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ABSTRACT

INVESTIGATING THE BIOSYNTHETIC MECHANISMS OF THE BREVIANAMIDES &
PENICIMUTAMIDES THROUGH THE TOTAL SYNTHESIS OF SECONDARY

METABOLITES

The class of prenylated indole alkaloids containing a bicyclo[2.2.2]diazaoctane ring
system consists of secondary metabolites isolated from fungal genera that possess diverse
biological activities. Recent findings have established three ways in which the bicyclic core in
this class can be constructed: (1) Generation of the monoxopiperazines (malbrancheamides and
related families) by an NADPH-dependent bi-functional reductase/Diels-Alderase; (2) An
enantiodivergent generation of the dioxopiperazines by some cytochrome P450 creation of
achiral azadienes and successive enzyme-mediated stereoselective intramolecular hetero-Diels-
Alder (IMDA) reaction in the notoamide/stephacidin families; and (3): non-Diels-Alderase
generation of the bicycle of the brevianamides directed by a novel cofactor-independent
pinacolase, culminating in a spontaneous IMDA reaction. The goal of the current work was to
employ total synthesis to assist with the full characterization of unknown metabolites and
decipher biochemical mechanisms employed in fungal organisms. Through this, the first total
synthesis of brevianamide X and penicimutamide E, along with the synthesis of brevianamide A,
and an improved, enantioselective synthesis of brevianamide Y were completed. The details of
the novel synthetic work carried out by the author can be found in Chapters 3 and 5. Further
synthetic efforts to better understand and access a variety of natural products are in progress to

decipher the intrinsic transformations organism found in nature harness.
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Chapter 1: Prenylated Indole Alkaloids

I. Introduction

The class of prenylated indole alkaloids comprising a bicyclo[2.2.2]diazaoctane ring
system consists of a variety of polycyclic and functionally unique secondary metabolites. These
alkaloid metabolites have been isolated from both marine and terrestrial sources of Aspergillus
sp., Malbranchea sp., and Penicillium sp.."> Based upon biochemical and genetic origins, these
natural products are divided into two structural sub-families (Figure 1.1 ).1# First, there are the
dioxopiperazines which contain two amides in the bicyclic system (Figure 1.1). Brevianamide A,
a dioxopiperazine, was the first metabolite in the prenylated indole alkaloids family to be
isolated with the bicyclic core. The second family of compounds is the monooxopiperazines that
contain only one amide in the bicycle like seen in paraherquamide A. The monooxopiperazines
can be further broken down into an entirely new family of biogenetically related decarbonylated
alkaloids. While little is known of the decarbonylated compounds, such as citrinalin A3, it is
theorized that they are a result of decarbonylation of the bicyclo[2.2.2]diazaoctane core. Despite
the prenylated indole alkaloid class of compounds being around for over 50 years, the interest
from both a biological and synthetic standpoint remains strong.

The continued interest in the prenylated indole alkaloids stems from their structural
complexity and diverse biological activity. For example, paraherquamide A and 2-
deoxyparaherquamide (derquantel), a semi-synthetic derivative, possess strong anthelmintic
properties (Figure 1.1). In combination with abamectin, derquantel has been found to be

effective at removing a large range of nematodes, even multi-resistant GI varieties, from sheep.®



Dioxopiperazines

Asperversiamide A
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Figure 1.1: Representative fungal indole alkaloids containing bicyclo[2.2.2]diazaoctane.
Compounds with 3-spiro-y—indoxyls, spiro-2-oxindoles and 3-hydroxyindolenines are presented
in red, blue, and green respectively; compounds in black lack derivatization of the indole
functionality.



Other biological activities shown by alkaloid metabolites includes anti-parasitic

(marcfortines’*, asperparalines9’10, brevianamides'!!?), antibacterial (waikialoids'?, aspeverin”,

15,16

avrainvillamide>>'®, speramide Al718), anti-fungal (waikialoids'?), neuroprotectivew,

2021 'notoamides®?), and calmodulin inhibitory23 properties.

anti-tumor (stephacidins
While these indole alkaloids have been found to be biologically important, many enzyme
transformations in the fungi are unique; as such, interest has also been drawn towards the
biogenesis of the prenylated indole alkaloids. Harnessing the power of biomimetic and
biocatalytic synthesis, the biochemical mechanisms of these fungal metabolites have been
intensely investigated.?*

Among the fungal genera Aspergillus, Penicillium, and Malbranchea, it was theorized
that the bicyclo[2.2.2]diazaoctane ring system was constructed by an intramolecular hetero-Diels
Alder (IMDA) reaction catalyzed by some Diels-Alderase enzyme. When performing the IMDA
reaction, four distinct stereochemical outcomes are possible (Figure 1.2). The relationship
between the bridged amide and the C-H proton at the bridgehead can be identified as being syn-
or anti- to one another. Historically, syn-metabolites are more common than anti, and selectivity
through synthesis also has displayed favorability towards the formation of syn-products.'

Recently, three distinct biogenetic pathways have been identified to be exploited by the
producing fungi to construct the bicyclic core. First, the monooxopiperazines (malbrancheamide,
paraherquamide, and related families) use NADPH-dependent bifunctional reductases/Diels-
Alderase to build the bicyclic core (see Chapter 1.2). Second, a stereoselective construction of
the bicycle in the dioxopiperazines is derived through an enantiodivergent Diels-Alderase

cycloaddition of catalytically generated achiral azadienes through enzymatic oxidation for the

notoamides and stephacidins (see chapter 1.3). Lastly, the construction of the



bicyclo[2.2.2]diazaoctane system in the brevianamides is directed by a cofactor-independent

pinacolase, followed by a spontaneous IMDA reaction (see chapter 3).

2e" [ox]

Figure 1.2: Stereochemical outcomes of the IMDA cyclization across the diketopiperazine
moiety to form the bicyclo[2.2.2]diazaoctane ring system. Anti- and syn- designations are
referring to the relation of the bridged amide (red) and C-H proton (blue = anti; green = syn) at
the bridgehead.

I1. Monooxopiperazines: Diels-Alderase Generation of the Bicyclic Core!

By biomimetic total synthesis and in vitro enzymatic reconstitution, the biosynthesis of
monooxopiperazines’ malbrancheamide and paraherquamide were elucidated. For
malbrancheamide, the coupling of proline and tryptophan is accomplished with dimodular NRPS
(non-ribosomal synthetase) MalG, producing aldehyde 1 (Figure 1.3). Upon loss of water, the
aldehyde rearranges to form monoketopiperazine 4. Reverse prenylation by MalE and
spontaneous oxidation will lead to zwitterionic species 5. The structure of zwitterion 5 and its
functionality in the biosynthesis was confirmed through biomimetic total synthesis of the
substrate. Zwitterion 5 is reduced to azadiene 6 by MalC in the presence of NADPH, which also

catalyzes an enantio- and stereoselective IMDA cycloaddition to (+)-premalbrancheamide (7).

1 The work discussed was originally reported in Nature Catalysis®.
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Similar results were found in the phqE genome of paraherquamide; the reductase/Diels-Alderase

was identified as PhqE.

-tryptophan \ hoy T N -H,0 . _N MalE

+ —_— ' ‘ — - DMAPP
L-proline @E\g o) N OH N\
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N N H

1 H 2 3
o
HNJHM
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_ oxtdat/on NADPH

A\ N
Me
N N
H Me Me H
4 Zwtp (5) - 6 - (+) premalbrancheamide (7)

Figure 1.3: Biogenesis of premalbrancheamide in Malbranchea aurantiaca.

MalC is the first known reductase-dependent Diels-Alderase, and the first example of a
Diels-Alderase in the prenylated indole alkaloid family. Interestingly, MalC was found to derive
its selectivity for the cycloaddition from NADPH; in the presence of NADH the
enantioselectivity between (+)-premalbrancheamide (7) and its enantiomer was 63:37. The
necessity of NADPH appears to be a result of the high level of preorganization of the enzyme,
which prevents the diene of 6 from exploring both faces of the pyrazinone ring. The discovery of
novel enzymes, such as MalC and PhqE, represents “tools” that can be applied to various indole
alkaloids to be able to selectively access more diverse substrates in a less step-heavy fashion.
Identifying the reductase/Diels-Alderase enzymes for two species of the monooxopiperazines
also acts as precedence for the Diels-Alderase construction of the bicycle in the family and
decarbonylated sub-family of metabolites. Highly homologus proteins have already been

identified by the Sherman group in the Citrinalin (CitL; P. citrinum F53) and Citrinadin (CtnO;



P. citrinum IBT 29821) pathways that could perform an anti-diastereoselective IMDA reaction to

build the bicyclic precursor for some decarbonylated indole alkaloids.

III. The Enantiodivergent Synthesis of the Notoamides and Stephacidins

The Gloer’s laboratory was the first to isolate (-)-stephacidin A from Aspergillus
amoenus (formerly A. versicolor), a terrestrial fungus.?® The enantiomer, (+)-stephacidin A, was
originally isolated from terrestrial fungi, A. orchraceus by Bristol-Meyer Squibb.?’ The
stephacidins have also been isolated from marine fungi: (+)-stephacidin A from A. protuberus
and (-)-stephacidin A from Aspergillus sp. XS2009006°%. For each species, stephacidin A, and
following metabolite derivatives, were optically pure.>**-3! This indicates that there likely is
some enzymatic process that enantioselectively assists with the construction of the
bicyclo[2.2.2]diazaoctane ring system in each species.

The identity of the enzyme, and its native substrate, is not known. After numerous
feeding studies, it was theorized that isolated metabolite, notoamide S, could be the biosynthetic
precursor to stephacidin A (Figure 1.4).* An oxidation of the diketopiperazine unit of notoamide
S could occur (8), followed by the construction of the bicyclic core to form proposed metabolite
notoamide T through a facial selective enzyme-mediated IMDA cycloaddition. The pyran ring
could be formed by oxidation and cyclization to yield stephacidin A.> While the specific
biological intermediates and enzymes have not been elucidated for the biosynthesis of
stephacidin A, the gene clusters of the various fungi have been analyzed and determined to be
orthologous to one another.? Further evolutionary implications of this finding are currently being

investigated.
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Figure 1.4: Proposed biosynthesis of stephacidin A. Fungal species A. amoenus and
Aspergillus sp. XS2009006 produce (+) stephacidin A while A. orchraceus and A. protuberus
produce (-) stephacidin A in an optically pure manner.
IV. Conclusions and Perspective

The prenylated indole alkaloids are a class of compounds isolated from fungal genera
Aspergillus, Penicillium, and Malbranchea. While this class of compounds has been studied for
over a half a century, starting with the dioxopiperazine Brevianamide A, much is still unknown.
The continued interest stems from the diverse biological activity and the continued ingenuity
found in the biosynthetic construction of the structurally intriguing analogs. The recent discovery
of the three pathways towards the construction of the characteristic bicyclo[2.2.2]diazaoctane
ring system has provided us with a better framework for the biochemical mechanics that these

fungi possess. With each new discovery of functionally unique enzymes, access to more complex



natural products, such as Waikialoid A, can be more readily studied. Also, reactions that were
either not practical or not selective in the past, can easily be done on a variety of substrates
through the application of the newly discovered enzymes.

This chapter was a brief overview of the current understanding of the prenylated
alkaloids. Future chapters will focus on dioxopiperazines from the brevianamides, with specific
interest on how our understanding of the biosynthetic construction of the metabolites has
changed over the years through synthetic and biochemical studies (Chapters 2 & 3). Specifically,
chapter 2 will discuss pertinent previous works. Chapter 3, on the other hand, will cover the full
elucidation of the brevianamide biosynthesis, where all synthetic work was completed by the
author (Morgan McCauley), biochemical work by the Sherman group at the University of
Michigan, and the computational analysis by the Paton group at Colorado State University. A
brief overview of the newly discovered penicimutamides will also be covered, including a
proposed synthesis of the natural products through proposed biosynthetic intermediates
(Chapters 4 & 5). The background, both isolation and previous relevant synthetic work, will be
discussed in chapter 4. In chapter 5, synthetics efforts will be discussed, which, unless otherwise

noted, were completed by the author.



Chapter 2: Penicillium brevicompactum Proposed Biosynthetic Proposals and Total Syntheses

for Brevianamide A and B

I. Early works (1969-1973)

In 1969 Birch and Wright isolated brevianamide A, along with brevianamide E, from
Penicillium brevicompactum.*® Brevianamide A (8) was a groundbreaking discovery as it was
the first compound isolated in the prenylated indole alkaloid family that contained the
characteristic bicyclo[2.2.2]diazaoctane ring system (Figure 2.1). Initial biosynthetic studies
revealed that brevianamide A was made from tryptophan, proline, and an isoprene unit.**3*
While the exact structure of the compound was unknown at the time, the spiro-y-indoxyl
skeleton was confirmed by the UV chromophore. In future isolation studies, Birch and Russell
were able to identify four new brevianamides: B, C, D, and F.3> Most notably, brevianamide B
(9) was theorized to be a stereoisomer of brevianamide A, which was later confirmed through the
total synthesis of the metabolite. Additional biological testing found brevianamide A to be a
potent anti-parasitic agent against an assortment of insect species.!""!'> The most pressing mystery
for the structure determination of brevianamide A was how, biosynthetically, the organism could
establish the bicyclic core.

The bicyclo[2.2.2]diazaoctane ring system was first theorized by Porter and Sammes to
arise from some spiro-5-intramolecular [4+2] Diels-Alder (DA) reaction (Figure 2.2).>° To test
the theory, Porter and Sammes attempted Diels-Alder reactions between various substrates. Most
notably, a trial was performed with norbornadiene and a pyrazine derivate. The reaction was

found to not only readily form the Diels-Alder product, but also to favor product
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Figure 2.1: Fungal metabolites isolated from P. brevicompactum. Brevianamides C and D
were found to be photolytic artifacts of brevianamide A

formation over reforming the reactants, likely due to favorability towards amide formation over
the dihyrdopyrazine system. With support towards the formation of the bicyclic system of
brevianamide A through some IMDA reaction, attention was shifted towards understanding the
inherent selectivity. This could not be established at the time, as the stereochemistry of
brevianamide A was unknown. It was not until the first total synthesis of brevianamide B that the
absolute configuration of the compound, and a vital relationship in the biogenesis of
brevianamides A and B, was revealed.>’® The biogenesis, while unknown, needed to account for

the tricyclic ring systems of the two compounds functioning as enantiomorphs.*’

o}
N

§ s
3

N
=

Brevianamide A

Figure 2.2: Early suggestions by Sammes and Birch for the biosynthetic construction of the
bicyclo[2.2.2]diazaoctane ring system. While the exact substrate of the IMDA reaction was not
proposed, the proposal suggests some spiro-derivative of the indole.
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I1. Williams initial synthesis and biosynthetic proposal (1988-1989)>

The first total synthesis of brevianamide B was carried out by Williams and coworkers in
1988 (Figure 2.3). To start, proline derivative 8 was allylated following Seebach’s*’ procedure to
afford 10. Aminolysis with pMB, accompanied by condensation with bromoacteyl bromide, and
the consecutive ring closer, yielded diketopiperazine derivative 13. Ozonolysis of 13 provided
aldehyde 14. Access to 16 was achieved by a Witting reaction between aldehyde 14 and E-allylic
alcohol 15, succeeded by a NaBH4 reduction. Silylation of 16 and carboxymethylation yielded
17 in a 4:1 mixture. Compound 19 was synthesized through Kametani-type coupling of gramine
(18) with 17. Successive silyl deprotection, indole protection, and allylic chlorination resulted in
20. The resultant product (20) was exposed to the key intramolecular Sn2’ cyclization, an
essential step to establish the desired anti-stereochemistry of the bicyclic core. The desired
isomer (21) was formed by NaH treatment of 20, but the undesired isomer could also be accessed
by addition of 18-crown-6 to the reaction mixture.

Hexacyclic indole 22 was constructed from 21 by consecutive removal of the N-t-BOC
group and cyclization with concentrated HCI. Oxidation of the indole double bond with mCPBA
gave a single hydroxyindolenine (23) diastereomer, which upon treatment with a strong base
went through a semi-pinacol rearrangement to indoxyl species 24. Lastly, the pMB group was
removed with excess -BuLi in THF to afford (-) brevianamide B. With their total synthesis of
brevianamide B, a compound that is produced in extremely low quantities in P. brevicompactum,

the absolute configurations of both brevianamides A and B were revealed, as well as a critical

biosynthetic relationship between the two compounds.

2 The work discussed can be found in references 37-39.

11
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Figure 2.3: Williams 1988 synthesis of brevianamide B. Accounted for first total synthesis of
brevianamide B.

O
Brevianamide B

From this discovery, the Williams group developed their first biosynthetic proposal for the
brevianamides (Figure 2.4). Based on Birch’s feeding study, it was believed that brevianamide F
was constructed from L-tryptophan and L-proline.** Brevianamide F could then be prenylated with
dimethylallyl pyrophosphate (32) to give deoxybrevianamide E. Oxidation of the diketopiperazine
unit of deoxybrevianamide E could yield an azadiene species (33), which could suffer an
intramolecular [442] IMDA reaction to give cycloadduct 34. Oxidation and semi-pinacol
rearrangement of the resultant hydroxyindolenine would then provide brevianamides A and B.
During the total synthesis of brevianamide B, mCPBA was found to selectively oxidize one face
of the cycloadduct. Given that mCPBA only oxidized towards the formation of brevianamide B,

the minor product, it was theorized that some enzyme-mediated process must occur to shift the
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stereoselectivity to favor the major isomer, brevianamide A, from the specific enantiomer of the

cycloadduct.
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N N Me N Me

H H Me
Brevianamide F Deoxybrevianamide E — 33 —
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N
N
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(0]
(+) 34 35 (+) brevianamide B (9)
[4+2] [ox] rearrangement
cyclase

)
(+) brevianamide A (8)

() 34

Figure 2.4: Williams 1989 biogenetic proposal for brevianamides A and B. The pinacol
rearrangement to the indoxyl occurs after the IMDA cycloaddition.

To test the likeliness of their proposed biosynthesis, Williams and co-workers screened for
the presence of cycloadduct 34 in extracts from P. brevicompactum. Efforts to detect 34 were
unsuccessful, which led to two possible conclusions. Either cycloadduct 34 was short-lived in the
organism and was immediately transformed by the enzyme to other substrates (i.e. 35/36 or
brevianamides A and B). Or the cycloadduct was not present in the fungi, and as a result, not a

biological intermediate to the brevianamides.
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II1. Williams 1993 13C study and Biosynthesis?

In the William’s 1989 proposed biosynthesis of brevianamides A and B, cycloadduct 34
was proposed to be a key intermediate. The compound was not found when screened for in the
organism. To indisputably determine whether 34 was present in P. brevicompactum, a *C labeled
synthesis of the cycloadduct was carried out. The route that was previously used to synthesize
brevianamide B (Figure 2.3) was followed using *C-labeled gramine. When the '*C-labeled
cycloadduct was fed to the organism there was no seen incorporation into either brevianamide A
or B.

With 34 ruled out as a biological intermediate in the biosynthesis of the brevianamides, a
new target was set. Deoxybrevianamide E, a compound that was first postulated to be a precursor
by Birch®*, was tested next for its intermediacy in the biosynthesis of the brevianamides. A tritium
label was utilized to ascertain that the compound could be detected even with the small quantities
that would be isolated.

The synthesis of [8-*H]labeled deoxybrevianamide E was inspired by the procedure
established by Kametani.**** Prenylated indole 27 was prepared by a variation of the Fisher indole
synthesis (Figure 2.5).% Acetonitrile was reacted with 25 and Zn(Ag) to establish a ketone. Imine
26 was formed when the ketone was treated with hydrazine. Upon reflux with ZnCl; in diglyme,
desired prenylated indole 27 was established. The tritium label was introduced with labeled
formaldehyde and reacted with prenylated indole 27 to give gramine derivative 28. Somei
coupling*® of gramine with diketopiperazine 29, followed by reduction of the methyl ester gave a

mixture of deoxybrevianamide E and its (R)-diastereomer.

3 The work discussed can be found in references 41 and 42.
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Figure 2.5: Williams tritium labeled synthesis of deoxybrevianamide E. The tritium label was
introduced by formaldehyde. X= CO;Me

A significant amount of incorporation of [8-*H]deoxybrevianamide E was found in both
brevianamide A (7.8% total incorporation, 12.1% specific incorporation) and brevianamide B
(0.9% total incorporation, 1.4% specific incorporation) when fed to P. brevicompactum. There was
also incorporation found in brevianamide E (24.9% total incorporation, 38.5% specific
incorporation). The high values of incorporation confirmed that deoxybrevianamide E is a
biosynthetic precursor of brevianamides A, B, and E. The high levels of incorporation of
deoxybrevianamide E into brevianamide E, along with its stability in culture conditions and
consistent proportion to brevianamide A, implied that brevianamide E is not an artifact of work-
up or culture conditions like previously believed; instead, brevianamide E is a dead end in the
biosynthetic pathway.

Founded on the results of the feeding studies, Williams and coworkers developed a new
biosynthetic proposal (Figure 2.6). The major difference in the 1993 proposed biosynthesis when
compared to that from 1989 is a conclusion derived from the '*C and *H feeding studies; the
indoxyl is likely constructed before the IMDA cycloaddition. Like previously seen in the 1989
biosynthesis, brevianamide F was thought to be prenylated to form deoxybrevianamide E.

Selective oxidation of the indole of deoxybrevianamide E would furnish the hydroxyindolenine
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intermediate. The hydroxyindolenine then could experience two fates: either undergo a
nucleophilic substitution to form brevianamide E or suffer a pinacol rearrangement to indoxyl 38.
Formation of azadiene species 39 through an oxidation of the diketopiperazine unit, followed by

an enzyme-catalyzed DA reaction would yield brevianamides A and B.
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rearrangement
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(+) Brevianamide B [4+2] Me Me N [ox] Me
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o TR

O
(+) Brevianamide A

Figure 2.6: Williams 1993 biosynthetic proposal for brevianamides A and B. The first
biosynthetic proposal to account for the formation of brevianamide E as a shunt metabolite, which
was accomplished by the pinacol rearrangement occurring before the IMDA reaction.

IV. Williams 1998 Synthesis of Brevianamide B and C-19-¢pi-brevinanamide A*

An IMDA reaction was proposed to establish the bicyclo[2.2.2]diazaoctane ring system in
the Williams 1993 biosynthetic proposal. To establish if an IMDA reaction could occur on the
brevianamide substrates, and whether the transformation was likely enzymatic, a biomimetic

synthesis was carried out, with a focus on executing the IMDA cyclization.

4 The work discussed can be found in reference 47.
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The synthesis of 9-epi-deoxybrevianamide followed the procedure by Kametani.?
Conversion to lactim ether 40 proceeded with Me3OBF4 (Figure 2.7). DDQ oxidation gave
unsaturated compound 41. Treatment of compound 41 with methanolic KOH caused a
tautomerization to azadiene species 42, which suffered a spontaneous IMDA reaction to
cycloadducts 43 and 44 in a 2:1 ratio. Cycloadducts 43 and 44 were separated and converted to C-
19-epi-brevianamide A and brevianamide B respectively through mCPBA oxidation, semi-pinacol

rearrangement of the hydroxyindolenines (45 and 46), and lactim ether deprotection.
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H 2. HClI
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Figure 2.7: Williams 1989 synthesis of brevianamide B and C-19-epi-brevianamide A.
Synthesis 1s shown from biosynthetic precursor deoxybrevianamide E.

When investigating the IMDA construction of the bicyclo[2.2.2]diazaoctane ring system,
it was found that the choice of solvent did not play a role in the selectivity of the proportion of syn-
to anti-cycloadduct. The major synthetic product was the syn-cycloadduct (43), of which none
have been identified in P. brevicompactum. This implied that the organism may possess a

mechanism to assure facial exclusivity in the construction of the bicyclic core.
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V. Halligan-Investigation Towards the Total Synthesis of Brevianamide A°®

Previous syntheses of brevianamide B were accomplished by oxidizing the indole of anti-
cycloadducts (22 & 44) to form the relevant hydroxyindolenine, which would rearrange under
basic conditions. The reason that only brevianamide B was synthesized was that oxidation to the
hydroxyindolenine was solely occurring on one face; the hydroxyindolenine precursor to
brevianamide A was never formed. It was theorized by Halligan that by performing the semi-
pinacol rearrangement to the indoxyl before IMDA cyclization, access to both brevianamides A
and B would be possible. The idea was to form proposed biosynthetic precursor 38 from Williams’
1993 biosynthetic proposal, the indoxyl of deoxybrevianamide E (38; see Figure 2.6). Initial

attempts to form an indoxyl were done on less functionalized indoles (47 & 51; Figure 2.8).
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OTBS
1. Oy, hv, Rose Bengal,
— MeOH; DMS OTBS 1 MsCI _1.MsCl,py
A\
2. Si0,, DCM
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B P 6é’s’ir’é&m"""‘
CN 1. Oy, hv, Rose Bengal, O CN \ (0] ‘
N\ — MeOH; DMS CN __reducing conditions N = 1
2 NaHMDS. THF N (e-g- DIBAL-H, NaBHy,) | CHO |
N ' N ; ;
H H N H | N N
51 52 53 547

CN'_H,NCONH,, H,0, CONH _ Red-AlfEther
acetone water
Li(OtBu) 3AIH/ether

Figure 2.8: Attempts to synthesize and derivatize indoxy substrates: (A) Initial attempts to
synthesize indoxyl 50, which led to a ring expansion; (B) Initial conditions to try to form the
indoxyl 54 that resulted in reformation of the indole. (C) Further derivatization of the indoxyl was
not possible from 56.

While indole derivates 47, 51 and 52 were able to be transformed to indoxyl derivatives,

when any further functionalization, especially even slightly reductive conditions, were attempted

5 The work discussed can be found in reference 48.
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the indoxyl would reform the indole or a ring expansion would occur (Figure 2.8). For example,
after mesylating indoxyl derivate 48, exposure to KCN triggered a ring expansion of the pentane
ring gives undesired product 49 (Figure 2.8 A). Protecting the indoxyl was attempted in hopes of
preventing the unwanted side reactions. Boc-protection of the indole was not successful, nor was
forming an ether species with BF4OEt;. After intense investigation of the indoxyl species, coupling
of 57 to a proline derivative was accomplished, but conversion to the diketopiperazine while
maintaining the indoxyl was not possible.

As an alternative of carrying forward the indoxyl over a multitude of steps, a semi-pinacol
rearrangement was attempted on a lactam ether derivative of deoxybrevianamide E (40). A variety

of basic and acidic conditions were tested (Figure 2.9).

OMe Desired O'V'e
_Conditions _ %\ Me Me  Me
Me S
Me
Indoxyl 58 Oxmdole 59 ...

Conditions Results
1M NaOH, MeOH Indoxyl 58
KOH, PPTS, DMSO-MeOH | Indoxyl 58
DBU, THF SM (40) + decomp
KHMDS, PPTS, DCM SM + decomp
K>CO3, DMF Oxindole 59
2 M HCIl, MeOH SM (40) + decomp
Silica gel SM (40) + decomp
Al>O3, toluene SM (40) + decomp
BF;(OEt),, HC(OMe);, DCM | SM (40) + decomp

Figure 2.9: Conditions tested on compound 40 to attempt the formation of indoxyl 60. All
attempts either led to elimination of the diketopiperazine ring (58), formation of the oxindole (59),
or recovery of starting material. SM= starting material; decomp= decomposition
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The results of these tested were either recovery of starting material, formation of the oxindole (59),
or elimination of the diketopiperazine ring upon construction of the indoxyl (58).

The formation of oxindole 59 was thought to occur by a simple elimination upon
rearrangement from the epoxide (Figure 2.10 A). The elimination of the diketopiperazine ring
appeared to be a result of deprotonating the tryptophan hydrogen instead of the indole hydrogen
(Figure 2.10 B). As all attempts to form and maintain the indoxyl moiety were unsuccessful, the
synthesis of brevianamide A was not achieved. But, from Halligan’s study, the instability of the

indoxyl on less functionalized material was established.
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Figure 2.10: Mechanistic proposals for undesired product selectivity (see Figure 2.8 for

conditions) (A) Proposed mechanism for the elimination to 58. (B) Mechanism for favorability of
oxindole (59) construction.

VI. Williams 2005 Synthesis of Brevianamide B®
To further explore the facial bias of an IMDA reaction, a new route to brevianamide B was

developed (Figure 2.11). Known ketone 674" was subjected to conjugate addition with ethyl 1,3-

6 The work discussed can be found in reference 49.
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dithiane-2-carboxylate. The resultant ester was hydrolyzed with base to carboxylic acid 69, which
was coupled with BOP-CI to L-prolineamide (71) to provide peptide 72. The dithiane was removed
by oxidative deprotection to yield a mixture of 73 and an uncyclized amide. The diketopiperazine
(73) went through a Lewis acid catalyzed IMDA reaction to give solely the anti-configuration of
the bicycle (74). Mimicking the Williams 1993 synthesis, the ketone was converted to a
phenylhydrazone and rearranged to indole 34 through a Fischer indole reaction. Applying
established steps, cycloadduct 34 was converted to brevianamide B by formation of the

hydroxyindolenine and subsequent semi-pinacol rearrangement to establish the indoxyl unit.
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Figure 2.11: Williams 2005 synthesis of brevianamide B. Facial bias of the IMDA reaction of
73 was investigated and found only anti-cycloadduct 74 was produced.

VII. Williams 2007 Synthesis of Brevianamide B’
Employing a newly developed biomimetic route towards stephacidin A, a new synthetic

approach towards brevianamide B was established. Known tryptophan derivative 82 was

7 The work discussed can be found in reference 51.
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synthesized following established protocols (Figure 2.12).°>% From prenylated gramine (79),
Somei-Kametani coupling of benzophenone imine (80) in the presence of PBus gave coupled imine
81. Cleavage of the benzophenone under acidic condition provided the free amine, which
subsequently was Boc protected. Basic hydrolysis of the amino ester gave carboxylic acid 83.
With the newly established conditions applied in the synthesis of stephacidin A, Boc-
protected tryptophan derivative 83 was coupled to cis-hydroxyproline ethyl ester (84) as an acid
salt by HATU and DIPEA peptide coupling. The resultant dipeptide was deprotected and cyclized
to form diketopiperazine 86 as a mixture of diastereomers. Two different methods were developed
to form the IMDA cycloadducts 34 and 126. One involved a Mitsunobu elimination of the hydroxy
group, followed by subjugation to methanolic KOH. The other method involved utilizing equal
amounts of DEAD and PBus3 to both eliminate the alcohol and cyclize the resultant enamide (87).
Cycloadduct 34 was exposed to the established indoxyl construction conditions to transform the

compound to (+) brevianamide B.
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Figure 2.12: Williams 2007 synthesis of brevianamide B. One of the first biomimetic
construction of the bicyclic core from possible biological precursor. Compounds were racemic
mixtures.

VIIL. Simpkins 2010 Synthesis of Brevianamide B?

A new method to establishing the bicyclo[2.2.2]diazaoctane ring system was developed in
Simpkins synthesis of brevianamide B by utilizing a cationic cyclization. The beginning steps
mirror that by Williams® 1988 synthesis of brevianamide B*’ by starting with some proline
derivative 88 and prenylating. The oxazolone (89) was opened and reacted with lithiated o-
benzylhydroxylamine. The amine of proline derivative 90 was coupled to indole pyruvic acid 91
to give the hydroxy-diketopiperazine 92. Cationic cyclization of the diketopiperazine occurred

using TMSOTT and resulted in the construction of both syn and anti-cycloadducts (93) in a 1:4

8 The work discussed can be found in reference 54.
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ratio. Standard conditions for indoxyl formation were implemented on 93.3” The protecting group
on 94 was removed with Sml; and LiCl, which simultaneously reduced the indoxyl to a mixture

of alcohols (95).% The alcohol was re-oxidized with Dess-Martin to give (-) brevianamide B.
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Figure 2.13: Simpkins 2010 total synthesis of brevianamide B. The key IMDA reaction was
initiated by cationic cyclization

IX. Scheerer's 2016 and 2017 Formal Syntheses of Brevianamide B’

With the goal to selectively synthesize both enantiomers separately, Scheerer and co-
workers in 2016 carried out a formal synthesis of brevianamide B that put attention towards the
IMDA reaction. Established in previous work, diketopiperazine 97 was formed in 3 steps from
proline methyl ester.”® Enolization of the 97 with LIHMDS was followed by aldol addition to the
aldehyde of indole 96 (Figure 2.14). The exocyclic diene was eliminated by acylating the

intermediate b-alkoxy and subsequent treatment with base to yield key intermediate azadiene 99.

