides B−M, were isolated
from various Penicillium spp. and Aspergillus spp.73−82 Of note,
many related natural products, such as VM55595, VM55596,
VM55597, VM55599, SB203105, and SB200437, were also
isolated from Penicillium sp. IMI33299573,74 and Aspergillus sp.

IMI337664.82 Due to their structural complexity, intriguing
biogenesis, and potent antiparasitic activity, paraherquamides
have attracted great attention from both academia and
industry.
In 1996, Williams and co-workers conducted feeding

experiments on Penicillium fellutanum ATCC 20841 using
[1-13C]-L-tryptophan, [methyl-13C]-L-methionine, and [1-13C]-
L-isoleucine to determine the primary metabolic building
blocks for the MKP BCDO ring system of paraherquamide A
(Scheme 19A).83 13C NMR analysis of products showed that
the three amino acids were indeed the building blocks of
paraherquamide A. Interestingly, [methyl-13C]-methionine was
incorporated into the N-methyl position of the MKP ring, but
not in the β-methylproline ring. Subsequent feeding of [1-13C]-
L-isoleucine, followed by isolation and 13C NMR analysis of
paraherquamide A, revealed efficient isotope incorporation
into the MKP ring system. This finding clearly indicated that
the methyl group of the unusual nonproteinogenic amino acid
β-methylproline should originate from L-isoleucine.
To investigate the downstream pathway from β-methylpro-

line to paraherquamide A, L-[1-13C]-β-methylproline was
chemically synthesized by means of a Hoffman−Loeffler−
Freytag reaction sequence from [1-13C]-L-isoleucine (Scheme
20).84 The feeding experiment in growing cultures of P.

Figure 6. Structures of paraherquamide derivatives.
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fellutanum with [1-13C]-β-methylproline gave paraherquamide
A with high isotope incorporation, indicating this amino acid is
a direct biosynthetic precursor to paraherquamide A (Scheme
19A).
After determining the primary amino acid building blocks

for paraherquamide A, the same group further explored the
possible biosynthetic process of isoleucine/tryptophan con-
jugation.83,84 The authors set out to determine at which point
the formation of the β-methylproline group occurs. Specifically,
doubly labeled NH2-[1-13C]-L-isoleucine-[1-13C]-L-trypto-
phan-COOH, NH2-[1-13C]-L-tryptophan-[1-13C]-L-isoleucine-
COOH, and [2,5-13C2]-cyclo-L-tryptophan-L-isoleucine were
synthesized and individually fed to P. fellutanum (Scheme
19B). However, NMR analysis of the isolated paraherquamide
A did not provide compelling evidence for site-specific
incorporation of both isotopic labels from these dipeptides.
The mass spectra of the paraherquamide A isolated from these
feeding experiments also did not show the expected isotopic
patterns resulting from incorporation of the intact doubly
labeled metabolites. The low levels of incorporation were
considered to be likely due to hydrolysis of dipeptides and
reincorporation of the singly labeled amino acids. Taken
together, it was deduced that L-isoleucine should first be
converted to β-methylproline and then undergo downstream
biosynthetic steps to paraherquamide A.
To further explore how the oxidative cyclization of L-

isoleucine to β-methylproline could occur, Stocking et al.
proposed two putative pathways regarding 2 e− and 4 e−

oxidation mechanisms (Scheme 19D).85 Using chemically
synthesized L-[5-13C,5-2H3]-isoleucine, the feeding experi-
ments with P. fellutanum were carried out. The isolation of
monodeuterated β-methylproline instead of dideuterated β-
methylproline indicated that the cyclization of L-isoleucine
should undergo a 4 e− oxidation of the terminal methyl group,
followed by a diastereoselective 2 e− reduction.
Paraherquamide A contains two isoprene units with one

comprising the dioxepin ring and the other one incorporated in
the BCDO ring system. In order to elucidate the origin of the
two isoprene units, the feeding experiments were carried out
for P. fellutanum with [13C2]-acetate and [13C6]-glucose.

25,86 It
was confirmed that acetate is the precursor for both isoprene
moieties, which should be constructed via the classical
mevalonic acid pathway (Scheme 19C). The results of feeding
experiments with [13C2]-acetate also demonstrated that the
isoprene units in paraherquamide A were incorporated in a
stereofacially distinct manner. The stereochemical integrity of
DMAPP was maintained during the formation of the C−O
bond in the dioxepin ring, whereas the stereochemical integrity
of DMAPP for the BCDO core was broken at some
biosynthetic stage. These observations suggested the putative
reverse and normal prenyltransferases in paraherquamide A
biosynthesis to exhibit distinct facial selectivities. The loss of
the face-selective biosynthesis of the reverse isoprene unit was
also observed in other BCDO alkaloids, such as brevianamide
A.25

Reading and co-workers isolated the natural metabolite
VM55599 from the paraherquamide-producing Penicillium
strain IMI332995 and assigned the relative stereochemistry
through extensive 1H NMR NOE analysis.73 This BCDO-
containing species was originally postulated as a biosynthetic
precursor for paraherquamide A (Scheme 19E) and other
related indole alkaloids.18 The isolation of VM55599 also
suggested that construction of the BCDO ring probably

Scheme 19. Isotopic Feeding Experiments for Exploring
Paraherquamides Biogenesis by P. fellutanum. (A) The
Isotopic Incorporations of Three 13C-Labeled Amino Acids.
(B) The Isotopic Incorporations of Doubly 13C-Labeled
Building Blocks. (C) The Isotopic Incorporation of [13C2]-
Acetate. (D) The Isotopic Incorporation of 13C-Labeled L-
Isoleucine and Two Possible Oxidation Mechanisms for β-
Methylproline Biosynthesis. (E) The Isotopic Incorporation
of 13C-Labeled Preparaherquamide, VM55599, and Other
Counterparts. (F) Isotopic Incorporation with 13C-Labeled
7-Hydroxy-preparaherquamide
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Scheme 20. Chemical Synthesis of L-[1-13C]-β-Methylproline

Scheme 21. Different Biosynthetic Proposals for Paraherquamides. (A) Unified Proposal for Biosynthesis of Paraherquamides
and VM55599. (B) Proposed Biogenesis of Dioxepin Ring. (C) Two Alternative Biogenetic Sequences from
Preparaherquamide
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precedes the oxidative tailoring of the side chain of tryptophan.
Nonetheless, it is worth noting that the determined stereo-
chemistry of the methyl group of methylproline in VM55599
was found to be opposite to that in paraherquamide A.
Previous studies had shown that the stereochemistry of the

methyl group of L-isoleucine was retained in the final product
paraherquamide A.83−85 This made Williams and co-workers
speculate that L-isoleucine might be a common biosynthetic
precursor for both paraherquamides and VM55599. If so, the
absolute configuration of the BCDO ring system of VM55599
should be enantiomeric to that of paraherquamides. Exper-
imental observations and speculations on VM55599 led to a
unified proposal for biosynthesis of VM55599 and the
paraherquamides (Scheme 21A).22,23,87 Specifically, the
biosynthetic precursors of paraherquamides and VM55599
arise as diastereomeric products of the [4+2] IMDA
cycloaddition of a common azadiene 30 through two out of
four possible diastereomeric transition states. The minor
product of this kind of cycloaddition would culminate in
VM55599, while the major product would be the proposed
diastereomer preparaherquamide, which would lead to para-
herquamide A.
To test this hypothesis, four racemic doubly 13C-labeled

cycloadducts were synthesized according to the previously
established synthesis of racemic VM55599.87,88 Feeding
experiments were performed on P. fellutanum with all four
potential precursors, followed by isolation and purification of
paraherquamide A (Scheme 19E). Analysis of 13C NMR and
mass spectra showed that significant isotopic incorporation was
observed in paraherquamide A when 13C-labeled preparaher-
quamide was fed, while no incorporation was observed for
racemic VM55599 and the other two oxidized counterparts 28
and 29. These results provided additional circumstantial
evidence that VM55599 should not be the precursor of
paraherquamide A, but probably a minor shunt metabolite.
The significant incorporation of this C-14 epimer (Scheme
19E) also indicated that the formation of the BCDO moiety
should occur prior to the oxidation on the tryptophyl moiety.
Moreover, oxidations of the indole ring to form both the
catechol-derived dioxepin and spirooxindole, as well as the
dioxepin-derived isoprenylation and S-adenosylmethionine-
involved N-methylation, should occur after the formation of
preparaherquamide.
Next, Williams and co-workers chemically synthesized

(−)-VM55599 through an enantiospecific biomimetic strategy
starting from a chiral, nonracemic compound of known
absolute configuration.89 Analyses including optical rotation
and CD measurement and comparison of retention times on
chiral HPLC confirmed that the synthesized product was
identical in all respects to natural VM55599 produced by
Penicillium spp. IMI332995. These results not only confirmed
the absolute stereochemistry of VM55599 but also supported
the biosynthetic route proposed for VM55599 and para-
herquamides (Scheme 21A).
The incorporation of preparaherquamide into paraherqua-

mide A indicated that preparaherquamide should be a genuine
metabolite of paraherquamide-producing fungi. In order to
confirm this, Williams and co-workers carefully examined the
cultures of P. fellutanum and A. japonicus by comprehensive
LC-MS analysis.77 As expected, preparaherquamide was
detected in the cultures of both fungi, which further validated
the putative biosynthetic pathway of paraherquamide A. With
respect to the downstream biosynthetic route from prepar-

aherquamide, it was proposed that the intermediate might be
oxidized to the hypothetical intermediate 6/7-hydroxy-pre-
paraherquamide 31 or 32,90 which could suffer prenylation and
cyclization to form the dioxepin ring, giving rise to the final
product paraherquamide A (Scheme 21B).
Based on the above hypothesis, the Williams group further

attempted to explore the exact sequence of hydroxylations and
prenylation in forming the unique dioxepin moiety of
paraherquamide A and the dihydropyran system of para-
herquamides F and G. The authors proposed four possible
hexacyclic biosynthetic intermediates (31−34) and initiated
studies on chemical synthesis of the 2H- and/or 13C-labeled
intermediates (Scheme 19F).90 Among the four compounds,
preparative synthesis of D3-7-hydroxy-preparaherquamide 32
was achieved first.90 The feeding experiment with this
compound was performed on P. fellutanum followed by
isolation and purification of paraherquamide A. No isotopic
incorporation was observed for the intact triply labeled
intermediate 32 within the detection limit of 2H NMR
spectroscopy, indicating that the C-6 hydroxylation of the
indole ring likely precedes the C-7 hydroxylation (Schemes
19F and 21C). However, it is also possible that the oxidative
transformation of preparaherquamide to the oxindole species
35 precedes the hydroxylation at either C-6 or C-7 (Scheme
21C).

4. ELUCIDATION OF BIOSYNTHETIC PATHWAYS AND
FUNCTIONAL AND MECHANISTIC STUDIES OF
BIOSYNTHETIC ENZYMES

Breakthroughs in the biosynthesis of BCDO alkaloids have
only begun to emerge in the past decade, mainly owing to the
recent technical advances in genome sequencing and editing.
Strikingly, these biosynthetic systems have evolved multiple
strategies for controlling the diastereo- and enantioselective
outcomes by recruiting a variety of enzyme classes. These
findings highlight the power of nature to deploy diversified
biocatalytic strategies for creating structurally convergent but
diastereo-/enantio-divergent BCDO indole alkaloids.
4.1. Diketopiperazines

With the advent of the genomic era, DKP biosynthesis has
been extensively studied in terms of biosynthetic gene clusters
(BGCs) and related enzymatic functions and mechanisms. The
family-founding member brevianamide A is also the first DKP
BCDO-containing alkaloid with a fully resolved biosynthetic
pathway, in which the spontaneous IMDA process was clearly
demonstrated. In this section, we will review the current
understandings on biogenesis of the BCDO-containing DKP
alkaloids, including brevianamides, notoamides, and others.
4.1.1. Brevianamides. For half a century since the first

isolation of brevianamide A, despite great efforts on decipher-
ing its biogenesis, the enzymatic details of its biosynthesis have
long remained elusive. We recently cracked this black box
through genomics, gene disruption, heterologous expression,
precursor incorporation experiments, in vitro biochemical
analysis, structural biology, and quantum mechanical calcu-
lations.2

Using the nonribosomal peptide synthetase (NRPS) gene
notE54 in notoamide biosynthetic gene cluster as a probe,
genome mining of the whole genome of the brevianamides A/
B producing Penicillium brevicompactum NRRL 864 located the
homologous NRPS gene bvnA that is putatively responsible for
assembling the cyclo-dipeptide brevianamide F. Subsequently, a
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gene cluster (bvn) containing five genes including bvnA
(NRPS), bvnB (flavin monooxygenase, FMO), bvnC (prenyl-
transferase, PT), bvnD (cytochrome P450 monooxygenase,
P450), and bvnE (isomerase/pinacolase) was revealed (Figure
7A).
As predicted, the bimodular NRPS BvnA was confirmed to

be a brevianamide F synthase through the heterologous
expression of bvnA in Aspergillus oryzae M-2-3 (Scheme 22),
functionally identical to its homologues FtmA in fumitremor-
gin biosynthesis91 and NotE in notoamide biogenesis.54 The
results of bvnC gene knockout in P. brevicompactum,
heterologous expression of bvnC in A. oryzae, and in vitro
enzymatic reaction clearly demonstrated the reverse prenyl-
transferase functionality of BvnC, which is responsible for
generating the key intermediate deoxybrevianamide E from
brevianamide F with a cosubstrate dimethylallyl pyrophosphate
(DMAPP). Then, FMO BvnB was characterized to catalyze a
β-face epoxidation followed by ring-opening of the indole
epoxide intermediate, giving rise to the unstable intermediate

3-hydroxyindolenine 36. Brevianamide E was confirmed to be
a rearranged shunt product resulting from the initial 2,3-indole
epoxidation of deoxybrevianamide E (probably via the
intermediate 3-hydroxyindolenine 36). Without downstream
gene products, BvnB could efficiently convert deoxybreviana-
mide E into brevianamide E through an energetically favored
N−C ring closure, which was considered to follow a similar
mechanism previously established for the formation of
notoamide D by the homologous FMO NotB.60

Afterward, in the presence of P450 BvnD, 3-hydroxyindo-
lenine 36 is likely hydroxylated by BvnD and then undergoes
spontaneous dehydration/tautomerization to yield the key
azadiene intermediate 37, which is required for [4+2] IMDA
cyclization (Scheme 22). Subsequent semipinacol rearrange-
ment catalyzed by the cofactor-independent isomerase/
pinacolase BvnE mediates the formation of the 3-oxo indoxyl
azadiene species 14, which is spontaneously cyclized to
brevianamides A and B via a nonenzymatic process. This is
consistent with the Lawrence proposal as described above.26

Figure 7. Biosynthetic gene clusters of brevianamides (A), notoamides (B), malbrancheamides (C), paraherquamides (D), and 21R-citrinadin A
(E).

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.4c00250
Chem. Rev. 2025, 125, 1718−1804

1760

https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00250?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00250?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00250?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00250?fig=fig7&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00250?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Scheme 22. Elucidated Biosynthetic Pathway of Brevianamidesa

aPutative key intermediates are highlighted in red.

Figure 8. Proposed catalytic mechanism of BvnE. (A) The docked BvnE-37 complex with the key residues (in cyan). (B) The key interactions
between Arg38 and Glu131. (C) The proposed isomerization mechanism.
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Scheme 23. Biosynthetic Pathways of Notoamides. (A) The Latest Proposed Pathway. (B) The Possible Pathway Involving
Notoamide TI. (C) Brevianamide A-like Routea

aThe functionally characterized enzymes are shown in red.
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Interestingly, brevianamides X and Y were produced by the
bvnE knockout mutant. We reasoned that the azadiene
intermediate 37 could spontaneously undergo three different
[4+2] IMDA cyclization routes to generate three new and
chemically confirmed 3-hydroxyindolenine derivatives (8, 9
and 38). Due to instability, two of them collapsed to
brevianamides X (with a minority of brevianamide B) and Y.
Of note, the quantum chemical calculation results supported
the experimentally observed product distribution. Essentially,
the isomerase/pinacolase BvnE was demonstrated to be a
central enzyme for controlling the stereochemistry and hence
product profile in brevianamide biosynthesis.
The catalytic mechanism of BvnE was investigated through

X-ray crystal structure analysis and molecular docking (Figure
8). BvnE is a symmetric homodimer, the catalytic cavity of
which shows a hydrophobic interior with several polar residues,
which are considered to be involved in acid/base catalysis.
Site-directed mutagenesis of Arg38, Tyr109, Tyr113 and
Glu131 residues caused severely attenuated activity. Docking
analysis showed that the reverse prenyl group of the substrate
37 packed into a hydrophobic pocket. Tyr109 and Tyr113
interact with the 3-OH group, while Glu131 is positioned to
interact with the indole nitrogen and C-18 oxygen. The
semipinacol rearrangement likely initiates from the proton
transfer mediated by Glu131, followed by hydrogen bond-
assisted activation through Tyr109/Try113 via intermediates
39 and 40. During this process, Glu131 also provides charge
stabilization of the intermediate 39. The hydrogen bonding
network among Arg38, Glu131 and two ordered water
molecules suggests that this residue may assist in regeneration
of the carboxylate form of E131 via proton transfer.
4.1.2. Notoamides and Stephacidins. The first bio-

synthetic gene cluster of notoamides (not) was reported by
Sherman and co-workers.54 Using f tmA91 that encodes a
brevianamide F synthase of the fumitremogin biosynthetic
pathway as a probe, the bimodular NRPS gene notE,
presumably responsible for the biosynthesis of brevianamide
F (Scheme 23A), was identified through whole genome mining
of the marine-derived (−)-notoamides A/B, producing strain
A. protuberus. The not gene cluster was found to contain 18
open reading frames (Figure 7B). Among the not encoding
enzymes, the two predicted aromatic prenyltransferases NotC
and NotF were functionally characterized.54 In vitro enzymatic
reactions showed that NotF is the deoxybrevianamide E
synthase with reverse prenyltransferase functionality, and NotC
catalyzes a normal prenylation reaction of 6-hydroxy-
deoxybrevianamide E to afford notoamide S (Scheme 23A).
Later, a large and solvent-exposed active site of NotF was
revealed after solving the crystal structure in complex with the
native substrate and prenyl donor mimic dimethylallyl S-
thiolodiphosphate (DMSPP). Of note, NotF showed a broad
substrate scope to accept sterically and electronically differ-
entiated tryptophanyl DKPs.92

The Sherman laboratory also sequenced the genome of the
terrestrial-derived A. amoenus that produces (+)-notoamides
A/B and identified another notoamide biosynthetic gene
cluster (not′) (Figure 7B), which contains nine genes (notA′-
J′) that display high amino acid sequence similarity (>70%),
with the corresponding proteins encoded by the not gene
cluster in A. protuberus.5 Of note, the sequence similarity
decreases drastically and the cluster architecture differs after
notK/notK′, strongly suggesting the not/not′ gene clusters
probably end at the genes notJ/notJ′.

Based on the confirmed functions of the two prenyltrans-
ferases NotF and NotC, and the predicted enzyme activities of
the remaining gene products, the putative notoamide
biosynthetic pathway was initially proposed54 (Scheme 10D)
and lately updated93 (Scheme 23A). Brevianamide F is
produced from L-Trp and L-Pro by NRPS NotE and
subsequently reverse prenylated by NotF to produce
deoxybrevianamide E. Cytochrome P450 monooxygenase
(P450) NotG likely catalyzes the hydroxylation on the indole
ring. Then NotC is responsible for normal prenylation to
produce the key intermediate notoamide S. Notoamide E is
generated by an oxidative ring closure to afford the pyran
moiety by oxidase NotD, which is further oxidatively converted
into notoamide C and D by flavin monooxygenase (FMO)
NotB. The step from notoamide E to stephacidin A is still
uncertain because the 13C-labeled stephacidin A was not
observed in the above-mentioned [13C]2-notoamide E feeding
experiment (Scheme 12B).39,53 Subsequently, oxidation and
tautomerization of the proposed precursor notoamide S
(presumably mediated by P450 NotH) would yield the key
achiral azadiene species 23, which undergoes the [4+2] IMDA
reaction enzymatically or nonenzymatically to generate
notoamide T, followed by the pyran ring formation
(presumably mediated by oxidase NotD) to give stephacidin
A. Then stephacidin A is regiospecifically hydroxylated,
followed by pinacol rearrangement to produce notoamide B.
The final N-hydroxylation gives rise to notoamide A.
Following functional investigation of the two prenyltrans-

ferases NotC and NotF, the FAD-dependent monooxygenase
NotB was also characterized in vitro.60 This FMO was
determined to catalyze the indole 2,3-epoxidation of
notoamide E, leading to the two end products notoamides C
(through pinacol-like rearrangement) and D (Scheme 23A).
The conversion from stephacidin A to notoamide B was
proposed to undergo the 2,3-epoxidation followed by pinacol-
type rearrangement, which was predicted to be catalyzed by
the second FMO NotI/NotI′,5 which was biochemically
confirmed.93 Both (+)- and (−)-stephacidin A could be
accepted by either NotI or NotI′ in vitro and converted to (−)-
and (+)-notoamide B (Scheme 23A), respectively. Compara-
tively, both NotI and NotI′ prefer (−)-stephacidin A to
(+)-stephacidin A. These results clearly indicated that NotI/
NotI′ are not responsible for controlling the enantiodivergence
in notoamides biosynthesis.
Interestingly, NotI/NotI′ demonstrated a wide substrate

scope by showing varied oxidative activities toward breviana-
mide F, deoxybrevianamide E, 6-hydroxy-deoxybrevianamide
E, notoamide S, notoamide E, (+)-notoamide T, and
(−)-notoamide T.93 For some substrates, multiple products
could be detected, suggesting either a loss of stereocontrol for
collapse of the epoxide or the generation of alternative oxidized
products. Racemic notoamide T could be converted by NotI
into a new compound notoamide TI, whose absolute
configuration was not determined (Scheme 23B). The
production of this compound suggested that there might be
another possible pathway leading to notoamide B through
(+)/(−)-notoamide T. However, it is still questionable
whether notoamide TI is a natural metabolite because it has
not been isolated in any of the notoamide-producing strains so
far.
With previous knowledge on notoamide biosynthesis, Fraley

et al. summarized the biosynthetic pathway of notoamides A/B
(Scheme 23A).93 Considering the similarity and homology of
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related structures and enzymes between notoamides and
brevianamides (Scheme 22 and Figure 7A and B), another
possible biosynthetic route of notoamide B was also proposed
(Scheme 23A and C, brevinamide A-like route). In this route,
the formation of notoamide B does not go through the
intermediate notoamide T; instead, it is generated from
notoamide E through “brevinamide A-like” oxidation, IMDA
and rearrangement.
Despite these elucidated enzymatic steps, there remain a

number of unsolved problems in the notoamide biosynthetic
pathway. For example, it is still uncertain whether notoamide S
or E (or both) is the real precursor for the [4+2] IMDA
reaction and which enzyme is the determining factor for the
alternative stereo-outcome of (+)- and (−)-notoamides A/B.
Moreover, another possibility still cannot be ruled out that
notoamide B might be derived from notoamide E via a
brevianamide-like mechanism (i.e., sequential FMO-mediated
epoxidation, P450-catalyzed C−N bond desaturation, and
spontaneous IMDA).2

4.1.3. Versicolamide B. Versicolamide B is a diastereomer
of notoamide B, both of which share a common polycyclic
structure and can be produced by the same fungus. Thus, it is
reasonable to speculate that the two natural metabolites
originate from the same biosynthetic gene cluster (not/not′).
Consistent with previous proposals,61,63 the Sherman and
Williams groups reported the biochemical functions of the late-
stage FMOs NotI/NotI′ in (+)/(−)-notoamide biosynthetic
gene clusters from A. protuberus/A. amoenus. These two FMOs
were able to catalyze the semipinacol rearrangement to
generate the spiro-oxindole moiety present in many of the
BCDO indole alkaloids (Scheme 24).93 Both NotI and NotI′

were able to catalyze the reaction of (+)-6-epi-stephacidin A to
(+)-versicolamide B, but no reaction was observed for (−)-6-
epi-stephacidin A. These in vitro results are compatible with the
product patterns observed in A. protuberus and A. amoenus,61,63

which both produced (+)-versicolamide B while A. amoenus
accumulated (−)-6-epi-stephacidin A as terminal product.
4.1.4. Taichunamides. Taichunamides, notoamides and

versicolamides were reported to be natural metabolites of A.
taichungensis (Figure 9).65 Comparing the structural profiles of
the three kinds of family members of BCDO fungal indole
alkaloids reveals the distinct yet subtle stereochemical diversity.
Considering the similar gene organization of the two

notoamide biosynthetic gene clusters (not/not′ of A.
protuberus/A. amoenus, Figure 9) and their high sequence
homology,5 it is reasonable to hypothesize that the difference
in product patterns ((+)-stephacidin A, (+)-6-epi-stephacidin
A, (−)-notoamide B, (+)-versicolamide B vs (−)-stephacidin
A, (+)-6-epi-stephacidin A, (+)-notoamide B, (+)-versicola-
mide B, (−)-6-epi-stephacidin A) between the two strains61,63

is likely due to the stereoselectivity of the involved enzymes.
Thus, we surmise that a similar gene cluster might be
responsible for biogenesis of taichunamides and other related
BCDO indole alkaloids in A. taichungensis, which contains the
enzymes responsible for both enantio- and diastereodivergent
biosynthetic processes.
4.2. Monoketopiperazines

Similar to DKPs, MKPs have also been extensively studied
with regard to their biosynthetic genes and key enzymatic
mechanisms. The mechanisms related to the IMDA cyclo-
addition during the biosynthesis of paraherquamides and
malbrancheamides were elucidated earlier than those of DKPs.
Unlike the representative DKP alkaloid brevianamide A, the
BCDO structure of MKPs is assembled by different DAases
instead of a spontaneous process. In this section, we will
summarize the progress on the DAases and other related
enzymes involved in MKP biosynthesis.
4.2.1. Malbrancheamides. By genome mining of M.