° The work discussed can be found in references 56 and 57.
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Methyl 2-nitroacrylate 100 was employed as the dienophile for the DA reaction with azadiene 99
to control the regioselectivity.> Compound 100 also compelled the DA cycloaddition to only occur
for the endo transition state. Elimination of the nitro group was carried out with DBU.
Hydrogenation of the newly formed double bond gave a mixture of syn- and anti-bicycles (103).

The ester of 103 was converted to the tertiary alcohol 104 with excess methyl magnesium bromide.
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Figure 2.14: Scheerer’s 2016 formal synthesis of brevianamide B. The route was carried out in
hopes of implementing an enantioselective synthesis in which both enantiomers could be isolated.

Employing a variation of the DA reaction done in 2016, Scheerer’s formal synthesis of
brevianamide B in 2017 started by coupling diketopiperazine 97 and indole derivative 96. Instead
of using methyl-2-nitroacrylate (100) for the DA cyclization, maleic anhydride (106) was used as
the diene to give a 58% yield of cycloadduct 107 (Figure 2.15). Applying excess methanol and
DMAP, a selective attack ensued on the carbonyl distal to the indole. The resultant carboxylic acid
was benzylated (108). Selective acid hydrolysis was accomplished over three steps with an overall
77% yield of 109. The benzyl ester of 109 was hydrogenated to a carboxylic acid, followed by

esterification with N-hydroxyphthalimide (NHPI) to 110 which was more readily capable of
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radical decarboxylation to 111. Established in their 2016 synthesis, the methyl ester was converted
to free tertiary alcohol with MeMgBr, which intern was cyclized with TsOH to construct
cycloadduct 34 in a 61% yield. The formal synthesis could have been completed by using

established indoxyl formation conditions to again yield (+) brevianamide B.’
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Figure 2.15: Scheerer’s 2017 formal synthesis of brevianamide B. Focus was placed on
optimization of the DA reaction. Compound 34 was synthesized in a racemic mixture.

X. Lawrence’s Total Synthesis of Brevianamides A and B and Biosynthetic Proposal!’
Brevianamide A was first isolated in 1969, but its total synthesis had been a challenge for
synthetic chemists for almost 50 years. Lawrence’s methodology was the first instance in which

not only brevianamide A was synthesized, but also both enantiomers of brevianamide A were

10 The work discussed can be found in reference 60.
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accessible separately, resulting in optically pure substrates. What was likewise remarkable about
the first total synthesis of brevianamide A was that the ratio of brevianamide A to B that was
synthesized mimicked the ratio that these compounds were produced in P. brevicompactum.

The first total synthesis of brevianamide A started with phthaloyl (113) protection of
commercially available tryptophan methyl ester (112; Figure 2.16). Danishefsky prenylation of
tryptophan derivative 114 gave intermediate 116 on a 20-gram scale.®' A Sn2 style demethylation
was employed on the methyl ester of 116 using LiCl and DMF. The resultant lithium carboxylate
(117) was subjected to a one-pot acyl chloride formation and imine acylation to give enamine 119.

Deprotection of the primary amine was accomplished by using mild nucleophilic
conditions, ammonia in methanol, which simultaneously was able to cyclize and construct the
diketopiperazine ring, synthesizing dehydrodeoxybrevianamide E (120). Oxidation of 120 with
mCPBA gave diastereomers of brevianamide E, in a 3:2 ratio. Treatment with LiOH caused the
brevianamide E diastereomers to go through a DA reaction and construct the bicycle while
simultaneously performing a retro-5-exo-trig [1,2]-alkyl shift to the indoxyl, providing both
brevianamides A and B. Each enantiomer of brevianamide A and B could be accessed in an

optically pure fashion by exposing either diastereomer of brevianamide E to LiOH.
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Figure 2.16: Lawrence’s total synthesis of brevianamides A and B. Marked as the first total
synthesis of brevianamide A, which was enantioselective, and mimicked the selectively that is
seen in P. brevicompactum. The enantiomer of brevianamides A and B depended on which
diastereomer of brevianamide E was carried forward; the diastereomer to (+) brevianamides A/B
is shown above.

From their synthetic studies, Lawrence and co-workers developed a new biosynthetic
proposal that centered on a newly proposed biosynthetic precursor, dehydrodeoxybrevianamide E,
which has previously been isolated from some Penicillium and Aspergillus species.>%* The
proposal suggests that the fungi could take dehydrodeoxybrevianamide E and oxidize the indole
to the hydroxyindolenine (122; Figure 2.17). Rearrangement of the indolenine could give the
indoxyl (123) or brevianamide E if a 5-exo-trig reaction occurred instead. Tautomerization of the
diketopiperazine unit to form the azadiene species (39) would then set up the molecule to perform
a diastereoselective DA reaction.*'®> Whether this was enzymatically catalyzed or not was
undecided. Overall, the biosynthetic proposal by Lawrence was incredibly similar to Williams’

1993 biosynthetic proposal*! but used a different starting material (dehydrodeoxybrevianamide E

vs. deoxybrevianamide E).
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Figure 2.17: Lawrence’s 2019 brevianamides biosynthetic proposal. Key difference to other
biosyntheses is noted by compound 20, an enamine derivative of deoxybrevianamide E.

XI. Minor Metabolites Isolated From Penicillium Brevicompactum: Brevianamides X and Y
i. Marine Drugs'!

New metabolites were identified from Penicillium brevicompactum (DFFSCS025) in 2017,
brevianamide X and Y. These compounds both contain an oxindole core, a new structural
component to the brevianamides. Oxindoles have been seen previously in the prenylated indole
alkaloid family from compounds such as versicolamide B (Aspergillus sp.) and paraherquamide A
(Penicillium sp.).5”%® The exact stereochemistry of brevianamides X and Y were not known at the
time that this paper was published; neither crystal structures nor optical rotation values were
determined.

The best-known metabolites that have been isolated from P. brevicompactum are

brevianamides A and B. Both brevianamides A and B are anti-cycloadducts and contain an indoxyl

11 The work discussed can be found in reference 66.
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core. All previous biosyntheses have only planned for how the fungi would be constructing the
indoxyl. With the isolation of brevianamides X and Y, the new mystery was how the organism
constructed both indoxyls and oxindoles, but also how selectivity of the various metabolites was

controlled.

Brevianamide Y Brevianamide X
(124) (125)

Figure 2.18: Structures of newly isolated oxindole metabolites. First instances of the oxindole
metabolites in P. brevicompactum, especially with the identification of a syn-metabolite,
brevianamide X. The exact stereochemistry of the compounds was later elucidated.'"’

ii. Glinka'

When paraherquamide A was isolated, synthetic chemists were enthralled with the idea of
synthesizing the compound, especially as it had been shown to possess potent anti-parasitic
properties.”” One key characteristic that was somewhat unique to paraherquamide A was the
oxindole core. To study the synthesis of paraherquamide A, a model study was carried out with
non-substituted indole syn-cycloadduct 126 (Figure 2.19).

It has been previously established that when indole cycloadducts, like 126, were exposed
to mCPBA followed by base, a semi-pinacol rearrangement to the indoxyl proceeded. Following
literature precedent, tBuOCI] was applied on 126 to form chloro-indolenine 127, which when

refluxed in aqueous acetic acid and methanol caused the rearrangement to the oxindole. This

12 The work discussed can be found in reference 69.
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protocol was found to be somewhat stereoselective towards formation of the less hindered
diastereomer (129; 58%) over the more hindered diastereomer (130;15%). It is important to note
that a protecting group was used on the secondary nitrogen located in the bicycle and was not
removed. In later synthetic studies by the Williams group it was found that the pMB (p-
methoxylbenzyl) group was not removable under established conditions (e.g. ceric ammonium

nitrate), so much harsher conditions had to be employed to trigger deprotection.*

DCM MeOH

130
Figure 2.19: First instance of oxindole formation from DA substrate (126). Note the present of
a pmb (p-methoxylbenzyl) protecting group.

iii. Greshock: First synthesis of oxindole without PG"

Along with the total synthesis of brevianamide B, a new route to the oxindole was
developed by Williams and coworkers in 2007 (Figure 2.20). Treating the anti-cycloadduct with
Davis oxaziridine 131 gave the hydroxyindolenine as one diastereomer (36). When the
hydroxyindolenine was treated with a biphasic solution of 2M HCI and DCM a clean conversion
to oxindole 132 was achieved. With this work, a definitive synthesis of the oxindole can not only
be achieved but can also be accomplished stereoselectively. Note the difference in selectivity of

the pinacol rearrangement on 34 and 126. When a protecting group was present (126) two products

13 The work discussed can be found in reference 51.
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(126 and 130) were formed; on the other hand, when no protecting group was on the molecule (34)

only one product (132) was isolated.

Figure 2.20: Synthetic catalyzed pinacol rearrangement from DA substrate 34. Absence of
protecting groups, and selective oxidation to the hydroxyindolenine (36) was possible with Davis
oxaziridine (131). All products were racemic mixtures.

iv. Miller: A new Approach to establishing the Oxindole Core'?

After isolating both (+) and (-) versicolamide B, a new synthetic scheme was proposed and
carried out to model a feasible biogenetic pathway that would produce both enantiomers of
versicolamide B. All previous syntheses of prenylated indole alkaloids that contain an oxindole
have been accomplished by first establishing the bicyclo[2.2.2]diazaoctane ring system and then
focusing on the formation of the oxindole (see Figures 2.19 & 2.20). In Miller’s synthesis of
versicolamide B, a new methodology was developed; the oxindole was formed before the bicyclic
core was established (Figure 2.21).

The pinacol rearrangement of the indole was carried out on separated diastereomers of
diketopiperazine 133”! when treated with oxaziridine 131 (Figure 2.21). The rearrangement gave
both the (S) and (R) stereochemistry for the oxindoles, but at different ratios depending on the

diketopiperazine diastereomer (cis vs. trans). A Mitsunobu elimination was utilized to eliminate

14 The work discussed can be found in reference 68.
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the alcohol on oxindoles 134 and 13S. Tautomerization and subsequent DA cycloaddition was

achieved by treatment with methanolic KOH to yield four diastereomers of versicolamide B as

DEAD, PBug
—_—

DCM
(0] _OH nBu o 71%
N /
O Oy
N //S\\
131 o O
DCM
80%
3:1=T:B (cis)
1:1=T:B (trans)
DEAD, PBuj
DCM

78%

Figure 2.21: Pinacol rearrangement from diketopiperazine 133 to oxindoles 134 and 135.
Both diastereomers of 133 (referencing the hydrogen shown) were separated when carried forward.
The cis- and trans-diastereomeric nomenclature refers to the relative stereochemistry of the
proline- and tryptophan-derived a-methine protons.

optically pure products (Figure 2.22). An interesting result of performing the DA reaction on the

oxindole was that only the anti-cycloadducts were synthesized, when in all previous works using

similar conditions the syn-cycloadduct was favored in an approximate 2:1 ratio.
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Figure 2.22: Diels-Alder rearrangement of oxindoles to versicolamide B (142) and
diastereomer (143). Compounds were optically pure. Only anti-cycloadducts were isolated.

v. Qin’s Total Synthesis of Brevianamide Y (depyranoversicolamide B)">

While conducting an experiment to obtain complete stereoselectivity for the anti-
cycloadduct from the DA reaction, Qin was able to complete the first total synthesis of
brevianamide Y (Figure 2.23). The synthesis began with the prenylation of the C-3 position on
Boc-protected indoline derivative 144.”* Deprotection of the Boc groups of 146 was followed by
re-Boc protecting one nitrogen selectively while methylating the other. By using a combination of
TiCls and NaBH3CN, ring opening of compound 148 occurred, leaving tryptophan derivative 151.
Once the Boc group was again removed, a HATU coupling to proline 152 was achievable. The
new dipeptide (153) was deprotected with piperidine, which simultaneously cyclized to form
diketopiperazine 154. The methyl lactim ether derivate 155 was prepared before a thiophenyl
group was introduced to the C-17 position of the diketopiperazine moiety. Treatment with KMnOq
allowed for the oxidation of the N-methyl group to aldehyde 157. Further oxidation of the aldehyde

intermediate with magnesium monoperoxyphthalate caused the elimination of the thiophenyl

15 The work discussed can be found in reference 72.
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Figure 2.23: Qin’s total synthesis of brevianamide Y.

group to give DA precursor 158. Treatment with the standard Williams conditions®® of methanolic

KOH allowed for the DA cyclization to occur, but in this instance only yielding the desired anti-

cycloadduct 160. The lactim ether was removed with acid and deformylation of the aldehyde
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occurred upon treatment with base. The oxindole was constructed by oxidizing indoline 161 to an

imine with MnQO,, which was further oxidized with NaClO,/NaH,PO4 to brevianamide Y.

XII. Conclusions and Perspective

From Birch to Lawrence, a variety of biosyntheses have been proposed for the
brevianamides isolated from P. brevicompactum. Through the application of total synthesis, the
absolute configurations of many metabolites were determined. To better understand what the
biosynthetic route in the fungi entailed, feeding studies with synthesized deuterium/tritium labeled
compounds were carried out. These feeding studies were able to disprove some biosynthetic
proposals, but also foster the development of others. For example, the role that brevianamide E
played as a shunt metabolite towards the biosynthetic construction of brevianamides A and B was
revealed through feeding studies.

While many syntheses of brevianamide B have been completed in the past, as well as a
variety of biosynthetic routes to the metabolites had been proposed, little was known with certainty
of the biochemical mechanism carried out by the fungi. No biochemical analysis had yet been
performed to fully elucidate the enzymes, and their exact substrates, yet. It was not until recently
that the biosynthesis of the brevianamides, from full characterization of the enzymes and their
native substrates, were revealed. The use of biochemical analysis, gene manipulation, total
synthesis (completed by the author), and computation analysis allowed for the full elucidation and

the discovery of a novel cofactor-independent pinacolase (Chapter 3).
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Chapter 3: Elucidation of Brevianamides A and B Biosynthesis'®

I. Background

Brevianamides A and B have continued to hold the attention of both synthetic chemists
and biologists for over 50 years. While brevianamide A was recently synthesized for the first
time, there were still many unknowns for the biochemical mechanisms that led to its generation
in native fungi, Penicillium brevicompactum. The key unanswered question was still: where does
the oxidation occur, before or after the crucial IMDA cycloaddition to establish the bicylo[2.2.2]
diazaoctane core, and on what is the structure of this intermediate? Another intriguing aspect of
brevianamide A and B was their 3-spiro-y-indoxyl functionality. Most prenylated indole
alkaloids that have an oxidized indole core have been 2-spiro-oxindoles, while only a small
number contains an indoxyl (Figure 1.1). Both indoxyls and oxindoles have been theorized to
arise biosynthetically from some form of a pinacol rearrangement.

Pinacol, or semi-pinacol, rearrangements have been of great importance to the biogenesis
of natural products by way of a 1,2-alkyl shift to generate a new carbonyl group. Besides the
previously mentioned indole alkaloids, many other species have been found to utilize this
rearrangement, including aflatoxin B1!%, (+) liphagal'®, tropolone!!’, aurachin'!!, and (+)

asteltoxin'!?

. Natural product biosynthetic pathways that have been found to include a (semi)-
pinacol rearrangement are rare and all known cases contain pinacolases that are cofactor-

dependent. Examples of which include the FAD-dependent monooxygenase NotB in the

biosynthesis of notoamides C and D'!*, the two-enzyme system AuaG/AuaH (FAD/NADH

16 This chapter is based on a publication from Nature Catalysis'"’
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dependent) responsible for aurachin''#, and the non-heme deoxygenase TropC involved in the
biosynthesis of tropolone!!>. In each case the enzyme is bi-functional; it has both oxireductase
availability and is responsible for directing the 1,2-alkyl shift. In the recently elucidated
biosynthesis of brevianamides A and B a cofactor-independent pinacolase, the first of its kind,
was discovered. The novel enzyme was also found to assist in directing the construction of the
bicyclo[2.2.2]diazoctane ring system in an enantioselective manner. All synthetic work covered
in the current chapter was completed by the author (Morgan McCauley). The biochemical
techniques employed were carried out by the Sherman group, mostly by Dr. Ying Ye, at the
University of Michigan and the computational analyses were performed by the Paton group from

Colorado State University.

I1. Biosynthesis of Brevianamides A and B

The isolation of the brevianamide gene cluster was achieved through genome mining by
employing the notoamide nonribosomal peptide synthetase (NRPS) gene note.''® Through
genome mining, a biosynthetic (bvn) gene cluster was identified in P. brevicompactum. The gene
cluster was smaller than that of its homolog, notoamide, which reflected the differences in their
corresponding complexities. A combination of gene deletion, heterologous gene expression,
precursor feeding, chemical total synthesis, computational analysis, and in vitro biochemical
assays were utilized to determine the enzymes and substrates that compose the biosynthetic
pathway for brevianamides A and B.

As seen in both the notoamide and fumitremorgin biosynthesis, L-proline and L-
tryptophan were converted to brevianamide F by NRPS enzyme BvnA (Figure 3.1)."''":!'8 The

function of BvnA was also confirmed by heterologous gene expression in Aspergillus orzae (Ao).
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The remaining enzymes, bvnB-E, functionalities were analyzed by creating single-gene knockout
(KO) strains of P. brevicompactum.

An accumulation of brevianamide F, the product of BvnA, was found in the byvnC-KO
strain. The bvnB-KO and bvnD-KO strains accumulated deoxybrevianamide E and brevianamide
E, respectively. It was proposed that brevianamide E could be a shunt metabolite that resulted
from a 2,3-indole epoxidation of deoxybrevianamide E by flavin monooxygenase BvnB. To test
the hypothesis, recombinant N-Hiss-tagged BvnB was exposed to deoxybrevianamide E, which
showed complete and efficient conversion to brevianamide E in vitro likely through a similar
mechanism as seen by NotB (a BvnB homolog with 62%/75% identity/similarity) from the
notoamide biosynthesis.'!* As the bynD-KO did not generate a compound containing the
bicyclo[2.2.2]diazaoctane structure, BvnD was reasoned to be the key enzyme for the proposed
IMDA reaction. When bvnE was deleted, seven unique compounds were observed,
brevianamides A, B, X, and Y, along with what was later determined to be novel
hydroxyindolenine intermediates. The details of the bynE KO study and the following

conclusions will be discussed later in a later section of this chapter (see section I11).
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Figure 3.1: Biosynthesis of the brevianamides. Enzymes are shown in blue and functions/
transformations in red.

To further validate the function of the bvn genome and to clarify the biosynthetic order
for each transformation, heterologous gene expression with a variety of gene combinations was
carried out in Ao. It was found that brevianamide F was reverse prenylated to form
deoxybrevianamide E both by Ao-bvnC in vivo and by purified BvnC in vitro when in the
presence of DMAPP and Mg?*. The results confirmed that reverse prenyl transferase BvnC was a
synthase for deoxybrevianamide E, holding the same role as NotF in the notoamide
biosynthesis.'!” Trying to determine the role of BvnB, an Ao-bvnCDE strain was tested, which
observed only accumulation of deoxybrevianamide E in the feeding experiment, while Ao-bvnBC
and Ao-bvnBCE both saw brevianamide E as the solitary product. The combined results gave

credence to the idea that BvnB must be a flavin monooxygenase that performed an indole
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epoxidation (202) before the BvnD-mediated and the BvnE catalyzed steps. Introducing
brevianamide F to the Ao-bvnBCD strain resulted in the identification of 5 products with a m/z of
366 ([M+H]") with relative abundances of 1:1:5:2:6 (brevianamide A: brevianamide B: 45:
brevianamide X: brevianamide Y). These results were reminiscent of that found by the KO study
of bvnE in P. brevicompactum. Lastly, when the enzyme BvnE was incorporated, and
brevianamide F was fed to Ao-bvnBCDE, brevianamides A and B were isolated in a ratio of 10:1,
the same as what is found when produced in P. brevicompactum.

Combining the results of the KO study and gene manipulation/biotransformation carried
out in Ao, a reaction sequence was developed. The enzymatic pathway could be deduced to be
BvnA — BvnC — BvnB — BvnD — BvnE (Figure 3.1). The exact role of BvnD was not fully
elucidated. Attempts to incorporate the P450 enzyme in E. Coli and Saccharomyces cerevisiae
were unsuccessful, preventing further functional analysis. Seeing that the Ao-bvnBCD strain
transformed brevianamide F into multiple IMDA products, as well as Ao-bvnCDE not being able
to react with deoxybrevianamide E, along with the knowledge of P450 enzymes and Diels-Alder
reactions, suggested that BvnD might oxidize a non-isolable intermediate (37), derived from a
ring-opening of epoxide 202 to azadiene 203. The azadiene could then readily go through some
IMDA reaction, either spontaneously or enzymatically, later in the biosynthetic pathway. It
appeared that BvnE played a crucial role in the proportion and type of products isolated,
suggesting that BvnE may be mediating the formation of the indoxyl, as well as directing the

selectivity of the presumed IMDA cycloaddition.
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ITI. BvnE Knock Out Study: The Total Synthesis of Unstable Intermediates and
Mechanistic Investigations

To understand the function of the newly identified enzymes in the biosynthesis of
brevianamides A and B, KO studies were carried forward. While the findings for many of the
enzymes were simplistic (see section II), the bvnE-KO study gave a variety of products (Figure
3.2). In total, eight compounds with the molecular weight of 365 Da were detected. Four of the
eight compounds were readily identified as indoxyls brevianamides A and B, and oxindoles
brevianamides X and Y. Three of the remaining compounds were theorized to be
hydroxyindolenine forms of the DA cycloadducts (45, 46, & 216), while the last was theorized to
be a syn-indoxyl based on HPLC analysis.

Although compounds 46 and 216 were too unstable to isolate, 34 was isolated and
characterized. The C-2=N bond of compound 34 was identified by the chemical shift of the C-2
as 189.29 ppm, along with a peak at 81.31 for the C-3 position. Most reported
hydroxyindolenines in literature have a C-2 value between 187-193 ppm.>! Further 2D NMR
analysis was utilized to validate the structure, as well as electric circular dichroism (ECD)
experimental and computational analysis, to confirm the absolute stereochemistry of
hydroxyindolenine 34. Based upon stereochemistry, 34 appeared to be a possible biosynthetic
precursor to brevianamide A. As such, it was possible that the isolated brevianamide A from the
bvnE-KO strain was a result of a small portion of 34 suffering a semi-pinacol rearrangement.
While NMR and ECD analysis was attained, a crystal structure was not possible to obtain for 34
because of its instability. To further confirm the structure of hydroxyindolenine 34 and to also
identify the two unstable compounds, a total synthesis of all diastereomers of the

hydroxyindolenines was carried out.
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Figure 3.2: bvnE KO study and resultant metabolites isolated. The structures of
hydroxyindolenines 46 and 216 were confirmed through total synthesis as the compounds were
too unstable to isolate. Brevianamides X and Y had been previously isolated as well in the
natural species, but at drastically lower levels than found in the current study. An unknown
metabolite was also isolate, the identity of which is theorized to be indoxyl 204.

Previous syntheses of brevianamide B accessed some hydroxyindolenine intermediates,
but full characterization was never attained or protecting groups were present somewhere in the

molecule.?”*7>1% It was

theorized to be possible to synthesize the hydroxyindolenines from DA
cycloadducts 126 and 34, which were known compounds.®’ Before beginning the route to 34
and 126, a crucial reagent needed to be synthesized, 1,1-dimethylallene (Figure 3.3).

The synthesis of 1,1-dimethylallene (207) was two-steps and began with commercially
available 2-methyl-3-butyn-2-ol (205). Bromoallene (206) was synthesized on a 100 g scale from
compound 205 in a respectable 70% yield. Whereas the reaction to form 206 was both scalable
and reproducible, the same was not true for the formation of 207. To synthesize allene, 206 was
added dropwise to a flask containing acetic acid and zinc, while simultaneously distilling the
product. The reaction proved to be difficult to reproduce, part of which had to do with the

volatility of allene. It was found that carrying out the reaction on a smaller scale with excess

heating gave more consistent results even though acetic acid would be distilled along with 207.
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The acetic acid was easily removed by cooling the mixture below the acid’s melting point and
quickly removing 207, which was still a liquid. Optimization of temperature conditions was able
to increase the yield from 30% to 86% on a 70 g scale. Once 207 was in hand, the general

synthetic scheme shown in Figure 3.4 was followed.

__ OH NH,CI, cuBr, HBr, cu _Me B M
= < Me Pentane / AcOH 'Me/
205 Me 70% Me .06 86% 207

Figure 3.3: Synthesis of dimethyl allene (207).

Commercially available indole was treated with NCS to form light-sensitive chlorinated
indole (209; Figure 3.4). The reaction was performed on a 20 g scale and was quantitative in
yield. Reverse prenylation of 209 provided 78, which was readily converted to gramine 79.
Somei-Kametani type coupling with glycine derived benzophenone imine 80 and subsequent
treatment with acid yielded tryptophan 81.4312° Peptide coupling of 81 and Fmoc-hydroxy L-
proline (210) gave dipeptide 211 as a rotomeric mixture of diastereomers. Cyclization of 211 to
form diketopiperazine 86 occurred upon deprotection of the Fmoc group. The cyclization
reaction, which previously had only been done on sub-gram scales, was performed ona 2.5 g
scale and maintained a 75% total yield. Mitsunobu elimination of the alcohol gave enamine 87
with an almost quantitative yield. Upon treatment with methanolic KOH, enamine 87 was able to
rearrange to its corresponding azadiene before suffering an IMDA cycloaddition to construct
syn- and anti-cycloadducts (34 & 126) in a 2.1:1 ratio. The IMDA cycloaddition was carried out
on a gram scale with an 81% yield and an approximate 15% recovery of starting material (87).
This was an improvement on the IMDA reaction of 87, which had previously only been

performed on a 100 mg scale. It is important to note that the cycloadducts were separated, but the
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syn- and anti- products were mixtures of enantiomers. With the anti-cycloadduct in hand,

hydroxyindolenine reaction conditions were assessed.
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Figure 3.4: Synthesis of cycloadducts from commercially available indole. Both cycloadducts
were mixtures of enantiomers.

As hydroxyindolenine 45 had been identified and appeared to be a possible biosynthetic
precursor to brevianamide A, the other plausible hydroxyindolenine diastereomers (46 & 216)
were thought to likely be the hydroxyindolenines that could form brevianamide B/Y and
brevianamide X, respectively. The hydroxyindolenine that would form brevianamide B/Y would
have the hydroxy group on the less hindered face of the anti-cycloadduct indole, like
hydroxyindolenine intermediates proposed in previous brevianamide B syntheses. 37475154 The

hydroxyindolenine that could form brevianamide X would need to be from the syn-cycloadduct

(216) with the hydroxy group also on the less sterically hindered face of the indole.*’
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Initial attempts to form the anti-hydroxyindolenine precursor of brevianamide B/Y were
carried out with tBuOClI to form the anti-chloroindolenine (212), which was theorized to become
a hydroxyindolenine when exposed to aqueous acid (Figure 3.5 A). After intense NMR analysis,
it was proven that anti-hydroxyindolenine 46 was not formed from these conditions, but instead
the anti-chloroindolenine remained. An interesting finding in this process was that the NMR
spectra of 212 and 46 were incredibly similar; both spectra had almost identical splitting and
ppm values for their 'H-NMR spectra, as well as similar carbons, with the key C-2=N signal
around 190 ppm. The only major difference between the '>*C NMR spectra of 212 and 46 was
one signal; 212’s spectrum did not contain a signal at 80 ppm for the C-3-OH as seen in
hydroxyindolenine spectra, but instead an additional peak around 70 that represented the C-3-Cl
bond.

While the tBuOCI sequence did not supply the hydroxyindolenine, there were some
interesting findings for the reactivity of the species, along with insights into the byvnE-KO
species. When kept at 0 °C or higher, the anti-chloroindolenine would rearrange to form
brevianamide Y and trace amounts of another substance that matched one of the unknown
compounds (46) in the bvnE-KO HPLC trace (Figure 3.5 B). The fact that the compound was in
a similar place as the hydroxyindolenine that had been synthesized, together with the polarity of
the compound and the accessibility of the anti-hydroxyindolenine from an anti-chloroindolenine,
gave more credibility to the idea that the unknown compounds were hydroxyindolenines. The
eagerness of 212 to rearrange demonstrated that the compound was incredibly reactive and
favored the formation of the oxindole rather than the indoxyl. These results were also seen in the
bvnE-KO study when referencing the relative abundances the isolated compounds (1:1:5:2:6 with

brevianamide A: brevianamide B: 45: brevianamide X: brevianamide Y).
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Figure 3.5: Initial attempts to synthesize hydroxyindolenine 46. (A) synthetic undesired
chloroindolenine 212. All compounds are racemic. (B) i. HPLC trace of BvnE mutant (pink) ii.
chloroindolenine 212 after treatment with 0.05% formic acid (green). Note the rearrangement to
brevianamide Y, complete disappearance of 212 and minor levels of 46.

Since the tBuOCI conditions were not able to produce the anti-hydroxyindolenine, new
conditions were sought out. As almost all brevianamide B syntheses employed mCPBA to form
the hydroxyindolenine, the conditions were investigated next. The only concern with using
mCPBA as the oxidizing agent was that a pinacol rearrangement would occur too readily, thus
preventing the isolation of the desired product. Care was taken with the reaction, limiting the
amount of time the compound was in solution. By doing so, two anti-hydroxyindolenine

products, 46 as the major and 45 as the minor, were isolated, in addition to trace amounts of

Brevianamide Y (Figure 3.6). Previous uses of mCPBA to form 46 as an intermediate to
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brevianamide B, never mentioned the formation of another hydroxyindolenine product (45); if 45
had been present then it is likely that a small amount should have converted to brevianamide A.
The reasoning for not seeing brevianamide A, or its hydroxyindolenine precursor, could either be
from it not being formed under previous reaction conditions (i.e. the reaction was run too long;
basic conditions were too harsh) or that it was not identified. Nevertheless, both anti-
hydroxyindolenines were formed, with the less sterically hindered compound, 46, being the

major product.

Figure 3.6: Hydroxyindolenine selectivity of anti-cycloadduct 34 upon treatment with
different oxidizing agents. Compound 45 was the minor product for mCPBA oxidation, but the
only product for 131 oxidation. 46 was found to be incredibly reactive and quickly rearranged to
brevianamide Y.

To better access 45, a different oxidizing agent was used, Davis oxaziridine (131). The
synthesis of 131 followed a simple three step pathway, starting with saccharin. (Figure 3.7)'?!
Conversion of the carbonyl group of the amide to an ether was possible when treated with PCls
and ethanol. The ether of 214 was replaced with an n-butyl group upon exposure to n-BuLi. For
the reaction to work, the source of n-BuLi had to be fresh, if not starting material (214) would be
recovered. With the n-butyl imine in place, mCPBA epoxidation of the double bond was carried

out to give Davis oxaziridine (131). With the new oxidizing agent in hand, the synthesis of

characterized hydroxyindolenine 45 commenced.
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Figure 3.7: Synthesis of Davis oxaziridine 131.