aurantiaca RRC1813A, the Sherman and Williams groups
identified the seven-gene containing malbrancheamide bio-
synthetic gene cluster (mal) (Figure 7C).5 The genes of the
mal cluster show higher sequence similarity to those of the
MKP paraherquamide biosynthetic gene cluster than those of
DKP clusters (bvn and not/not′). Unlike the DKP NRPSs
(BvnA and NotE/NotE′), which have a C-terminal con-
densation domain, the MKP NRPS MalG harbors a reductase
domain at its carboxy terminus. The reductase domain was
proposed to be responsible for reductive offloading resulting in
the MKP moiety. MalA was predicted to be a flavin-dependent
halogenase, which is consistent with the presence of chlorine
atoms in the malbrancheamide structures.
According to the bioinformatically predicted functions of

mal-encoded proteins, a biosynthetic pathway was proposed
(Scheme 25A). The NRPS MalG (A-T-C-A-T-R: A,
adenylation domain; T, thiolation/peptidyl carrier protein
(PCP) domain; C, condensation domain; R, reductase
domain) was proposed to catalyze the condensation of L-
tryptophan and L-proline with reduction of the keto group (by
R domain) to give the intermediate cyclic dipeptide (41).
Then 41 is prenylated by one of the two prenyltransferases
(MalE or MalB), generating the key precursor azadiene 27,
which undergoes the [4+2] IMDA reaction to give
premalbrancheamide. Subsequently, the halogenase MalA
presumably catalyzes a halogenation reaction to afford the
natural product malbrancheamide B, which could be further
chlorinated to the final product malbrancheamide.
In order to elucidate the halogenation process during

malbrancheamide biosynthesis, Sherman and co-workers
heterologously expressed the predicted halogenases MalA
and MalA′ from M. aurantiaca and M. graminicola, respectively,
and characterized their biochemical function and catalytic
mechanism in vitro (Scheme 26).94 The purified MalA was
found to catalyze the iterative chlorination of the natural
precursor premalbrancheamide at both the C8 and C9
positions, giving malbrancheamide B and isomalbrancheamide

Scheme 24. Activities of NotI/NotI′ toward (+)/(−)-6-epi-
Stephacidin A
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B, respectively, both of which could be further chlorinated to
malbrancheamide. Interestingly, the monochlorinated prod-
ucts, malbrancheamide B and isomalbrancheamide B, could
also be brominated to the novel indole alkaloids malbranchea-
mide D and isomalbrancheamide D, respectively. It was also
determined that the activity of MalA′ is essentially identical to
that of MalA.
To elucidate the unique halogenation mechanism of MalA/

MalA′, the cocrystal structures of MalA′ in complex with
premalbrancheamide, malbrancheamide B, and isomalbran-
cheamide B were determined, demonstrating the ternary
complexes with FAD, chloride ion, and each of the three
substrates.94 The roles of amino acid residues in the active site
were analyzed through site-directed mutagenesis, and Lys108
was determined to be necessary for halogenation activity
(Figure 10). Glu494 is important for substrate binding by
forming a hydrogen bond with the proton of the N−H of
indole. Molecular dynamics simulation analysis and DFT
calculations revealed that the enzyme represents a new class of
zinc-binding flavin-dependent halogenases and provided new
insights into a unique reaction mechanism (Scheme 26B).
Briefly, an active Lys108-chloramine intermediate was
proposed to be formed, which interacts with C9 or C8 to
enable an electrophilic aromatic substitution, thus generating a
Wheland intermediate (42 and 43) before the final
deprotonation step. The deprotonation could be affected by
a water molecule acting as a base or in the case of C8 by
Ser129.
The first step of malbrancheamide biosynthesis was

proposed to be the condensation of L-proline and L-tryptophan
by the bimodular NRPS MalG (A-T-C-A-T-R), producing L-
Pro-L-Trp aldehyde intermediate 44 through reductive release
(Scheme 25B). To verify this hypothesis, the excised A1-T1, C,
T2 and R domains of MalG, the full-length of which could not
be produced in soluble form, were separately expressed and
purified.3 In vitro enzymatic reactions revealed that the NRPS
MalG (in term of separate domains) product rapidly cyclized
and dehydrated to the proposed dipeptide intermediate 45,
which was spontaneously oxidized to a zwitterion product 46.

Thus, the MalG terminal R domain catalyzes an NADPH-
dependent two-electron reductive release to produce the key
aldehyde intermediate 44.
Next, MalE catalyzed the reverse prenyltransfer reaction to

produce the prenylated zwitterion intermediate 47, whereas
the other prenyltransferase MalB in mal cluster displayed
similar but modest activity, suggesting that malB might be a
redundant gene.3 In contrast to zwitterion product 46, the
synthetic dipeptide 45 could be rapidly prenylated by MalE,
strongly suggesting that it is the native substrate for this
prenyltransferase. A one-pot reaction with MalG, MalE and
MalC produced (+)-premalbrancheamide, confirming that
MalC functions as an intramolecular [4+2] DAase. Further
reactions of the synthetic prenylated substrates (47 and 48)
with MalC confirmed that the prenylated zwitterion 47 should
be the native substrate for MalC. Therefore, MalC possesses
the ability to mediate both NADPH-dependent reduction
(giving the key azadiene 27) and the diastereo- and enantio-
controlled cycloaddition reactions. Moreover, when the
involving enzymes MalG, MalE, MalC and MalA were
coincubated with the starting substrates and necessary
cofactors, the final product (+)-malbrancheamide could be
produced in a one-pot manner, indicating a complete
biosynthetic pathway for this MKP compound (Scheme 25B).
Further structural analysis together with site-directed

mutagenesis and molecular dynamics simulations confirmed
that the bifunctional reductases/DAases MalC (and PhqE, the
MalC homologue in the paraherquamide pathway, see below)
catalyzes the diastereo- and enantioselective cyclization in the
construction of the MKP skeleton (Figure 11). MalC and
PhqE were annotated as short-chain dehydrogenases. How-
ever, structural analysis revealed that they do not contain the
conserved YXXXK motif that is required for catalysis in
canonical short-chain dehydrogenases. Moreover, close inter-
action of the substrate with the NADP(H) cofactor was
observed in PhqE substrate (47) and product (premalbran-
cheamide) complexes. And the bound prenylated zwitterion
substrate 47 demonstrated preorganization toward the bio-
logical (+)-syn product.

Figure 9. Major BCDO indole alkaloids produced by several Aspergillus strains as indicated by different symbols.
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4.2.2. Paraherquamides. The gene cluster responsible for
biosynthesis of paraherquamides was identified through
genome mining of P. fellutanum in 20125 and contains 15
genes (Figure 7D). The bimodular NRPS gene phqB encodes a
reductase (R) domain located at the C terminus, different from
the condensation (C) domain of bvnA in the brevianamide
gene cluster and notE in the notoamide gene cluster. The
reductase domain was proposed to account for the presence of
the MKP core structure in paraherquamides.
Based on the predicted functions of phq-encoded proteins, a

plausible biosynthetic pathway of paraherquamide A was
proposed (Scheme 27A).5 Putatively, L-isoleucine is initially
hydroxylated by an unknown enzyme. The short chain
dehydrogenase PhqE, later characterized to have another

function (see below), was proposed to oxidize the terminally
hydroxylated L-isoleucine to the corresponding aldehyde 49.
Next, the aldehyde undergoes spontaneous cyclization and
dehydration to yield 4-methyl pyrolline-5-carboxylic acid (50).
The pyrroline-5-carboxylate reductase PhqD presumably
reduces the intermediate 50 to β-methyl proline. Works by
Walsh95 and Tang96 on the echinocandin and UCS1025A
system indicated another possibility that the 2-oxoglutarate
(2OG)-Fe(II)-oxygenase PhqC is likely responsible for the
oxidation of isoleucine to generate β-methyl-proline. The
PhqC homologues EcdK and UcsF iteratively oxygenate L-
isoleucine en route to 4(R)-methyl-L-proline and β-methyl
proline, respectively, in an α-ketoglutarate and oxygen-
dependent manner. The bimodular paraherquamide NRPS

Scheme 25. Initial Proposal from 2012 (A) and 2019 Revision (B) for the Biosynthetic Pathway of Malbrancheamides
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PhqB (A-T-C-A-T-R), containing a C-terminal NAD(P)-
dependent reductase domain, might utilize NADPH to reduce
the thioester bond of the T domain-tethered linear dipeptide.
This reduction would lead to spontaneous cleavage of the C−S
bond, releasing the aldehyde intermediate 51. The aldehyde
then undergoes spontaneous dehydration and double bond
rearrangement (tautomerization), giving the key azadiene
precursor 52. The reverse prenyltransferase (proposed to be
PhqJ) then introduces the reverse prenyl group and mediates
the subsequent [4+2] IMDA reaction to form the earliest
BCDO-containing intermediate preparaherquamide. The for-
mation of the pyran ring (in paraherquamides F and G) was

believed to be comediated by prenyltransferase PhqA, P450
PhqL, and oxidoreductase PhqH or P450 PhqM. The FMO
PhqK (a homologue of NotI) and methyltransferase PhqN are
likely responsible for generation of the spiro-oxindole and the
N-methylation, respectively. The third P450 monooxygenase
PhqO probably catalyzes the C14 hydroxylation. The initial
speculation suggested that the oxygenase PhqC might
participate in the ring expansion process, forming the 7-

Scheme 26. Biochemical Function (A) and Catalytic Mechanism (B) of MalA

Figure 10. Active site of substrate-bound MalA. Conserved Lys108
and a bound chloride ion are adjacent to the substrate binding pocket.

Figure 11. Active site of product-bound PhqE. Premalbrancheamide
interacts with the NADP+ cofactor and the essential Trp169.
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membered dioxepin ring in paraherquamide A.5 However, the
aforementioned biosynthetic study of β-methyl-proline95,96

seemed to exclude this possibility, suggesting that PhqC is

more likely involved in isoleucine oxidation rather than in the
ring expansion. Given that the oxidative ring closure to form
the pyran moiety is probably catalyzed by the NotD

Scheme 27. Proposed Paraherquamide Biosynthetic Pathways. (A) The Biosynthetic Pathway of Paraherquamide A Proposed
in 2012. (B) Alternative Biosynthetic Pathway of Paraherquamide A Proposed in 2018. (C) A 2019 Update to the Proposed
Biosynthetic Pathway of Preparaherquamide
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homologue PhqH, the remaining P450 enzyme PhqM is most
likely responsible for the ring expansion. Despite these
reasonable functional predictions, the order of the proposed
biosynthetic steps needs to be established by detailed genetic
and biochemical studies.
Interestingly, Williams and co-workers also raised an

alternative biogenetic hypothesis for the key prenylated
azadiene 30 (Scheme 27B).97 The NRPS PhqB conducts
reductive release of the dipeptide via a four-electron process,
giving rise to an amino alcohol species 53, which is then
reverse-prenylated and oxidized to afford a key amino-aldehyde
intermediate 54. Following spontaneous cyclization, dehydra-
tion and tautomerization, the azadiene intermediate 30 is
formed for the IMDA cycloaddition, leading to preparaherqua-
mide.
After elucidation of the malbrancheamide biosynthetic

pathway,3 the biogenesis of preparaherquamide was also
revised (Scheme 27C). The NRPS PhqB (MalG homologue)
likely catalyzes the reductive condensation of β-methylproline
and L-tryptophan to give the first MKP precursor compound
55, followed by spontaneous oxidation to a zwitterion
compound 56. A reverse prenyltransferase (presumably
PhqI) then catalyzes the prenylation of the zwitterion 56
(yielding 57). Subsequently, the dehydrogenase PhqE (MalC
homologue) mediates the NADPH-dependent reduction to
furnish the key intermediate azadiene 30 and catalyzes the
[4+2] IMDA cyclization to generate preparaherquamide.
Notably, the culture extraction of the paraherquamide-
producing strain P. simplicissimum with phqE knockout
confirmed the existence of the proposed zwitterion inter-
mediate 57.3

After assembly of preparaherquamide, the spirocycle
formation in paraherquamides was identified to be catalyzed
by the FAD-dependent monooxygenase (FMO) PhqK

(Scheme 28).81 Two new paraherquamide derivatives (i.e.,
paraherquamides K and L) were accumulated by the phqK-
knockout strain of P. simplicissimum, indicating that these two
compounds might be the substrates of PhqK. Subsequent in
vitro enzymatic reactions of paraherquamides K and L with
PhqK confirmed their conversions into the spirocyclized
products paraherquamides M and N, respectively. On the
basis of these findings, a revised biosynthetic scheme (Scheme
28) for the production of paraherquamides A and G was
proposed, in which spirocyclization occurs after formation of
the pyran and dioxepin moieties.
Despite great efforts on elucidation of the whole para-

herquamide biosynthetic pathway, there remain a number of
uncharacterized biosynthetic steps, such as the formation of
the pyran and dioxepin rings, N-methylation, and hydrox-
ylation of β-methylproline.
4.2.3. Citrinadins. During the investigation of 21R-

citrinadin A biosynthesis, several BCDO-containing com-
pounds, including (+)-precitrinadin A and chrysogenamide
A, were identified from the wild-type strain or gene-knockout
mutants of Penicillium citrinum ATCC 9849 (Figure 12).4,98

One of these compounds, citrinadin-4, is the only natural MKP
indole alkaloid with an [R,S,R] configuration (Figure 2)
discovered to date.
Liu et al. reported the biosynthetic gene cluster (Figure 7E)

of 21R-citrinadin A in 2021 and biochemically characterized
the functions of four proteins, including NRPS CtdQ,
prenyltransferase CtdU, FMO CtdE, and DAase CtdP.4,98

Based on the gene knockout analysis, CtdQ was confirmed to
be responsible for initial synthesis of the dipeptide precursor
58, and CtdU was deduced to catalyze the normal prenylation
at the C7 position (Scheme 29A).98

CtdE was characterized to be an oxygenase/semipinacolase,
which can catalyze oxidative semipinacol rearrangements on

Scheme 28. Functional Characterization of PhqK and the Revised Paraherquamide Biosynthetic Pathway
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(+)-precitrinadin A and its prenylated derivative 59, yielding
corresponding spirooxindole products (60 and chrysogena-
mide A) (Scheme 29A and B).98 Unlike the previously
characterized FMO PhqK81 in paraherquamides biosynthesis,
which catalyzes the formation of the 3R-spirooxindole, CtdE
specifies the 3S-spirooxindole construction. The crystal
structures of CtdE with the substrate and cofactor, site-
directed mutagenesis, and computational studies together
illustrated the catalytic mechanism for the plausible β-face
epoxidation followed by a regioselective semipinacol rearrange-
ment of the epoxide intermediate, thus forming the 3S-
spirooxindole (Scheme 29B and Figure 13A).
Recently, the Gao and Sherman laboratories reported the

discovery and characterization of CtdP as the member of a new
class of bifunctional oxidoreductase/DAase, which catalyzes
the inherently disfavored cycloaddition to form the BCDO
core with a strict α-anti-selectivity in the biosynthetic step of
generating the IMDA product (+)-precitrinadin A.4 Based on
the crystal structure of CtdP in complex with the cofactor
NADP+ and product, mutagenesis analysis, and quantum
chemical calculations, a detailed unique redox mechanism of
CtdP catalysis was proposed (Scheme 29C). Briefly, the
substrate 61 is first bound to the active pocket of CtdP,
preorganized into an α-anti conformation, and subsequently
oxidized by cofactor NADP+ to generate the oxidized
intermediate 62 with an active iminium diene, which is likely
stabilized by the 2′-OH of NADPH and residue Tyr280
(Figure 13B). The active dienyl iminium then undergoes a
highly stereoselective IMDA cycloaddition to form an iminium
adduct 63, and a reductive rescue by NADPH generates the
final α-anti-cycloadduct precitrinadin.

5. TOTAL SYNTHESIS
During the course of overcoming the daunting synthetic
challenges associated with total syntheses of the BCDO-
containing indole alkaloids, various synthetic approaches and
elegant strategies/methodologies to manage the diastereo- and
enantioselectivity have been developed. To construct the
BCDO skeleton, intramolecular SN2′ cyclizations, biologically
inspired Diels−Alder reactions, radical involved cyclizations,
cationic involved cascade reactions, and other strategies have
been explored. Of note, the majority of the biomimetic
synthetic approaches share a common chemical logic of IMDA
to assemble the core structures. Importantly, all these synthetic
efforts have significantly advanced the understanding of
biosynthesis, especially before the genomic era.

5.1. Total Synthesis of Brevianamides
In 1988, Williams and co-workers accomplished the first
enantioselective total synthesis of brevianamide B using the
stereocontrolled intramolecular SN2′ cyclization strategy
(Scheme 30).13,18,99 The 18-step total synthesis began with
the known enantiomerically pure proline derivative 64.
Nucleophilic addition of the lactone with p-methoxybenzyl-
aminolithium reagent 65 gave the protected chiral proline
amide 66, which was further converted to the DKP 67 via
acylation and alkylation. Ozonolysis followed by Wittig
olefination and reduction provided the homologated E-allylic
alcohol 70, which was protected to afford the silyl ether and
further transformed to the intermediate 71 as a mixture of 4:1
diastereomers via carbomethoxylation. The mixture was
directly used for the diastereoselective Kametani condensation
to yield the intermediate 73. This intermediate was converted
into the allylic chloride 74 via four straightforward steps,
including hydrolysis/decarboxylation of methyl formate, Boc
protection of indole, deprotection of the TBS group, and
chlorination of the resulting alcohol. With the key precursor 74
in hand, the subsequent intramolecular SN2′ cyclization was
performed to build up the crucial C10-stereogenic center
under the previously established conditions using a model
substrate (NaH, DMF, r.t.).100 The authors found that, when
the reaction was performed in hot benzene with 18-crown-6 as
additive, the cyclization products 75a/75b were produced at a
1:3.85 ratio in a 56% combined yield. Finally, the SN2′
cyclization in a 1:3−4.9 ratio with NaH (10 equiv) and 18-
crown-6 (5.0 equiv) in warm THF gave a 64−77% combined
yield of 75. After deprotection and olefin/cation cyclization,
the resulting hexacyclic indole 76 was oxidized, producing the
stereospecific hydroxyl indolenine 77, which was treated with
NaOMe to form the indoxyl 78 via pinacol rearrangement. The
p-methoxylbenzyl group was finally removed with the use of t-
BuLi and O2 to give the final product, brevianamide B, in a
40% yield. This very first synthesis of brevianamide B not only
demonstrated an efficient strategy of the intramolecular SN2′
cyclization to build the BCDO skeleton but also provided
direct evidence for the structure originally proposed by Birch.7

In 1998, the same group developed the total synthesis of
racemic brevianamide B in 12 steps22,23 (Scheme 31).
Essentially, a biomimetic IMDA reaction was first used as
the key step to construct the BCDO skeleton of brevianamide
B, starting from a known substrate epi-deoxybrevianamide E
(79), which was converted to the lactim ether 80 with the
combined utility of Me3OBF4 and NaHCO3 in CH2Cl2. Next,
the oxidation of 80 with DDQ yielded the IMDA precursor 81.
Upon the treatment of 81 with aq. KOH to form 82, the labile
azadiene underwent the biomimetic IMDA reaction to produce
the BCDO core of brevianamide B with a 2:1 ratio of two
diastereomers (83/84) in a 60% combined yield. The minor
diastereomer 84 with the right stereochemistry was further
transformed to the final racemic brevianamide B via sequential
reactions of oxidation, pinacol rearrangement, and depro-
tection of the lactim ether. This is the first application of the
biomimetic IMDA strategy to build a BCDO skeleton,
although the diastereoselectivity did not favor the desired
diastereomer.
During the explorations of brevianamides synthesis, more

total synthetic approaches were reported. In 2006, Adams et al.
developed the third generation of the bioinspired IMDA
strategy to synthesize brevianamide B.24 As shown in Scheme
32, the synthesis started from the readily available 86, which

Figure 12. Structures of citrinadin-related natural products.
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underwent the conjugate addition to afford the ester 88 in a
76% yield. Hydrolysis of the ester with LiOH in THF/EtOH/
H2O gave rise to the acid 89, followed by amide coupling with
L-prolinamide 90 to produce the intermediate 91 in a 77%
yield, which was deprotected under oxidative conditions using
NCS and AgNO3 to afford a mixture of DKP 93 and the
acyclic amide 92. Treatment of the mixture with 3 equiv of
AlCl3 under reflux yielded the desired IMDA product 94. The
IMDA product containing a BCDO moiety was further
converted into the corresponding hydrazone and then to the

intermediate 7 in the presence of ZnCl2 via the Fischer indole
reaction. The 2,3-disubstituted indole 7 was oxidized to afford
the 3-hydroxyindolenine, and then the pinacol rearrangement
generated the final racemic brevianamide B under basic
conditions. In this concise synthetic route, brevianamide B
was synthesized in 9 steps from a known ketone via the IMDA
and Fisher indole reactions as the key steps.
The unprotected DKP 95 was originally proposed in 1970 as

the putative biosynthetic intermediate for the construction of
the BCDO skeleton in nature. In 2007, the Williams group

Scheme 29. Biosynthesis of 21R-Citrinadin A. (A) The Partially Characterized Biosynthetic Pathway. (B) The Catalytic
Mechanism of Oxygenase/Semipinacolase CtdE. (C) The Catalytic Mechanism of DAase CtdP
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reported for the first time that it could be used as a starting
material for the biomimetic total synthesis of (−)-breviana-
mide B via the classical Mitsunobu conditions (Bu3P, DEAD)
based IMDA cycloaddition, thus avoiding the utility of a
protecting group on the lactam.45,101 In this regard, the total
synthesis of brevianamide B was completed in 14 steps.
(Scheme 33)
Simpkins et al. also accomplished the synthesis of

brevianamide B by starting from a prenylated proline derivative

prepared with the Seebach “self-reproduction of chirality”
method. Next, a cationic cascade sequence was adopted as the
key step to form the late-stage bridged DKP intermediates.102

As shown in Scheme 34, the synthetic intermediate 97 was
coupled with indole-3-pyruvic acid 98 to afford the closed
hydroxy-DKP 99, which further underwent the key cationic
cascade sequence mediated by TMSOTf to form the desired
BCDO skeleton 100/101 (4:1 dr). After purification, the
minor C-6 epimer 101 was oxidized to form intermediate 102,

Figure 13. Structural analysis of PhqK, CtdE and CtdP. (A) Superposition of substrate bound PhqK and CtdE complexes. The respective syn and
anti substrates bound in opposing orientations in accordance with their differing facial selectivity. (B) Active site of product-bound CtdP. Amino
acid residues that were shown to be essential for anti selectivity are shown as cyan sticks.

Scheme 30. First Total Synthesis of Brevianamide B
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which underwent the semi-pinacol rearrangement to give the
spiro-indoxyl 103. The following deprotection and oxidation
achieved the final production of ent-brevianamide B.
Scheerer and co-workers reported two other formal

syntheses of brevianamide B.103,104 In their process, the
BCDO core structure was built by an early stage IMDA
reaction. The straightforward cycloaddition of prazinone 105
with electron-deficient dienophile maleic anhydride 109 at
room temperature produced the corresponding cycloadducts
110/111 in a moderate yield with high diastereoselectivity
(1:8), which could be further transformed into the known
intermediate 7 to realize the production of brevianamide B45,99

(Scheme 35).
Despite five decades of research efforts, brevianamide A

remained an elusive target for chemical synthesis due to several
unsolved issues of reactivity and selectivity. All attempts to
synthesize brevianamide A ended up with the formation of
brevianamide B or other undesired isomers. Until recently,
Lawrence and co-workers speculated a modified biosynthetic

Scheme 31. Biomimetic Synthesis of Racemic Brevianamide B via the [4+2] IMDA Strategy

Scheme 32. Synthesis of Brevianamide B Based on the IMDA/Fischer Indole Strategy

Scheme 33. Modified IMDA Cycloaddition under the
Mitsunobu Condition
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pathway of brevianamide A and finally achieved the chemical
synthesis of the topologically complex bridged-spiro-fused
structure.26 As shown in Scheme 36, the concise total synthesis
of brevianamide A followed a bioinspired cascade from
(−)-dehydrobrevianamide E to brevianamide A. Starting
from L-tryptophan methyl ester 112, phthaloyl protection of
this commercially available reagent gave the ester 114, which
was transformed to the intermediate 116 using B-prenyl-9-
borabicyclo[3.3.1]nonane 115 with t-BuOCl and Et3N in
THF. Then, hydrolysis of the methyl ester with LiOH in H2O/
THF was conducted; meanwhile, the phthaloyl group was
opened to form the unwanted diacid 117. Many hydrolysis
conditions to remove the methyl ester group were screened,
and the Krapcho-type demethylation with the use of LiCl in
DMF was found to form the desired lithium carboxylate 118,
which was transformed to the acyl chloride under standard
conditions, forming the N-acyl enamine 120 in one-pot
operation with dehydroproline 119. The deprotection of the
phthaloyl using hydrazine, methylamine, and ethylene diamine
produced the unwanted byproducts. However, the use of
ammonia, a less nucleophilic reagent in methanol, smoothly
deprotected the phthaloyl group and the resulted primary
amine could undergo the spontaneous cyclization to produce
(+)-dehydrodeoxy-brevianamide E in a 49% yield for 3 steps,
avoiding the protecting group transformations. Thus, the
synthesis of (+)-dehydrodeoxy-brevianamide E was realized in
five steps with a 34% overall yield. It is worth mentioning that
only two chromatographic purification steps were required,
providing the most convenient total synthesis of (+)-dehy-

drodeoxy-brevianamide E compared with the previous report
(12 steps, 8% overall yield).45

With the efficient synthesis of (+)-dehydrodeoxy-breviana-
mide E as the key synthetic intermediate, the chemical
oxidation to form dehydrobrevianamide E was further
investigated by screening of a variety of chemical oxidants
including peroxyl acids, dioxiranes, singlet oxygen and so on.
Upon optimization of the oxidative conditions, it was revealed
that the slow addition of 1 equiv of m-CPBA to dehydro-
deoxybrevianamide E in CHCl3 at room temperature could
produce the corresponding diastereomers dehydrobrevian-
amide E/121) in a 57% overall yield (dr 63:37). The
intermediate dehydrobrevianamide E was converted into
natural (+)-brevianamide A in a moderate yield after being
treated with LiOH in water for 30 min, together with
(+)-brevianamide B as a minor product. Putatively, 121
could similarly result from a late-staged IMDA reaction, giving
rise to the unnatural (−)-brevianamides A and B upon the
same treatment.
Thus, the Lawrence group came up with the first and

efficient biomimetic total synthesis of natural (+)-breviana-
mide A in 7 steps, together with (+)-brevianamide B and the
unnatural (−)-ent-brevianamides A and B as minor products.
The key steps included the 1,2-shift to construct the indoxyl
skeleton via the transient 3-hydroxyindolenine species, and the
tautomerization/IMDA reaction sequence, demonstrating the
advantages in the efficiency of divergent total synthesis of
brevianamides.