Upon treating anti-cycloadduct 34 with oxaziridine 131, hydroxyindolenine 45 was
formed (Figure 3.6). All data for the synthesized compound matched that from the isolated
compound from the bvnE-KO strain. While treatment with mCPBA gave both
hydroxyindolenines, oxaziridine oxidation was much more selective, with the selectivity towards
the previously minor product (45). In contrast to both anti-hydroxyindolenine 46 and anti-
chloroindolenine 212, 45 was relatively stable at room temperature and would not spontaneously
rearrange like the other synthesized indolenines. With two of the three hydroxyindolenines
synthesized, attention was moved towards the synthesis of the remaining hydroxyindolenine,
which was formed from the syn-cycloadduct (126).

When syn-cycloadduct 126 was exposed to mCPBA, both diastereomers of the
hydroxyindolenine were formed, with the desired compound (216) as the major and almost trace
amounts of the more sterically hindered hydroxyindolenine 217 (Figure 3.8). Surprisingly, the
hydroxyindolenines from the mCPBA reaction with the syn-cycloadduct were found to be more
reactive. In fact, the reaction had to be terminated before complete consumption of starting
material (126) to suppress the formation of brevianamide X. Oxidation of syn-cycloadduct 126
with oxaziridine 131 was selective towards the same product that was major from the mCPBA
oxidation; the opposite results as to what was found for the anti-cycloadduct (Figure 3.6). From
the combination of the results of oxidation of 34 and 126, it was theorized that the selectivity of

oxaziridine 131 arose from hydrogen bonding interactions between the bridged amide and the
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nitrogen of the oxaziridine. As a result of the bridged amide going back (as currently drawn), the
hydroxy group would then add on the same face such that the two components would be syn to
one another. With all the hydroxyindolenines now in hand, each was tested by HPLC analysis to

confirm their identity.

Figure 3.8: Hydroxyindolenine selectivity of syn-cycloadduct 126 upon treatment with
different oxidizing agents. Compound 217 was only found in trace amounts from mCPBA
epoxidation. All compounds were racemic mixtures.

Comparison of the HPLC chromatograms from synthetic hydroxyindolenines 46 and 216
with the P. brevicompactum-bvnE-KO chromatogram confirmed that the hydroxyindolenine was
in fact the previously unknown and un-isolatable compounds (Figure 3.9 C). As compounds 46
and 216 were seen to rearrange to form brevianamides Y and X, respectively, the
stereochemistry of the compounds was set to show such (Figure 3.9 A). For further evidence to
support the claim, the stability of synthesized and isolated hydroxyindolenines were analyzed by
HPLC (Figure 3.9 D, E). It was found that hydroxyindolenine 46 would completely rearrange
into brevianamide Y and B within 24 hours when kept in a 30% methanol-water solution. Along
the same lines, brevianamide X was formed when hydroxyindolenine 216 was kept in the same

conditions for 24 hours. Regardless of whether synthesized or isolated, 46 and 216 both gave

similar results when exposed to a 30% methanol-water solution. Together, the HPLC data, as
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well as synthetic data, was able to confirm that the hydroxyindolenines were the previously

unknown intermediates in the P. brevicompactum-bvnE-KO strain.
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Figure 3.9: HPLC analysis (230 nm) of isolated and chemically synthesized 46 and 216.
Stability assays of 46 (A) and 216 (B) in 30% methanol-water solution. HPLC analysis of 46 and
216 after 30 min (i), 24h (i1), and 48h (iii). (C) Comparison of synthetic 46 (i) and synthetic 216
(i1) with the bvnE-KO profile (iii). (D) Stability assays of 46 (i, synthetic 46 in 30% methanol-
water solution after 24 h; ii, authentic standards of Brevianamide Y (124), Brevianamide X (125)

and Brevianamide B (9). (E) Stability assays of 216 (i, synthetic 216 in 30% methanol-water
solution after 24 h; ii, the authentic standard of 125).

By utilizing total synthesis, the identity of non-isolable substrates was elucidated. The

synthesis of the hydroxyindolenines also allowed for a more thorough understanding of their
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roles as intermediates for the pinacol rearrangement to corresponding products seen in the bvnE-
KO strain (Figure 3.2). Overall, it appeared that by knocking out the BvnE enzyme selectivity
was lost; both syn- and anti-cycloadducts were produced. The study mainly clarified the role of
BvnE as a control for selectivity in the biosynthesis, but it did not clarify the exact function of
the enzyme. To establish the role that BvnE plays in P. brevicompactum, an in vitro study was

carried forward with synthetic N-methyl deoxybrevianamide E.

IV. Total synthesis of N-methyl-deoxybrevianamide E and BvnE Substrate Model Study

Seeing that BvnE appeared to be a crucial enzyme in the biosynthetic pathway to
brevianamides A and B, the native substrate was investigated. It was found that
hydroxyindolenines 45 and 46, along with brevianamides X, Y, and E, were not transformed
when fed to BvnE, isolated from N-Hise-tagged BvnE produced in E. Coli. It was then
hypothesized that compound 203 may be the enzymatic substrate for BvnE. To assist in the
determination of the native substrate of the BvnE enzyme, especially with the inaccessibility of
203, a model study was carried out with N-methyl-deoxybrevianamide E. The reasoning for N-
methylating the dioxopiperazine nitrogen was to prevent any N-C ring closures (brevianamide E)
and possible oxidation to the azadiene.

Following a similar protocol set out in the synthesis of N-methyl-notoamide E*°, the total
synthesis of N-methyl-deoxybrevianamide E commenced with a HATU coupling of Boc-
protected tryptophan derivate 83 with proline derivate 218 (Figure 4.10). Deprotection of the
Boc group with TFA, followed by reflux in toluene with catalytic amounts of 2-hydroxypyridine
gave deoxybrevianamide E and its diastereomer. Carrying forward only deoxybrevianamide E,

the diketopiperazine was selectively methylated with Mel and NaH. It appeared that the geminal
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methyl groups to some degree shielded the indole nitrogen from being methylated preferentially,
but it did still occur if care was not taken with the addition of the Mel. To prevent N-methylating
the indole nitrogen, Mel was added in several small aliquots with sufficient time in-between
each. The reaction also had to be terminated early, which contributed to the 50% yield for the
reaction as starting material (deoxybrevianamide E) was also recovered. When an adequate

quantity of the substrate was synthesized, a chemoenzymatic synthesis of compound 222 was

investigated.
218
Et0,C, 2.0 i i
NHBoc 2L, N CI O
@ N—, HN MeN
COH , HATU COE 4 1FA, DCM N NaH, Mel N
N A DIPEA, MeCN NHBoc 2. hydroxypyridine, Ho DMF Ha
N Me 90% A ~ toluene A ~ 50% A ~
N Me 70% N Me N Me
H Me H Me H Me
83 219 Deoxybrevianamide E N-Me-Deoxybrevianamide E

(220)
Figure 3.10: Synthesis of N-Me-Deoxybrevianamide E from Boc-protected tryptophan 83.
The diastereomer of deoxybrevianamide E was also produced (1:1 ratio) but was not carried
forward.

Hydroxyindolenine 222 was prepared by BvnB-catalyzed in vitro conversion of N-
methyl-deoxybrevianamide E through an epoxide intermediate and its simultaneous ring-opening
(Figure 3.11). Interestingly, indoxyl 224 and oxindole 223 were also isolated as minor products
from hydroxyindolenine 222 formation, with the oxindole formation being major over indoxyl
formation. Although the indoxyl and oxindole would form from the hydroxyindolenine
spontaneously at room temperature, the transformation was slow. Incubation of 222 with BvnE,
on the other hand, resulted in full conversion to the indoxyl (223). As BvnE selectively gave one
product, it indicated that the enzyme acted as a semi-pinacolase that is responsible for the
selectivity of the 3-spiro-y-indoxyl. The stereocontrol in the IMDA cycloaddition, in terms of

top/bottom enantiomer face (brevianamide A/X vs. brevianamides Y/B) and anti/syn selectivity,

was lost in the absence of BvnE (Figure 3.2). This strongly suggests that the isomers are
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constructed from non-enzymatic IMDA reactions. Computational calculations are consistent with
the results seen and the selectivity of the IMDA from structure 203 (see section VIII for more
details; Figure 3.28). As the overall role of BvnE was identified, attention shifted towards

determining how the enzyme catalyzes the formation of the indoxyl species.
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Figure 3.11: Probing the functionality of BvnE using substrate mimic, N-Me-
deoxybrevianamide E (220). BvnB was used to oxidize the indole before the catalytic
properties of BvnE were tested. Compound 222 was found to be completely converted by BvhE

in indoxyl 223, but in the absence of BvnE the substrate would spontaneously convert to 223 and
224.

V. BvnE Crystal Structure and Catalytic Mechanism Insight

The catalytic mechanism of BvnE toward the selective formation of the indoxyl species
was sought out. The NTF2-like superfamily enzymes have been studied in the fungal
meroterpenoid biogenesis and are related to BvnE.?” As such, homolog PrHC (PDB ID:208
5X9J) was used as a search model by molecular replacement to assist in solving the crystal
structure of BvnE at 1.8 A resolution (PDB ID: 6U9It; Figure 4.12 A). The crystal structure
revealed that BvnE is a symmetric homodimer that adopts an a+B—barrel fold with the active site

at the end of each barrel. The cavity that is created is hydrophobic and contains several polar

residues, which could be performing acid-base chemistry (Figure 4.12 B).
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Figure 3.12: BvnE crystal structure, docking and the proposed catalytic mechanism. (A)
cartoon crystal structure of BvnE. (B) Electron density (2Fo-Fc, 1c) for the active site residues of
BvnE (PDB ID: 6U9I) shows conformational flexibility at Arg38 and Glul31 suggestive of
potential active site remodeling during catalysis. Arg38 (red box) which is essential for catalytic
activity does not make direct interactions with the docked ligand or active site residues.
However, the structure reveals two ordered water molecules (red spheres) in a hydrogen bonding
network between Arg38 and Glul31. (C) The proposed BvnE reaction mechanism for
isomerization. Glul31-mediated proton transfer could be assisted by Arg38, which interacts with
Glul31 via an ordered water network

By docking presumed native substrate 203, the active site of BvnE was revealed. From in
vitro enzyme assays with 222 residues Arg38, Tyr109, Tyr113, and Glul31 were identified as
candidates for site-directed mutagenesis. Specifically, Arg38, Tyr113, and Glul31 were found to
adopt multiple conformations in the crystal structure, implying these residues were flexible for
molecular docking. Based on the docking studies, a 2-step reaction mechanism was proposed

(Figure 4.12 C). First, Glu-131 mediated a proton transfer to initiate the semi-pinacol
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rearrangement and stabilize charge in the intermediate. Second, Tyr108 and Tyr113 activate the
semi-pinacol rearrangement by hydrogen bond-assisted activation. The remaining two residues,
Arg38 and Glul31, do not directly catalyze the rearrangement, but instead create a hydrogen

bonding network by supplying two ordered water molecules.

VI. Total Synthesis of Brevianamide Y and X

At the time of initial synthesis, only the relative stereochemistry of brevianamide Y was
known, which indicated that the bicyclo[2.2.2]diazaoctane core was in the anti-configuration;
therefore, a scheme like seen in Miller’s versicolamide B synthesis where only anti-compounds
were synthesized was the model. Following the versicolamide pathway, the Diels-Alder reaction
would need to occur after the pinacol rearrangement. Brevianamide Y could come from 229 by a
hetero-IMDA (Figure 3.13). Compound 229 could be obtained by elimination of the alcohol of
compound 230 in a Mitsunobu-type fashion. A pinacol rearrangement of known compound 86
could then yield compound 230. The pinacol rearrangement would likely be more challenging in
this case, for unlike the versicolamide B precursor 133%, there were no extra electron donating
components on the benzene ring of the aromatic system to aid in the rearrangement.

Me MEQ
[4+2]
N —

Q  OH O oH

)S} HN )
N pinacol N
>

NH

Brevianamide Y
(124)

Figure 3.13: Retrosynthesis of brevianamide Y
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To study the pinacol rearrangement, the diastereomers of diketopiperazine 86 were
carried forward separately. Initial attempts were done without any protecting groups, testing
conditions developed by Miller®® and Glinka®.

When diketopiperazine 86 was treated with oxaziridine 131, no reaction occurred.
Although the treatment of compound 133 with oxaziridine 131 worked, it was plausible that the
electron donation from the pyran ring assisted the oxindole formation as seen in Figure 3.14.'%
This claim is further supported by work done by Grubbs and coworkers who found that a
reaction with 131 did not occur with a Boc-protected phenol.!?? It is interesting to note that
oxaziridine 131 was able to convert both syn- and anti-cycloadducts to hydroxyindolenines,
which could then be pushed through a pinacol rearrangement to the oxindole. Due to Miller’s
synthesis of versicolamide B being one of the few sources of reactions to form early-stage
oxindoles, a new approach that was often applied to a Diels-Alder cycloadduct (e.g. compound

34) was explored.

Figure 3.14: Mechanism for oxindole formation on pyran substituted indole substrates
(231). Oxaziridine 131 was used as the oxidizing agent, and both R and S oxindoles were made.

Addition of tert-butyl hypochlorite to diketopiperazine 86 provided the chloroindolenine
intermediate, which immediately was refluxed in methanolic acetic acid. The only product
furnished was brevianamide E, a shunt metabolite seen in the biosynthesis of brevianamides A
and B. The cyclization was interesting to note as, during KO studies of the enzymes in P.

brevicompactum, brevianamide E was exclusively formed in the absence of BvnD.*® The
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formation of brevianamide E suggested that a protecting group might be necessary to overcome
the nucleophilicity of the amide nitrogen upon reflux.'?’

The choice of protecting group for the amide nitrogen was crucial; it needed to be able to
withstand slightly acidic conditions and not readily protect the indole nitrogen. As seen in past
work by the Williams group, para-methoxy benzyl (pMB) protecting groups do work but were
incredibly difficult to remove from prenylated indole alkaloid substrates.*® The next plausible
protecting group was a methoxyl methyl group (MOM), as it is somewhat acid stable and has

been removed from a related substrate in the total synthesis for a compound in the indole

alkaloid family (Figure 3.15).
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BF;0Ets3, EtSH, DCM Recover S. M.
BBr3;, DCM Complete decomposition
B-Br-9-BBN, DCM 35%
TMSI, DCM 49%
B-bromocatecholborane, DCM | 68%

Figure 3.15: MOM-deprotection conditions tested on compound 235 by the Baran group.

In Baran’s paper on the total synthesis of avrainvillamide and the stephacidins, a MOM
group deprotection was carried out on a compound similar to diketopiperazine 86.'> When
testing deprotection conditions, they found that strong acids at reflux temperatures tended to
cause decompositions and refluxing with weaker acids only gave small amounts of deprotected
product. In a later model study performed on compound 235, it was found that various Lewis
acids were able to deprotect the MOM group with varying degrees of success, but B-

bromocatecholborane was able to mildly remove the MOM group with no noticeable
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decomposition and later was applied to a target compound much like 235 (Figure 3.15).'* With
this in mind, B-bromocatecholborane appeared to be a good candidate for MOM-deprotection,

making a MOM protecting group a good candidate for the amide nitrogen (Figure 3.16).

O OH (0] O
HNJ\'} HN% MOMN%
N DEAD, PBuj N NaHMDS, MOM-CI N
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N\ < 99% N\ ~ 88% N\ ~
N
H Me Me Nwmd Me Nme Me
86 87 237

Figure 3.16: Mom protection of diketopiperazine 86. Diastereomers of 86 were carried
forward separately for subsequent reactions.

The MOM-protection was carried out on enamine 87. To prevent protection of both the
indole and the amide, MOM-CI was added in multiple small increments and monitored closely
by TLC. The selectivity of the amide nitrogen before the indole nitrogen was likely due to the
steric hindrance of the geminal dimethyl groups, as mentioned in the total synthesis of N-methyl-
deoxybrevianamide E (see section IV). The greater selectivity of the MOM-protection was likely
a result of its bigger size when compared to the methylation. The chloroindolenine (238) was
generated upon treatment with fert-butyl hypochlorite (Figure 3.17). Immediate reflux in
methanolic acetic acid was utilized to trigger the pinacol rearrangement. Instead of forming the
oxindole, elimination of the diketopiperazine unit occurred, leaving prenylated indole (78) as the
only product. To suppress the undesired elimination, a less polar solvent, THF, was substituted
for MeOH, a change that was proven to prevent side reactions in the total synthesis of (+)
paraherquamide B.%¢

When chloroindolenine 238 was refluxed in THF and acetic acid the elimination was
prevented, but instead of forming the oxindole (241/242) as the only product, a semi-pinacol

rearrangement occurred to create indoxyl 239 (Figure 3.17). The proportion and yield of each
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product depended upon the reaction time, but the indoxyl was always the major product by 70%
or greater. Since the oxindole was not the product of either reflux reactions under acidic
conditions, it was decided to try the reactions at a lower temperature in hopes of suppressing the

formation of the indoxyl moiety.
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Figure 3.17: Pinacol rearrangement conditions screened for MOM-protected 237. Solvent
properties and reaction temperature play a role in selectivity of the rearrangement.

When the acetic acid reaction of the chloroindolenine was run at room temperature the
hydroxyindolenine was the product. As seen in the biosynthetic studies of the brevianamides, the
hydroxyindolenine can readily be converted to the oxindole, which was accomplished with a
biphasic solution of 2M HCI and DCM.** With the oxindole in place, MOM deprotection
conditions from Baran’s synthesis of avrainvillamide and the stephacidins were screened.

Even after successive trials with various concentrations of B-bromocatecholborane,
deprotected product was never isolated; only starting material (241/242) was recovered. This was
indicative of B-bromocatecholborane not being a suitably strong Lewis acid for the removal of

the MOM group from the amide. While BBr3; was found to only decompose the material in
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Baran’s model study, it was still tested on oxindoles 241 and 242.'?* Sadly, only a small amount
of deprotected product was recovered, with the major product being decomposed material.

After various trials of deprotection conditions were carried out, deliberation on oxindole
formation was reinvestigated. The initial reasoning for a protecting group was that an acidic
reflux made the amide nitrogen incredibly reactive towards the C-2 position on the indole. At
that moment in time, though, the rearrangement did not necessitate any reflux conditions, as the
pinacol rearrangement could occur at room temperature. Because of this, it was theorized that a
protecting group may no longer be necessary and so pinacol rearrangement conditions were
again tested on diketopiperazine 39 (Figure 3.18).

The conditions developed during the MOM protection for the pinacol were implemented
on diketopiperazine 86. With the use of tert-butyl hypochlorite, diketopiperazine 86 was
transformed into the chloroindolenine intermediate (Figure 3.18). Upon treatment with acid, the
chloroindolenine executed a pinacol rearrangement to oxindoles cis-230 and cis-243. The
oxindoles were separated and carried forward in the same fashion as seen in Miller’s

versicolamide B synthesis.®
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Figure 3.18: Pinacol rearrangement of diketopiperazine 86. the cis- and trans-diastereomeric
nomenclature refers to the relative stereochemistry of the proline- and tryptophan-derived a-
methine protons. Relative stereocenters for naming are shown in red.

Mitsunobu of oxindoles cis-230 and cis-243, followed by a Diels-Alder reaction in

methanolic KOH, afforded optically active brevianamide Y and corresponding diastereomers

(245, ent-245, ent-124; Figure 3.19). Interestingly, as demonstrated in Miller’s versicolamide B

synthesis, only anti-cycloadducts were synthesized. All data collected for brevianamide Y

matched that isolated from P. brevicompactum (Figure 3.20).
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Figure 3.19: Synthesis of Brevianamide Y and corresponding diastereomers. All compounds
were optically active and readily separated. Brevianamide Y and its enantiomer were the major
diastereomers in each reaction.

As only anti-cycloadducts were produced, in order to synthesize brevianamide X, a new
approach was sought. Instead of the pinacol rearrangement occurring before the IMDA reaction,
the reverse needed to occur; the pinacol must follow the IMDA reaction. The Diels-Alder
substrate was accessed through the rearrangement of compound 87 in methanolic KOH to yield a

2.1:1 ratio of syn:anti-compounds (126 & 34). The syn-compound was easily isolated from the

anti-cycloadduct and carried forward.
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Figure 3.20: 'H-NMR comparison of synthetic vs. isolated brevianamide Y. Solvent for both
spectra was ds-DMSO. Synthetic spectra = red; isolated spectra = blue

It was found that the formation of the chloroindolenine and rearrangement into the
oxindole brevianamide X via tert-butyl hypochlorite and 2M HCI occurred on Diels-Alder
cycloadduct 67 readily (Figure 3.21). Later, it was also determined that the formation of
hydroxyindolenine 216 or 46, either by mCPBA or Davis Oxaziridine (131), followed by
treatment with acid could furnish brevianamide X or brevianamide Y, respectively. Interestingly,
the chloroindolenine, while it favored the same face of the DA cycloadduct as mCPBA, was

much more selective and converted to the oxindole quicker than the hydroxyindolenines.
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Figure 3.21: Synthesis of brevianamide X from enamine 87. Compounds synthesized were
racemic. The hydroxyindolenine of 126 synthesized from mCPBA or Davis oxaziridine also
converted to brevianamide X upon treatment with acid.

Overall, the total synthesis of brevianamides X and Y were completed. The total
synthesis of brevianamide Y was optically active and accomplished in 11 steps from
commercially available indole. Brevianamide X was synthesized from indole in 11 steps but was
a mixture of enantiomers. Having synthesized both new oxindoles in the biosynthetic pathway of
the brevianamides, the compounds were compared to authentic samples isolated from P.
brevicompactum, which confirmed their identities and, in the case of brevianamide Y, assisted in
the determination of the absolute configuration of the natural product. With both

hydroxyindolenines (45, 46, 216) and oxindoles (brevianamides X and Y) synthesized, attention

was shifted towards the synthesis of the indoxyl species.

VIL. Indoxyl Species: Total synthesis of brevianamide A and Syn Indoxyl 204

Only one total synthesis of brevianamide A has been completed previously. The main
aspect prohibiting an earlier synthesis was the inaccessibility of the corresponding
hydroxyindolenine precursor.® Now having garnered access to hydroxyindolenine 45, the total
synthesis of brevianamide A and a syn-indoxyl (204) from hydroxyindolenines 45 and 216 were

attempted.
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Previous syntheses of brevianamide B applied base treatment on hydroxyindolenine 46
(or derivatives of the compound) to successfully catalyze the semi-pinacol rearrangement to
construct the indoxyl. Base treatment to catalyze the semi-pinacol rearrangement was also
attempted on hydroxyindolenine 45. When a small amount of hydroxyindolenine 45 was treated
with 0.5 M NaOH, HPLC analysis was able to detect some conversion to brevianamide A

(Figure 3.22).

Retention time / min

Figure 3.22: HPLC analysis of base treatment of compound 45. i, Brevianamide A (BA)
standard; ii, 45 treated with 0.5 M NaOH for O h; iii, 45 treated with 0.5 M NaOH for 1 h.

Applying the same conditions as seen in Figure 3.22, hydroxyindolenine 45, synthesized
from anti-cycloadduct 34, was treated with NaOH at room temperature (Figure 3.23). No
conversion to brevianamide A was detected by TLC after 3 days; instead, hydroxyindolenine 45
remained. It became apparent that 45 was much more stable than the other hydroxyindolenines,
more specifically 46 that readily converted to brevianamide B. To better catalyze the semi-
pinacol rearrangement, the reaction mixture with NaOH in MeOH was heated to reflux but only
provided deoxybrevianamide E and its diastereomer (Figure 3.23). The conventional pathway to

establish the indoxyl from a hydroxyindolenine by treatment with base did not appear to be an
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adequate methodology to construct the indoxyl of brevianamide A, so other conditions were

investigated.

Sc(0Tf);

toluene
89%

NaOH
MeOH, rt

NaOH
MeOH, reflux

lee
Deoxybrevianamide E
(1)

Figure 3.23: Semi-pinacol rearrangement conditions tested to synthesize brevianamide A.
Compounds synthesized were racemic.

In Sarpong’s total synthesis of the enantiomer of citrinalin B, a variety of methodologies
were investigated to form the oxindole core.’ Similar to other pinacol rearrangements carried out
in literature, the starting material was a hydroxyindolenine (246). A Lewis acid, scandium triflate
(Sc(OT¥)3), was used in hopes to catalyze the pinacol rearrangement to the oxindole (Figure
3.24). Instead of forming an oxindole, the indoxyl species was formed (247) and would not
rearrange to the oxindole even when excess heat was applied. In fact, the only way that an

oxindole could be synthesized from a hydroxyindolenine like 246 was by treating its
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diastereomer, 248. The favoring of the indoxyl over the oxindole for 246 was intriguing, as many

previous studies have shown the opposite.

Sc(0OTf)3
toluene

23 mM HCI
DCM

OMeMeH
248 249

Figure 3.24: Rearrangement favorability of hydroxyindolenine diastereomers 246 and 248.
The oxindole was not able to be formed from 246, but readily was constructed from 249.

For example, Ashenhurst’s study on the oxidative rearrangement of tryptamine
derivatives found that the indoxyl could easily be converted to the oxindole by heating in toluene
with a catalytic amount of Sc(OTf)s (Figure 3.25).'* The studies also demonstrated almost
exclusive favoring of oxindole 252 formation when applying a variety of Lewis acids. It was
later theorized that some favorable hydrogen-bonding interaction may be occurring to stabilize

indoxyl over oxindole formation from 246.°
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Figure 3.25: Selectivity of oxindole or indoxyl formation from hydroxyindolenine 250. R=
Phthalimide.

Seeing that the use of Sc(OTf); successfully converted hydroxyindolenine 246 to indoxyl
247, the reagent was tested on hydroxyindolenine 45. An equimolar amount of Sc(OTf); was
found to promote the semi-pinacol rearrangement of compound 45 to the fluorescent yellow
indoxyl, (+) brevianamide A, in a 89% yield when refluxed in toluene (Figure 3.23) . All NMR
data collected for the synthetic sample matched that isolated from P. brevicompactum (Figure
3.26).

Having synthesized brevianamide A, attention was shifted towards synthesizing syn-
indoxyl 204 that is believed to be the unknown indoxyl found in bvnE-KO study of P.
brevicompactum. The necessary hydroxyindolenine (216) was obtained by oxidizing syn-
cycloadduct 126 with mCPBA. When 216 was treated with NaOH in MeOH, only the oxindole,
brevianamide X, was obtained (Figure 3.27). The oxindole was also created when
hydroxyindolenine 216 was heated in Sc(OTf)3, whether the solvent was toluene or DMF.!** As

all conditions so far had led to the formation of the oxindole, new conditions were investigated.
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Figure 3.26: 'H-NMR comparison of synthetic vs. isolated brevianamide A. Solvent for both
spectra was CDCls. Synthetic spectra = red; isolated spectra = blue.

When studying the interconversion between a hydroxyindolenine and an indoxyl species,
Nagase and co-workers found that DBU could catalyze the formation of the indoxyl when heated
in DMF.!? Care had to be taken, though, to prevent the reverse reaction from occurring, as
almost any acidic conditions converted the indoxyl back to the hydroxyindolenine which then
could then be converted to the oxindole. This gives evidence that the previously tested conditions
could have formed the indoxyl, but if the reaction ran too long the hydroxyindolenine and/or the
oxindole would be isolated instead. Upon heating in DMF with DBU, the syn-hydroxyindolenine
did slowly convert to the indoxyl, but not fully (Figure 3.27). It was also difficult to completely

purify the compound. Optimization of these conditions are still being investigated in the lab.
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Figure 3.27: Semi-pinacol rearrangement conditions tested on hydroxyindolenine 10.
Compounds synthesized were racemic mixtures.

VIII. Computational Analysis

Density functional theory and coupled cluster theory calculations were applied to
evaluate the intermediate and transition state structures in the newly identified brevianamide
biosynthetic pathway. The innate regio- and stereochemical selectivity in key transformations
were also explored both for the biosynthetic and lab synthesized transformations. The
computational investigations were carried out by the Paton group at Colorado State University.

During the P. brevicompactum knock-out study with BvnE, the IMDA was shown to
occur spontaneously on compound 203 to give hydroxyindolenine intermediates 45, 46, and 216
(Figure 3.2) The transformation was found to be energetically favorable (Figure 3.28). The 1,2-
alkyl shift was only found to occur on hydroxyindolenines 46 and 216, not compound 45, in the

KO study. Computational analysis confirmed that 45 would not perform a pinacol
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rearrangement; the barrier for the tautomerization of hydroxyindolenine 45 was too high in
energy (35.5 kcalemol™! between 45 and 253). The product distribution found in the bynE-KO
study agreed with calculated results where brevianamide Y and hydroxyindolenine 45 were the
most favored products, followed by brevianamide X, and lastly brevianamides A and B based
upon energetics (experimental ratio, Brevianamide Y: X: A: B: 45, 9:5:1:1:7).

The pinacol rearrangement selectivity was found experimentally to be highly dependent
on reaction conditions. The oxindole was formed when exposed to acid, while base was more
often what would form the indoxyl. The acid/base selectivity was further confirmed
computationally. It was found that general, or acidic, activation of the nitrogen resulted in a
build-up of positive charge in the migrating group of the transition state, such that it favored a
1,2-prenyl migration (AAG* 8.8 kcalemol™) to the oxindole (F. igure 3.29). Base activation
appeared to activate the hydroxyl group instead, causing the selectivity to favor the migration of
the diketopiperazine moiety (AAG* 0.7 kcalemol ™). Exploration of the semi-pinacol
rearrangement catalyzed by BvnE established the rearrangement to be exergonic and irreversibly
favorable (AG -11.6 kcalemol™). The regioselective biocatalytic conversion of native substrate
203 to 39 and conversion of synthetic derivative 222 to 223/224 under acid-base conditions gives
strong evidence to Tyr113 or Tyr114 acting as a hydrogen-bond acceptor for the activation of the

3-hydroxyl group in BvnE during the key initiation step (Figure 3.12).

72



+ Tautomer.

TS-111-DA-CH yoxopip_diaza
RSR, 3 conformers, G,,= 8.7
SRS, 3 conformers, G,,= 10.7
RRR, 3 conformers, G,,= 16.6
SSS, 4 conformers, G,,= 17.0

o)
DS
o, =N / o
: RN OH /?/EP
[ I /> N
N 203 O\'f\) N NoH
CL
N2
H

TS-Il CH,-oxopip_diaza
3 conformers, G,,= 23.2 8

1 conformer,
G,=-9.6

+ Tautomer.

(e}
ey
—Ay /)
HO S NY
OH
/ 4
N
Me Me
TS-DA_CH,-oxopip_diaza
RSR, 1 conformer, G,,=18.7
SRS, 2 conformers, G,,= 19.0
RRR, 2 conformers, G,,= 20.5
SSS, 1 conformer, G,,= 20.2

1 conformer, G,,= -2.3

1 conformer,
Ga=23

(@)
(+)-Brevianamide A (8)
2 conformers, G,,= -42.0

(+)-Brevianamide B (9) 204
2 conformers, G,,= -42.7 1 conformer, G,,= -40.2

1 conformer, 1 conformer,
G,y=-10.6 Ga=-8.9

216

4 conformers, G,,= -34.8 1 conformer, G,,= -34.0

254 255
1 conformer, G,,= -20.7 1 conformer, G,,= -20.2
1 conformer, 1 conformer,
Ga=-8.8 Ga=-9.0

245 Brevianamide Y (124) Brevianamide X (125)

1 conformer, G,,= -55.2

1 conformer, G,,= -55.3 1 conformer, G,,= -55.9

Figure 3.28: Boltzmann weighted G of the main reaction pathways from compound 203.
The number of conformers found for each reaction step are included in the calculations.
Computation data was collected by the Paton group

The selectivity of the IMDA cycloaddition was examined for the selectivity in wild and
bvnE-KO P. brevicompactum strains (Figure 3.30 A). The anti- over syn-cycloaddition
selectivity was controlled by a combination of favorable intramolecular hydrogen bonding and

unfavorable steric interactions (Figure 3.30 B). While syn-cycloaddition is incredibly distavored

from indoxyl 39 relative to anti-cycloaddition, there were some C-He++O interactions from
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hydroxyindolenine 203 that do allow syn-cycloaddition to occur (Figure 3.30 C)."*%'?7 As such,
the selectivity for anti-cycloaddition from the indoxyl is incredibly high. Diastereoselectivity of
the IMDA to form brevianamide A over its pseudo-enantiomer, brevianamide B, is derived from

an intramolecular N-Hes+O hydrogen bond that increases the preference by 2 kcalsmol™! (Figure

3.30A).

HNJ\[‘:> HN

\
\
W

Precursor CES\(\ @f@x\
N ORM Me

O

Me )kr\u
Migrating Group Me
N o ‘W

Condition AG of migration (kcal/mol)
Acid 18.7 275
Neutral 29.7 36.0
Basic 19.2 18.5
Experimental selectivity 2 1
Experimental selectivity with BvnE 1 20

Figure 3.29: Activation barriers in kcal/mol for the migration of the reverse-prenyl group
and the -CH2-dioxopiperazine group. Includes when using acid (R = H+, R' = H), neutral (R =
lone electron pair, R' = H) and basic (R = lone electron pair, R' = negative charge) catalysis.
Also, the experimental results of selectivity obtained from 37 with and without BvnE are shown.
The selectivity for the formation of the brevianamides in P. brevicompactum appears to
arise from indoxyl preference through acid-base activation with BvnE and favorable hydrogen-

bonding interactions driving the IMDA cycloaddition. The selectivity of only anti-cycloadducts

in the total synthesis of brevianamide Y (chapter 3 section VI) and versicolamide B® was likely
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a result of similar hydrogen bonding interactions. Further analysis of the selectivity is currently

under investigation.
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Figure 3.30: Quantum chemical calculation and modeling results. (A) anti-Selective IMDA
transition structures and products accessible from 203 and 39. Gibbs energies (kcal/mol);
highlighted distances (A). Normal lines follow the major pathways obtained under bvnE-KO
conditions. Pathways in bold correspond to the major reactivity with BvnE (switch in reactivity).
Dashed lines represent pathways with prohibitively high activation energies under the reaction
conditions. (B) Main differences in the anti- and syn-IMDA transition states from compound 13.
The H and Me substituents that show relevant differences between the systems are highlighted in
green. Relevant steric effects and hydrogen bonds are represented as green and red dashed lines,
respectively. (C) Comparison of syn-IMDA transition states from compounds 203 and 39. The
key hydrogen bond formed in the IMDA from compound 203 is represented with a red dashed
line. Computational data was all collected by the Paton group.
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IX. Conclusions and Future Directions

From a combination of biosynthetic techniques, total synthesis, and computational
analysis, a revised biosynthesis of the brevianamides was elucidated with the identification of a
new class of enzymes, co-factor independent pinacolases. The pinacolase, BvnE, was found to
mediate diastereocontrol for the subsequent spontaneous IMDA cycloaddition to construct the
bicyclo[2.2.2]diazaoctane core. Mechanistic questions remain for the BvnhD enzyme;
specifically, if the oxidation is to an azadiene species, as the product was too unstable to identify.
Through the total synthesis of unstable hydroxyindolenine intermediates, a mechanistic study of
BvnE was carried out through a bynE-KO strain of P. brevicompactum.

A greater understanding of the pinacol rearrangement to the oxindole and semi-pinacol
rearrangement to the indoxyl was explored. Of which total synthesis, completed by the author,
played a crucial role in this understanding. The total synthesis of newly discovered oxindole
metabolites, brevianamide X and Y, were achieved, and their absolute configurations elucidated.
Optically active brevianamide Y was accessed through a pinacol rearrangement prior to the
construction of the bicyclic ring. Brevianamide X was only able to be accessed from a
hydroxyindolenine precursor and resulted in a mixture of enantiomers. Computations studies,
performed by the Paton group, confirmed why the order of steps was important to construct each
cycloadduct.

The second total synthesis of brevianamide A, which was accessed through
hydroxyindolenine intermediate 45, was completed through a semi-pinacol rearrangement
catalyzed by a Lewis acid. The syn-indoxyl enantiomer of brevianamide A was also studied, but
the rearrangement could only be accessed with a bulky base. Each set of conditions will be

further tested to synthesize brevianamide B.
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The new understanding of semi-pinacol and pinacol rearrangement of indole derivates
will assist in future syntheses of other prenylated indole alkaloid metabolites. For example,
recently isolated oxindole metabolites, such as notoamide T3 or citrinalin C, could be more
readily accessed synthetically with a better understanding of the pinacol rearrangement in this
class of molecules. Also, as the spirocyclic scaffold has been experiencing increased utilization
in drug development, this study could assist in efforts to access target spiro-compounds more

readily.!?
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Chapter 4: Penicillium purpurogenum: Biosynthetic isolate and proposals

L. Penicimutamide A-C: Isolation and Biosynthetic proposal'’

Recent efforts to isolate new fungal metabolites have moved towards identifying methods
that can activate previously silent biosynthetic pathways in the species. Environmental factors
have the potential to trigger the previously silent pathways with strategies such as one-strain-
many-compounds (OSMAC),”> chemical epigenetics’®, and co-cultivation’’. Silent pathways in
bacteria have had successful activation with ribosomal engineering’®" by selecting drug-
resistant mutants with activated pathways under standard culture conditions.?*3! The use of
ribosomal engineering has been employed in recent years on fungi with pronounced success.3>3¢
One recent pathway that has been developed out of this renaissance of mutagenesis was the use
diethyl sulfate (DES) to activate silent fungal pathways.®’! Using DES to create a mutant of the

Penicillium purpurogenum G59 strain, AD-2-1, three new alkaloids, penicimutamides A-C, were

isolated (Figure 4.1).

Penicimutamide A Penicimutamide B Penicimutamide C Asperverin
(162) (163) (164) (165)

Figure 4.1: Carbamate metabolites. Penicimutamides A-C were newly isolated from P.
purpurogenum. The structure of aspeverin was revaluated and confirmed to match that of the
penicimutamides.”

While prenylated indole alkaloids have been studied for over 50 years, only one other

carbamate-containing alkaloid product, aspeverin, had previously been isolated.

17 The work discussed can be found in reference 74.
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Penicimutamides A-C all contain the non-prevalent carbamate ring system like aspeverin, an
intriguing finding as they come from different fungal genus, Penicillium and Aspergillus.®* From
the study of the newly isolated penicimutamides, the absolute stereochemistry of asperverin was
reassigned to have a more similar stereochemistry to the newly isolated compounds. After full
characterization of the penicimutamides, the parent, non-mutated strain of P. purpurogenum was
screened for their presence. The results revealed that penicimutamides A-C were only found in
the mutant strain.

A biosynthetic proposal was developed to explain the relationship between the
penicimutamides, which was proposed to begin with deoxybrevianamide E (Figure 4.2).
Oxidation and tautomerization to azadiene species 166, followed by a DA reaction could yield
anti-cycloadduct 167. Formation of an epoxide (168) by oxidizing the C-2 positions of the indole
would then suffer epoxide opening to give hydroxyindolenine 169. Free amine 170 could be
accessed by loss of CO; and addition of water. Carbonic acid could then be introduced and form
the carbamate of penicimutamide A. Reduction of the amide to the alcohol would afford
penicimutamide B, and further reduction would provide penicimutamide C. The selectivity of

these reactions likely would necessitate some catalysts throughout the pathway.
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Figure 4.2: Biosynthetic proposal for penicimutamides A-C.

IL. Total Synthesis of the Enantiomers of Aspeverin and Penicimutamide A'8

Emphasizing diastereoselectivity in the DA cycloaddition, the total synthesis of the
enantiomers of aspeverin and penicimutamide A was carried out. Starting with pyrrolidinone
170, reduction with DIBAL left a hemiaminal, which was allylated with allyltrimethylsilane
(171) to produce a mixture of products (Figure 4.3). Carrying forward 172, Boc deprotection
was achieved with acid, and acylation with acryloyl chloride afforded amide 173. Grubs’ olefin
metathesis with 174 was utilized to form the 6-membered ring of the indolizidine 175. Iodination
of the double bond, following Johnson and co-worker’s procedure®, succeeded by Pd-catalyzed

carbonylation produced compound 176. The DA cycloaddition occurred between silyloxydiene

18 The work discussed can be found in references 93 and 94.
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177 and 176 by a Lewis acid, ZnCl,, catalyzed reaction, giving a single diastereomer as the
product (178). While the C:D:E ring system had been established, it is important to note the
stereochemistry of the two hydrogens on 178 that should be syn to produce the natural products

were anti at that time.

Me” Cl
0 4 ci-Ru=\ 0
1. DIBAL-H 1. TEA o 174 PCy,™n
N N
CﬁBoc 2. 171 170 _siMe, NBoc 2 Acryloyl Cl, NEt, \i DCM |
96%
NN
170 BF3OEt2 DCM 172 Mo 173 175
88%
~ 0
(0] 177 Me,OC
1.1, CCly, pyridine _ MeO,C " TBSO N
2. CO (1 atm), PdCl, | ZnCly, DCM |
MeCN/MeOH 91% TBSO H R
93%
o 176 178

Figure 4.3: Synthesis of the C:D:E ring system of the carbamate natural products.
Regioselective installation of the indole ring system was possible by using a reagent
developed by Rawal and co-workers, o-(nitrophenyl)phenyliodonium fluoride (179, NPIF), to

overcome Fischer indole regioselectivity (Figure 4.4).°

The reaction gave 180 as a single
regioisomer with a diastereomeric mixture of 2:2:1 of inconsequential diastereomers. The
nitroaryl ketone (180) underwent a reductive cyclization by two separate sets of conditions:
treatment with SnClz (54% yield) or reduction by H, and Pd/C in presence of Pd(PPh3)4.””%8
With the 5 rings establish, attention moved towards epimerizing the hydrogen at the C-4
position, such that the stereochemistry of the two hydrogens could be syn, which was achieved
through installation of a benzylic ketone.

Indole derivative 181 was able to undergo an a-acetoxylation when treated with lead (IV)

acetate in acetic acid.” The crude acetate (182) was subjected to transesterification to provide

alcohol 183. When exposed to MnO», alcohol 183 was oxidized to ketone 184. While a variety of
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conditions for epimerizing the a-stereocenter were tested, it was found that enolization with
KHMDS at low temperatures and quenching at -70°Cwith NH4Cl afforded 185 with the desired

stereochemistry at a 9.5:1 ratio while maintaining an 80% isolated yield.

NO, o°F
o ' SnCl,, EtOH, BnBr,
Me,OC 179 NaH DMF
N T 55%
| DMSO/THF OR
TBSO e 47-59% H,, Pd/C, Pd(PPhy),,
H H 2.2:1dr AcOH/EtOAc;
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AcOH/DCM N MeOH
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Figure 4.4: Construction of A-E rings of the carbamate natural products while setting the
subsequent stereocenters.

With the stereochemistry now set in the A-E rings, attention was moved towards the
formation of the carbamate and conversion of the ketone to a geminal dimethyl group. The
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ketone was converted to a terminal olefin (187) with the use of Tebbe reagent (186).!%° Ester
hydrolysis resulted in the free carboxylic acid that was immediately advanced through a Curtius
rearrangement to 190. The rearrangement occurred as follows: formation of the azide (188) with
dipheylphosphoryl azid (DPPA) succeeded by thermolysis in the presence of 2-
trimethylsilylethanol (189). When compound 190 was exposed to TFA protonation occurred at
the exocyclic olefin, creating a carbocation (191/192), which the carbamate attacked to yield
cyclic product 193.!°! Having a single methyl group already installed, a Lewis acid, MesAl, was
utilized to render the carbamate a good leaving group and establish the second methyl of the
geminal dimethyl group (194). Interestingly, when free amine 194 was treated with di-tert-butyl
decarbonate (Boc20) an isocyanate (195) was formed instead of the theorized tert-
butyloxycarbamate. After heating 195 in MeOH, the isocyanate converted to methyl carbamate
196. Having set the functionalized scaffold of the carbamate natural products, two related routes

were taken to synthesize aspeverin and penicimutamide A (Figure 4.5).

OMe (0]
oo J o
Phl(OAc), NaS'Bu
—_—
HFIP DMF
55% 79% z -
Me M('; Me M('; H
197 ent-Penicimutamide A
ent-162

KCN (aq) 1. PhI(OAG),

47% 2. NaS'Bu,
(64% brsm) : -
H DMF H H
Me Me 79% Me Me
ent-Aspeverin
199 165

Figure 4.5: Late stage transformation to synthesize the enantiomers of Penicimutamide A
(162) and Aspeverin (165).
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The only structural component missing from compound 196 was the cyclic carbamate. To
cyclize selectively, oxidation of the indole double bound was performed with PhI(OAc); in
hexafluoroisopropanol (HFIP) to create a hydroxyindolenine that immediately reacted with the
methoxy-carbamate to form 197.!9%19 The methylimidate of 197 was dealkylated with sodium 2-
methyl-2-propanethiolate yielding the enantiomer of penicimutamide A.

Before the carbamate cyclization steps could be carried out to finish the synthesis of
aspeverin, the cyano-group needed to be installed. This was achieved by DIBAL-H reduction of
the amide to the free alcohol 198 and subsequent workup with potassium cyanide. After the
carbamate was in place, the cyclization steps used for establishing the cyclic carbamate on

penicimutamide A were applied to give the enantiomer of aspeverin.

IIL. Isolation of Penicimutamides D-E"

Previously, penicimutamides A-C were isolated from a mutant strain of Penicillium
purpurogenum G59. This was accomplished through the activation of formerly silent pathways
in the organism with DES.” New penicimutamides D and E were isolated from the same strain.
Unlike penicimutamides A-C, the new compounds were not carbamates, but instead
monooxopiperazines (Figure 4.6). It is interesting to note that decarbonylated substrates were
isolated from an organism that also yielded monooxopiperazines, as decarbonylated substrates
(e.g. the penicimutamides and citrinalins) based on genetic implications had previously been
assigned to the monooxopiperazine class of compounds. With the isolation of both

monooxopiperazines and decarbonyled substrates from P. purpurogenum, more evidence is

1% The work discussed can be found in reference 104.
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provided to confirm that the decarbonlyted substrates must be a part of the monoxopiperazine
family of prenylated indole alkaloids.

Most fungi that produce prenylated indole alkaloids either contain syn- or anti-
cycloadducts. In the case of the P. purpurogenum mutant, mostly anti-cycloadducts, but at least
one syn-, have been isolated.! Both diastereomers of premalbrancheamide were identified in the

fungi, with the new diastereomer being penicimutamide E.>>!% Interestingly,

106

premalbrancheamide was found as a racemic mixture in P. purpurogenum.

Penicimutamide D (200) Penicimutamide E (201)

Figure 4.6: Structures of new isolates from mutant P. purpurogenum.

In recent years, a variety of hydroxyindolenine natural products have been isolated (e.g
taichunamide A, taichunamide H, 45, and 216). Oftentimes, the hydroxyindolenine is an
intermediate in the biosynthetic pathway to a more advanced natural product. For example,
hydroxyindolenine 46 has been found to be an intermediate to brevianamide A in a mutant of
Penicillium brevicompactum.'”” Also, synthetically the hydroxyindolenine has been used to
establish indoxyls, oxindoles, and even carbamate rings at both advance and early stages in the
synthetic plan.!975162 A such, isolating penicimutamide D was an intriguing find, and has

tremendous implications on the biosynthetic pathway of the penicimutamides.
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IV. Conclusions

Through the application of activating previously silent biosynthetic pathways, a new class
of prenylated indole alkaloid metabolites were identified. The penicimutamides contain the rare
carbamate functionality and possess both syn- and anti-metabolites. While little is known about
the penicimutamide metabolites, the biological applications of the only other carbamate-
containing alkaloid metabolite strengthen the plausibility of the metabolites being biologically
relevant. The total synthesis of the enantiomers of both penicimutamide A and aspeverin has
been completed, but little is still known about the biochemical mechanisms that the producing
fungi, P. purogenum, utilizes for the construction of the carbamate ring system. If the
compounds prove to be biologically relevant, identifying the enzyme(s) responsible for the
construction of the carbamate ring could allow for further derivatization of the penicimutamide

metabolites to optimize possible biological responses.
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Chapter 5: Synthetic Investigation of metabolites from P. purpurogenum

I. Introduction
The penicimutamides are a class of prenylated indole alkaloids that were recently isolated
from a mutant strain of P. purpurogenum. The interest in the penicimutamides stems from the

opened bicyclic core and the bridged carbamate, something that had previously only been seen in

14,129-138 143

aspeverin. Aspeverin has displayed anticancer , antibacterial 142 anti-atherosclerotic'4?,
and monoamine oxidase (MAO) inhibitor'* properties to name a few. While biological testing of
penicimutamides A-E has been minimal, the immense variety and success in the application of
aspeverin gives possible precedent to applications of the carbamate-containing penicimutamides.
Through the total synthesis of the penicimutamides being investigated by the author the goal is to

determine the biosynthetic pathway to the metabolites and to access sufficient quantities of the

metabolites to perform a thorough screening of their biological activities.

I1. Total synthesis of penicimutamide E and synthetic studies towards the synthesis of
penicimutamide D

The approach to the synthesis of penicimutamide E began with anti-cycloadduct 34. A
protocol to selectively reduce the tertiary amide established in the total synthesis of VM55599'4°
was followed to yield penicimutamide E. Diisobutylaluminum hydride (DIBAL-H) reduction of
the tertiary amide to the free amine was accomplished with a 91% yield of (+) penicimutamide E
(Figure 5.1). All data for the synthetic compound matched isolation data for penicimutamide E

from P. purpurogenum.
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DIBAL-H, hexane Davis oxaziridine, DCM

toluene
91%

OR
1. PPTS, DCM
2. Davis oxaziridine
Penicimutamide E (201) Penicimutamide D (200)

Figure 5.1: Synthesis of penicimutamide E and attempts towards penicimutamide D. All
compounds are racemic mixtures.

With penicimutamide E in hand, attempts to synthesize penicimutamide D were
examined. Initial efforts to form the hydroxyindolenine by using the same conditions previously
employed did not work (see chapter 3 section III). After further analysis, it appeared that the
tertiary amine may be able to react with Davis oxaziridine more readily than the indole moiety;
therefore, a method to yield the amine unreactive needed to be employed. In the total synthesis of
marcfortine C, pyridinium toluene sulfonate (PPTS) was used to protonate the tertiary amine and
render it unreactive.!*¢ When PPTS was applied to penicimutamide E followed by Davis
oxaziridine, no desired product was isolated. It is possible that the PPTS group did not fully
protonate the tertiary amine, was not removed by column chromatography like expected, or was
deprotected prematurely. Further investigation to synthesize penicimutamide D is currently being

carried out, with a focus on optimizing the protonation conditions.

IT1. Towards the Total Synthesis of Penicimutamide A-C and Aspeverin

Previous members of the Williams group, Dr. Kimberly Klas and Dr. Kazutada Ikeuchi,
investigated the opening of the bicycle of cycloadducts 126 and 34.!4¢ The goal was to carry out
a full model study for the synthesis of citrinalins A and B with a mixture of anti- and syn-
cycloadduct 34 and 126. The bridged amide was transformed to lactim ether 256 with BF4OEt3

(Figure 5.2). Upon treatment with acid, the bicycle would continuously open and close, but to
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assure the bicycle remained open, the resulting amine was protected by an acetyl group.
Decarboxylation of 258 started by conversion to the carboxylic acid and a Curtuis-type
rearrangement with diphenylphosphoryl azide (DPPA). The resultant compound (260) was
hydrogenated with NaBH3CN to give a mixture of products (261 and 262). While the model
study was not completed for the citrinalins, Dr. Klas and Dr. Ikeuchi were able to effectively

open the bicycle in a manner that could mimic how the bicycle is opened in P. purpurogenum.

BF,OEt,, Cs,CO;

Ac,0
bCM pyridine
S MLioH DPPA, NEt,
THF/MeOH

ACN

NaBH,;CN
MeOH, AcOH

Figure 5.2: Synthetic scheme for the opening of the bicyclic core. Work was performed by Dr.
Klas and Ikeuchi. Both syn and anti-cycloadducts (126 and 34) were brought forward; the ratio
of syn-to-anti- was 2.1:1.

Applying the same conditions to open the bicycle, the total synthesis of penicimutamides
A-C and aspeverin has commenced (Figure 5.3). Starting with anti-cycloadduct 34, lactim ether
263 has been synthesized. Initial attempts to open the bicycle with 2 M HCI have proven to not
be successful; instead of opening the bicycle the lactim ether is deprotected and anti-cycloadduct
34 is reformed. Optimization of acidic conditions appears to be a crucial point in effectively

opening the bicycle without removing the lactam ether. This could be accomplished through

either shorter reaction times or the use of a weaker acid.
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Once the bicycle opening has been optimized, carbamate formation (265), instead of
acetylation (258) could occur. This would be accomplished by using methyl chloroformate and
an adequate base, like 1 M NaOH, NaHCOj3, or diisopropylethylamine (DIEA).'4"14° The
bridged carbamate moiety of penicimutamides A-C could be established by oxidizing the indole
with Davis oxaziridine (131), which would suffer a subsequent attack from the carbamate,
creating methylimidate 266. Dealkylation with sodium 2-methyl-2-propanethiolate would give
bridge carbamate 267.%%* Decarboxylation of the ethyl ester could be accomplished by applying
the same conditions mentioned above in the citrinalin model study (Figure 5.2); hydrolysis of the
ester, decarbonylation, and Curtuis-type rearrangement to provide penicimutamide A.%>%*

In this synthetic plan penicimutamide A would act as the gateway compound by which
penicimutamides B and C, as well as aspeverin, could be accessed.”*”* By treating
penicimutamide A with DIBAL-H the amide would be reduced to the alcohol, likely in a
stereoselective manner due to the bridged carbamate, yielding penicimutamide B. The alcohol
could be exposed to KCN and form aspeverin. Lastly, penicimutamide C could be accessed
through further reduction of the free alcohol using tosyl-chloride (TsCl).

There are possible areas in this proposed synthetic plan that could prove to not react in
the expected manner. For example, the initial reaction of chloroformate with free amine 264 may
not be quick enough to trap the opened bicycle, and in turn leave 34 as the major product. If this
were to be a problem, acetylation should occur first. Once decarboxylation was complete the
acetyl group could be deprotected and the carbamate formed. It is also possible that treatment of
penicimutamide A with DIBAL-H will fully reduce the amide to the free amine (penicimutamide

C). If this is the case either different reduction conditions would need to be tested or a
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rearrangement of reaction order should occur, such that the synthesis mirrors that of Levinson’s

total synthesis of the enantiomer of aspeverin.”?

NH M

e
Me

BF,OEts, Cs,CO; 1M HCI CO,Et _ MeO,CCl
[ T
DCM ACN - = Base, DCM
264 HN
O O

Davis Oxaziridine

CO,Et _NaStBu
DCM S

DMF

3 M LiOH DPPA, NEt; NaBH;CN
THF/MeOH ACN MeOH, AcOH

Penicimutamide A (162)

DIBAL-H
toluene

Penicimutamide B (163)

KCN (aq)

Aspeverin (165)

Figure 5.3: Biomimetic Synthetic Proposal towards Pencimutamides A-C and Aspeverin.
The synthesis is based upon Figure 5.2. The products would all be racemic mixtures.

IV. Conclusions and Future direction

The biochemical mechanism for the decarbonylation of the bicyclo[2.2.2]diazaoctane
core in Penicillium purpurogenum is not understood; therefore, by completing the synthesis of
penicimutamide A, on would have access to possible biological intermediates to test by either

feeding studies or screening for their presence. The total synthesis of penicimutamides A-C has
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been commenced (by the author) but focus on opening the bicycle has been the current issue. By
further studying the decarbonylation synthetically, and possibly analyzing the mechanism
computationally, information on the intrinsic reactivity and facial bias of the decarbonylation

could be obtained.
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Appendix I: Contributions to Work

Chapter 3: All computational data was obtained by Juan V. Alegre-Requena from the Paton lab

at Colorado State University. The biological data was collected by Ying Ye and fellow members

of David Sherman’s group at the University of Michigan.
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Appendix II: Supporting Information

Chapter 1: Experimental
i. General Procedures

Flash column chromatography was performed with silica gel grade 60 (230-400 mesh)
from Sorbent Technologies. Preparative TLC was performed with glassed backed precoated
silica gel 60 F254 20 x 20 cm plates. Unless otherwise noted, materials were obtained from
commercially available sources. Dichloromethane (CH2Cl,), tetrahydrofuran (THF), N, N-
dimethylformamide (DMF), acetonitrile (MeCN), triethylamine (NEt3), toluene, and methanol
(MeOH) were all degassed with argon and passed through a solvent purification system
containing alumina or molecular sieves in most cases. Optical rotations were taken on a Rudolph
Research Analytical Autopol III Polarimeter operating at 589 nm at a room temperature of 23 °C.
Solvents used to dilute polarimetry samples were obtained from the solvent system. All 'H and
13C spectra were obtained using 400 MHz or 500 MHz spectrometers. The chemical shifts are
given in parts per million (ppm). Solvent residuals were relative to CDCI3 & 7.26 ppm, CD30D &
3.31 ppm, or (CD3)2S0 8 2.50 ppm for proton spectra and relative to CDCI3 & 77.16 ppm,
CD30D 6 49.00, (CD3)2SO 6 39.52 ppm for carbon spectra. Splitting patterns are described using
the following abbreviations: s = singlet, br. s = broad singlet, d = doublet, t = triplet, q = quartet,
quin = quintet, sext = sextet, sept = septet, m = multiplet. More than one abbreviation may be
used to describe more complex splitting patterns, with the form “ab” denoting that splitting
pattern a modifies pattern b. Mass spectra were obtained by the Colorado State University

Central Instrument Facility on various TOF or QTOF spectrometers.
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__ PH NH,Cl, cuBr, HBr,cu_Me  Br
:o—éMe Pentane S

205 Me 70% Me 06

1-bromo-3-methylbuta-1,2-diene (206): NH4Br (37.35 g, 381 mmols), CuBr (46.65 g, 325
mmols), Cu (2.37 g, 37.29) and HBr (180 mL) were added to a 1L round bottom flask while a
mixture of 2-methyl-3-butyn-2-ol 205 (90 mL, 928.7 mmols) and pentane (225 mL) was added
dropwise over the course of 30 minutes. After addition, the flask was heat to 30°Cand stirred for
3 additional hours. Once the solution was cooled to rt, the mixture was extracted with equal
volumes of concentrated HBr (x2) and water (x3), dried overnight over MgSOs at O °C. The
dried compound was run over a silica plug, eluting with pentane, and concentrated at 0 °C to
yield a clear yellow liquid (94.61g, 69%). 206: '"H NMR (400 MHz, Chloroform-d) & 5.83 (hept,

J=2.1Hz, 1H), 1.84 (d, J = 2.1 Hz, 6H). '*C NMR (101 MHz, Chloroform-d) & 199.69, 106.72,

69.81, 20.23.
M
Me\ Br 7n e\_._
/ ACOH 1
Me 506 86% 207

3-methylbuta-1,2-diene (207): Zn dust (37 g, 571 mmols) and AcOH (238 mL) were added to a
multineck round bottom flask set-up with an additional and a short path distillation apparatus
with the receiving flask set in a -78 °C bath. The flask was heated to 70 °C, and bromoallene
(70g, 476 mmols) was added dropwise maintaining a distillation temperature below 45 °C. Once
all of the bromoallene was added, the flask was heated to 75 °C. Once the distillation was
complete, allene was isolated from any remaining AcOH by freezing off the AcOH to yield 20.0
g of allene (86 %). 207: 'H NMR (400 MHz, Chloroform-d) & 4.52 (hept, J = 3.2 Hz, 2H), 1.69

(t, J = 3.2 Hz, 6H). '3C NMR (101 MHz, Chloroform-d) & 207.10, 93.86, 72.54, 20.10.
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Cl
O 1501
N
N DMF N

(quant.)
indole 209

3-chloroindole (209): Recrystallized NCS (22.8 g, 170.8 mmols) was added to a solution of
indole (20g, 170.8 mmols) in DMF (500 mL) at rt and stirred for 4 hours, keeping the reaction
flask out of direct light. The solution was diluted with 250 mL of brine, extracted with EtOAc (3
x 250 mL), washed with 500 mL of water, 250 mL of NaHCO3, 250 mL of NH4Cl, and 500 mL
of brine. The organics were dried over Na>SOy, filtered, and concentrated to a dark yellow oil.
The oil was purified by a silica plug (10-20% EtOAc/Hexane) and recrystallized in
EtOAc/Hexane giving a white crystal (25.8g, 170.8 mmols) in a quantitative yield. 209: '"H NMR
(400 MHz, Chloroform-d) 6 8.17 (s, 1H), 7.77 (dt, J=7.7, 1.0 Hz, 1H), 7.47 (dt, J = 8.2, 1.0 Hz,
1H), 7.42 —7.28 (m, 2H). '3C NMR (101 MHz, Chloroform-d) § 135.06, 125.48, 123.22, 120.98,

120.57, 118.35, 111.63, 106.59.

Cl 210
OIS L Ul
N NEts, THF Nmd Me
H 83%
209 78

2-(2-methylbut-3-en-2-yl)-1H-indole (78): Allene 207 (5 mL, 50.43 mmols) was added to a 0.5
M solution of 9-BBN in THF (84.05 mL, 42.03 mL) at 0 °C and allowed to stir overnight at
room temperature. Chlorinated indole (2.16 g, 14.245 mmols) was added to the solution at room
temp 15 minutes before the addition of NEt3 (5.17 mL, 42.45 mmols). The reaction mixture was
stirred for 8 hours, monitoring by TLC (25% EtOAc/Hex) for full conversion. The solution was
washed with 91 mL of 1M HCl and 46 mL of NaHCO3. The organics were brought to 0°C and a

quick quench was performed in a -78 °C bath with 80 mL of 2M NaOH and 80 mL of H2O>
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sequentially while maintaining an internal temperature between 0-5 °C. The organics were
extracted with 182 mL of ether and washed with brine (2 x 91 mL), dried over MgS O, filtered
and concentrated. The crude material was purified by flash column chromatography (2-6%
EtOAc/Hex) to yield a pale-yellow oil (2.20 g, 83%). 78: 'H NMR (400 MHz, Chloroform-d) &
7.87 (s, 1H), 7.59 —7.52 (m, 1H), 7.34 — 7.27 (m, 1H), 7.13 (ddd, J = 8.1, 7.1, 1.4 Hz, 1H), 7.07
(td, J=7.4, 1.2 Hz, 1H), 6.32 (dd, J = 2.3, 0.9 Hz, 1H), 6.10 (s, OH), 6.10 — 6.00 (m, 1H), 5.16 —
5.13 (m, 1H), 5.11 (s, 1H), 1.49 (s, 6H). '3C NMR (101 MHz, Chloroform-d) § 146.15, 145.85,

136.00, 128.64, 121.37, 120.22, 119.71, 112.30, 110.58, 98.08, 38.26, 27.50.