Scheme 34. Synthesis of ent-Brevianamide B

Scheme 35. Early Stage IMDA Reactions for the Formal Syntheses of Brevianamide B
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During the synthesis of (+)-brevianamide B, Williams and
co-workers found that the indole 7 could be oxidized by
oxaziridine 122 and the resulting intermediate could undergo
the rearrangement to form oxindole, which was later identified
as the natural product brevianamide Y in 2017 (Scheme
37A).45,101,105 In 2015, Qin et al. reported the total synthesis of
the unnatural (−)-enantiomer of brevianamide Y, which was
named as depyranoversicolamide B. As shown in Scheme 37B,
the intermediate 123, synthesized in 16 steps, was oxidized to
afford ent-brevianamide Y in two steps.106 In 2020, based on
their biosynthetic knowledge, Williams, Sherman, Li and co-
workers completed the synthesis of brevianamide Y in 12 steps
(Scheme 37C).2 In 2022, Lawrence and co-workers also
successfully demonstrated the feasibility of these IMDA
transformations through chemical approaches and established
the biomimetic chemical synthesis of brevianamides Z, Y, and
X (Scheme 37D).31 They found that the intermediate
(+)-dehydrodeoxy-brevianamide E could be converted into
brevianamides Y and Z in two chemical steps. When treated
with NCS (N-chlorosuccinimide) and aqueous TFA in
methanol, dehydrodeoxybrevianamide E was transformed to
oxindoles 16 and 124 in good yields as separable mixtures (d.r.
69:31). Then the major diastereoisomer oxindole 16 under-
went the Sammes-type Diels−Alder reaction to afford the
natural product brevianamide Y and another diastereoisomer
named as brevianamide Z, while the minor diastereoisomer
oxindole 124 would be transformed to ent-brevianamide Y and
ent-brevianamide Z. Of note, brevianamide Z therein was a
predicted natural product by Lawrence and co-workers that
had yet to be isolated. Another natural product called

brevianamide Z was isolated later in 2022 by Liu and co-
workers,34 which is a different compound not discussed in this
review. Furthermore, (+)-dehydrodeoxy-brevianamide E could
be used for efficient production of the BCDO skeleton in a
moderate yield with two diastereoisomers (d.r. 57:43 of 125
and 7). The major diastereomer 125 was converted to
(+)-brevianamide X in a 50% yield over two steps.
In 2021, Smith et al. established a useful methodology to

construct the 2,2-disubstituted indoxyl skeleton.107 A readily
available 2-substituted indole was converted into 2,2-
disubstituted indoxyls through nucleophile cross-coupling
with a 2-alkoxyindoxyl species in the presence of p-TsOH as
catalyst. Based on this methodology and inspired by the
Lawrence work,26 another concise total synthesis of
brevianamide A in 7 steps without the 1,2-shift was established.
As shown in Scheme 38, this synthesis was initiated with the
protected amino acid 127, which was transformed into the
enamide 129 by coupling with the imine 119 under the
Ghosez’s condition. Then palladium catalyst 131 and CuI
catalyzed Sonogashira coupling of 129 and 2-iodoaniline
(130), producing the 2-alkyny aniline 132, which was further
converted to the indole 134 in the presence of JohnphosAu-
(MeCN)SbF6 (133). The oxidation with MoOPH (135)
produced the desired 2-ethyoxylindoxyl intermediate, which
further underwent the key nucleophile coupling reaction with a
prenyl coupling partner 136 to afford the indoxyl 137 as a
mixture of two diastereomers (d.r. 1.2:1). Finally, the use of
the Lawrence condition delivered (+)-brevianamide A. Overall,
the total synthesis of brevianamide A was achieved in 7 steps
with a 6% overall yield.

Scheme 36. Lawrence Total Synthesis of Brevianamides A and B

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.4c00250
Chem. Rev. 2025, 125, 1718−1804

1775

https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00250?fig=sch36&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00250?fig=sch36&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00250?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


In 2022, Gagosz and co-workers reported other concise
approaches to realize the total synthesis of (±)-brevianamide A
using a readily available starting material 138 (Scheme 39).108

Essentially, a gold(I)-catalyzed cascade transformation was
developed as the key step to quickly build the pseudo-indoxyl

core of brevianamide A with two adjacent quaternary centers,
giving rise to the shortest total synthesis of (±)-brevianamide

A to date.

5.2. Notoamides, Stephacidins and Avrainvillamide

In 2005, Baran and co-workers reported the first total synthesis
of stephacidin A from commercially available L-proline and
pyroglutamate in 15 steps (Scheme 40).109 In the work, an
oxidative enolate coupling reaction was adopted as the key step
to construct the BCDO skeleton. The protected amino acid
144109 was coupled with the proline derivative 145 to form
146. Then deprotection of the Cbz carbamate afforded the
DKP 147, which was further protected with MOM-Cl to
produce the precursor 148 of the oxidative enolate coupling.

Scheme 37. Approaches for Synthesis of Brevianamides X, Y and Z

Scheme 38. Smith’s Total Synthesis of Brevianamide A
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Scheme 39. Gagosz’s Approach toward the Total Synthesis of (±)-Brevianamide A

Scheme 40. Baran’s First Total Synthesis of (+)-Stephacidin A

Scheme 41. Baran’s Second Total Synthesis of (−)-Stephacidin A
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Next, a series of oxidative reagents were screened and
Fe(acac)3 was found to be the best choice. Thus, the
combined utility of Fe(acac)3 and LDA realized the coupling
product 149. The MOM-protecting group was deprotected
and then the disubstituted alkene 151 was generated via
sequential transformations, which underwent the deprotection
of the Boc group and sequential cyclization to complete the
total synthesis of stephacidin A.
Later in the same year, the same group further developed an

improved synthesis of (−)-stephacidin A.110 As illustrated in
Scheme 41, the proline derivative 145 was used as one of the
starting materials, which underwent the peptide coupling with
144 to afford 154. Then deprotection of the Cbz-group
generated the lactam, which was protected with the MOM-

protecting group to afford the enolate coupling precursor 155.
In this regard, the yield of this straightforward enolate coupling
reaction was enhanced, achieving the construction of the
BCDO core. Of note, the thermal annulation became more
reproducible by using sulfolane at 240 °C. In sum, both
(+)-stephacidin A and (−)-stephacidin A could be synthesized
in 7 steps with a 12% overall yield from readily available
starting materials.
On the basis of the total synthesis of stephacidin A, Baran

and co-workers further developed a two-step sequence from
stephacidin A toward the synthesis of (+)-avrainvillamide.
Upon the treatment with NaBH3(CN), the indole pyrrole ring
of (+)-stephacidin A was reduced to the saturated intermediate
158. However, only a trace amount of avrainvillamide could be

Scheme 42. Transformation from Stephacidin A to Avrainvillamide and (−)-Stephacidin B

Scheme 43. Myers Total Synthesis of (−)-Avrainvillamide and (+)-Stephacidin B
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detected under Somei conditions. After intense screening of
different oxidative systems, the authors found that SeO2/H2O2
induced the transformation from 158 to (+)-avrainvillamide in
a 27% yield (Scheme 42),111 which was then dimerized to form
(−)-stephacidin B.
Meanwhile, the Myers group reported an enantioselective

total synthesis of (−)-avrainvillamide and (+)-stephacidin B
(Scheme 43).112 The total synthesis started from the readily
available achiral cyclohexanone derivative 159.113 Saegusa
oxidation of 159 led to the corresponding α,β-unsaturated
skeleton, which was enantioselectively reduced to the chiral
alcohol intermediate 160 with (S)-CBS catalyst and BH3·DMS.
Then the chiral substrate 160 was transformed to the radical
cyclization precusor 161 via a series of straightforward
chemical steps. Heating of 161 in tert-butyl benzene with
tert-amyl peroxylbenzoate 162 at 119 °C under O2-free
atmosphere produced the bridged diketopiperazine core and
formed the tetracyclic product 163. This key transformation
involved the generation of an aminoacyl radical intermediate,
which attacked the enamide C−C double bond to form the
full-substituted carbocenter and finally the phenylthiyl radical.
After establishment of the BCDO skeleton, deprotection of the
TBDPS group of 163 with HF and subsequent oxidation of the
resulting alcohol yielded an enone, which was further
transformed to the (R)-iodoenone intermediate 164. Then a
Suzuki reaction with 165 or Ullmann-like coupling with 166

afforded the intermediate 167. Reduction of the nitroarene
167 with activated zinc powder produced the heptacyclic
unsaturated nitrone, which was converted into stephacidin B
when treated with triethylamine at room temperature. Finally,
the heptacyclic unsaturated nitrone was confirmed as the
natural product (−)-avrainvillamide.
In 2007, the Williams group reported the total synthesis of

stephacidin A, avrainvillamide and stephacidin B using an
intramolecular SN2′ cyclization strategy.46 As shown in Scheme
44, this total synthesis began with the protected tryptophan
derivative 168. Upon coupling with ally proline 169,
microwave-enabled Boc-deprotection, and sequential amide
formation, the intermediate 171 was produced. Afterward, a
two-step functional group protection gave the Boc-carbamate
172, which underwent the cross-metathesis with 174 in the
presence of Hoveyda−Grubbs second-generation catalyst 173
to form the aldehyde 175 in an excellent yield. Then, the
aldehyde was reduced and converted to the allylic chloride
176, which was subject to the intramolecular SN2′ cyclization
to build the BCDO core generating 177. In this key step, a
“closed” transition state driven by contact ion pair was
proposed to explain the high syn-diastereoselectivity during the
intramolecular SN2′ cyclization. Subsequently, the palladium-
mediated cyclization of 177 afforded heptacycle 178 and
removal of the Boc-group produced the final natural product
(−)-stephacidin A. The concise and efficient total synthesis of

Scheme 44. Intramolecular SN2′ Cyclization Approach toward Stephacidins and Avrainvillamide
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(−)-stephacidin A was realized in merely 17 chemical steps
from commercially available substrates with a 6% overall yield.
Following the reported methods, the synthetic (−)-stephacidin
A was further chemically converted to avrainvillamide and
stephacidin B in 2 and 3 steps, respectively. The cross-
metathesis reaction to introduce the allylic chloride and the
intramolecular SN2′ cyclization were the key steps to achieve
this concise total syntheses.
In the same year, Williams and co-workers achieved an even

more concise total synthesis of stephacidin A using the
biomimetic Diels−Alder cycloaddition strategy (Scheme 45).47

Specifically, the prenylated tryptophan 179, synthesized via 11
chemical steps from 6-hydroxylindole, underwent the amide
coupling reaction with the chiral proline derivative 180 to form
the peptide 181. Deprotection of the Fmoc group, followed by

amide formation, yielded 182, which was transformed to the
enamide 183 via the Mitsunobu dehydration. The lactam was
protected to form the lactim ether 184, which underwent the
IMDA reaction to produce the cycloadduct as two
diastereomers 185 and 186. The major isomer 186 was
deprotected under acidic conditions to afford stephacidin A in
17 chemical steps with a 5.4% overall yield.
Meanwhile, Greshock and Williams developed another

concise total synthesis of stephacidin A.45 They found that
the unprotected DKP intermediate 182 could be transformed
to stephacidin A via dehydration, tautomerization, and Diels−
Alder reactions after treatment with excess amount of PBu3
and DEAD. In this work, the zwitterionic complex was
proposed to act as proton chaperone during the PBu3 and
DEAD comediated IMDA reaction (Scheme 46).

Scheme 45. Concise Biomimetic Synthesis of Stephacidin A

Scheme 46. Concise Total Synthesis of Stephacidin A from an Unprotected DKP

Scheme 47. Chemical Synthesis of Notoamide B from Stephacidin A.
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Later, the same group found that an excess amount of
oxaziridine 122 in CH2Cl2 could induce the oxidative pinacol
rearrangement to produce notoamide B as the only product in
a 73% yield (Scheme 47). The high selectivity was explained as
the epoxidation possibly occurring from the α face of the 2,3-
disubstituted intermediate, which is less sterically hindered.
Then the diastereoselective [1,5] sigmatropic shift from the α
face would produce notoamide B as the single diaster-
eomer.46,47

In 2013, Simpkins and co-workers developed a cascade
radical cyclization strategy to construct the core of the
polycyclic indoline structure to achieve the total synthesis of
stephacidin A114 (Scheme 48). The known intermediate 188

underwent amide coupling with a proline derivative 189 to
form intermediate 190, and then intramolecular amination
formed the substituted DKP core with two diastereomers
191a/191b. After protection with a Boc group, the mixture of
two diastereomers 191a/191b was transformed to the
sulfenylated DKP 192 as a single diastereoisomer in a
moderate yield, which further went through the radical cascade
cyclization to construct the polycyclic indoline core 193/194/
195 (with a ratio of 3.3:1:0.7). Column purification yielded
pure 195 and a mixture of 193/194, which was subsequently
oxidized with DDQ to produce indoles 196/197. These
indoles were then separated from each other using silica
chromatography. Removal of the Boc group gave the final

Scheme 48. Simpkins’ Synthesis of Stephacidin A and Notoamide B

Scheme 49. Transformation from Stephacidin A to Notoamide T
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product (−)-stephacidin A. The authors further found that,
after deprotection of the Boc group from the mixture of 193/
194 (2.5:1) in microwave conditions, the intermediate 198
could be isolated and subjected to the oxidative system with a
catalytic amount of SeO2 and excess H2O2 to yield
(+)-notoamide B, probably through the in situ generated
(−)-stephacidin A (Scheme 48).