NM92
A\ Me,NH
M HCO___ N\
Nwmd Me  AcOH/MeCN N oS
85% N Me Me
78 79

N,N-dimethyl-1-(2-(2-methylbut-3-en-2-yl)-1H-indol-3-yl)methanamine (79): Me>NH (40 %
in H>O, 1.11 mL, 8.79 mmols) and H2CO (37% in H20, 0.63 mL, 8.49 mmols) were added to a
solution of prenylated indole 78 (1.48 g, 7.99 mmols) in AcOH/MeCN (7.7 mL/0.77 mL) at 0 °C
and ran at rt for 3 hours. The reaction was partitioned between 50 mL of 1M HCI and 100 mL of
ether. The organics were washed with 1M HCI (2 x 50 mL). The aqueous was basified with 2M
NaOH and washed with ether (2 x 195 mL). The organics were combined, washed with NaHCOs
(2 x 50 mL), brine (2 x 195 mL), dried over MgSOu, filtered and concentrated to yield a bright

orange oil (1.78 g, 92%).
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Cl
Etoﬁ%m Ph)J\Ph Eto\[ﬁN/)\Ph
s1

DCM o
85% 80

ethyl 2-((diphenylmethylene)amino)acetate (80): Benzophenone imine S1 (12.98 g, 71.64
mmols) was added to a solution of glycine HCI (10.00 g, 71.64 mmols) in DCM (84.4 mL) at rt.
A CaCls tube was equipped to the flask and left to run for 24 hours. The salts were filtered off
and the resulting solution was concentrated. The crude oil was taken up in ether (260 mL),
washed with H>O (2 x 130 mL), dried over MgSOg, filtered, and concentrated to yield glycine
derivative as a yellow solid (15.0 g, 78%). 80: '"H NMR (400 MHz, Chloroform-d) § 7.69 — 7.63
(m, 2H), 7.50 — 7.43 (m, 3H), 7.43 — 7.38 (m, 1H), 7.37 — 7.31 (m, 2H), 7.24 — 7.15 (m, 2H),
4.26 —4.16 (m, 4H), 1.27 (t, J = 7.1 Hz, 3H). '>*C NMR (101 MHz, Chloroform-d) § 171.98,

170.79, 139.42, 136.16, 130.59, 128.96, 128.91, 128.82, 128.20, 127.82, 61.01, 55.88, 14.36.

Ph Ph
NMe, EtO N/)\Ph N¢<
TN, Ph
N A 0 - CO,Et
\ DBU, MeCN A
H Me Me x
H Me Me
79 81

ethyl 2-((diphenylmethylene)amino)-3-(2-(2-methylbut-3-en-2-yl)-1H-indol-3-yl)propanoate
(81): DBU (1.61 mL, 10.87 mmols) was added to a solution of gramine 79 (1.95 g, 8.05 mmols)
and glycine derivative 80 (2.04 g, 8.05 mmols) in MeCN (66.5 mL) at 0 °C. The reaction was
refluxed overnight. The reaction mixture was washed with 46 mL of NH4Cl and ether (2 x 46
mL). The organics were combined and washed with brine (2 x 90 mL), dried over Na>SOs,

filtered, and concentrated to yield a crude orange oil that was immediately carried forward.
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o CO,Et
1 M HCI . 2
COAE MeCN N
N S (63% two steps)
N Me
H vd Me H Me
81 82

ethyl 2-amino-3-(2-(2-methylbut-3-en-2-yl)-1H-indol-3-yl)propanoate (82): To a solution of
crude imine 81 (3.74 g, 8.06 mmols) in MeCN (49 mL), IM HCI (23.4 mL) was added at 0 °C
and ran for 3 hours at rt. The solution was cooled back to 0 °C and basified with 1M NaOH. The
reaction mixture was extracted with ether (235 mL), washed with brine (2 x 123 mL), dried over
MgSOq, filtered, and concentrated. The crude material was run through a silica plug first with
DCM until disappearance of UV activity, then 3% MeOH/DCM was run through the plug to
yield pure tryptophan as a bright yellow-orange oil (1.40 g, 58% over 2 steps). 82: 'H NMR (400
MHz, Chloroform-d) & 7.92 (s, 1H), 7.56 (dd, J = 7.8, 1.2 Hz, 1H), 7.28 (dt, J = 8.1, 1.0 Hz, 1H),
7.13 (ddd, J=8.1,7.0, 1.3 Hz, 1H), 7.08 (ddd, J = 8.1, 7.0, 1.2 Hz, 1H), 6.15 (dd, J = 17.4, 10.6
Hz, 1H), 5.19 (dd, J = 8.2, 1.0 Hz, 1H), 5.16 (s, 1H), 4.12 (qq, J = 10.8, 7.1 Hz, 2H), 3.85 (dd, J
=9.5,5.1 Hz, 1H), 3.33 (dd, J = 14.5, 5.0 Hz, 1H), 3.06 (dd, J = 14.5, 9.5 Hz, 1H), 1.57 (s, 6H),

1.52 (s, 2H), 1.18 (t, J = 7.1 Hz, 3H).

H F
HO,C, moc
2 LN) Fmoc-Osu, K,CO3 HOC., N
Dioxane - Q
HO (quant.) HO'
L-hydroxy proline 210

(9H-fluoren-9-yl)methyl (2S,3S)-2-(formyloxy)-3-hydroxypyrrolidine-1-carboxylate (210):
K2CO3 (26.26 g in 191 mL H>0O) was added to a solution of enantiomerically pure hydroxy
proline (5 g, 38.0 mmols) in dioxane, followed by the addition of Fmoc-Osu (14.66 g, 43.5
mmols). The reaction was stirred vigorously overnight (~18 hours). The solution was diluted
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with 252 mL of water and extracted with ether (2 x 629 mL). The aqueous was acidified with
2M HCI (~220 mL) and extracted with EtOAc (1 x 629 mL, 2 x 315 mL). The organics were
combined then washed with brine (2 x 629 mL), dried over MgSOsy, filtered, and concentrated to

yield a white solid (13.46 g, quant.).

F HOIHCILFmoc
NH2 HOQC/,, Nmozcilo ::
N\
CO,Et Q HN/\o
N\ HO' JHATU
\ DIPEA, MeCN CO,Et
Nmd Me 70% N .
H Me Me
82 211

(9H-fluoren-9-yl)methyl (2S,3R)-2-((1-ethoxy-3-(2-(2-methylbut-3-en-2-yl)-1H-indol-3-yl)-
1-oxopropan-2-yl)carbamoyl)-3-hydroxypyrrolidine-1-carboxylate (211): HATU (2.53 g,
6.65 mmols) and DIPEA (2.60 mL, 15.0 mmols) were added to a solution of tryptophan 82 (1.50
g, 5.00 mmols) and proline 210 (2.29 g, 6.5 mmols) in MeCN (30 mL) at rt. The reaction was ran
for 3 hours then concentrated. The crude oil was taken up in 63 mL of DCM and washed with 63
mL of IM HCI. The aqueous was back extracted with DCM (2 x 24 mL). The organics were
combined, washed with 40 mL of brine, dried over Na>SQg, filtered and concentrated. The oil
was further purified by flash column chromatography (40-60% EtOAc/Hex) to yield
diastereomers of rotomers as an off-white foam (2.54 g, 80%). Dipeptide 211 was carried

forward without further characterization.
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HN/i\

0 hydroxypyridine
COEt NEt, MeCN
N A 78%
H Me Me
211 trans-86

(8R,8a5)-8-hydroxy-3-((2-(2-methylbut-3-en-2-yl)-1H-indol-3-
yl)methyl)hexahydropyrrolo[1,2-a]pyrazine-1,4-dione (Cis- & trans 86): 2-hydroxypyridine
(82.3 mg, 8.65 mmols) was added to a solution of NEt3 (5.48 mL, 39.3 mmols) and dipeptide
(2.5 g, 3.93 mmols) in MeCN (75 mL) at rt, then refluxed for 21 hrs. The reaction mixture was
cooled to rt, concentrated, and partitioned between 1M HCI (96.4 mL) and DCM (195 mL). The
aqueous layer was back extracted with DCM (48 mL x 2), the combined organics were washed
with brine (195 mL), dried over Na,SOQq, filtered and concentrated. Flash column
chromatography (0-3% MeOH/DCM) was used to separate and purify the diastereomers to yield
off cis-86 (540 mg, 1.47 mmols, 37.5%) and trans-86 (540 mg, 1.47 mmols, 37.5%). Cis-86: 'H
NMR (400 MHz, Chloroform-d) 6 8.06 (s, 1H), 7.49 (dd, J=7.9, 1.1 Hz, 1H), 7.34 (dt, J = 8.1,
0.9 Hz, 1H), 7.18 (ddd, J = 8.2, 7.1, 1.2 Hz, 1H), 7.12 (ddd, J = 8.1, 7.1, 1.1 Hz, 1H), 6.19 — 6.08
(m, 1H), 5.85 (s, 1H), 5.21 (s, 1H), 5.17 (dd, J = 6.8, 0.9 Hz, 1H), 4.69 (dq, J = 3.9, 2.1 Hz, 1H),
443 (ddd, J=11.8,4.0, 1.8 Hz, 1H), 4.12 (t, /= 2.6 Hz, 1H), 3.89 (td, J = 11.2, 7.6 Hz, 1H),
3.77 (dd, J =15.3, 4.0 Hz, 1H), 3.71 (ddd, J =11.7, 10.4, 2.4 Hz, 1H), 3.20 (dd, J = 15.3, 11.7
Hz, 1H), 2.98 (t, /= 2.0 Hz, 1H), 2.24 — 2.13 (m, 1H), 2.04 (tdt, J = 14.1, 10.2, 2.1 Hz, 1H), 1.56
(d, J = 1.3 Hz, 6H). 3*C NMR (101 MHz, Chloroform-d) § 167.73, 165.90, 145.65, 141.73,
134.48, 129.15, 122.39, 120.35, 117.98, 113.10, 111.06, 104.61, 71.01, 64.66, 55.01, 44.19,

39.15, 30.33, 28.09, 28.00, 26.30. trans-86: '"H NMR (400 MHz, Chloroform-d) & 7.99 (s, 1H),
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7.55—-7.48 (m, 1H), 7.24 (t, J = 1.2 Hz, 1H), 7.10 (pd, J=7.1, 1.3 Hz, 2H), 6.12 (dd, J = 17 .4,
10.5 Hz, 1H), 5.92 (d, J = 4.0 Hz, 1H), 5.20 (dd, J = 10.6, 1.0 Hz, 1H), 5.18 — 5.15 (m, 1H), 4.59
(t,J=3.7Hz, 1H), 4.29 (dt, J =9.7, 3.9 Hz, 1H), 3.85 (td, /= 11.1, 7.7 Hz, 1H), 3.70 (d, /= 3.1
Hz, 1H), 3.55 (ddd, J =11.8, 10.0, 1.7 Hz, 1H), 3.49 (dd, J = 14.7, 3.8 Hz, 1H), 3.33 — 3.17 (m,
2H), 2.89 (s, 1H), 2.11 - 2.00 (m, 1H), 1.83 (dtd, J = 14.3, 10.3, 4.3 Hz, 1H), 1.53 (d, / = 3.3 Hz,
6H). '>*C NMR (101 MHz, Chloroform-d) § 167.29, 166.19, 146.08, 141.57, 134.33, 129.05,

122.11, 120.00, 118.62, 112.23, 110.70, 105.12, 71.11, 63.95, 58.63, 44.34, 39.23, 30.08, 29.72,

28.11, 27.91.
o)
HNJ\?
DEAD, PBu, N
DCM
o]
99% A\ §
H Me Me

3-((2-(2-methylbut-3-en-2-yl)-1H-indol-3-yl)methyl)-2,3,6,7-tetrahydropyrrolo[1,2-
a]pyrazine-1,4-dione (87): DEAD (40% weight in toluene, 4.59 mL, 11.6 mmols) was added to
a solution of 86 (1.42 g, 3.86 mmols) in DCM (77.4 mL) at rt and ran for 15 minutes before PBu3
(2.90 mL, 11.6 mmols) was added to the solution. The reaction mixture stirred for 3 hours before
being concentrated. The crude reaction mixture was purified by flash column chromatography
with 60-100% ethyl acetate/hexane to give an off-white solid as product in a quantitative yield.
87: 'H NMR (400 MHz, Chloroform-d) & 8.03 (s, 1H), 7.53 (d, J = 7.9 Hz, 1H), 7.32(d, /= 7.9
Hz, 1H), 7.18 (ddd, J = 8.1, 7.0, 1.3 Hz, 1H), 7.12 (td, J = 7.5, 7.0, 1.2 Hz, 1H), 6.18 — 6.07 (m,
2H), 5.65 (s, 1H), 5.22 - 5.11 (m, 2H), 4.52 (d, J = 11.6 Hz, 1H), 4.15 — 3.99 (m, 2H), 3.73 (dd,
J=14.6,3.6 Hz, 1H), 3.23 (dd, J = 14.6, 11.3 Hz, 1H), 2.78 (ddd, J = 9.9, 8.1, 3.0 Hz, 2H), 1.55

(d, J=2.3 Hz, 6H). *C NMR (101 MHz, Chloroform-d) § 162.68, 156.58, 145.78, 141.81,
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134.41, 133.25, 128.93, 122.28, 120.27, 118.97, 118.33, 112.62, 110.92, 104.67, 57.57, 45.72,

39.17, 30.93, 28.08, 28.02, 27.93.

o H
M
HN% N V& Me
N 20% KOH /
MeOH H O
0O N
N N
HMe Me o
87 34 126
anti syn

(12aS)-12,12-dimethyl-2,3,11,12,12a,13-hexahydro-1H,5SH,6H-5a,13a-
(epiminomethano)indolizino[7,6-b]carbazole-5,14-dione (anti 34 & syn 126): 20% KOH (74
mL) was added to a solution of 87 (1.36 g, 3.89 mmols) in MeOH (296 mL) at O °C. The
solution was slowly warmed to rt over the course of an hour, then ran for an additional 18 hours.
The solution was acidified with NH4Cl, extracted with DCM (x3), washed with brine, dried over
NazSOqs, filtered, and concentrated. The crude material was purified by flash column with 1%
MeOH/CHCI; to yield syn(126) :anti(34) in a 2.1:1 ratio as white solids (1.10 g, 81%). A small
amount of starting material was also recovered. 34: 'H NMR (400 MHz, Chloroform-d) § 7.82
(s, 1H), 7.53 (dt, J = 7.8, 0.7 Hz, 1H), 7.33 (dt, J/ = 8.0, 1.0 Hz, 1H), 7.19 (ddd, /= 8.1, 7.1, 1.3
Hz, 1H), 7.13 (ddd, J = 8.1, 7.1, 1.1 Hz, 1H), 5.69 (s, 1H), 3.94 (d, J = 17.9 Hz, 1H), 3.60 — 3.52
(m, 2H), 2.92 (d, J = 18.0 Hz, 1H), 2.87 — 2.79 (m, 1H), 2.41 — 2.33 (m, 1H), 2.22 — 2.00 (m,
4H), 1.88 (dt, J = 13.0, 7.5 Hz, 1H), 1.34 (s, 3H), 1.31 (s, 3H). '*C NMR (101 MHz,
Chloroform-d) & 172.85, 169.19, 139.76, 136.57, 127.35, 122.30, 119.88, 118.52, 110.85,
103.80, 67.25, 61.79, 45.91, 44.34, 34.67, 32.82, 29.33, 29.15, 25.46, 24.65, 24.11. IR: 3220,
3100, 3062, 2994, 2878, 1697 cm™'. 126: '"H NMR (400 MHz, Chloroform-d) § 7.50 (d, J = 7.6

Hz, 1H), 7.39 (q, /= 7.5 Hz, 2H), 7.22 (d, J/ = 7.3 Hz, 1H), 6.37 (s, 1H), 3.74 (dd, J = 10.0, 7.4
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Hz, 1H), 3.49 (ddt, J = 18.4, 11.6, 6.2 Hz, 2H), 2.94 (d, J = 16.1 Hz, 1H), 2.80 (dt, / = 12.8, 6.6
Hz, 1H), 2.31 (d, /= 16.2 Hz, 1H), 2.21 (t, / = 11.5 Hz, 1H), 2.09 — 1.93 (m, 2H), 1.87 (dt, J =
13.3, 7.7 Hz, 2H), 1.36 (s, 3H), 1.16 (s, 3H).!*C NMR (101 MHz, Chloroform-d) & 189.86,
173.45, 167.94, 139.37, 130.47, 126.66, 122.26, 121.13, 83.33, 67.17, 60.25, 48.55, 44.56, 38.66,

34.45,31.59, 29.86, 29.61, 28.83, 24.63, 21.20. IR: 3320, 3187, 3058, 2971, 2880, 1680 cm'.

J< NaOCI J<
S0 AcOH ~ Chg

Tert-butyl hypochlorite: tBuOH (37 mL, 387 mmols) and AcOH (24.5 mL, 430 mmols) were
added together to a 1 L flask containing NaOCl (6%, 442 mL, 395 mmols) when the temperature
of the flask reached below 10 °C. While adding care was taken to keep the internal temperature
below 20 °C. Ambient light was kept away from the reaction, and it was left to stir for an
additional 10 minutes after addition. The reaction mixture was washed with 50 mL of 10%

Na>CO3, H20, and dried over CaClz in an amber glass bottle in the fridge as a bright yellow

N Me
\ , Me
tBuOCI, NEt; _ [
DCM o cl - H o
212 N N
0]

(5aR,12aS,13aR)-6a-chloro-12,12-dimethyl-2,3,6a,12,12a,13-hexahydro-1H,5SH,6H-5a,13a-

liquid.

(epiminomethano)indolizino[7,6-b]carbazole-5,14-dione (212): tBuOCI (25.9 mL, 0.23
mmols) and NEt3 (35.2 mL, 0.252 mmols) was added to a solution of 34 (20 mg, 0.057 mmols)
in DCM (1.5 mL) at 0 °C and ran for 3 hours. The reaction mixture was warmed to rt before

concentrating. The crude material was immediately purified by preparative TLC (6%

MeOH/DCM) to yield a pale yellow unstable solid. 212: 'H NMR (400 MHz, Chloroform-d) &
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7.56 (t,J=7.4 Hz, 2H), 7.40 (td, J = 7.6, 1.2 Hz, 1H), 7.29 (t, J = 7.5 Hz, 1H), 6.61 (s, 1H), 4.21
(d, J=15.9 Hz, 1H), 3.54 — 3.46 (m, 3H), 2.66 (dt, J = 13.0, 6.7 Hz, 1H), 2.16 (dd, J = 13.3, 10.3
Hz, 1H), 2.05 - 1.89 (m, 3H), 1.78 (dt, /= 12.9, 7.5 Hz, 1H), 1.54 (d, J = 16.0 Hz, 1H), 1.47 (s,
3H), 1.36 (s, 3H). '>*C NMR (101 MHz, Chloroform-d) § 187.21, 173.40, 168.64, 152.46, 140.05,
130.34, 127.06, 122.92, 121.13, 66.98, 66.54, 59.54, 44.61, 42.64, 39.11, 35.13, 31.05, 29.47,

29.22,24.74, 23.87.

(5aR,12aS,13aR)-6a-hydroxy-12,12-dimethyl-2,3,6a,12,12a,13-hexahydro-1H,5H,6H-
5a,13a-(epiminomethano)indolizino[7,6-b]carbazole-5,14-dione (45 & 46): To a solution of
compound 34 (30.0 mg, 087 mmols) in THF (3 mL) at rt was added mCPBA (19.2 mg, 0.111
mmols). The reaction was stirred vigorously for 2 hours or until TLC showed completion (6%
MeOH/CDCl3). The reaction was quenched with Me»S and concentrated under reduced pressure.
The diastereomers were separated and purified by preparative TLC (6% MeOH/CDCl3) to yield
pale yellow solids (70%) with 46 as the major and 45 as the minor product. 46: "H NMR (400
MHz, Chloroform-d) 8 7.49 (ddd, J =7.0, 2.5, 1.2 Hz, 2H), 7.36 (td, J = 7.6, 1.3 Hz, 1H), 7.28 —
7.19 (m, 1H), 6.74 (s, 1H), 3.77 — 3.69 (m, 1H), 3.68 (s, 1H), 3.44 (dt, /=11.3, 6.9 Hz, 1H), 3.41
—3.31 (m, 2H), 2.70 (dt, J = 13.4, 6.9 Hz, 1H), 2.17 — 2.05 (m, 1H), 2.08 — 1.97 (m, 1H), 2.00 —
1.92 (m, 1H), 1.92 (dd, J = 13.2, 6.9 Hz, 1H), 1.84 (dt, J = 13.8, 7.1 Hz, 1H), 1.47 — 1.38 (m,
1H), 1.38 (s, 3H), 1.33 (s, 3H). *C NMR (101 MHz, Chloroform-d) & 189.78, 173.62, 170.55,
153.56, 139.89, 129.84, 126.48, 122.55, 120.69, 82.00, 67.14, 60.27, 44.38, 43.32, 39.03, 34.48,

30.70, 29.03, 28.32, 24.65, 23.25. 45: 'H NMR (400 MHz, Chloroform-d) § 7.56 (dd, J=7.7, 1.0
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Hz, 1H), 7.45 (dt, J=7.1, 1.0 Hz, 1H), 7.39 (td, J/ = 7.6, 1.3 Hz, 1H), 7.30 — 7.21 (m, 1H), 7.07
(s, 1H), 3.77 (s, 1H), 3.46 (t, J = 6.8 Hz, 2H), 2.86 (d, J = 15.8 Hz, 1H), 2.83 — 2.74 (m, 2H),
2.14 (d, J=22.6 Hz, 1H), 2.07 (dd, J = 3.2, 2.1 Hz, 2H), 2.05 — 1.98 (m, 2H), 1.86 (dt, / = 13.1,
7.3 Hz, 1H), 1.48 (s, 3H), 1.35 (s, 3H). ">*C NMR (101 MHz, Chloroform-d) & 188.06, 172.45,
168.37, 152.21, 140.41, 130.49, 126.81, 122.41, 121.36, 82.65, 67.34, 62.07, 50.54, 44.25, 40.58,

38.02, 32.74, 29.23, 27.46, 24.57, 20.23.

H
M
N V& Me
H
/ o mCPBA
HO THF
126 N
o)

(5aR,12a8,13aR)-6a-hydroxy-12,12-dimethyl-2,3,6a,12,12a,13-hexahydro-1H,5H,6H-
5a,13a-(epiminomethano)indolizino[7,6-b]carbazole-5,14-dione216 & 217: The synthesis of
216 and 217 was achieved by following the same protocol as for the synthesis of 45 and 46 with
mCPBA. 216: '"H NMR (400 MHz, Chloroform-d) ¢ 7.50 (d, J = 7.6 Hz, 1H), 7.39 (q, /= 7.5
Hz, 2H), 7.22 (d, J = 7.3 Hz, 1H), 6.37 (s, 1H), 3.74 (dd, J = 10.0, 7.4 Hz, 1H), 3.49 (ddt, J =
18.4,11.6, 6.2 Hz, 2H), 2.94 (d, J = 16.1 Hz, 1H), 2.80 (dt, /= 12.8, 6.6 Hz, 1H), 2.31 (d, J =
16.2 Hz, 1H), 2.21 (t, J = 11.5 Hz, 1H), 2.09 — 1.93 (m, 2H), 1.87 (dt, J = 13.3, 7.7 Hz, 2H), 1.36
(s, 3H), 1.16 (s, 3H). 3*C NMR (101 MHz, Chloroform-d) § 189.86, 173.45, 167.94, 153.59,
139.37, 130.47, 126.66, 122.26, 121.13, 83.33, 67.17, 60.25, 48.55, 44.56, 38.66, 34.45, 31.59,

29.61, 28.83, 24.63, 21.20.
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213 O 214 o ©
3-ethoxybenzo[d]isothiazole 1,1-dioxide (214): PCls (8.0 g, 39.0 mmols) and saccharin (5.49 g,
30.0 mmols) were added to a 500 mL round bottom flask connected to an air condenser. The
reaction mixture was stirred vigorously while slowly heating the contents to 175 °C and run for 2
hours. The solution was concentrated, taken up in 400 mL of absolute ethanol, and refluxed for 1
hour. After reflux, the solution was cooled to rt and filtered. The filtrate was cooled to 0 °C and
the solid was collected to yield 4.0 g of a needle-like solid (65%). 214: "H NMR (400 MHz,
Chloroform-d) & 7.89 (dd, J = 7.0, 1.5 Hz, 1H), 7.79 — 7.67 (m, 3H), 4.67 (q, / = 7.1 Hz, 2H),

1.53 (t, J = 7.1 Hz, 3H). *C NMR (101 MHz, Chloroform-d) § 168.93, 143.34, 133.83, 133.22,

126.95, 123.14, 121.68, 68.04, 13.84.

OJ nBu
\ nBulLi \N
N THF S
P o
2140 © 215 ©

3-butylbenzo[d]isothiazole 1,1-dioxide (215): Fresh n-BuLi (1.6 M in hexanes, 3.85 mL, 6.15
mmols) was added to a solution of 214 (1.00 g, 4.73 mmols) in THF (95 mL) at -78 °C.
Maintaining the -78 °C temperature, the reaction was left to run for 4 hours then quenched with
NH4ClI. The reaction mixture was extracted with EtOAc (x2), washed with brine (x2), dried over
MgSOy, filtered, and concentrated to give product as white crystals (0.864 g, 82%). 215: 'H
NMR (400 MHz, Chloroform-d) 6 7.95 — 7.85 (m, 1H), 7.81 — 7.64 (m, 3H), 4.66 (q, J = 7.1 Hz,

1H), 3.01 —2.93 (m, 2H), 1.93 — 1.85 (m, 1H), 1.85 (s, OH), 1.58 — 1.50 (m, 1H), 1.54 — 1.44 (m,
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2H), 0.99 (t, J = 7.4 Hz, 2H). '*C NMR (101 MHz, Chloroform-d) § 176.47, 139.94, 134.00,

133.62, 131.46, 124.02, 122.58, 30.98, 27.58, 22.49, 13.90.

nBu nBu
0]
\N mCPBA, K,CO45 N/
s DCM s
1l \}O 1 \}O
215 o 131 o

7b-butyl-7bH-benzo[d][1,2]oxazireno[2,3-b]isothiazole 3,3-dioxide (Davis oxaziridine; 131):
Imine 215 (624 mg, 2.79 mmols) was added to a mixture of saturated K»COj3 (46.8 mL) and
DCM (46.8 mL). While the mixture was stirred vigorously, mCPBA (1.45 g, 8.38 mmols) was
dissolved in DCM (55 mL) and added dropwise over 30 minutes. The reaction was monitored by
TLC for completion. Once the reaction was complete, the organic layer was separated, washed
with Na;SO3, NaHCO3, and brine. The organic layer was dried over Na;SOq, filtered, and
concentrated. The crude material was purified by column chromatography to yield a solid as
product (500 mg, 75%). 131: '"H NMR (400 MHz, Chloroform-d) § 7.82 — 7.76 (m, 1H), 7.75 —
7.68 (m, 3H), 2.60 (ddd, J =15.1, 9.0, 6.1 Hz, 1H), 2.24 (ddd, J = 14.9, 9.3, 6.6 Hz, 1H), 1.66 —
1.49 (m, 2H), 1.49 — 1.37 (m, 2H), 0.94 (t, J = 7.2 Hz, 3H). *C NMR (101 MHz, Chloroform-d)

0 134.63, 134.15, 133.59, 132.60, 126.00, 123.70, 86.43, 28.07, 25.64, 22.20, 13.64.

nBu

P
H

N

N Me Me ,
Sy
// 131 "0

H O
126 N N DCM

(5aR,12aS,13aR)-6a-hydroxy-12,12-dimethyl-2,3,6a,12,12a,13-hexahydro-1H,5SH,6H-
5a,13a-(epiminomethano)indolizino[7,6-b]carbazole-5,14-dione (216): Davis oxaziridine was

added to a solution of DA cycloadduct in DCM at rt. The reaction mixture was stirred overnight,
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then concentrated. The crude oil was purified by flash column chromatography (6-10%
MeOH/CHCI3). The material was further purified by preparative TLC with 6% MeOH/CHCI3 to

yield a pale yellow solid. Data for compound 216 is listed previously.

(5aR,12aS8,13aR)-6a-hydroxy-12,12-dimethyl-2,3,6a,12,12a,13-hexahydro-1H,5H,6H-
5a,13a-(epiminomethano)indolizino[7,6-b]carbazole-5,14-dione (45): The synthesis of 45 was
completed following the same procedure listed for the synthesis of 216 with Davis oxaziridine

(131). All spectral data for 45 is listed previously.

H
NHBoc  Et0:C, pPcf 0 O
218 L@ N—
COH HATU COaEt
A\ DIPEA, MeCN NHBoc
= 90% A\
”Me Me o y x
H Me Me
83 219

ethyl (2-((tert-butoxycarbonyl)amino)-3-(2-(2-methylbut-3-en-2-yl)-1H-indol-3-
yl)propanoyl)prolinate (219): HATU (1.35 g, 3.56 mmols) and DIPEA (1.39 mL, 8.04 mmols)
were added to a solution of Boc-protected tryptophan 83 (1.00 g, 2.68 mmols) and proline salt
(0.630 g, 3.484 mmols) in MeCN (16.0 mL) at rt and ran for 4 hours. The reaction was
concentrated to an oil. The oil was partitioned between 34 mL of DCM and 34 mL of 1M HCI.
The aqueous was re-extracted with DCM (2 x 13 mL). The organics were combined, washed
with brine (2 x 21 mL), dried over Na>SQOyu, filtered and concentrated to a crude oil. The oil was

purified by flash column chromatography (40-60% EtOAc/Hex) to yield an off-white foam
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product (1.20 g, 90%) and carried forward immediately. 219: 'H NMR (400 MHz, Chloroform-
d) 6 7.87 (s, 1H), 7.56 — 7.45 (m, 1H), 7.29 — 7.18 (m, 1H), 7.12 — 7.06 (m, 1H), 7.09 — 6.99 (m,
1H), 6.13 (dd, J =17.4, 10.5 Hz, 1H), 5.60 (d, J = 8.1 Hz, 1H), 5.26 — 5.14 (m, 3H), 4.73 —4.42
(m, 1H), 4.20 —4.01 (m, 3H), 3.46 — 3.07 (m, 4H), 1.63 (d, /= 6.4 Hz, 6H), 1.44 (d, J = 3.3 Hz,

9H), 1.26 (d, J = 2.4 Hz, 3H), 1.24 — 1.15 (m, 3H).

oy

COEt 4 TFA, DCM
NHBoc 2. hydroxypyridine,
N\ § toluene
N wd Me 70%
219 Deoxybrevianamide E

Deoxybrevianamide E & S1: TFA (5 mL) was added to a solution of dipeptide 219 (1.20 g,
2.00 mmols) in DCM (5 mL) at 0 °C then warmed to rt to run for 3 hours. The excess acid was
quenched with NaHCO3, extracted with EtOAc (2 x 125 mL), dried over Na>SOg, filtered, and
concentrated. The crude amine was taken up in toluene (20 mL) and 2-hydroxypyridine (38.25
mg, 0.403 mmols) was added to the solution. The reaction mixture was refluxed overnight then
concentrated. The crude oil was partitioned between DCM and 1M HCI. The aqueous was
extracted with DCM (x2). The organics were combined, washed with brine, dried over Na>SOs,
filtered, and concentrated. The material was purified by flash column chromatography (0-3%
MeOH/DCM) to yield separable diastereomers as solids (492 mg, 70%). Deoxybrevianamide E:
"H NMR (400 MHz, Chloroform-d) & 8.42 (s, 1H), 7.47 (dt, J = 7.8, 0.9 Hz, 1H), 7.31 (dt, J =
8.1, 1.0 Hz, 1H), 7.15 (ddd, J = 8.1, 7.1, 1.2 Hz, 1H), 7.08 (ddd, J = 8.1, 7.0, 1.2 Hz, 1H), 6.11
(dd, J=17.5,10.4 Hz, 1H), 5.72 (s, 1H), 5.18 (d, /= 0.9 Hz, OH), 5.17 — 5.11 (m, 2H), 4.44
(ddd, J=11.6,4.1, 1.7 Hz, 1H), 4.06 (ddd, J =9.0, 6.7, 1.7 Hz, 1H), 3.75 (dd, J = 15.3, 4.0 Hz,
1H), 3.71 — 3.64 (m, 1H), 3.58 (ddd, /= 11.9, 8.8, 3.0 Hz, 1H), 3.19 (dd, J = 15.3, 11.6 Hz, 1H),

124



2.39—-2.23 (m, 1H), 2.17 — 1.99 (m, 2H), 1.98 — 1.81 (m, 1H), 1.53 (d, J = 2.7 Hz, 6H). S1: 'H
NMR (400 MHz, Chloroform-d) 6 8.35 (s, 1H), 7.54 —7.47 (m, 1H), 7.29 — 7.22 (m, 1H), 7.07
(dddd, J =21.0,8.2,7.0, 1.2 Hz, 2H), 6.12 (dd, J = 17.4, 10.5 Hz, 1H), 6.06 (d, / =4.0 Hz, 1H),
5.20-5.09 (m, 2H), 4.25 (ddd, J =7.6, 5.8, 3.7 Hz, 1H), 3.69 — 3.55 (m, 2H), 3.52 — 3.37 (m,
2H), 3.29 (dd, J = 14.6, 9.2 Hz, 1H), 2.33 — 2.20 (m, 1H), 2.00 — 1.79 (m, 2H), 1.77 — 1.62 (m,

1H), 1.51 (d, J = 2.6 Hz, 6H).