Williams and co-workers also established the total synthesis
of notoamide T (Scheme 49).58 Their initial work showed that
stephacidin A could be transformed into notoamide T by
treatment with PhSSPh and PhSH in DMSO in the presence of
light for 48 h. The corresponding sulfide 199 could be formed
in an 80% yield, which was further subject to the reductive

Scheme 50. Concise Total Synthesis of Notoamide T and 6-epi-Notoamide T

Scheme 51. Sarpong’s Total Synthesis of (+)-Stephacidin A, (+)-Notoamide I and Other Related Natural Products

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.4c00250
Chem. Rev. 2025, 125, 1718−1804

1782

https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00250?fig=sch50&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00250?fig=sch50&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00250?fig=sch51&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00250?fig=sch51&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00250?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


condition with potassium naphthalide in THF at −40 °C, and
the desired notoamide T was obtained in a moderate yield.
Nonetheless, an efficient and shorter synthetic route toward

notoamide T from commercially available starting material was
still desirable. Thus, the same group came up with the total
synthesis of notoamide T from 6-hydroxy-indole 200 as
starting material,62 which was transformed to the tryptophan
derivative 201 in 5 steps. Then it was coupled with proline
derivative 202 to afford peptide 203 in a good yield, which was
further converted to the corresponding lactam 204 after
deprotection of the Fmoc group. Next, deprotection of the Boc
group, followed by a palladium catalyzed allylic alkylation of
the resulted phenol 205, introduced the side chain of
notoamide T. The alcohol of intermediate 207 was trans-
formed to its mesylate, which was treated with KOH under
reflux in MeOH, producing the final products notoamide T
and 6-epi-notoamide T as a separable mixture (1.3:1). In the
final step, the cascade reactions occurred in one operation,
including elimination, tautomerization, IMDA reaction, and
Claisen rearrangement, making this route very concise and
efficient (Scheme 50).
In 2015, Sarpong and co-workers developed an efficient

method to construct a divergent intermediate 217 to achieve

the total synthesis of (+)-stephacidin A, (+)-notoamide I, and
other related natural products.115 As shown in Scheme 51, the
reported enantioenriched alcohol 208 was oxidized and
underwent the alkynylative homologation to afford the
terminal alkyne, whose Boc-group was deprotected, followed
by acylation to form alkyne 210. Then a formal cyclo-
isomerization occurred to afford the bicycle 211, which
underwent the Diels−Alder reaction with diene 212 in the
presence of SnCl4, giving rise to enone 213. Iodination,
hydration of nitrile group, and then Hoffmann rearrangement
provided carbamate 215, which further underwent a Suzuki
cross-coupling reaction followed by reductive cyclization to
form indole hexacycle 216. Wacker oxidation and sequential
treatment with dimethyl sulfide (Me2S) and methanesulfonic
acid yielded the common intermediate 217. Chemoselective
N-acylation reaction gave the phenyl carbamate 218. Oxidation
of the secondary alcohol and then treatment of the ketone with
K2CO3 produced the BCDO 219 via the Dieckmann
condensation of the in situ formed isocyanate/enolate, which
was the key step in this total synthesis. Then, selective removal
of the ketone moiety on the pyrrolidine ring followed by the
reduction/elimination sequence afforded the final product of
(+)-stephacidin A. With the synthetic (+)-stephacidin A in

Scheme 52. Total Synthesis of Notoamides F, I, R and Sclerotiamide
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hand, another natural product (+)-notoamide I was readily
synthesized by treatment with MnO2 in EtOAc. Furthermore,
following the reported procedure,47,110 the formal syntheses of
(−)-notoamide B, (+)-avrainvillamide, and (−)-stephacidin B
could also be realized.
In 2015, Li and co-workers reported another strategy for the

enantioselective total synthesis of natural alkaloids (+)-notoa-
mide F, I and R in 10−12 synthetic steps from readily available
substrates (Scheme 52).116 In this synthetic work, the
construction of the BCDO core was realized using an oxidative
aza-Prins cyclization reaction, which is a quite different strategy
compared to the previous IMDA reaction, radical cyclization
and so on. Furthermore, a radical isomerization catalyzed by a
cobalt complex was used as another key transformation to
build the cyclohexenyl ring.
The total synthesis started from the readily available starting

material 220. Prenylation, followed by Boc protection, afforded
intermediate 221 in a good yield, which was coupled with
dimethyl 2-aminomalonate to produce the amide 222 in
almost quantitative yield. Deprotection of the Boc group and
subsequent lactamation provided the aza-Prins cyclization
precursor 223. When treated with 3 equiv of FeCl3 in MeCN/
CH2Cl2 at room temperature, the corresponding BCDO 225
could be isolated in a 67% yield as the only stereoisomer. The
ketone 227 was formed in a moderate yield when treating 225
with 3-iodoindole 226 in the presence of Grignard reagent,
which underwent the isomerization reaction to form the
cyclohexenyl ring. After that, debenzylation followed by
propargylation afforded ether 232 in a good yield, which
underwent the Claisen rearrangement to finish the total
synthesis of notoamide I in 10 steps with a 7.3% overall yield.

Stereoselective reduction of notoamide I with DIBAL-H
afforded notoamide R. Notoamide F could be isolated when
notoamide R was treated with AcOH/MeOH. Treatment of
notoamide R with oxaziridine 233 could induce the stereo-
selective pinacol rearrangement to give sclerotiamide in a 55%
yield. (Scheme 52)
In 2017, Sarpong and co-workers found that (+)-stephacidin

A could be synthesized from the known intermediate keto-
premalbrancheamide A, which underwent the selective
iodination at the C6 position, giving 234.117 Then photo-
mediated borylation and the following oxidation of the
resulting boronic ester produced the corresponding phenol
235. Thus, stephacidin A could be readily synthesized by the
late-stage construction of the chromene ring following the
previous Williams’ report.118 The synthesis of stephacidin A
was accomplished in 11 steps with a 4.7% overall yield from D-
proline. Notably, 300 mg of stephacidin A was prepared
following this synthetic strategy, demonstrating its scalability
(Scheme 53).
Based on the efficient synthesis of stephacidin A, Sarpong

and co-workers showed that it could be used to prepare a series
of related natural products such as notoamides I, R, and F via
the selective functionalization under different conditions. As
shown in Scheme 54, the group found that the treatment of
stephacidin A with excess amount of MnO2 in dry EtOAc
produced aspergamide B, which could accept the nucleophilic
addition by H2O or MeOH in the presence of TFA to afford
notoamide R or F in good yields. Notoamide R could be
further oxidized to notoamide I or sclerotiamide.

Scheme 53. Concise Total Synthesis of Stephacidin A

Scheme 54. Concise Synthesis of Multiple Natural Products from (+)-Stephacidin A
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5.3. Versicolamides

In 2008, Williams and co-workers reported the biomimetic
total synthesis of versicolamide B (Scheme 55), which well
supported the proposed biosynthetic pathway (Scheme 14).37

The total synthesis started with the known alcohol (237)
through a Mitsunobu type elimination in the presence of PBu3
and DEAD to afford the enamide intermediate, which was
transformed to the lactim ether 238 using Me3OBF4 and
Cs2CO3. The lactim ether 238 tautomerized to the azadiene

239 and then underwent the key IMDA cycloaddition to afford
intermediates 240a and 240b at 2.4:1 dr with 20% aqueous
KOH in MeOH. The minor diastereoisomer 240b could
produce the corresponding spiro-oxindoles 242 as a single
diastereomer by treatment with excess oxaziridine 122 in
CH2Cl2. Finally, the lactim ether of 242 was removed with
diluted aq. HCl (0.1 M, 3 equiv) in THF (0 °C, 5 min) to
provide versicolamide B. Overall, the total synthesis of
versicolamide B was finished in 18 steps with a 1.8% overall
yield. Following the same procedure, the major diaster-

Scheme 55. Biomimetic Total Synthesis of Versicolamide B and Notoamide B

Scheme 56. Concise Total Synthesis of Versicolamide B
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eoisomer 240a could be transformed to the natural product
notoamide B sequentially via 243 and 244.37

Then Williams and co-workers further developed the
asymmetric total synthesis of (+)- and (−)-versicolamide B
via the bioinspired IMDA reaction as the key step119 (Scheme
56). The total synthesis began with the reported amino acid
derivative 245. Coupling of 245 with the chiral proline
derivative 180 afforded amide 246 as a mixture of
diastereomers, which were deprotected and cyclized to form
two diastereomers 247 and 248. The following oxidation led to
the formation of oxindoles 249/250 (3:1) and 253/254 (1:1),
which were subsequently dehydrated to form 251/252 and
255/256, respectively. The four diastereomers were tauto-
merized individually under basic conditions and underwent the
IMDA reaction smoothly to produce (+)-, (−)-versicolamide
B and their diastereomers.

In 2015, Qin and co-workers reported the total synthesis of
(−)-depyranoversicolamide B,108 which is an unnatural
product that contains the common BCDO skeleton but lacks
the pyran motif.106 Tautomerization of the intermediate 261
under Willams’ condition (20% KOH in MeOH at 0 °C to
room temperature) formed two reversible transition states
262/263 and then underwent the stereoselective endo-Diels−
Alder cycloaddition to afford anti-adduct 264 as the sole
product in an 85% yield. This intermediate was further
converted to (−)-depyranoversicolamide B via hydrolysis,
deformylation and oxidation. The bioinspired IMDA reaction
was the key step to construct the BCDO core of (−)-de-
pyranoversicolamide B as shown in Scheme 57.
5.4. Malbrancheamides

In order to elucidate the exact structure of malbrancheamide B,
Williams and co-workers synthesized malbrancheamide and

Scheme 57. Biomimetic Synthesis of (−)-Depyranoversicolamide B

Scheme 58. Synthesis of Malbrancheamides
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malbrancheamide B in 12 steps with 5.3% and 8.2% overall
yields, respectively,120 in which the biomimetic IMDA reaction
was adopted as the key step to build the BCDO skeleton. As
shown in Scheme 58, the Mitsunobu dehydration product 271
was treated with aq. KOH in MeOH for isomerization to form
the required azadiene 272. The azadiene realized the IMDA
cycloaddition to afford the cycloadducts 273/274 with a ∼1:2
ratio (anti:syn) in a good combined yield. Then, 274a and
274c were selectively reduced with DIBAL-H to afford
malbrancheamide and malbrancheamide B, respectively.

Comparison of the NMR spectra of chemically synthesized
C-5-chlorinated and C-6-chlorinated regioisomers to those of
natural malbrancheamide B confirmed that the natural product
contains a 6-chloroindole ring.
In 2013, Scheerer and co-workers reported a formal total

synthesis of (±)-malbrancheamide B in 7 steps (Scheme
59).121 The total synthesis started from indole carboxaldehyde
274, which was synthesized from 6-chloroindole in 4 steps by
following the reported procedure.120 The indole carboxalde-
hyde underwent a domino chemistry with DKP 275 (prepared

Scheme 59. Domino Reaction Sequence for the Synthesis of (±)-Malbrancheamide B

Scheme 60. Asymmetric Synthesis of (+)-Malbrancheamide B
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from proline methyl ester via 3 steps) to produce the
corresponding BCDO skeleton 276/277/278 in an excellent
combined yield in the presence of NaOMe in MeOH at 65 °C.
In this domino chemistry, the cascade sequence could occur
efficiently via DKP enolization. Then addition to the aldehyde
of 274 afforded the aldol condensation intermediate 279,
which was isomerized to form the desired reactive endocyclic
azadiene 280 followed by IMDA reaction under basic
conditions to produce 276/277. Meanwhile, the DKP 278
could be formed from the selective hydrolysis of 277. Thus, the
domino sequence could efficiently couple the two starting
materials and rapidly enhance the molecular complexity with a
high yield. Hydrolysis with p-TsOH in CH2Cl2 at room
temperature readily resulted in deprotection and imine
cleavage of 277/278 to afford the lactam 281, which was the
intermediate of Williams’ synthesis120 of (±)-malbranchea-
mide B. Overall, this total synthesis was completed in 10 steps
(the longest linear sequence consisted of 7 steps).
Encouraged by this racemic approach, the same group

further developed an asymmetric method for the total
synthesis of (+)-malbrancheamide B (Scheme 60).121 The
diastereoselective domino sequence between readily available
282 and indole carboxaldehyde 274 delivered the cycloadducts
283 and 284 in a high combined yield with 2:1 dr. The process
showed that the stereochemistry of the aminal intermediate

could be controlled by the chirality of the azadiene. The
mixture of 283 and 284 was hydrolyzed with TsOH·H2O,
followed by basification to DKP 285, which was selectively
reduced with DIBAL-H, and the resulting primary alcohol was
oxidized by SO3·pyr and DIPEA in DMSO to form aldehyde
286. The aldehyde was subject to Horner−Wadsworth−
Emmons olefination to deliver the chain extension skeleton
289/290. The ester 290 was reduced to afford the mixture of
alcohols 291 and 293. After purification, the ally alcohol 291
was reduced with diimide 292 generated in situ from the
thermal decomposition of TsNHNH2 in EtOH to form 293.
The primary alcohol was transformed to the mesylate and then
underwent intramolecular N-alkylation to form the salt 294
when heated at 120 °C in toluene. The quaternized amine was
heated in the presence of KI and Et3N, generating the
malbrancheamide ring skeleton. The NBOM group was
hydrolyzed under mild acidic conditions to produce the final
product (+)-malbrancheamide B. Thus, the asymmetric
synthesis of (+)-malbrancheamide B was realized in 13
steps,121 during which the aldol condensation, alkene isomer-
ization, and IMDA cycloaddition were the key transformations.
This cascade reaction sequence provided an efficient
enantioselective route for construction of the BCDO indole
alkaloids.