Deoxybrevianamide E N-Me-deoxybrevianamide E

N-methyl-deoxybrevianamide E: NaH (60%, 69 mg, 1.72 mmol) was added to a solution of
deoxybrevianamide E (400 mg, 1.14 mmols) in DMF (13 mL) at 0°C and ran for 30 minutes.
Mel (~ 71 mL, 1.14 mmols) was added in 5 mL increments until TLC (3% MeOH/DCM)
showed disappearance of starting material or appearance of double methylated material, keeping
the temperature at 0 °C. The reaction mixture was partitioned between 57 mL of DCM and 57
mL of NH4Cl. The aqueous layer was back-extracted with DCM (2 x 57 mL). The organics were
combined, washed with 100 mL of brine, dried over NaxSQOy, filtered, and concentrated. The
crude material was purified by flash column chromatography (50-100% EtOAc/Hex) to yield
208 mg of product (50%). N-methyl-deoxybrevianamide E: 'H NMR (400 MHz, Chloroform-
d)d 8.14 (s, 1H), 7.53 (dd, J=7.7, 1.2 Hz, 1H), 7.28 (dt, J = 8.2, 0.9 Hz, 1H), 7.16 — 7.11 (m,
1H), 7.08 (ddd, J = 8.3, 7.0, 1.3 Hz, 1H), 6.13 (dd, J = 17.5, 10.6 Hz, 1H), 5.17 (dd, J = 14.6, 1.1
Hz, 1H), 5.13 (dd, J=7.7, 1.1 Hz, 1H), 4.51 (dd, J = 8.9, 4.0 Hz, 1H), 3.96 (dd, /= 11.1, 6.0 Hz,

1H), 3.84 (dt, J = 12.1, 8.1 Hz, 1H), 3.74 (dd, J = 15.1, 4.0 Hz, 1H), 3.41 (s, OH), 3.35 — 3.23 (m,
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2H), 2.67 (s, 3H), 2.34 (dtd, J = 12.3, 6.2, 3.2 Hz, 1H), 1.90 — 1.74 (m, 2H), 1.63 (ddt, J = 12.1,
11.2,9.5 Hz, 1H), 1.54 (d, J = 1.5 Hz, 6H). '>*C NMR (600 MHz, CDCI3): 5 166.8, 165.8, 146.0,
140.6, 134.3, 129.1, 122.1, 120.0, 118.6, 112.3, 110.8, 106.1, 63.1, 59.7, 45.1, 39.4, 34.3, 31.6,
29.3,27.9,27.8, 22.0.

O 0]

" o
N NaHMDS, MOM-CI N

THF
88%

A\ A\
N N
H H

87 237
2-(methoxymethyl)-3-((2-(2-methylbut-3-en-2-yl)-1H-indol-3-yl)methyl)-2,3,6,7-
tetrahydropyrrolo[1,2-a]pyrazine-1,4-dione (237): NaHMDS (11.3 mL, 0.0913 mmols) was
added to a solution of enamine 87 (29 mg, 0.083 mmols) in THF (1 mL) at -78 °C. The bath was
removed, and MOM-CI was added in 1-3 mL increments every 10-15 minutes, checking TLC in-
between to make sure double protection was not occurring. NH4Cl was added to dilute the
solution, and the solution was extracted with EtOAc (x2), washed with brine, dried over Na>SOs,
filtered, and concentrated to an oil. The crude oil was purified by preparative TLC (3%
MeOH/DCM) to yield a pale-yellow solid (30 mg, 88%). 237: 'H NMR (400 MHz, Chloroform-
d) 5792 (s, 1H), 7.50 — 7.46 (m, 1H), 7.30 — 7.24 (m, 1H), 7.14 (ddd, J = 8.0, 7.0, 1.4 Hz, 1H),
7.09 (ddd, J =8.2,7.1, 1.3 Hz, 1H), 6.16 (t, J = 3.1 Hz, 1H), 6.10 (dd, J = 17.5, 10.5 Hz, 1H),
5.25-5.13 (m, 2H), 5.08 (d, J = 10.3 Hz, 1H), 4.58 (dd, J = 8.9, 4.6 Hz, 1H), 4.00 (ddd, J =
12.8,11.0, 5.5 Hz, 1H), 3.85 (td, /= 11.7, 9.3 Hz, 1H), 3.76 (d, J/ = 10.3 Hz, 1H), 3.49 (dd, J =
14.7, 4.6 Hz, 1H), 3.40 — 3.29 (m, 1H), 3.11 (s, 3H), 2.75 — 2.53 (m, 2H), 1.52 (d, J/ = 2.4 Hz,

6H).
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(8R,8aS)-8-hydroxy-2-(methoxymethyl)-3-(((S)-3-(2-methylbut-3-en-2-yl)-2-oxoindolin-3-
yl)methyl)hexahydropyrrolo[1,2-a]pyrazine-1,4-dione (241 & 242): tBuOCI (58.8 mL, 0.518
mmols) was added to a solution of 237 (102 mg, 0.259 mmols) and NEt; (79.4 mL, 0.570
mmols) in DCM (4.65 mL) at 0 °C and ran for 2 hours. The reaction was concentrated to a
yellow solid then immediately taken up in DCM (9.50 mL) and 2M HCI (9.50 mL) to run for 48
hours. The reaction mixture was basified with NaHCOs3, extracted with DCM (x2), washed with
brine, dried over Na>SOg, filtered, and concentrated. The material was purified by flash column
chromatography (0-3% MeOH/DCM), then further purified by preparative TLC (3%
MeOH/DCM) to yield separated diastereomers and a small amount of starting material. 242: 'H
NMR (400 MHz, Chloroform-d) 6 8.23 (s, 1H), 7.19 (td, J=7.7, 1.3 Hz, 1H), 7.10 (d, /= 7.4
Hz, 1H), 6.97 (td, J=7.6, 1.1 Hz, 1H), 6.86 (d, / =7.7 Hz, 1H), 6.13 — 6.01 (m, 2H), 5.12 (dd, J
=10.8, 1.2 Hz, 1H), 5.00 (dd, /=174, 1.3 Hz, 1H), 4.85 (d, J = 10.4 Hz, 1H), 4.27 (d, /= 10.4
Hz, 1H), 4.16 (dd, J=7.4,4.8 Hz, 1H), 3.68 (td, J = 11.6, 8.5 Hz, 1H), 3.62 - 3.51 (m, 1H), 3.21
(s, 3H), 2.87 (dd, J = 14.8, 4.8 Hz, 1H), 2.77 — 2.53 (m, 2H), 2.33 (dd, J = 14.7, 7.5 Hz, 1H),
1.08 (s, 3H), 0.97 (s, 3H). 241: '"H NMR (400 MHz, Chloroform-d) § 7.74 (s, 1H), 7.22 (d, J =
7.5 Hz, 1H), 7.17 (td, J=7.7, 1.3 Hz, 1H), 6.95 (td, /= 7.6, 1.1 Hz, 1H), 6.74 (d, J = 7.8 Hz,
1H), 6.02 (dd, J =17.5, 10.8 Hz, 1H), 5.75 (t, J = 3.0 Hz, 1H), 5.32 (d, J=10.9 Hz, 1H), 5.11

(dd,J=10.9,1.2 Hz, 1H),4.98 (dd, J=17.4, 1.2 Hz, 1H), 4.47 (d, J = 10.9 Hz, 1H), 4.32 (dd, J
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=6.6, 2.1 Hz, 1H), 3.54 (dtd, J =29.7, 12.1, 5.1 Hz, 2H), 3.19 (s, 3H), 2.90 (dd, J = 15.1, 2.1 Hz,

1H), 2.81 (dd, J = 15.1, 6.6 Hz, 1H), 2.54 — 2.29 (m, 2H), 1.06 (s, 3H), 0.98 (s, 3H).

HNJ\y} 1. 'BUOCI, NEts
\\\\i\ﬂ/N CH20|2 -
! >

A\ 2. 2M HCI, CH,Cl,
H Me Me

cis-86
(3S,8R,8aS)-8-hydroxy-3-(((S)-3-(2-methylbut-3-en-2-yl)-2-oxoindolin-3-
yl)methyl)hexahydropyrrolo[1,2-a]pyrazine-1,4-dione & (3S,8R,8aS)-8-hydroxy-3-(((R)-3-
(2-methylbut-3-en-2-yl)-2-oxoindolin-3-yl)methyl)hexahydropyrrolo[1,2-a]pyrazine-1,4-
dione (Cis-230 & 243): tBuOCI (227 uL, 2.18 mmols) and NEt3 (334 mL, 2.40 mmols) was
added to a solution of cis-86 (400 mg, 1.09 mmols) in DCM (20 mL) at O °C and run for 20-40
minutes maintaining the temperature. The reaction was concentrated before the addition of DCM
(40 mL) and 2M HCI (40 mL), which then ran for 24 hours. Once complete, the reaction mixture
was neutralized with NaHCO3, washed with DCM (x2) and brine, dried over MgSOys, filtered
and concentrated. The crude reaction mixture was purified by flash column chromatography (2-
6% MeOH/DCM), to yield off-white solids (60% 230, 5% 243). Cis-243: [0]** b -129 (c 0.20,
MeOH). 'H NMR (400 MHz, Chloroform-d) & 7.90 (s, 1H), 7.29 — 7.20 (m, 2H), 7.04 (td, J =
7.6, 1.1 Hz, 1H), 6.88 (dt, /= 7.5, 0.9 Hz, 1H), 6.65 (s, 1H), 6.03 (dd, /= 17.4, 10.8 Hz, 1H),
5.13(dd, J=10.8, 1.1 Hz, 1H), 5.02 (dd, /= 17.4, 1.1 Hz, 1H), 4.61 (t, J = 3.7 Hz, 1H), 3.96 —
3.88 (m, 1H), 3.71 (td, J=11.3, 7.1 Hz, 1H), 3.63 —3.52 (m, 1H), 3.25 (dd, /= 15.1, 1.4 Hz,
1H), 3.17 (d, J =9.2 Hz, 2H), 2.27 (dd, J = 15.0, 9.2 Hz, 1H), 2.16 — 2.02 (m, 1H), 1.99 — 1.63
(m, 1H), 1.14 (s, 3H), 1.09 (s, 3H). 3*C NMR (101 MHz, Chloroform-d) & 181.51, 168.33,

165.12, 142.36, 141.33, 129.59, 128.77, 126.34, 122.71, 114.82, 109.56, 70.85, 64.15, 58.04,
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52.85,44.41, 42.59, 30.28, 29.86, 22.54, 21.65. IR: 3274, 3086, 2955, 2922, 2852, 1682, 1619
cm’!. HRMS (ESI/Q-TOF) m/z: [M + H]* Caled for C21H26N304 384.1918; Found 384.19009.
Cis-230: [a]** p -45.6 (¢ 0.50, MeOH) '"H NMR (400 MHz, Chloroform-d) § 8.77 (s, 1H), 7.30
(dd,J=7.6,1.2 Hz, 1H), 7.25 —7.20 (m, 1H), 7.03 (td, J=7.6, 1.1 Hz, 1H), 6.95 — 6.87 (m, 1H),
6.11 (s, 1H), 6.10 (dd, J = 17.4, 10.8 Hz, 1H), 5.13 (dd, /= 10.9, 1.2 Hz, 1H), 5.02 (dd, J = 17.5,
1.2 Hz, 1H), 4.48 (q, J = 3.6, 3.1 Hz, 1H), 4.06 (ddd, J = 6.5, 4.4, 1.9 Hz, 1H), 3.91 (t, J = 2.7
Hz, 1H), 3.57 — 3.46 (m, 2H), 3.00 (dd, J = 15.0, 4.5 Hz, 1H), 2.63 — 2.51 (m, 2H), 2.03 — 1.80
(m, 2H), 1.14 (s, 3H), 1.05 (s, 3H). '>*C NMR (101 MHz, Chloroform-d) § 180.97, 167.58,
164.89, 142.70, 141.74, 129.24, 129.04, 127.33, 121.67, 114.58, 110.32, 70.67, 63.99, 56.42,
54.02, 44.03, 43.03, 31.59, 30.29, 22.44, 21.60. IR: 3361, 3222, 3087, 2965, 2933, 2895, 1657,
1617 cm™'. HRMS (ESI/Q-TOF) m/z: [M + H]* Calcd for C21H26N304 384.1918; Found

384.1916.

Jﬁ} 1. 'BuOCI, NEts
~ N CH,Cl,

2. 2M HCI, CH,Cl,

—
y

trans-86 trans-243 trans-230

(3R,8R,8aS)-8-hydroxy-3-(((R)-3-(2-methylbut-3-en-2-yl)-2-oxoindolin-3-
yl)methyl)hexahydropyrrolo[1,2-a]pyrazine-1,4-dione & (3R,8R,8aS)-8-hydroxy-3-(((S)-3-
(2-methylbut-3-en-2-yl)-2-oxoindolin-3-yl)methyl)hexahydropyrrolo[1,2-a]pyrazine-1,4-
dione (Trans-230 & 243): The same procedure was followed as for the synthesis of cis-230 and
cis-243 from cis-86. Trans-230: [a]*’ p +82.3 (¢ 0.265, MeOH) '"H NMR (400 MHz,

Chloroform-d) & 10.76 (s, 1H), 8.44 (d, J=5.1 Hz, 1H), 7.23 (t, J=7.4 Hz, 2H), 7.04 (t, J = 7.5
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Hz, 1H), 6.90 (d, J = 7.8 Hz, 1H), 6.06 (dd, J = 17.4, 10.8 Hz, 1H), 5.14 (d, J = 10.8 Hz, 1H),
5.03 (d,J = 17.4 Hz, 1H), 4.54 (d, J = 3.8 Hz, 1H), 4.20 (d, J = 3.2 Hz, 1H), 3.71 — 3.60 (m, 2H),
3.43 (dt, J = 12.4, 4.3 Hz, 1H), 2.82 (s, 1H), 2.48 (t, J = 13.2 Hz, 1H), 2.40 (dd, J = 14.1, 3.7 Hz,
1H), 2.17 - 2.07 (m, 1H), 2.06 — 1.94 (m, 1H), 1.15 (s, 3H), 1.05 (s, 3H). 3C NMR (101 MHz,
Chloroform-d) § 183.51, 169.99, 167.00, 142.70, 142.35, 128.14, 127.75, 126.28, 121.99,
114.66, 111.84, 70.86, 63.21, 56.60, 55.85, 44.34, 42.53, 33.96, 30.08, 22.07, 21.87. IR: 3207,
3083, 2961, 2927, 1702.1, 1660 cm™'. HRMS (ESI/Q-TOF) m/z: [M + H]* Calcd for C21HzsN304
384.1918; Found 384.1921. Trans-243: [0]* b -233 (c 0.33, MeOH); "H NMR (400 MHz,
Chloroform-d) § 10.75 (s, 1H), 8.80 (s, 1H), 7.29 (td, J = 7.7, 1.3 Hz, 1H), 7.19 (dd, J=7.7, 1.3
Hz, 1H), 7.09 — 6.89 (m, 2H), 6.02 (dd, J = 17.4, 10.8 Hz, 1H), 5.11 (dd, J = 10.8, 1.1 Hz, 1H),
4.98 (dd, J = 17.4, 1.2 Hz, 1H), 4.23 — 4.15 (m, 1H), 3.93 (q, J = 8.6 Hz, 1H), 3.46 (dt, J = 12.3,
8.5 Hz, 1H), 3.14 (td, J = 12.4, 11.5, 2.9 Hz, 1H), 3.00 — 2.88 (m, 2H), 2.77 (dd, J = 15.0, 7.5 Hz,
1H), 2.19 — 2.07 (m, 1H), 1.60 — 1.41 (m, 2H), 1.10 (s, 3H), 0.97 (s, 3H). *C NMR (101 MHz,
Chloroform-d) § 182.97, 169.04, 164.85, 143.50, 142.62, 129.08, 128.38, 128.15, 120.60,
114.52, 110.59, 72.10, 59.38, 56.26, 55.41, 42.88, 41.14, 33.19, 28.48, 22.01, 21.61. IR: 3212,
3084, 2963, 2928, 2893. HRMS (ESI/Q-TOF) m/z: [M + H]* Calcd for C21Ha6N304 384.1918;

Found 384.1914
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DEAD, PBuj N

DCM s H
70% - O

=0 (S,5)-244
N
H

(S)-3-(((S)-3-(2-methylbut-3-en-2-yl)-2-oxoindolin-3-yl)methyl)-2,3,6,7-
tetrahydropyrrolo[1,2-a]pyrazine-1,4-dione & (R)-3-(((R)-3-(2-methylbut-3-en-2-yl)-2-
oxoindolin-3-yl)methyl)-2,3,6,7-tetrahydropyrrolo[1,2-a]pyrazine-1,4-dione (244): DEAD
(527 uL, 1.16 mmols) was added to a solution of cis & trans-243 (148 mg, 0.386 mmols) in
DCM (7.80 mL) at room temperature. After running for 15 minutes, PBu3z (290 uL, 1.16 mmols)
was added. The reaction was run until starting material was consumed (~ 3 hrs) and
concentrated. The crude material was purified by flash column chromatography eluting with 3-
10% MeOH/DCM to yield a pale yellow solid (70%). Each diastereomer was carried forward
separately. (R,R)-244: [0]* b -25.8 (c 0.33, MeOH); '"H NMR (400 MHz, Chloroform-d) & 10.84
(s, 1H), 8.69 (s, 1H), 7.18 (d, J = 7.8 Hz, 1H), 7.12 (td, J = 7.6, 1.3 Hz, 1H), 6.94 — 6.84 (m, 2H),
6.08 (dd, J =17.4, 10.8 Hz, 1H), 5.55 (t, / = 3.0 Hz, 1H), 5.10 (dd, J = 10.8, 1.2 Hz, 1H), 4.98
(dd, J=17.4,1.2 Hz, 1H), 4.31 (d, J = 7.2 Hz, 1H), 3.71 (t, J = 9.1 Hz, 2H), 3.08 — 2.99 (m, 1H),
2.75(dd, J = 14.8, 7.4 Hz, 1H), 2.54 — 2.40 (m, 2H), 1.11 (s, 3H), 0.97 (s, 3H). '*C NMR (101
MHz, Chloroform-d) & 183.09, 162.62, 157.56, 143.06, 132.14, 128.36, 128.06, 127.85, 120.46,
118.19, 114.16, 111.05, 56.25, 55.79, 45.25, 42.63, 33.75, 29.86, 27.50, 22.17, 21.61. IR: 3277,

2963, 2920, 2851, 1675, 1641, 1619, 1557 cm’!. HRMS (ESI/Q-TOF) m/z: [M + H]* Calcd for
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C21H24N303 366.1812; Found 366.1811. (S,S)-244: [a]* b +22.0 (¢ 0.10, MeOH). HRMS

(ESI/Q-TOF) m/z: [M + H]* Calcd for C21H24N303 366.1812; Found 366.1809.

0
2 N DEAD, PBuj =
H DCM
S 0 70% 2 0
NFO trans-230 N/":O (R,S)-229
H H

(S)-3-(((R)-3-(2-methylbut-3-en-2-yl)-2-oxoindolin-3-yl)methyl)-2,3,6,7-
tetrahydropyrrolo[1,2-a]pyrazine-1,4-dione & (R)-3-(((S)-3-(2-methylbut-3-en-2-yl)-2-
oxoindolin-3-yl)methyl)-2,3,6,7-tetrahydropyrrolo[1,2-a]pyrazine-1,4-dione (229): The
synthesis of 229 was carried forward from cis & frans-230 following the same procedure for the
synthesis of 229 from cis/trans-230. (S,R)-229: [a]* b -177 (¢ 0.15, MeOH); HRMS (ESI/Q-
TOF) m/z: [M + H]* Calcd for C21H24N303 366.1812; Found 366.1817. (R,S)-229: [a]*p +174
(c 0.25, MeOH). 'H NMR (400 MHz, Chloroform-d) & 10.41 (s, 1H), 7.65 (d, J = 3.9 Hz, 1H),
7.30 —7.22 (m, 2H), 7.05 (td, J=7.5, 1.1 Hz, 1H), 6.97 (dd, J = 8.1, 1.1 Hz, 1H), 6.06 (dd, J =
17.4,10.8 Hz, 1H), 5.94 (t, J = 3.0 Hz, 1H), 5.14 (dd, J = 10.8, 1.1 Hz, 1H), 5.02 (dd, /= 174,
1.2 Hz, 1H), 4.05 (ddd, J =124, 11.1, 5.4 Hz, 1H), 3.83 (td, /= 11.8, 8.3 Hz, 1H), 3.57 (dt, J =
11.9, 3.1 Hz, 1H), 2.81 (dddd, J = 19.1, 11.1, 8.3, 2.8 Hz, 1H), 2.67 (ddt, J = 19.5, 10.2, 3.1 Hz,
2H), 2.41 (dd, J = 13.9, 11.8 Hz, 1H), 1.16 (s, 3H), 1.05 (s, 3H). '*C NMR (101 MHz,

Chloroform-d) & 182.97, 163.64, 157.92, 142.75, 142.33, 133.37, 128.20, 127.92, 126.33,
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121.90, 118.90, 114.58, 112.07, 56.70, 55.86, 45.74, 42.61, 38.98, 28.01, 22.04, 21.90. IR: 3212,
3086, 2963, 2926, 2853, 1703, 1677, 1644, 1618 cm™. HRMS (ESI/Q-TOF) m/z: [M +

H]* Calcd for C21H24N303 366.1812; Found 366.1844.

MeOH

Brevianamide Y 245

(S,S)-244

Brevianamide Y & Compound 245: A 20% aqueous solution of KOH (7.53 mL) was added to
a solution of (R,S)-229 & (S,5)-244 (110 mg, 0.30 mmols) in MeOH (25 mL) at 0 °C and slowly
warmed to rt over the course of an hour. The reaction was run at rt for an addition 12 hours. The
reaction was quenched with NH4Cl, and extracted with DCM (x3). The combined organics were
washed with brine, dried over Na>SOyg, filtered and concentrated. The crude oil was purified by
flash column chromatography with 1-6% MeOH/CHCI; to yield a mixture of diastereomers as a
white solid. The diastereomers could be partially separated by preparative TLC with 3%
MeOH/CDCl;. Brevianamide Y: 'H NMR (500 MHz, DMSO-ds) 5 10.29 (s, 1H), 8.79 (s, 1H),
742 (d,J=7.5Hz, 1H),7.19 (td, J=7.7, 1.2 Hz, 1H), 6.98 (td, J=7.5, 1.1 Hz, 1H), 6.80 (d, J =
7.7 Hz, 1H), 3.31 —3.22 (m, 1H), 3.17 (dd, J =10.4, 7.2 Hz, 1H), 2.82 (d, J = 15.1 Hz, 1H), 2.46

(dd, J=12.1,6.4 Hz, 1H), 2.13 (d, /= 15.2 Hz, 1H), 2.04 — 1.89 (m, 2H), 1.87 — 1.73 (m, 2H),
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1.65 (dd, J = 13.0, 7.2 Hz, 1H), 1.23 (s, 1H), 0.99 (s, 3H), 0.69 (s, 3H). '3C NMR (126 MHz,
DMSO-ds) 6 181.86, 172.53, 169.08, 142.42, 129.78, 128.14, 126.30, 120.84, 109.05, 68.58,
67.17, 62.11, 50.04, 46.85, 43.25, 33.63, 28.44, 27.96, 24.45, 22.99, 20.41. '"H NMR (400 MHz,
Methanol-ds) 6 7.42 — 7.36 (m, 1H), 7.23 (td, J = 7.7, 1.2 Hz, 1H), 7.03 (td, J = 7.6, 1.1 Hz, 1H),
6.88 (d, J=7.9 Hz, 1H), 3.49 — 3.38 (m, 3H), 3.06 (d, J = 15.5 Hz, 1H), 2.66 (dt, / = 12.8, 6.2
Hz, 1H), 2.18 (d, /= 15.5 Hz, 1H), 2.14 — 1.87 (m, 4H), 1.79 (dd, J = 13.1, 7.4 Hz, 1H), 1.10 (s,
3H), 0.82 (s, 3H). '>*C NMR (101 MHz, Methanol-ds) & 184.43, 175.64, 172.10, 143.63, 130.88,
129.60, 127.34, 122.72, 110.60, 70.85, 69.24, 64.37, 44.84, 35.24, 30.78, 29.86, 29.36, 25.86,
23.46,21.05. [a]** p +120 (c 0.10, MeOH). IR: 3245, 2925, 2854, 1677 cm’. HRMS (ESI/Q-
TOF) m/z: [M + H]* Calcd for C21H24N303 366.1812; Found 366.1822. 245:'"H NMR (400 MHz,
DMSO-ds) 6 10.29 (s, 1H), 8.70 (s, 1H), 7.17 (td, J = 7.6, 1.2 Hz, 1H), 7.06 (d, J = 7.1 Hz, 1H),
6.93 (td, /J=7.6, 1.1 Hz, 1H), 6.82 (dd, J =7.7, 1.1 Hz, 1H), 3.32 —3.23 (m, 1H), 3.17 (d, J=5.2
Hz, 1H), 2.67 — 2.54 (m, 2H), 2.45 (dd, J = 13.5, 5.9 Hz, 2H), 2.06 — 1.88 (m, 2H), 1.90 — 1.72
(m, 2H), 1.65 (dd, J = 13.0, 7.4 Hz, 1H), 1.05 (s, 3H), 0.41 (s, 3H). '>*C NMR (126 MHz,
DMSO-ds) 6 178.68, 172.33, 169.51, 141.52, 134.34, 127.88, 124.05, 121.07, 109.15, 68.53,
67.54, 62.44, 53.07, 47.79, 43.38, 33.12, 28.42, 27.31, 24.43, 23.18, 19.51. '"H NMR (400 MHz,
Methanol-ds) 6 7.25 — 7.15 (m, 2H), 6.99 (td, J = 7.6, 1.1 Hz, 1H), 6.91 — 6.83 (m, 1H), 3.52 (dt,
J=11.1,6.9 Hz, 1H), 3.48 — 3.40 (m, 1H), 2.85 (d, J = 15.4 Hz, 1H), 2.81 — 2.76 (m, 1H), 2.66
(dt,J=13.1, 6.6 Hz, 1H), 2.49 (d, J/ = 15.4 Hz, 1H), 2.18 — 2.07 (m, 1H), 2.07 — 2.00 (m, 2H),
1.96 — 1.87 (m, 1H), 1.79 (dd, J = 13.2, 7.2 Hz, 1H), 1.16 (s, 3H), 0.55 (s, 3H). '*C NMR (101
MHz, Methanol-ds) 6 181.78, 175.20, 172.00, 142.63, 135.82, 129.30, 125.52, 122.97, 110.70,

70.89, 69.86, 64.54, 55.36, 44.92, 34.94, 30.79, 29.78, 29.21, 25.82, 24.43, 20.58. [0]* p +212 (c
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0.05, MeOH). IR: 3230, 2970, 2872, 1718 cm'. HRMS (ESI/Q-TOF) m/z: [M + H]* Calcd for

C21H24N303 366.1812; Found 366.1803.

20% KOH_ HN
MeOH

ent-Brevianamide Y ent-245

(S,R)-229

Ent-Brevianamide Y & Ent-245: The synthesis of ent-brevianamide Y and ent-24S that from
trans/cis-24S was achieved following the same procedure as seen for the synthesis of
brevianamide Y and 245 from (R,R)-244 & (S, R)-229. All spectra data matches that from
brevianamide Y and 245. ent-Brevianamide Y: [a]*p -117 (¢ 0.15, MeOH). HRMS (ESI/Q-
TOF) m/z: [M + H]* Calcd for C21H24N303 366.1812; Found 366.1807. ent-245: [a]** b -136 (¢
0.10, MeOH). HRMS (ESI/Q-TOF) m/z: [M + H]* Calcd for C21H24N303 366.1812; Found

366.1805.
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Me 1. tBUOCI, NEt;, DCM
/ 2. 2M HCI, DCM
H O 60%
N
N
o)
126 Brevianamide X

Brevianamide X: tBuOCI (64.7 mL, 0.57 mmols) and NEt3 (88 mL, 0.63 mmols) was added to a
solution of syn DA (50 mg, 0.143 mmols) in DCM (2.55 mL) at O °C and ran for 3 hours. The
reaction mixture was warmed to rt before concentrating. The bright yellow solid is immediately
taken up in DCM (5.25 mL) and 2M HCI (5.25 mL), and stirred vigorously for 48 hours. The
mixture was quenched with NaHCOs3, extracted with DCM (x2), washed with brine, dried over
NazSOqs, filtered, and concentrated. The crude material was purified by flash column
chromatography (2-10% MeOH/CHCI5) to yield a white solid product (65%, 34 mg). 'H NMR
(400 MHz, DMSO-dp) 6 10.34 (s, 1H), 9.10 (s, 1H), 7.22 (dd, J=7.6, 1.2 Hz, 1H), 7.19 (td, J =
7.7,1.2 Hz, 1H), 6.97 (td, J = 7.6, 1.1 Hz, 1H), 6.82 (dd, J = 7.7, 1.1 Hz, 1H), 3.40 (overlap with
H>O, 2H), 3.22 (dd, J =10.3, 8.2 Hz, 1H), 2.85 (d, J = 14.2 Hz, 1H), 2.50 (overlap with DMSO-
D, 2H), 2.19 (d, J = 14.1 Hz, 1H), 2.05 — 1.89 (m, 2H), 1.87 — 1.71 (m, 3H), 0.73 (s, 3H), 0.71 (s,
3H). C NMR (101 MHz, DMSO-ds) § 182.37, 173.15, 169.45, 142.34, 130.59, 128.11, 126.02,
121.12, 109.23, 68.13, 65.68, 61.47, 55.48, 45.14, 43.44, 33.15, 29.45, 29.03, 24.38, 23.28,
19.75. '"H NMR (400 MHz, Chloroform-d) § 7.71 (s, 1H), 7.43 (d, J = 7.5 Hz, 1H), 7.22 (td, J =
7.7, 1.2 Hz, 1H), 7.06 — 7.02 (m, 1H), 7.00 (s, 1H), 6.86 (d, J = 7.7 Hz, 1H), 3.64 (ddd, J = 11.8,
7.5,4.5 Hz, 1H), 3.51 (dt, J = 10.5, 7.8 Hz, 2H), 3.30 (d, J = 14.8 Hz, 1H), 2.85 — 2.74 (m, 1H),
2.21(d,J=14.8 Hz, 1H), 2.16 — 1.93 (m, 3H), 1.83 (dt, /= 13.2, 8.1 Hz, 1H), 1.72 (dd, J = 12.8,
8.4 Hz, 1H), 0.89 (s, 3H), 0.84 (s, 3H). '*C NMR (101 MHz, Chloroform-d) & 183.20, 174.12,

169.52, 140.87, 130.24, 128.32, 127.03, 122.31, 109.33, 68.83, 66.74, 62.33, 56.06, 46.15, 43.94,
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34.56, 30.67,29.71, 29.69, 24.86, 23.35, 19.88. HRMS (ESI/Q-TOF) m/z: [M + H]* Calcd for

C21H24N303 366.1812; Found 366.1802.