Scheme 61. Concise Total Synthesis of Malbrancheamides

Scheme 62. Synthesis of Intermediates toward Paraherquamides
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In 2017, Sarpong and co-workers reported another efficient
construction of malbrancheamides B and C via the selective
functionalization of the C6 position of the known intermediate
ketopremalbrancheamide (Scheme 61), which was selectively
brominated to form the intermediate 295 and then heated at
70 °C to yield the intermediate 296. Subsequent chemo-
selective reduction of 296 yielded malbrancheamide C. Then
malbrancheamide C was transformed to the corresponding
boronic ester with a photoirradiation strategy, which was
further chlorinated to form malbrancheamide B.117

5.5. Preparaherquamides

In 1989, Williams et al. reported the first synthetic model for
paraherquamides (Scheme 62A).122 They found that a
hexacylic indole 297 could become 3-chloroindolenines with
two diastereomers (4:1 ratio, 298 as the major isomer) when
treated with tert-butyl hypochlorite. The major isomer 298 was
further rearranged to form spiro-oxindoles as a 3.86:1 mixture
of diastereomers 299/300, while the major isomer (299) had
the correct relative stereochemistry with the paraherquamide-
type natural products. Vanillin (301) was transformed to 2-
nitro vanillin 302 via a three-step sequence including
acetylation, nitration and hydrolysis, which was further
converted to a known catechol 303 in five steps. Then,
selective prenylation provided the desired 305 as the major
product, which was epoxidized followed by ring-opening to
afford oxindole 306. The oxindole was further converted to the
gramine derivative 307 in a three-step sequence (Scheme
62B).

Based on the previous work about the biomimetic total
synthesis of brevianamides, the authors established the first
total synthesis of (+)-paraherquamide B from the starting
material 308123 (Scheme 63). In this synthesis, Somei/
Kametani reaction, stereoselective SN2′ reaction, palladium
catalyzed indole cyclization, chemoselective amide reduction,
and an oxidative pinacol rearrangement were used as the key
steps to realize the indole-oxindole formation.
As shown in Scheme 63, the para-methoxylbenzyl protecting

group of enal 309 was removed with CAN to afford an amide
intermediate, and the resulting aldehyde was reduced with
NaBH4 to form an alcohol and then protected to give 310. The
intermediate 310 was further converted to the desired
imidocarbamate 311 as a mixture of diastereomers via a one-
pot process with methyl chloroformate. The imidocarbamate
311 and gramine derivative 307 could form the desired
coupling intermediate 312 when refluxed with n-Bu3P in
MeCN. Indole 312 underwent decarbomethoxylation at 100
°C with LiCl in HMPA to afford diastereomers that could be
readily separated by chromatography. After treatment with
Me3OBF4 and Na2CO3 in CH2Cl2, the diastereomers were
transformed to the corresponding lactim ethers and then to the
diols 313 with the use of (Boc)2O and n-Bu4NF. Following
Corey’s protocol, the sensitive allylic chlorides were synthe-
sized with NCS and Me2S, and the secondary alcohol was
protected with TBS-triflate to afford the key SN2 cyclization
precursor 314. The treatment of diastereomers of 314 with an
excess amount of NaH in hot benzene produced the
stereoselective intramolecular SN2′ cyclization product, afford-

Scheme 63. Concise Total Synthesis of (+)-Paraherquamide B
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ing the BCDO core of (+)-paraherquamide B. With the core
motif of the (+)-paraherquamide B in hand, the heptacycle
316 was generated under the Trost’s condition, together with
the loss of the lactim ether. Selective reduction of the tertiary
amide 316 with alumina reagent and NaCNBH3 afforded
tertiary amine. N-methylation of the tertiary amine followed by
removal of the protecting groups under acidic conditions
produced the indole 317 in a combined 59% yield over 3 steps.
After that, the oxidative spiro-oxidation was realized by
chlorination of 317 with t-BuOCl and pyridine; then hydration
induced the rearrangement to form the spiro-oxindole 319.
Finally, (+)-paraherquamide B was produced via elimination of
the alcohol using MTPI in DMPU with an 83% yield.
Paraherquamide A, containing the special β-hydroxy-β-

methyl proline skeleton, is more challenging to be synthesized
compared to paraherquamide B. Williams and co-workers
came up with an ion-pair driven syn-selective SN2′ cyclization
as a general procedure to construct the α-alkylated-β-
hydroxyproline skeleton (Scheme 64). In this total syn-
thesis,124 the racemic β-keto ester 320 prepared in three
steps from glycine ethyl ester was used as the starting material,
which was reduced to the optically active β-hydroxyester 321
(ca. 95:5 er) using Baker’s yeast. The selective carbon-
alkylation rather than O-alkylation with allyl iodide 322
produced the desired α-alkylated product 323 in a moderate to

good yield. The second alcohol was protected with MOM-Cl
followed by removal of the Boc group and then acylation of the
resulting secondary amine under basic conditions, giving rise to
the bromoacetamide 324 in an 86% yield over three steps. The
in situ generated glycinamide derivative via the treatment of
324 with ammonia in methanol underwent cyclization to
afford the bicyclic skeleton 325 in a 79% yield in the presence
of NaH in toluene/HMPA. Compound 325 was subject to the
one-pot double carbomethoxylation process to provide 326 in
a high yield. Afterward, the Somei−Kametani coupling
reaction with gramine derivative 307 produced the tryptophan
intermediate 327 in the presence of n-Bu3P as two
diastereomers (3:1 ratio), which further underwent decar-
bomethoxylation to afford 328 as two separable diastereomers
with LiCl in aq. HMPA at 105 °C. The secondary amide was
protected as methyl lactim ether after treatment with
Meerwein’s reagent. Protection of the indole with Boc group
and the silyl ether was deprotected to form the corresponding
diol 329, which was transformed to the allilic chloride by
mesylation in the presence of collidine. The remaining
secondary alcohol was protected with TBSOTf to afford the
key intermediate 330, which was the precursor of the
intramolecular SN2′ cyclization. After treatment with NaH in
hot THF, the cyclized product 331 could be isolated in a good
yield with the desired conformation. The intramolecular SN2′

Scheme 64. An Ion-Pair Driven Model toward the Synthesis of (+)-Paraherquamide A
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cyclization process was driven by the ion-pair via the “closed”
transition state with high syn selectivity, as discussed above.
When treated with an excess amount of PdCl2 and AgBF4 in
MeCN with propylene oxide to absorb acid, the seven-
membered ring was formed, which was further reduced to
afford the corresponding 2,3-disubstituted indole 332 by
NaBH4 in EtOH. It is worth mentioning that the propylene
oxide was essential to buffer the reaction system, as the MOM
ether would be cleaved without the propylene oxide. The
lactim ether 332 was deprotected under acidic conditions, and
then the resulting ring-opened intermediate was recyclized
under basic conditions, giving rise to the heptacyclic
piperazinedione, which was reduced with DIBAL to form
333. Methylation of the secondary amide and deprotection of
the MOM-protecting groups yielded the secondary alcohol,
which was oxidized to form a ketone intermediate.
Subsequently, the N-Boc and TBS-protecting groups were
removed in one step upon treatment with TFA to provide the
intermediate 334. By treating 334 with t-BuOCl in pyridine, 3-
chloroindolenine, the precursor of the pinacol-type rearrange-
ment, was formed and then transformed to the corresponding
spiro-oxindole skeleton with a 54% yield under acidic
conditions. After that, the dioxepin ring was formed via the
dehydration of the alcohol with (PhO)3PMeI in DMPU to
afford 14-oxoparaherquamide B. Following the reported
procedure,125 the stereoselective 1,2-addition of the methyl
group with MeMgBr gave the final product (−)-para-
herquamide A in a 42% yield.
In 2020, Sarpong and co-workers developed an efficient

route toward the synthesis of preparaherquamide and
(+)-VM55599.126 Obtained from enone 335 via a two-step
sequence, amide 336 then underwent the Hoffmann rearrange-

ment in the presence of PhINTs, and the in situ generated
isocyanate 337 was further converted to ammonium
intermediate 338 when treated with aq. H2SO4. Next, the
Fischer indolization afforded pentacyclic indole 339 in one-pot
from 338. The primary amine was transformed to the phenyl
carbamate 340. Then, the secondary alcohol of 340 was
oxidized to form the cyclization precursor 341, which was
treated with K2CO3 to afford the BCDO core of 342, via the
Dieckmann cyclization of the in situ generated enolate and
isocyanate group. Overall, the BCDO skeleton was built in 5
steps from the known intermediate 335, presenting a concise
approach to a series of related natural products. The desired
tertiary alcohol 343 was formed with the combined utility of
MeMgBr and LiCl and then dehydrated with the Burgess
reagent to afford a mixture of alkenes with two regioisomers
344/345 in a 71% yield (1:2 ratio). These two isomers were
further hydrogenated followed by chemoselective reduction
with DIBAL-H, giving preparaherquamide and (+)-VM55599
in 25% and 27% yields, respectively (Scheme 65).126

5.6. VM55599

As shown in Scheme 66, Williams and co-workers reported the
total synthesis of VM55599.88 This total synthesis started from
benzophenone imine 346, condensation of which with the
gramine derivative 10 gave the tryptophan derivative 347 in a
good yield in the presence of n-Bu3P in MeCN. The amino
ethyl ester 348 was obtained after cleavage of the
benzophenone imine. Boc protection and ester hydrolysis
formed acid 349, which was coupled with racemic proline
derivative 351 to produce the desired peptide 352. The Boc
group was deprotected with TFA, and the resulting amino
ethyl ester underwent cyclization to form the corresponding
piperazinedione 353, which was treated with SOCl2 in pyridine

Scheme 65. Concise Total Synthesis of Preparaherquamide and (+)-VM55599
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to generate the unsaturated substance 354. Then, the lactam
was protected to afford azadiene 355, which underwent the
tautomerization/IMDA reaction to form the cycloadducts in a
78% yield in the presence of KOH in MeOH. Upon structural
analysis, the cycloadduct was confirmed to have the desired
skeleton, which was treated with diluted HCl aqueous to cleave
the lactim ether to give the amide. The following selective
reduction with excess DIBAL-H produced the final product
VM55599.
In 2002, Williams and co-workers reported the asymmetric

total synthesis of (−)-VM55599 (Scheme 67), which used L-
isoleucine 357 as the starting material to build the α-
methylproline ring.89 Compound 357 was transformed to the
chiral methylproline derivative 358 via the Hoffmann−
Loeffler−Freytag sequence in 5 steps with a 47% overall
yield, which was hydrolyzed, and the resultant acid 359 was
coupled with glycine methyl ester 360 to form the
corresponding dipeptide 361 in a high yield. Then
deprotection of the Boc group and heating gave the DKP
362 with an excellent yield in 3 steps, which was further
protected to form its N-methylthiomethyl (MTM) derivative.
The MTM protected substrate 364 could be easily purified by
chromatography, which underwent the Aldol reaction with
aldehyde 365 to form the intermediate 366 with a mixture of
diastereomers. Removal of the MTM protecting group and
elimination produced the sole compound 367, which was
further treated with AcCl at ambient temperature for 14 days
to generate the corresponding cycloadducts 370 (35% yield),

28 (15% yield), and 29 (10% yield) as separable products. It
was proposed that when AcCl was added, O-acyl lactim A
would be formed and then isomerized to yield azadiene B,
which then underwent the IMDA reaction to afford the
cycloadducts. Finally, selective reduction of 29 with an excess
amount of DIBAL-H gave the final natural product
(−)-VM55599.
5.7. Marcfortine

In 2007, Trost and co-workers reported the total synthesis of
the natural product marcfortine B, using the Pd-catalyzed
trimethylenemethane [3+2]-cycloaddition strategy (TMM
reaction) developed in their previous study.127 The synthesis
started from the known substrate 371, which was converted to
the TMM-acceptor 372 via a 2-step sequence. The TMM
cycloaddition occurred smoothly between 372 and TMM
donor 373, producing a spirocyclic acid in the presence of
palladium catalyst, which was converted to the methyl ester
374. Further epoxidation and elimination of 374 gave the
allylic alcohol 375. Then the free alcohol 375 was equipped
with the Ms-leaving group and coupled with piperdine 376 to
afford intermediate 377, upon which the Boc group was
removed and a straightforward aza-Michael addition gave the
cyclized skeleton 378 in quantitative yield with high selectivity.
After reprotection of the amine with a PMB group, the ester
was reduced to the primary alcohol, which was further
transformed to xanthanate ester 379. A stoichiometric amount
of AIBN and 20 mol % Bu3SnH induced the radical cyclization
to form the BCDO core. Meanwhile, the radical species could

Scheme 66. Total Synthesis of VM55599 from Benzophenone Imine
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further react with AIBN to form the N radical species to afford
the unsaturated intermediate 380, which was reduced to the
target skeleton 381. Removal of the PMB and methyl groups
formed the hexacycle 382, and the stereochemistry was
confirmed by the X-ray crystal structure. Following the
known procedure, the final product marcfortine B was
achieved. Pd-catalyzed TMM cycloaddition, aza-Michael
addition, and radical cyclization were the key steps to construct
the central motif of this natural product (Scheme 68).
In 2013, the same group reported the asymmetric total

synthesis of (−)-marcfortine C using enantioselective Pd-
catalyzed TMM cycloaddition.127−129 As shown in Scheme 69,
the starting material 6-benzyloxyindole 383, protected with the
Boc group, was transformed to 384 via Cu-catalyzed
propargylation after deprotection of the Bn-group, which was
further converted to the chromene 385 via Claisen rearrange-
ment in the presence of PtCl4. Then 385 was transformed into
the oxindole 386 in 2 steps. Removal of the Boc group,
transformation to the acetone adduct 387, and protection by a
MOM group formed the TMM acceptor 388, which
underwent the enantioselective palladium catalyzed TMM
[3+2] cyclization with a chiral phosphine ligand 390.
Subsequently, the terminal olefin was oxidized to the primary
alcohol 392 with the Davis oxaziridine 391, which was further
transformed to the radical cyclization precursor 394 in 3 steps.

The primary carboxamide 394 underwent the aza-Michael
addition to form 395 in the presence of t-BuOLi, which was
further converted to an aldehyde and reduced to form the
primary alcohol 396. Next, 396 was converted to the radical
precursor 397, which went through the radical cyclization with
n-Bu3SnH, AIBN, in the presence of BSA to afford the BCDO
skeleton 398 in a moderate yield. Compound 398 was further
transformed to the final product marcfortine C via the
chemoselective reduction of the olefin and deprotection of
the MOM group. Taken together, the enantioselective total
synthesis of marcfortine C was achieved in 19 steps with a
2.6% overall yield.
5.8. Asperversiamides

Very Recently, Banwell, Lan and co-workers developed the
total syntheses of asperversiamides.130 Based on the reported
biosynthetic proposals by Birch, Williams and others,1,8,31,97

asperversiamide G, synthesized from commercially available 4-
bromo-3-methoxyaniline via 15 chemical steps, was trans-
formed to asperversiamides D and E via [1,5]-H shift and
subsequent IMDA reactions (Scheme 70). With treatment of
AcCl at 22 °C for 5 days and hydrolytic workup,
asperversiamides D and E were obtained as a separable
mixture in 32% and 17% yields, respectively. During this
process, the heterodiene 403 was formed via the [1,5]-H shift

Scheme 67. Total Synthesis of VM55599 from L-Isoleucine
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from the in situ formed intermediate 402 and then underwent
an IMDA reaction through a syn transition state to afford
asperversiamide D upon hydrolysis. Asperversiamide E was
also prepared from this procedure by a less favored anti
transition state. After that, more efficient approaches were
developed to realize the transformations as follows: the Aldol
condensation of BOM protected intermediate 400 with
diketopiperazine 275 using NaOMe under reflux and the
subsequent acidic workup produced IMDA adduct intermedi-
ates 404 and 405, which were then transformed to
(±)-asperversiamide D and (±)-asperversiamide E upon
deprotection of the BOM group. After careful screening of
the oxidizing agents, when using m-chloroperbenzoic acid (m-
CPBA), asperversiamides A (51%) and B (23%) were
generated as separable mixtures, while the spiro-fused oxindole
(±)-C8a′-epi-asperversiamide C was produced from (±)-as-
perversiamide D via [1,5]-H shift.

6. BIOLOGICAL ACTIVITIES
With the unique core structures and diversified stereo-
chemistry and tailoring modifications, the fungal BCDO indole
alkaloids exhibit a wide spectrum of biological and
pharmaceutical activities, including but not limited to
insecticidal, anticancer, antimicrobial, cytotoxicity, anti-inflam-
matory, antiparasitic, and calmodulin-inhibiting effects (Table
1).
Brevianamides A and D were identified as potent

antifeedants against the larvae of two lepidopterous pests,
Spodoptera f rugiperda and Heliothis uirescens.131,132 Breviana-
mide A showed a marked dose−response relationship and
retained activity at 100 ppm. Brevianamide D displayed a less
antifeedant activity than brevianamide A, being active at 1,000
ppm against S. f rugiperda. Nonetheless, brevianamide D was
more effective than brevianamide A on reducing pupal weight.

Notoamides A−C showed moderate cytotoxicity against
HeLa and L1210 cells, with notoamide D having the best IC50
value.35 Notoamide B displayed potential anti-inflammatory
activities by inhibiting production of the pro-inflammatory
cytokines TNF-α and IL-1β133 and was able to inhibit the
colony formation of 22Rv1 prostate cancer cells at a
concentration of 100 μM.134 (−)-Enantiomers of notoamides
A and B, and 6-epi-notoamide T inhibited the receptor
activator of nuclear factor-κΒ (NF-κΒ) ligand (RANKL)-
induced osteoclastogenic differentiation of murine RAW264
cells more strongly than their corresponding (+)-enan-
tiomers.135 Besides the insecticidal activity against first instar
larvae of the cotton bollworm, notoamide D also showed
activities toward human and plant bacterial pathogens, and
seven widespread pathogenic fungi.136 Notoamide G demon-
strated great antitumor activities against a panel of
hepatocellular carcinoma (HCC) cell lines and was considered
as a potent lead for further development of an antitumor
agent.137 Specifically, notoamide G inhibited the viability of
HepG2 and Huh-7 cells via both apoptosis and autophagy
pathways. Further investigation revealed that notoamide G
promoted P38 and JNK phosphorylation. Notoamide H
showed antifungal activity with an MIC value of 25 μg/mL
against Rhizoctonia solani.138 By measuring the inhibitory
effects on Propionibacterium acnes-induced THP-1 cells,
notoamides H and R displayed moderate anti-inflammatory
activities with IC50 values of 46.2 and 34.3 μM, respectively.
Moreover, notoamide I showed weak cytotoxicity against HeLa
cells, with an IC50 value of 21 μg/mL.36

Both stephacidins A and B exhibited in vitro cytotoxicity
against a number of human tumor cell lines.44 Stephacidin A
and 6-epi-stephacidin A showed inhibitory activities against
RANKL-induced osteoclastogenic differentiation of murine
RAW264 cells, with (−)-enantiomers being more active than
their corresponding (+)-enantiomers.135 Stephacidin A also

Scheme 68. Total Synthesis of Marcfortine B
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Scheme 69. Enantioselective Total Synthesis of Marcfortine C

Scheme 70. Total Syntheses of Asperversiamides Using IMDA Strategy
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displayed potential anti-inflammatory activities, showing 46.5%
and 32.6% inhibition ratios for cytokines IL-1β and TNF-α,
respectively, at the concentration of 20 μM.133 As to the
activity against pathogenic bacteria, stephacidin A displayed
good selectivity toward Staphylococcus epidermidis.139 It was
also reported that stephacidin A showed antibacterial activity
and respiratory inhibitor activity, being able to inhibit the
respiratory chain with an IC50 value of 35 μM.140 Stephacidin
B demonstrated more potent and selective antitumor activities,
especially against the prostate testosterone-dependent LNCaP
cells.44

The in vitro anti-inflammatory activity of taichunamide D
was investigated by using LPS-stimulated murine macrophage
RAW 264.7 cells, showing significant inhibition of cytokines
IL-1β at the concentration of 20 μM.133 Taichunamide H
exhibited a moderate activity against Pseudomonas aeruginosa
with an MIC value of 0.8 μM.136,141

Malbrancheamide is a calmodulin (CaM) antagonist,
inhibiting the activity of CaM-dependent phosphodiesterase
(PDE1) in a concentration-dependent manner with an IC50 of
3.65 μM68,142−144 and could cause moderate inhibition of
radicle growth of Amaranthus hypochondriacus with an IC50 of
0.37 μM.68 In vitro assays showed that malbrancheamide
exhibited inhibitory activity toward yeast α-glucosidase
(αGHY) with an IC50 value of 458.7 μM, and the activity
was corroborated in vivo using a sucrose tolerance test in
normoglucemic mice.145 Malbrancheamide also showed
moderate inhibitory activity against the protein tyrosine
phosphatase 1B (PTP-1B) with an IC50 value of 14.5 μM.145

The interactions of malbrancheamide, malbrancheamide B,
and isomalbrancheamide B with CaM were analyzed using
enzymatic, fluorescent, spectroscopic, nuclear magnetic reso-
nance (NMR), and molecular modeling approaches.144 The
enzymatic and fluorescent experiments showed that all three
alkaloids were classical CaM inhibitors. The results also
revealed that malbrancheamide, malbrancheamide B and
isomalbrancheamide B induced a significant vasorelaxant
activity in an endothelium-intact model in rat aorta rings and
a lesser effect in an endothelium-denuded model.146 Docking
analysis indicated that the endothelium-independent relaxation
could be mediated by its CaM inhibitory properties through an
interference with myosin light chain phosphorylation and
positive modulation of eNOS.
Paraherquamides exhibit a broad spectrum of anthelmintic

and insecticidal activities (even toward some drug-resistant
strains of nematodes).73,74,147,148 The bioactivity of para-
herquamide A was tested against immature Trichostrongylus
colubriformis in gerbils,148 Hemonchus contortus larvae in vitro,
adult T. colubriformis infections,74 and the common gastro-
intestinal nematode species of sheep,149 and it showed great
effectiveness. However, when paraherquamide A was examined
for the common gastrointestinal nematodes of dogs, it
produced unexpected and severe toxicosis at doses far below
those that were safe in the ruminants.150,151 Paraherquamides
A, B, and E and other paraherquamide-related compounds
VM55596 and VM55597 exhibited insecticidal activity against
the hemipteran Oncopeltus fasciatus Dallas, and the most potent
compound was paraherquamide E with an LD50 of 0.089 μg/
nymph.78 The oral activity of paraherquamide E against adult
T. colubriformis infections in gerbils was determined, showing
significant effectiveness in reduction of faecal egg count.82

Paraherquamide E was also evaluated against the human liver
cancer cell line Bel-7402, giving the IC50 value of 1.9 μM.80

Additionally, paraherquamides F and G exhibited anthelmintic
activities against Hemonchus contortus larvae in vitro and adult
T. colubriformis infections in gerbils.74

It is worth noting that, based on the bioactivity and toxicity
of paraherquamide A, the 2-deoxy-derivitive of paraherqua-
mide A, namely 2-desoxoparaherquamide (later named
Derquantel by Pfizer), was chemically synthesized from
paraherquamide A and determined to display better
anthelmintic activity and maintain a safe level of toxicity.152

Mechanism exploration revealed that 2-desoxoparaherquamide
blocked nicotinic stimulation of cells expressing α3 ganglionic
(IC50 = 6 μM) and muscle-type (IC50 = 3 μM) receptors,
suggesting that the anthelmintic action of this compound is
acting as an antagonist of nicotinic acetylcholine receptor
(nAChRs) to block cholinergic neuromuscular transmission.152

The combination of Derquantel and the macrocyclic lactone
abamectin has an excellent broad-spectrum efficacy against
several parasitic nematodes in sheep. Therefore, Derquantel in
a formulated combination with abamectin has been released
and marketed as an anthelmintic medicine under the trade
name STARTECT.153,154

7. CONCLUDING REMARKS
Progress toward understanding a growing number of BCDO
alkaloid metabolic systems and characterization of biosynthetic
enzyme functions has enabled their expanded application in
the synthesis of unnatural derivatives. For example, Kelly et al.
pursued a data science-driven protein engineering analysis of
the reverse prenyltransferase NotF from the notoamide
biosynthetic pathway and developed a one-pot cascade
reaction using NotF and FMO BvnB from the brevianamide
biosynthetic pathway. This approach provided an efficient
route to the 3-hydroxypyrroloindoline scaffold from readily
accessible diketopiperazine building blocks, culminating in the
first biocatalytic synthesis of (−)-eurotiumin A.92 We
anticipate further interactions between chemical and biological
syntheses, driven by BCDO genetic and biocatalytic building
blocks to explore diverse combinatorial biosynthesis and
chemoenzymatic synthesis approaches for structural diversifi-
cation. An expanded BCDO alkaloid library will contribute to
more extensive bioactivity evaluations and future development
of therapeutic agents.
Among the four representative BCDO alkaloids, the

biosynthetic pathways of DKPs brevianamide A/B and MKP
malbrancheamide have been fully elucidated. However, several
important questions remain for the construction of DKP
notoamide A and MKP paraherquamide A. The uncharac-
terized biosynthetic steps include: 1) the intramolecular [4+2]
IMDA cyclization to assemble the BCDO core in notoamide
A; 2) the cyclization of the dimethylpyran ring in notoamide
A; 3) the biosynthetic route to stephacidin A during assembly
of notoamide A; and 4) expansion of the pyran moiety to the
7-membered dioxepin ring in paraherquamide A. Moreover, N-
methylation and hydroxylation of the prolyl group to complete
the paraherquamide A pathway remain to be established.
Further bioinformatics, genetic and biochemical analyses of
uncharacterized enzymes are required for complete elucidation
of these biosynthetic systems. Another outstanding question
relates to the formation of antipodal metabolites of notoamide
A and stephacidin A, which are produced by different fungal
species. Have these microorganisms convergently evolved
strain-specific biosynthetic enzymes for production of enantio-
meric BCDO alkaloids, or have mutations accumulated from
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an early common progenitor? Future experimental and
mechanistic characterization of the presumed enantioselective
enzymes will enlighten our understanding of this fascinating
question.
This review sought to summarize the research history from

the viewpoints of both biological and synthetic chemists and
proposed select future prospects to provide inspiration for the
long-sought biogenesis of fungal indole alkaloids that comprise
BCDO metabolites. We anticipate that remaining mysteries of
unknown biosyntheses will be fully resolved in the not too
distant future. This report, supplemented with our previous
work that focused on biosynthesis5,59,97,221−227 and chemical
synthesis,59,97,226,227 provides detailed insights by systemati-
cally reviewing the advances of the endlessly fascinating fungal
BCDO indole alkaloids.
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