Sc(OTf);
toluene

Brevianamide

Brevianamide A: Sc(OTf)3 (67 mg, 0.136 mmols) was added to a solution of hydroxyindolenine
45 (25 mg, 0.0684 mmols) in toluene (13.6 mL). The solution was heated to reflux, ran
overnight, and cooled to room temperature. The fluorescent yellow reaction mixture was
quenched with NaHCO3, extracted with DCM, and dried over Na>SOs, filtered, and
concentrated. The crude material was purified by flash column using 3-6% MeOH/DCM to yield
a fluorescent yellow solid (89%). Brevianamide A: '"H NMR (400 MHz, Chloroform-d) § 7.57
(d, J=7.7Hz, 1H), 7.45 (ddd, J = 8.3, 7.0, 1.3 Hz, 1H), 6.86 — 6.77 (m, 2H), 6.66 (s, 1H), 4.96
(s, 1H), 3.47 (td, J = 6.6, 4.3 Hz, 2H), 2.77 (td, J = 10.8, 9.6, 6.1 Hz, 2H), 2.44 — 2.32 (m, 2H),
2.04 (p, J=7.3,6.7Hz, 2H), 1.93 (dd, J = 13.3, 9.7 Hz, 1H), 1.92 — 1.85 (m, 1H), 1.84 (dd, J =
8.5,5.9 Hz, 1H), 1.12 (s, 3H), 0.93 (s, 3H). *C NMR (101 MHz, Chloroform-d) § 202.20,
172.43,169.78, 160.17, 137.78, 124.84, 121.18, 119.37, 112.11, 78.86, 69.52, 67.82, 55.74,
48.46, 44.05, 37.42, 29.18, 28.96, 25.11, 24.09, 19.86. IR: 3324, 3262, 2922, 2852, 1671, 1618,
1487, 1463, 1390 cm™'. HRMS (ESI/Q-TOF) m/z: [M + Na]* Calcd for C21H23N303Na 388.1632;

Found 388.1645.
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DIBAL-H, hexane _

toluene
91%

Penicimutamide E (201)

Penicimutamide E: A 0.005 M solution of 34 (25 mg, 0.0715 mmols) was created in toluene
(13.75 mL), then brought to 0 °C. To the cooled solution, 1M DIBAL in hexane (1.43 mL) and
then allowed to warm to rt and run for 24 hrs. The reaction was quenched with Na,SO4« 10H,O
(0.66 g) or until bubbling subsides. The reaction mix was run for an additional 30 minutes and
then filtered through a fritted funnel. The solid residue was rinsed with ethyl acetate, and the
combined filtrates were evaporated under reduced pressure. The product was isolated via flash
silica gel column chromatography or PTLC using 2% MeOH/CHCI; as a white solid (22 mg,
91.7%). Penicimutamide E: 'H NMR (400 MHz, Chloroform-d) § 7.91 (s, 1H), 7.46 — 7.39 (m,
1H), 7.32 (dt, J = 8.1, 1.0 Hz, 1H), 7.17 (ddd, J = 8.1, 7.1, 1.3 Hz, 1H), 7.11 (ddd, J = 8.2, 7.2,
1.1 Hz, 1H), 5.76 —5.71 (m, 1H), 3.19 (d, J/ = 10.3 Hz, 1H), 3.14 (s, 1H), 2.95 (d, / = 17.2 Hz,
1H), 2.81 (d, J = 17.2 Hz, 1H), 2.67 (d, J = 10.3 Hz, 1H), 2.64 — 2.55 (m, 1H), 2.38 (q, J = 8.6
Hz, 1H), 2.23 - 2.15 (m, 1H), 2.12 (d, / = 10.6 Hz, 1H), 1.95 (ddd, J = 12.6, 8.4, 3.8 Hz, 3H),
1.52 — 1.37 (m, 1H), 1.28 (s, 3H), 1.20 (s, 3H). "H NMR (400 MHz, Methanol-ds) § 7.38 (dt, J =
7.6, 1.1 Hz, 1H), 7.27 (dt, J = 8.1, 1.0 Hz, 1H), 7.04 (ddd, J = 8.1, 7.1, 1.3 Hz, 1H), 6.96 (ddd, J
=8.0,7.1, 1.1 Hz, 1H), 3.17 — 3.07 (m, 2H), 3.00 (d, J/ = 16.9 Hz, 1H), 2.86 (d, J = 17.0 Hz, 1H),
2.68 (d, J=10.6 Hz, 1H), 2.59 — 2.47 (m, 1H), 2.45 — 2.34 (m, 1H), 2.21 (dd, J = 10.1, 3.4 Hz,
1H), 2.15 (dd, J = 13.1, 10.1 Hz, 1H), 1.93 (dddd, J = 13.2, 9.1, 5.0, 2.3 Hz, 3H), 1.47 (ddd, J =
12.5,10.1, 7.6 Hz, 1H), 1.32 (s, 3H), 1.20 (s, 3H). 13C NMR (101 MHz, Chloroform-d) § 173.83,
141.60, 136.43, 127.11, 122.06, 119.74, 118.01, 110.96, 103.34, 65.44, 62.46, 56.00, 53.60,

46.17, 34.36, 29.85, 29.39, 27.97, 27.38, 24.96, 22.94. 1>°C NMR (101 MHz, Methanol-ds) &
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175.90, 142.72, 138.41, 128.43, 121.95, 119.51, 118.49, 111.68, 103.67, 66.51, 62.38, 56.81,
54.28,47.53,35.57, 31.85, 29.12, 28.08, 28.06, 24.56, 23.34. IR: 3240, 3170, 3055, 2958, 2933,
2900, 2811, 1664, 1459, 1411, 1375, 1305, 1294, 1238, 1212, 1193, 1132 cm’!. HRMS (ESI/Q-

TOF) m/z: [M + H]" Calcd for C21H26N30 336.2071; Found 336.2081.

NH Me
BF4OEt3, C32C03 K
DCM

(5aS,12aS,13aS)-14-ethoxy-12,12-dimethyl-2,3,11,12,12a,13-hexahydro-1H,5H,6H-5a,13a-
(azenometheno)indolizino[7,6-b]carbazol-5-one (263): BF4OEt; (54.5 mg, 0.286) and Cs2CO3
(140 mg, 0.43 mmols) to a solution of cycloadduct 34 (50 mg, 0.43 mmols) in DCM (10 mL) at
0 °C. The solution was warmed to rt then refluxed overnight. Once the reaction mixture cooled to
rt, it was filtered over celite with a fritted funnel, and rinsed with DCM. The resulting solution
was washed with NH4Cl and brine, dried over Na;SOg, filtered and concentrated. The material
was further purified by flash column chromatography with 2-6% MeOH/DCM (45 mg, 83%).
263: 'H NMR (400 MHz, Chloroform-d) & 8.02 (s, 1H), 7.62 — 7.52 (m, 1H), 7.32 (s, 0H), 7.29
(dt,J=8.1,0.9 Hz, 1H), 7.16 (s, OH), 7.10 (dtd, J = 16.9, 7.1, 1.3 Hz, 2H), 4.14 (ddt, J = 11.1,
7.1,3.8 Hz, 1H), 4.04 (dq, J =10.7, 7.1 Hz, 1H), 3.93 (d, /= 17.1 Hz, 1H), 3.55 — 3.42 (m, 2H),
348 (d, J=57.3 Hz, OH), 3.30 (d, J=17.1 Hz, 1H), 2.76 — 2.64 (m, 1H), 2.33 (dd, / =9.8, 4.1
Hz, 1H), 2.11 — 1.86 (m, 5H), 1.82 (dd, J = 12.9, 4.2 Hz, 1H), 1.27 — 1.24 (m, 6H), 1.16 (s, 3H).
3C NMR (101 MHz, Chloroform-d) & 172.49, 170.25, 140.01, 136.55, 128.11, 121.38, 119.14,
118.85, 110.50, 106.19, 67.27, 64.30, 62.86, 53.54, 45.92, 43.69, 35.01, 33.58, 29.24, 28.49,

26.26, 25.40, 24.80.
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BF4OEt, CSCO3
DCM

Penicimutamide E

(5aS,12aS,13aS)-14-ethoxy-12,12-dimethyl-2,3,11,12,12a,13-hexahydro-1H,5H,6H-5a,13a-
(azenometheno)indolizino[7,6-b]carbazole (S4): BF,OEt; (27.19 mg, 0.143 mmols) and
Cs2C0s5 (70 mg, 0.215 mmols) was added to a solution of penicimutamide E (24 mg, 0.072
mmols) at 0 °C, then heated to reflux overnight. The reaction mixture was cooled to rt before
filtering over celite in a fritted funnel, using DCM to wash. The organic solution was washed
with NH4Cl, brine, dried over Na;SOy, filtered, and concentrated. The crude material was
purified with 1-5% MeOH/DCM to yield an off-white solid (15 mg, 58%). S4: '"H NMR (400
MHz, Chloroform-d) ¢ 7.80 (s, 1H), 7.49 — 7.43 (m, 1H), 7.29 (dd, J=7.8, 1.1 Hz, 1H), 7.12
(ddd, J=8.1,7.1, 1.4 Hz, 1H), 7.06 (td, J = 7.4, 1.2 Hz, 1H), 4.21 — 4.09 (m, 1H), 4.01 (dq, J =
10.6, 7.1 Hz, 1H), 3.20 (d, J = 16.4 Hz, 1H), 2.92 (d, J = 28.6 Hz, 2H), 2.81 (d, J = 16.4 Hddz,
1H), 2.46 (ddd, J =12.7,9.2, 3.6 Hz, 1H), 2.29 — 2.21 (m, 2H), 2.10 (q, J = 8.7 Hz, 1H), 1.78 —
1.62 (m, 2H), 1.61 — 1.48 (m, 2H), 1.43 (p, J =7.3 Hz, 1H), 1.25 (s, 3H), 1.22 (s, 3H), 1.08 (s,

3H).

Chapter 2: NMR Data
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400 MHz, Chloroform-d

Figure Al14: COSY NMR spectrum of cis-86.
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400 MHz, Chloroform-d
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Fungal-derived brevianamide assembly by a
stereoselective semipinacolase

Ying Ye'?, Lei Du®**2, Xingwang Zhang**, Sean A. Newmister®’, Morgan McCauley,

Juan V. Alegre-Requena™®, Wei Zhang?®, Shuai Mu®, Atsushi Minami™", Amy E. Fraley',

Maria L. Adrover-Castellano’, Nolan A. Carney’, Vikram V. Shende @7, Feifei Qi?, Hideaki Oikawa &7,
Hikaru Kato®, Sachike Tsukamoto ™2, Robert 5. Paton®*°, Robert M. Williams®*'"=,

David H. Sherman ' Z and Shengying Li0234=

Fungal blcyclo[2.2.2]diazaoctane Indole alkalolds represent an Important tamily of natural products with a wide spactrum
of biological activities. Although blomimetic total synthases of representative compounds have been reported, the detalls of
thelr blogenesis, espacially the mechanisms for the assembly of diastereomerically distinct and enantlomerically antipodal
metabolites, have remained largely uncharacterized. Brevianamide A represents a basic form of the subfamily bearing a diexo-
plperazine core and a rare 3-splro-y-Indoxyl skeleton. In this study, we have identifled the brevianamide A blosynthetic gene
cluster trom Penicliifum brevicompactum NRRL 854 and elucidated the metabolic pathway. BvnE was revealed to be an essen-
tial Isomerase/semipinacolase that specifles the selective production of the natural product. Structural elucldation, molecular
madalling and mutational analysis of BvnE as well as quantum chemlcal calculations have provided mechanistic Insights Into
the diastersoselective formation of the 3-spiro-g-Indoxyl molety In brevianamide A. This accurs through a BvnE-controlled
somipinacol raarrangement and a subsequent spoentaneous Intramalecular [44-2] hetero-Dials-Alder cycloaddition.

diazaoctane core have drawn considersble attention from
natural product, synthetic and biological chemists for decades.
A wealth of studies on the discovery of analogues linduding
semni-synithetic, synthetic and natural) and their biological activities
and biosynihetic mechanisms have been conducted'. The promi-
nent representatives of this structural family have been recognized
by our lzboratones and others as bebonging to two main biogenetic
subfamilies (Extended Data Fig. 1), The first subfamily, the dioxo-
piperazines, inclodes the insecticidal brevianamides A and B (BA
and BB) from Penicilliim brevicompachunt, the anticancer agents
(-)-notoamide A, isolated from Asperpillus profuberus {formerdy
Aspergiiles sp. ME297-2), and (+)-notoamide A, from Aspergiflus
amoenus {formerly Aspergillics versicalor NRRL 35600), the antican-
cer agents stephacidins A and B from Aspergiilus ochracens, the scle-
riizmides, versicolamides, taichunamides. antifungal waikialoids,
amoenamide B, speramides and asperochramides. The second
sublamily are the monooxopiperaznes, which include the antipara-
sitic paraherquamides from Pemicilfiem spp.. the asperparafines,
marcfortines, calmodulin-inkibiting malbrancheamides, chrysoge-
namide, mangrovamides, pemioxalamine, penicimutamides and
asperversiamides' =,
The bicyclo] 2.2 2]diaraoctane core structure has long been pro-
posed to arise from an intramolecular [442] hetero-Diels-Alder

Funga] indole alkaloids bearing the wnosual bicveln[2.22

(IMDA) construction™ . In our continuing pursait of biocatalysts
responsible for the [4+2] cycloaddition reaction that is essential
for the zssembiy of diverse diastereomerically distinct and enan-
tiomerically antipodal metsholites, we realized that diexopipera-
rines and monooxopiperazines have distinet biosynthetic sirategies
for building their respective bicycio]2.2 2jdiazaoctane scaffold
{Fig. 1z). For instance, we recently revealed that the bifunctional
NADPH -dependent  reductase/Diels-Alderase MalC (and PhgE)
catabyses diastereo- and enanticselective IMDA cyclization iz a
wwitterionic intermedizte for the assembly of the monooxopipera-
zines malbrancheamides {and paraherguamides)”’. However, the
binsymthetic gene dusters for dioxopiperazines such as nofoamides
lzck a MalC/PhqE homologue (Extended Data Fig. 2}, indicaling
alternative et uncharacterized mechanisms for the peneration of
their bicyclo[2 2 2]diazaoctane system.

BA and BB are among the original natural alkaloids iso-
lzted that comprise the bicydo[2.2 2] diazaoctane core (Fig taf.
After we established the correct absolute confipuration of natu-
ral {+)-BB through total smithesiz=", il became evident that the
bingenesis of BA and BB must accommadate the assembly of the
core pseudo-enantiomeric tricyclic ring systems. Based on the pio-
neering proposal first suggested by Porler and Sammes in 1970
{ref. '), several hypotheses for their biopenesis were proposed to
accommodate the stereochemistry, presumably installed by a [442]

Lite Sclences nstitute, Untversity of Michigan, Ann Arbar, ML USA. "Siata Key Laboratory of Micrablal Technology, Shandong Univarsity, Qingdac, China

Thandong Provincial Key Laboratory of Synthetic
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Chimesa Academy of Sclences, Qingdas, China. *Laboratory for Marine Biology and Blolechnology, (ingdao National Laboratory for Marine Sclence and
Tachnology, Qingdan, China. *“Departmeant of Chemistry, Colorado Siate University, Fort Coliins, CO, USA *Tlaniin instibuie of Pharmaceutical Rasearch,
Tianfin, China. "Degartment of Chemistry, Faculty of Science, Hokkaldo University, Sappora, Japan. *Graduate Schoal of Pharmaceutice! Sdences,
Kurmamoba University, Kismamodo, lapan *Chemical Reseanch Laboratony, University of Owdoed, Oulord, L ®University of Calorads Cancer Center,
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Fig. 1| Present imowbadge on bicyclo{ 2.2.2]diazaoctane assembly and semipinacol rearrangements of indole 2,3-epoxide systems. a, Distinct
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the indale 7, 3-epoxide (2) and semipinacol rearrangements izading to a stabds 3-hydroeyindolening {3}, an indoxy! {4) and an axindole (5). P-DEP refers
fo the prolyl-dioeapiparazine malety of DE Diketopiperarine and dioeopiperazine are synonymous terms

MDA cycloaddition, and the unigque 3-spiro-yw—indoxyl moiety.
Specifically (Fig. 1b and Extended Data Fig. 3), a highly modified.
reverse-prenylated indole (1. for example, deoxvbrevianamide E
{DE)) undergoes an apparent indole 2,3-epoxidation either before
or after the IMDA cvclization. Ring-opening of epoxide 2 can form
the 3-hydroxyvindolenine (3], which in some instances is stable {for
example, taichunamide A; ref. ') or suffers a spontancous semi-
pinacol rearrangement to ultimately penerate a 3-spiro-y-indoxyl
(via intermediate 4, for example, BA), or a spiro-2-oxindole (via
irdermediate 5. for example, notoamide A; rel. ) via an altemnative
Ting-opening intermediate & {refs, =),

Althouph  spiro-2-oxindoles are  Frequently observed in
the prenylated indole alkaloid family, cnly a small number of
3-spiro-y-indoxyl species have been isolaled so far, and very rarely
are natural spiro-2-oxindoles and 3-spiro-y-indoxyls co-prodoced

498

by a single micrebe™", These co-metabolite profiles suggest that
the semipinacol rearrangemment might be differentially controlled in
the partitioning of the putative indofe 2, 3-epoxides and implies a
specific biocatalyst-controlled mechanism. Recently, the chemical
symithesis of BA, a structure that contains both the dioxopiperazine
and 3-spiro-w-indoxyl moicties, was accomplished and suggested
2 Diels— Alderase-free binsynthesis®. However, the biocatalytic
details gnd sequential timing for the putative indole oxidation,
semipinacel rearrangement and MDA cycloaddition {Extended
Dzta Fig. 3) remain unresolved experimentally due to the lack of
access o the kev enzymes.

In this study, we have addressed these outstanding bicsynthetic
questions by elucidating the BA hiosynthetic pathway through
gene disruption, heterofogous expression, precursor incorporation
experiments and in vitro biochemical analysis. In particular, an
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Flg. 2| Functional analysis of brevianamide A biosynthetic genes and the proposed biosynthetic pathway. a, Bravianamide A blosyrithetic gene cluster
{fm) from P brevicompacturm MRRL 864, b, HPLC analysis (230nm) of Pb KO mutants. ¢, HPLC anatysts (230 mm) of the in vitro ss=ays of BwnB and BvnE
d, HPLC analysls (230 nm) of the brewlanamide F {BF) feeding experimeants with recom3inant A oryzse NSART (Ac) sirains expressing different bvn pene(s)
e, HPLL analysts {230 nm) af in vitro assays using BvniC 1 fevisad blosyrthetic pathway for BA and BB

iscmerase/semipinacolase BvnE was revealed to catalvse an essential
semipinaced rearrangement, thereby directing the diastereoselective
assembly of BA by a3 spontaneous {4+2] IMDA cycloaddition reac-
tion. Resolution of this 50-year-old mechanistic mystery together
with our recent characterization of the Diels—Alderase-mediated
biopgenesis of monooxopiperazines’! highlight the diversified bio-
synthetic strategies deploved by fungi for creating structurally
diverse spiro-cyclized indnfe alkaloids

HATURE CATALYSIS | WOL 3] JUNE 2020 | 457-508 | wwwratura comnstorai

Rezults and discussion

Identification of the brevianamide A bicsynthetic gene cluster.
Initially, penome mining of BA-producing strain P brevicomgractum
NRREL 864 (Pb) was conducted using the noteamide non-ribosomal
peptide synthetase (NRPS) pene natk as a probe to search for its
hemologue respensible for assembling the cyclodipeptide brevian-
amide F (BF)'. A putative 16-kilobase (kb) BA biosynthetic gene
duster (byn, GenBank accession number: MN401751) was revealed

433
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Fig. 3| Functional analyses of bwmE. a, HPLC analysis (230nm) of the Pb-tvnE-KO mutznt. b, HPLC analysis (230 nm) of the BF feeding experiment of the
Ap-bvnBCD matant. e, The putative spontaneous transformations In the absenca of BunE

(Fig. 2a} that contains byved (NEPS), bwnB {flavin monooxygen-
ase, FMO), bwnC (prenyitransferase, PT) and benl} (cviochrome
450 monooxygenase, P450), all of which have homologues in
the (4)-/i—)-notcamide A biosynthetic pene clusters’. The bvnE
gene (465 bp) that encodes a putative isomerase shows low homaol-
ogy to Treid, AusH and PrhC involved in meroterpenoid biosyn-
thetic pathways™. Interestingly. the biosynthetic pene clusters of the
spimn-2-oxindole-containing  notoamides and paraherquamides®
lack a byl homologue (Extended Diata Fig. 2), and further min-
ing of these corresponding genomes failed to identify homologous
genes. Thus, we surmised that BynE might play an important role in
3-spiro-y-indoxyl formation.

Functional anakysis of brevianamide A biosynthetic genes. In the
by gene cluster, the bimodolar NEPS encoded by bynA is predicted
to catalyse BF formation. This was confirmed by its heterologous
expression in Aspergilius oryzae NSARI (Ao; Supplementary Fig. 1).
To investigate the functions of bveB—FE. four individeal single
gene knockout (KO sirains of Pb were constructed. The resulting
Ph-benC-KO strain accumulzsted BF (Fig. 2h) & the only prod-
uct. The Pb-bvnB-KO and Pb-bvnD-EKO strains accumutlated DE
and brevianamide E (BE: Fig. b), respectively. BE is proposed to
be a rearranged shunt product resulting from the imitial 2,3-indole
epoxidation of DE by BvnB FMO (Fig. 2{). Indeed, the recombi-
nznt N-hexahistidine-tagged BvnB effliciently converted DE inio
BE in vitro (Fig. 2c), likely throogh a mechanism previcasly dem-
onstrated for Moth (a BvnB homologue with 63%/75% identity/
simifarity) in notoamide biosynthesis™. Because Pb-bvnD-E0 did
nol produce & bicyclo[2.2.2] diaranctane structure, we reasoned that
BvnlD is a key eneyme for the proposed 1MDA reactions.

When IvaF was deleted from P, five detectable substances were
observed in addition to Jow levels of BA (Supplementary Table | and

500

Suppiementary Figs. 2 and 3) and BB {Fig. 32), all showing the same
midecular weight of 365 Da (Supplementary Fig. 4). These include
three previously unknown 3-hydrocyindolenine derpvatives 7-9 and
the two reported spiro-2-oxindoles brevianamide X (BX) and brevi-
anamids ¥ (BY}, The planar structure of 7 was constructed on the
basis of one- and two-dimensional NMR analyses (Supplementary
Tahle 2 and Supplementary Figs 5-100: the key heteronuclear muli-
ple bond correlations (HMBCs) of C23/24-H, to 21922, CI0-H,
to CL 3 11/19 and H4 to C3 (Supplementary Fig. 9} readily pointed
to the hexatomic ring neighbouring the indole base, the C2=N dou-
ble bond was deduced from the chemical shift of C2 (8020 ppm)
and the a-configuration of 3-0OH was determined from a naclear
Overhauser offect spectroscopy (NDESY) analvsis (Supplementary
Fag. 10}, The shsolute configuration of 7 was determined by com-
parison of the experimentzl and computational electronic circular
dichroism {ECD} spectra (Extended Data Fig. 4). The structures
of BX and BY were determined by high-resolution mass spec-
trometry {Supplementary Fig 43, NMR analyses (Supplementary
Tahle | and Supplementary Figs. [1-22) and comparison with the
corresponding synthesized authentic standards {see Supplemeniary
Methods), Therr absclute configurations were established by
single-crystal X-ray diffraction ‘analysis (CCDC nos. 1973959
(BX) and 1973957 (BY); Extended Data Fig. 4 and Supplementary
Table 3). The ratioof BA/BB/7/BX/BY was determined tobe 1:1:7-59
{Supplementary Table 4). The mstahility of 8 and 9 prevented direct
structural determination of these isomers. Nonetheless, the obser-
wations that B quickly collapsed to BY and BB and 9 collapsed to
BX {Supplementary Fig. 23), as well as their similar UV spectra to
that of 7, suprested the structures of these two unstable metabolites
were 3-hydroxyindolenines (Fig. 3c and Supplementary Fig. 24).
To determine the structures of 8 and 9, we chemically synthesized
their hypothetical structures (see Supplementary Methods and

MATURE CATALYSIS | VDL 3 | JUNE 2020 | 257506 | wwse rmahoru comyairatal
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Flg. 4 | Probing the functionality of BvnE using substrate mimics. a, HPLC anabysis (230 nm) of the In vitro 2ssays of BunB and BymE b, HPLC analysis
{230 nim} of the Invitro assays of BvnE with the N-methylated substrates. ¢ The reaction scheme

Supplementary Figs. 25-28). The matching UV spectra and HPLC
retention times, &= well as the same decomposition behaviour of the
synthetic standards as the isolated samples (Supplementary Fig. 290,
confirmed their structures.

To validate the function of bvn genes and also to clanfy the order
of biosynthetic steps, we conducted heterolopous expression with
different gene combinations in Ao, As expected, BF was converted
into DE by either Ao-bwnC in vivo (Fig. 2d) or purificd BwmC
in vitro in the presence of dimethylallyl pyrophosphate {DMAPP)
and Mg™ (Fig. 2e). Thos, PT BvaC is-a deoxybrevianamide E syn-
thase, as previously demonstrated for NotF=, Ao-bvnCDE produced
DE exdusively in the {ceding experiment, whereas Ap-bwmBC and
Ap-bvnBCE both accumulated BE exclusively (Fig 2d). These
results indicate that the presmmed indole epoxidation catalvsed
by BB FMO occurs prior fo the PAS0 ByvnD-mediated step and
preceding the BvnE-catalysed step. Upon the intreduction of BF
to the Ao-benBCD culture, five produocts with identical miz= 386
{[M+H]*) were observed (Fig. 3b and Supplementary Fig. 4).
Their relative sbundance (BASBB/7/BX/BY = 1:1:5:2:6) was quali-
tatively consistent with the observations for Pb-benE-KO (Fig. 3a
and Supplementary Table 4} except that derivatives 8 and 9 were not
detected, probably due 1o their instability. Finally, when mE was
incorporated and the Ac-bynBCDE strain grown in the presence of
exopenous BF, we observed BA znd BB in a ratio of - 10:1 (Fig. 2d
and Supplementary Table 4}, which is consistent with the product
profile of wild-type Pb (PEWT: Fig. 2B,

These resufts demomstrated that the metabolites gener-
ated through Ap biotransformations and individual P knock-
out mutants correlated directly with one another. The reaction
sequence of each enzyme in the pathway can now be deduced
as BvnA—BwmC—Bvnb—BmD—BvnE (Fig. 2] Both systems
showed a BynE-dependent change of prodoct profile, suggesting
that BynE might function to medizte the formation of the 3-oxo0
species 10, and directly impact the diastereo-outcome of the pre-
sumed IMDA reactions. With respect to Bvnl} activity, inlensive
attempis to produce this P450 cnzyme in Escherichin coli and

HATURT CATALYSES | WIOL 3 JUNE 2020 | 457-508 | wrarw: rsturg cornynarteartal

Smccharomyoes  cerevisige were  unsuccessful, thos  prevent-
img direct functional analysis Nonetheless, the resulis showing
that Ao-FvnBCD transformed BF into multiple IMDA products
{Fig. 3b} and that Ae-bvwCDE was unable to recognize DE a5 a
substrate (Fig. 2d), along with the principles for P450 enrymes
and Diels—Alder reactions, together sugpest that Bynl} might oxi-
dize non-isolable intermediate 11 (derived from ring-opening of
the indole epoxide 12) to 13, thereby generating the diene moizty
required for IMDA cyclization (Fig. 2f). In the sbsence of Bynly,
compound 11 would collapse to BE through an energetically
favoured N-C ring closure (Supplementary Fig. 300

Although we cannot exclude the possibility that BvnD might
direcily desaturate the N-C bond in the dioxopiperazine ring of 11
{ref >}, it is more likely that Byn D first catabyses the hydroxydation of
11 and then undergoes sponlaneows dehydrabion'tautomerization
to yield 13 (Fig. 2{}. Regarding the position on 11 likely oxidized
by BwnD, bomd dissociation enerpy calculations (Supplementary
Fig. 31} indicated that the most probable hydroworation site is the
tertiary C-H bond at Cl1, which is supported by the following
two facts: firsly, FaniG, a BvnD homologue with 47%/64%, protein
sequence identity/similanly in the fumitremorgin biosynthetic
pathway, has been experimentally confirmed 1o catalyse the hydrox-
vlation of an analogous position™ and secondly, the fungal dioxo-
piperazing structure asperversiarmide [ was recently discovered to
contain 2 hydroxylated €11, which might have been installed by an
unidentified BvnD homologue™.

Probing the catalytic mechanism of the isomerase/pinacolase BvnE.
Based on the results obtzined with Ph-bvmE-KO and Ao-lhwmBCD
{Fig. 3}, BvnE appears to be a central enzyme for controlling the
product profife in brevianamide biogenesis. To assess this unigue
momerase in vitro, the N-hexahistidine-tageed BvnE was produced
in E coli BL2ZHDE3} and punfied to homogeneity (Supplementary
Fig. 32). Mext, we sought to identify the potential natural substrate
of BvoE from PE-bvaE-KO. Compounds 7-9, BX, BY and BE were
tested as substrates, but failled to be transformed (Supplementary

s

262



ARTICLES NATURE CATALYSIS

glargi]

o - D“Tﬂ' m\ré':'
—

_nfl
i g1 l‘tE'Eﬁ 1 f":E 13

Fig. 5 | BvnE crystal structure, docking and the proposed catalytic mechanism. a, Structural overview of BenE: the left chain shows In rainbow colours

the M tarminus (biue) to the C terminus {red}. and the right chain In grey czrtoon representation shows putzive catalytic acid/basic resldoes {cyan) and
water malecules in the aciive site (red sphares). b, The docked BvnE-13 complex with the key residues, and hydrogen bonding disfances shown in A,

€. Site-directad mutzgenesis resuits. The data rapresant the avarage of iIndependent experimants perfoemed In triplicata (cenfrai valuas reprasant means,
arror bars represent standard deviations and n=3}. d, The proposed reaction machanim for the karmerization of 13 catalysed by BynE. Glul3-medizted
proton transfer coutd be aszisted by Arg38, which interacts with Glui31 through an ordered water nelwork {Extended Data g o). Indirect daprotonation
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of the mmaium intermediata via hound salvent malecuies rather than a direct Interaction with Glui31 cannot be axcluded

Figs. 33 and 34). Thus, we hypothesized that 13 might be the native
suhstrate of BvnE Conddering the naccessibility of this unstable
imlermediate, we elected 1o dwmoenrymatically synthesize 15 (see
Supplementary Methods), @ stable analogue of 13 (Fig. 4c, to block
the dioxopiperazine nitrogen from N-C ring dosure and prevent
the formation of the unstable aradiene intermediate upon spontans-
ous dehydration. The mechanistic probe 15 was prepared through
BvnB-catabrsed in vitro conversion of the chemically smthesized
N-methyl-decxybrevianamide E {14; Supplementary Figs: 35-43),
and the absolute configuration of 15 was determined by single-crystal
X-ray diffraction analysis (CCDC no. 1973958; Extended Data Fig:
4). Interestingly, two minor products, 16 and 17, were also generated
from 14 along with the predominant prodoct 15 (Fig. 4a), Structural
determination indicated that 16and 17 are 3-oxo and 2-oxoisomers of
15, respectively {Sapplementary Table 5 and Suppéementary Figs. 35
and 44-55]. Their absslute confipurations were determined by com-
parison of their experimental and calculated ECD spectra (Extended
Data Fig. 47, which were consistent with the structures arising from
the semipinacol marrangement of 15. Moreover, when 15 was incu-
bated with BvnE, it was completely converted into 16 {Fig. 4b). These
results indicate that BvnE funclions s a semipinacolase responsible
fior the selective formation of the 3-spiro-y-indoxy] substrecture (in
16) from the 3-hydroxypyrole moiety (in 15). The spontaneous con-
version of 15 into 16 and 17 at room temgperature could also ocour
slowly [Fig. 4c and Supplementary Fig. 58). Loss of stereocontrol of
the IMDA cycloaddition resction im terms of top/botiom (79 BA/BX

502

vs S/BY/B) and antfilsyn selectivity (T/&BABBEY vs WBX) in
the absence of BvnE strongly suggests that these isomers are pener-
ated from non-enzymatic IMDA reactions. Moreover, the observed
product profibe (Fig: 3 and Supplementary Table &) is quantitatively
consistent with the calculated product distribution (see below).
With respect to the catalytic properties of BvnE (Extended Data
Fip. 5), the apparent k_, and K_ values of BvaE towards 15 were deter-
mined to be 0.013min™ and 822pM, respectively, under the opti-
mal pH (&5} and temperature (30°C)L The low catalytic efficiency
(kB =158 10 min ™' uM ') is probably because 15 is nst the
native substrate.

Asa key component in controlling product outcome in brevian-
amide binsynthesis, we sought to determing how BvnE catalyses the
formaticn of the 3-spiro-y-indoxyl species. BvaE is refated to the
NTF2-like superfamily enzymes that have been studied in fungal
meroterpenoid biogenesis™. We solved the crystal structure of BvnE
at 1.8A resolution (Fig. 52 and Supplementary Table 7 Protein
Drata Bank (PDR) 1D: a1991) by moefecular replacement using PrhC
{PDE 113 5X97) as search model® (Supplementary Fig. 57). BvmE
is a symmetric homodimer that adopts an a+f-barrel fold with the
presumed. active zites at the end of each barrel. This cavity has a
hydrophobic interior and alse comtains several polar residues that
could be involved in the acid/base chemistry reported [or this fam-
ily of enzymes (Fig. 5a and Supplementary Fig, 58).

Docking of the presimed native subsirate 13 (Fig. Sb and
Extended Data Fig. éal helped to reveal the ByvnE active site

MATURE CATALYSIS | VOL 3 JUNE 2020 | 457-504 | www matrs comnyhateatal
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Fig. & | Results of the quantum chemical calculations. a, The anti-selective IMDA transition- staia stuctures and producis accessible from Intarmedistes
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patiways with prohibithely bigh activation energles under the reaction condttiors

We identified Arg38, Tyr109, Tyr103 and Glul3l ss candidates
for site-directed mutagenesis and in vitro enzyme assavs with 15.
In each case, mutation of these residues cansed severely attenuated
activity {Fig. Scl All the CD specira of the BvnE mutants matched
the wild-type prodein (Extended Data Fig. 6b), indicating that these
point mutations did not significantly impact protein folding. The
electron density data indicate that Arg38, Tyrl 13 and Glul3! adopt
multiple conformations in the BynE crystal lattice. Therefore, these
tesidues were designated as flexible in molecular docking (Extended
Dala Fig. &cl. In the lowest-energy output of the BynE-13 docking
complex, the reverse-prenvl group of the substrate is packed into o
hydrophobic pocket (Extended Data Fig. 6a), and Tyr109and Tyrl 13
interact with the 3-OH of 13 {Fig_ 5b)_ Gl 31 is positioned to inter-
act with the indole nitropen and the CL8 oxygen of 13, sugpesting
its key role in the semipinacol rearrangement (Fig. 5d). On the basis
of these docking studies, we propose that the reaction mechanism
involving Bvnl includes Glul31-mediated proton transfer to ini-
tiate the semipinacol rearrangement and provide charpe stabiliza-
tion of the intermediate, and hyvdrogen-bond-assisted activation of
the semipinacol rearrangement through Tyrl0Trvl13 (Fig. 5d).
Arg3s, which is essential for activity, does not directly interact
with the docked ligands or active site residues. However, the struc-
ture reveals two ordered water molecules in & hydrogen-bonding
network between Arg38 and Glul3l (Extended Data Fig. ac),

NATURE CATALYSES | WOL 3§ JUNE 2020 | 457-5061 wwwratoracom it

sugpesting that it may assist in profon transfer by repenerating the
carboylate form of E131.

Quantum chemical caloulations. Next, we wsed density
functional theory and coupled duster theory calculations
(SMD-DLPNO-CCSDIT) co-pVIDT) 2/ MO6-2X-D3/6-31
+0{d.pk see Supplementary Methods) to evaluate the intermedi-
ate and transition-stale (T5) structures in the revised brevianamide
biosynthetic pathway (Figs. 2f and 3c), and to explore the innate
regic- and stereochemical preferences asseaated with the key steps
{Fig. sa). Accordingly, under Ph-bvnE-KO conditions, the IMDA
reactions that transform 13 into 7-9 are favoured. In the calculated
mechanism, only twe diastereomers of 7 (8 and 9) undergo 2 sub-
sequent. 1,2-alkyl shifi to irreversibly generate BY and BB (from 8)
and BX (from ). Before the shifis that lead to the formation of the
ring system, an initial tautomerization that switches the position of
the OH group between C3 and C2 proceeds quickly (Supplementary
Fig. 39}, The reason 7 fails to undergo subsequent transformation is
likely due tor the high energy required for the tautomerization pro-
cess (35.5kcalmol™” between 7 and its tautomer; Supplementary
Fp. &0). In the computed kinetic profile, the initial irreversible
MDA {from 13 to 7-9) and CH,-dioxopiperanne shift {from 13
to 10) determine the selectivity of the process and their activa-

tion barriers are consistent with room-tempersture reactivity
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over the course of minutes and hours. Considering that BY and
BX are the major products obtained from 8 and 9, respectively,
the calculated results sgree qualitatively with the cxperimental
rezalts: the two most favourable products are 7 and BY, followed
by BX, with BA and BB being minor products (experimentzl ratio
BY 7/BX/BA/BB=9-7-5:1:1; Supplementary Table 4).

The semipinacol rearrangement to form 3-spiro-y-indoxyl 10
is favourably exergonic and irreversible (AG=—116kcalmol ).
Competition between the two possible non-enzymatic semipinacol
rearrangements {CH, -dioxopiperarine vs reverse-premyl shifis) was
found computationally to depend strongly on whether the reaction
undergoes basic activalion of the hydroxy group or acidic activa-
tion of the imine group (Fig. 6k} whereas general/specific aadic
activation of the nitrogen results in a buildup of positive charpe
ini the migrating group in the TS, favouring 1.2-prenyl migration
(AAG =8 Bkeal mol ), basic activation of the hydroxy group has
the opposite effect, inverting the selectivity to favour migration of
the dioxopiperanine-containing groop (AAG =07 kcalmol '), The
contrast between the regioselective biocatalytic conversion of 13
into 10 and the spontaneous conversion of 15 into 16017 under acid/
base conditions corroborates the involvement of the hydrsgen-bond
acceptors Tyt 113 or Tyri09 asa likely candidate for the activation of
the 3-hydroxy group by BynE (Fip. 544 and Supplemenlary Fig. 51)
during this key step.

Mext, we investipated the distinct IMDA cyvclization reactions
from 10 and 13 {Fig. éal. In each case, thete are four possible stereo-
chemical outcomes. The selectivity for anti over svn cycloadducts
is controfled by the balance between stabilizing intramolecelar
hydrogen bondsand unfavourablestericinteractions (Supplementary
Fig. 62). Whereas the sy pathways from 10 are highly disfavourad
relative to the anti pathways, those from 13 form C-H--) inter-
actions®™, making themi more compeliive (Supplementary
Fig. 63}, In this regard, the levels of IMDA dizstereoselectivity of
10 are exceplional, displaying high selectivity for the formation of
BA {X0.2kcalmol') over the pseudo-enantiomeric bicycin[2.2.2]
diazaoctane BB (27 3 kcalmof') due to an intramolecular K-H--0
hydrogen bond, with a very large (-6 kecal mol-'} preference for the
two anti-configured produocts {BA and BB} over their syw diasteroo-
mers (28.1-28.6 kcalmol ) (Fig. sa). The stereospecific conversion
of 7 into BA through 2 ring contraction was found to be more chal -
lenging than the earfier |.2-rearrangements (activation barrier of
282 kcalmol-'); however, this process is exergonic by 4 keal mol-2.
Accordingly, this nmg contraction can be accomplished under lab-
oratory conditions by treating 7 with sodium hvdroxide in water
(Fig. 3 and Supplementary Fig. 64).

Conclusions

W have characterized and fully reconstituled the biosynthesis of
BA and BB and idenlified 2 key semipinacolase, BynE, that medi-
ates diastereocontrol for subsequent spomtaneous [442] cyclo-
addition for the biogenesis of the brevianamides. The formation
of the diexopiperazine bicyclo[2.2 2[diaranctane core comstruct
has also been demonstrated and the computational data sup-
port & spontaneous [44-2] pericyclic reaction. Resofution of this
miechanistic mystery together with our recent characterization
of the Dieli-Alderase-mediated biopenesis of monooxopipera-
zines'' highlight the diversified biosynthetic sirategies deployed by
fungi for creating structurally diverse spiro-cyclized indole alka-
loids. However, several imporiant mechanistic questions remain,
including what are the mechanistic details of the BynD-catalvsed
two-glectron cxadation required for azadiene formation to enable
the IMDA reaction, and what, if any, biogenetic relationships
exist between the brevianamides and other dioxopiperazine fami-
lies comgrising the bicydo|[2.22)diazzoctane system, such as
(+3{—)-notoamide A, whose prodocer genomes lack apparent
bvnE homologues?

504

Note added in progf: Duning production of this Article the togal
synthesis of brevianamide A which supports o spontaneous intra-
mofecular [442] Diels-Alder construction by B. C. Godfrey et al.
was published".

Methods

Strains and cubtare conditions. All B codf srains were grown at 37%C mmless
oiberwise specified The B coft DH5e stratn was used for wecior construction and
plasmid tsolation using Loriz-Beriand (LB} agar plates o LB quid media. The E ool
EL2I[DE3) fraln was weed for protetn production and purthotion, and cdiured

i Terrtic Broth { TH: 1.3% tryptone, 2.4% yeast extract, 1.96% K HPO,, 022%
EHLPOL, 4% ghycerol) medta, P bredcompactsen MRIL 8364 (P¥) was obtained from
e Agriculiural lmearch Service Caliwre Collectton (NREL} collecibon. P was
utured oo potado dexirose agar {POA] plates at 28 5C for 7 d before spore collection
and preservation. Far the fermentatton of the brevisnamides, solid Cmpek-Diox
mgr (G0N ) medis were moculsted with the spome suspension and ncubated 2t 2850
foréd A oryzae NSAT {Ax) was 2 gift from Professar Oiowas bboraory. Ao and
i cifferent were growen on. EHFY { dexirin- polvpeplone. yeast extract:
2% dexirin, 1% palypepinne, (5% yeast extract, 7% agar] agar plabes 20 30°C for 74
For metabolie procluction, CMP Dquid media (Crpek- Dox broth supplemented
with 3% makinse and 1% peptone] were used 1ipon inocolation, cultures were
incubaied at 389 for 5d with shaking o 200 epm. Al the sirains 2nd veciors used
i this sy are Bsted in Supplementary Table &

Protein expression and purification of BB, BvnC and BvnE For proten
expression; the B ool BLY {3 stretn carrying a larpet gene expresion pleemid
was used A single ooloamy was phoked, Inoculnied and cultured owermight o 3790
in LB broth with approprisie sslecitee aniibiotios by S0l k ir
undess atherwiss specified). Tbemmﬂnsmd.uﬁunwmuahh:d[L!ﬂ}Jmn
11 TH muediizm containing 4% ghycero, sdective antibiotics and (U 1% e st solution
(0L68% FeCl, 0.05% o], 0055 CoCl {105% Na MoOs D.0T5% CaCl, 0.047%
Cus0, 00835 1LBOL). The adltume wes then ncubated m 3770 with shoking al
irpm. Proletn expreston was indaoced by adding sopropet- foo- thiogalacioeide
(PTG} ba a fimal concentration af 0.2 mM, when the optical density at 600 nm
(20} reached - 06 [typically -3h after moculstion ). The cells wene growm Sor
m additional 20h ot 163 2 Bcpm. After coflacting the cells by centrifugation
M[I]ﬂ;,]:rmril"c they were frozes at —20°C for 3min and then melted a1
ambiemt tempersture. All protein purifiction procedrss wene condocted @ 890,
Brisfly, Hlmd bysts bufler (S0mM NaH PO, 300mM NaCL 1% gheerol, 5 mM
h:nd.nnk.pl-[ 5} was used 1o re-nespend the ool pellet by vorieing,. and & Miodd
Somic CHsmesrmbraior was weed for ulimasontc ool bysis (5s o, 55.aff, 1hin iod)
Aﬂune:tﬂﬁ.ﬂ.hmallmlgfnr‘ﬂmlu.lbe was collected, 1o which
1ml nickel nrilotacetic scid {M-NTA} resin ((iagen) wes added end incabated
on2 shaker 3 Arpm at 4 5 for 3 min. The surry was ihen loaded onto an. expty
cofumn. Ther, 1030 ml wash bufer (S0mM Nal,PO,, 300mM Mall 1%
ghvoerol, 10mb imddeenle, pH 7.5) wes ised to wash the protein-bound restm umtil
no protein was detnctable in fow-throwgh n o Coomassie Brilliant Blue G- 250 assy:
Terpet protetny wers sluted with 5 ml dition buffer (S0mM NaH B0 30 mM MaCl,
1% ghyoeral, 250mM tmidazale p 7.5} and concrmirgied wsing an Amicon Ulia
cenirifugad Alter with an speoprizie moleculer weight acofl { Mesck) @ 50005 for
30min The concedrated fraction {« | mI} was loaded cotn 2 POC 10 ool (GE
Heabkoare) pee-squilfhrated with 25ml dasalting buffer [ 50 mM NaHLPO,, 109
gvezral, pH 75) for buffer exchange. Aliguots of the dealied fraction (10 per
tubee’) were flash-froven using liguid M, and stoced at — B0 for lier oxe

Gene knodout in P For targeted geme distoption tn Ph, two specific homologous
(- L kb were destgmed and armplified from P genoemnic DNA. Knockest
veriors wers comsiracted using commaon Bgatkon or recombinass sirdegies,
sxembiing the: two arms vedy imio the bwo mulil-doning sties (M5 of

e plasmid pRSE-hyg {Supplementary Fig. 65}, which conlalns o bygroamyda
mesisiance muarker for the seection of knockout mutants. The primers used m this
sty are Hsbed i Sugrplementary Table %, Gene knodeomt was performed using the
split-marker strategy™. Brizfy, two nockout ceseite fragments were PCR-amplifisd
ming the primers x-up-E/Hyg-R {x indicates the target gene to be knodked out)

anud Hyg-Flx-down-I and subsequently concenimated to » MHlng pd +. About [0yl
of each of the two concentratsd samples were mined and transformed oo Bh

s polyicthyl

by
. Spectficaliy, POA and potain
dextrose broth were wsed as solld ond bquid medla, respeciively. Th
were oofiecied mmediately aftsr ysing by snoyme digestion. The PEG- medinted
prolopiast iransformation was conducted on POA plates containing | M sochiiol and
100 pgmi ! hygromycin as the seection antfiotic. The genotypes of the mockout
mestamis derived from homalogous recombination were vertfied through PCR
reaction with the approprime primers listed in Sepplementary Tabis 9.

| b p— )

memE in Ao A spore susp enston of Ar-WT or 2o Ao
mmilﬂx]ﬂ‘nd.l:]m tnocudated trdo [(kml DPY mediumn (2% dextrn, (%
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polypeptone, 1.5% yead exiract) supplememied with approprisie nutrients, A fer
mcuhation for 3d & 3% md 20 cpm. mycelia were coll ected by filimtion and
washed with double-detonized H O Proloplasting wes performed using Tatalase
{Takarz; 50 mgml ") tn folution | (0EmM NaCl, IPmM NaH PO, pH 6.0) 2 30°C
Jor 2h. The protophsts were centrifuged o 9007 (Bedoman: JLA 10.500) fr Smin
anad washed with [BM stertle Mol solutton. Then, the were aljested 4y
200 A0 cesmi by adding Solestion I (08 M Nal, 10mM CalL, 10mM Tris- 1201,
#H B0 and Solutton 3 {40% (wi'v) FECGA0KL F0mM Catl, SlmM TrisHO,

pH B0} 2 4:1 wolume retio. The appropriste plasmid {13411 was added o the
protopdast solutton [(200pl) The aliquot was inabatsd on dee for Ximin, and then
Solmiton 311 ml) was added. Afier H0min incobatton & room temperature, Sohsilon
1§ Himd) was added tn the mirhare and the mixsre was centrifuged ol HHlp
{Bedoman [LAIG500} for Smin. The tansinrmation mixhere was poursd anto COA
plates with (.8 M Nall and approprizte notrients, and then overiad
with the soft-bop ayrar L2 M sorttinl, 3.5% Crapek-Dex beoth, 0.8% agas]). The
plates were moabated at 30°C for 3-7 d umtil colinbes showed up.

In vitre enryme msays. Unles oiberwise specified, ol enaymatic assmys wens
corried out i 100 of 50 mb Tris-HC bufer (pH 7.5) o 30°C for 2h The
enayme rEacibon mixture continsd | mM subssratele) (BF and DMAPP for Bv(,
DE or 14 for Benf, 15 for BmE or its mustanis ), necessary cofactors {10mb Mg™
for BvnC, 2mM NADPH for fwnll) and 10 pl of each purified sncyme,

Mutagenesis of BynE., The mutsgenssts PCH reaction was perfirmed with 30ng
pETZEES-bvnE o termplate, (02 pM primer (in our system, one primer i safficlen
for successful matagenesss), 15l 1 Pfa baffer, 05 gl dMTP miz (35 mM of each
ANTP), 1 ml dimetingd sulfoide amed {1540 Pfisllers 11 fusion HS DNA

{Agllent) in & sotzd volume of 254l The PCH cycles were set as follows: (1) 95°C for
3min, (2} 955C for 30, (3) 33°C for | min and (4) 65°C for 2min, with steps 14
repemted for 30 cycles. Dpml dipestion was performad with 1 pl of 200 ' Dyee] anad
gl PCR reactton soltlon oo 1k at 375 Fram the digested solution, | pl was
ased o tramaform 3ipd DR Blectrocompetent Competent cells (Takam). The
mutznt plasnidy were purified and subjected to squendng & the University of
Michigan DN& Sequencing Core

Bvnk protein expression and purification for crystalEzmation. E ol
BL2I(DE3)-pRARED was transformed with the phsmid {BmE_pETXEHB-MEP-T]
and grown im 11 TE medism with 5pgml * hamamyetn and 1{pgml *
spacinoamyoin & 373 ta DD, =r | The collare was coaled to 250 over 1h,
induced with .25 mM [PTG and tncobated for 245 (20°C, 225 rpm. shaking).
The celds were collected by cemrifugmton (4°C, 500001 and stoced at —20°C. All
Iyl purification steps wene performed at 4 °C. The cell pellet was re-suspended
in lysis boffer (50 mM Tris pH 7.5, 300 mM NaCl 30mM trsidancde, 191% ghyceral,
05mpmml ' ipsceyme, 105 mgml * DNaze, SmM MaCL) and byseil by sondcattan
Tollerwed by high-spead cemotfugatian (4°C, ¢0,0g, I5min). The lysate was
Aleezed (.45 um} and Inaded onte 2 S-mi M-MTA Histrap column ol a 21 protetin
bquid chromatograph (FPLC) and washed with 20 column volumes of MI-MTA
buffer (30mM Tris pH 7.5, 3N mM N2Cl, 20 mM imidarole, [0 glycernd) 21
Amimin . BroE was slutsd with shitton buffer (50mM Tris pH 7.5, H0mM
Kal 300mM midarole, 10% ghroeral). The pooled fractions were Incobated with
His-tagged tobacco etch vins (TEY) protesse i a 120 molar miio bo remove the
His-maltose binding protetn (MBY) tag. The protein was diafysed avernight against
F0mM Tris pH 7.5, 300mM Na(J and I mM dithiothreftal, and passed through

2 MI-NTA column to remove TEV protesse and MBP Forther purtfication was
actomplished by size-exciusion chromatography wing @ Seperdee 75 1073007 GL
codums sguiltbraed with 5mM TrispH 7.5 and 300mM Nal(l. SD5-PAGE was
used o assess protein homogenety; BvnE was determined to be= 35% pure, The
poolein was concentrated uslng an Amjoon Ultra cemtrifisgal comcentrator (10,000
nomiml molecaler weipht Bmit) o 29mgml 2. The concentmaiion was determinsd
by UV spectropholometry using the caloulaied maler extinciion cosflident.

Crystallization and stracere determination. Bvnll was screened for inial
oondthms using the Midwed Center Structural Genomios {MCSG)
screen at B5 and 4% Single, diffraction . quality crystals of BvnE were grown
by the sitting drop vapour diffoston method af 4% Iy mixing 28 mgml * Bynd
with the well solution {26% PEG33H], 0.1 M Tris pH B3, 4% v'v penberythrital
sthoxylate (34 BOVOHY) in 2 =1 mito. Sitting droplets were pudeaiad fom an
earier crystallization using a ol whisker, Then, Byl of cryoprotedan
{1175% piyrerol, 26% PEGIIS0, 0.1 M Trs pH 8.5, 4% vy pemtasrythriiol
ahoxylate (38 BEOAOH), 30mM Tris pH 7.5, 300mM Nal(l} was addad diredtly
i the sitting drops, and the crystals were collecied using nylon loops and viiridled
by rapid plunging Imo bquld nitrogen. DMfraction data wene collected @ beamline
I3.00)-B a the Advancest Photon Source (A PF) udng an X-may wavelsngth of
1033 & {36HF of data, 07 tmage width, 100 K} The daia were int=grated and
scaled with XD5™. The structisre was solved by malscular replacement using PrhC
{PDB D 3X97) as search mode {Phaser- MR} . The final modsl was completed
using altermate cycles of manual moded bullding wsing Coot™ and reflnement
using PHENIX refine". The siructure was vaiidsted with MolProbity™. The dats
enllactton and refinement detzils are presentad in Sopplementary Table 7.

MNATURE CATALYSS | WL 3] JURE 2020 | 257508 | sows raburn comunatotal

Molecular dodiing of BvnE with compownd 13, Compound 13 was docked tmio
ke BvnE struciure using the sdomaed docking saftware Autodeckd (refl =)
The conformationad heterapenetty of the key active ste residues Arg38, Tyrl 13
mt Glul31 experimentsily observed m the dectron densty'orystal sinecture
‘was Incorporxisd into the docking model. Docking wes performed with Arg3E,
Tyrl 13 and Glind 31 as fertble reddues in an effor to obiatn the lowest-energy
oo formations.

Reporting Summary. Furiher information on reseanch design 1 avalleble i the
Matare Research Reporting Semmary Hnked to this aritde

Data availability

The seguence dain referenced in (his sty are mcathble in GenBank with the
aocesslon number MNADIT51. Coordinaies and assoctated structure facions

‘have bees deposited tn the Pratein Data Bank (PDE) with PO [D U2 (BvmE)
= In the Crystallographic Data Centre (OO with the OCDC
me=mbers 1973859 (BX), 1973057 (BY) snd 1973858 (15). Moleculir coondinmes
= wel as absolute mnd relattve thermochemisity data keve been provided for the
computmbanal studies. All other data are avathible from the corresponding authoms
on reasonahle request
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Extended Data Rig. 1| Representative fungal bicyclo[2.2.2]diazaoctane indole alkaloids. Compounds with 3-spiro-w—Indoxyls, spiro-2-oxindoles and
3-hydroxyindolenines are presanted In red, blue and green, respactively.
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Extended Data Pig. 2 | The biosynthatic gene clusters for representative fungal bicyclo[2.2.2Tindole alkaloids. The gene clusters not. ma! and phg are
responsibie for Hosynthesls of notoamides, malbrancheamides and parapherguamides, respectively
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Extended Data Fig. 3 | Biogenetic proposals for Brevianamide A (BA) and Brevianamide B (BB). a, Early biosynthetic proposal sugzested and
inferragatad by Willlams af. @/”. b, Original biogenasis proposed by Porter and Sammes (via 7" ¢ More recent biosynthetic proposats suggested by
Wiillams el gl %% Several biogenetic hypothases based on the ploneesing propaosal first suggested by Porier and Sammes in 1970 rezsoned that the
bicyciol 2 2 2ldiazaoctane core arises W an inframalecular [4+2] helero-Diels-Alder (IMDA} corstruciion=™*, e experimentally interrogated the
biogenetic propasal a, through the symtheasks of =C-labelad putative Diais-Alder products { +3-20, but could not detect incorporation Inlo edther BA aor
BB in cutheres of Ph. Based on these resuits, wa then suggested the blosynthetic pathways iustrated in band € The fundamentzl difference betwean

the biogenests described In &, and that in b and €, s the sequantial timing of the indola caidation, the semlpinacol rearrargemsant and the crucial IMDA
reactions. Thus, i remalned concelvabla that axidation of DE 1o the (#}-hydroxyindolenine pravides spacles M, which can suffer severs! fates. One s N-C
ring closure fo co-metabodlbe Braviznamide E (BE): 3 second posstllity shawm in b is cxfdadfon and tautomearization ta the azadiene species 13, which can
suffer IMDA cydization providing 7 and 8, then undargo a final semipinacol rearrengement to furnish BA and BB {rowle ). Alternatively, azadiens 13 could
first sutfer semipinacol rearrangement to 10, which then undargoes the IMDA construction fo generate BA and BB (rowte ). Another possibifity € invalves
(R}-hydromyindolenine 11, which proceeds through a samipinacol rearrangement to the Indoxyf species 18, followed by turther oxidation to the aradieps
species 10 and subsequent IMDA, fo furnish BA and BB, Experinental supports to distinguish belween these proposed pathways, all of which embrace tha
relative and absoluie stereochemistry of BA and BB, have remained urrasaived urtil this wark.

34 Willtarns, L M., Sanz - Cervera, [ P Sancenon, P, Mareo, [0 A & HafSilgen, K. M. Biomimetic DielsAlder cpdizaitons jor the constrisction of the brevianamide,
parzherquamide, scierotamide, asperparalive anc VME3559 ring systems. Blorg. fed. Chewn 6, 12331340 (1998
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Extended Data Ryg. 4 | Elucidation of absolute configurations. a, Experimental and computational CD spectra of 7. b, Experimantzd and computaticnal
D spectra of 16. ¢, Experimental and computational CD spectra of 17 d, X-ray ORTEP dizgram of BX. & X-my ORTER diagram of BY. ¢, ¥-ay ORTER

dizgram of 15.
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Extended Data Fig. 5 | Enzyme properties of BynE using compound 15 as a substrate. a, oH degendency. b, termperature dependency. ¢ Michaelis-Menton
kinetic analysis {centre values, means: error bars, standand deviations: n=2)
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Extended Data Rg. 6 | Docking results and CD spectra of BvnE. a, Docking complex of BvnE with compound 13 (magenta). b, CD spectra of purified
wild-typa and mutant BvnE proteins. ¢, Electron density (2F_-F,, o) for the active site residues of BvnE (PDB 1D code: 6U91) shows conformational
flexibility at Arg38 and Glu131 suggestive of potanttal active site remodaling during catalysis. Arg38 (red box) which Is essential for catalytic activity does
not make direct interactions with the docked ligand or active site residues. However, the structure reveals two ordered water molecules (red spheres) Ina
hydrogan bonding network between Arg38 and Giu131. Thase binding poses raveal possible kay Interactions between the ligand and BwnE.
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AcO
AcOH
AIBN

Ao

9-BBN

BBr3

Boc

Boc,O
BF4OMe;
Bn

BOP-C1

BuLi

CDCI3
CHCI3
CO:H
Cs2COs3

DA

DBU

DCC

List of Abbreviations

Acetic Anhydride
Acetic Acid
Azobisisobutyronitrile
Aspergillus orzae

9-Borabicyclo[3.3.1]nonane

Boron tribromide

tert-Butoxycarbonyl

Di-tert-butyl dicarbonate
Trimethyloxonium tetrafluoroborate
Benzyl

Biphosphinic chloride

Butyllithium

Deuterated Choroform
Chloroform
Formaldehyde

Cesium Carbonate
Diels-Alder

1,8-diazabicyclo[5.4.0]Jundec-7-ene

N,N’-Dicyclohexylcarbodiimide
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DCM
DDQ
DEAD
DES
DIBAL
DIPEA
DMF
DMSO
DO
EDC
Et
EtOAc
EtO
EtOH
Fmoc
FmocOsu
HATU
HFIP
HPLC
IMDA
K2COs
KHMDS

KO

Dichloromethane
2,3-dichloro-5,6-dicyano-1,4-benzoquinone
Diethyl azocarboxylate

Diethyl sulfate

Diisobutylaluminum hydride
Diisoproplethlamine

Dimethylformamide

Dimethylsulfoxide

Davis’ Oxadizidine
N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
Ethyl

Ethyl acetate

Diethyl ether

Ethanol

Fluorenylmethyloxycarbonyl
Fluorenylmethoxycarbonyloxy succinimide
O-(7-Azabenzotriazol-1-yl)-N,N,N’,N -tetramethyluronium
Hexafluoroisopropanol

High Performance Liquid Chromatography
IMDA Intramolecular Diels-Alder
Potassium carbonate

KHMDS Potassium (bis)trimethylsilyl amide

Knock-out

275



LDA

mCPBA

Mel
MeCN
MeOH
MOM
MOM-C1
Ms

MsCl
NaBH4
NaBH3;CN
NADH
NADPH
NaH
NaS'Bu
NCS
NHMDS (or NaHMDS)
NHMe;
NHPI
NMR
NRPS

NTF2

Lithium diisopropylamide
mCPBA meta-Chloroperbenzoic acid
Methyl

Methyl iodide

Acetonitirile

Methanol

Methoxymethyl
Chloromethyl methyl ether
Methanesulfonyl (mesylate)
Methanesulfonyl chloride
Sodium borohydride
Sodium cyanoborohydride

Nicotinamide adenine dinucleotide

Nicotinamide adenine dinucleotide phosphate

Sodium Hydride

Sodium 2-methyl-2-propanethiolate
N-chlorosuccinimide

Sodium (bis)trimethylsilyl amide
Dimethylamine
N-Hydroxyphthalimide

Nuclear magnetic resonance
Nonribosomal peptide synthetase

Nuclear transport factor 2
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PBu3
PCls
PhMe
PhNHNH:>
pMB
PPTS
pTLC
i-Pr

Py. or Pyr
Red-Al
Sc(OTf)3
SM

taut
TBAF
t-Bu
BuOCl
TFA
THF
TLC
TMS
TMSCI
TMSOTF

TMSI

Tributylphoshine
Phosphorus pentachloride
Toluene

Phenylhydrazine
p-Methoxybenzyl

Pyridinium p-toluenesulfonate

pTLC Preparative thin layer chromatography

i-Pr Isopropyl

Pyridine

Sodium bis(2-methoxyethoxy)aluminum dihydride

Scandium Triflate

Starting Material

Tautomerize
Tetrabutylammonium fluoride
Tert-butyl

Tert-butyl hypochlorite
Trifluoroacetic acid
Tetrahydrofuran

Thin layer chromatography
Trimethylsilyl

Trimethylsilyl chloride
Trimethylsilyl trifluoromethanesulfonate

1-(Trimethylsilyl)imidazole
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pTLC Preparative thin layer chromatography
i-Pr Isopropyl

2-OH-py 2-Hydroxypyridine
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