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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..1-3 Based upon biochemical and genetic origins, these 

natural products are divided into two structural sub-families (Figure 1.1).1,4 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 A5, 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.6  
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Figure 1.1: Representative fungal indole alkaloids containing bicyclo[2.2.2]diazaoctane. 

Compounds with 3-spiro-ψ−indoxyls, spiro-2-oxindoles and 3-hydroxyindolenines are presented 
in red, blue, and green respectively; compounds in black lack derivatization of the indole 
functionality. 
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Other biological activities shown by alkaloid metabolites includes anti-parasitic  

(marcfortines7,8, asperparalines9,10, brevianamides11,12), antibacterial (waikialoids13, aspeverin14, 

avrainvillamide15,16, speramide A17,18), anti-fungal (waikialoids13), neuroprotective19,  

anti-tumor (stephacidins20,21, notoamides22), and calmodulin inhibitory23 properties.  

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.24  

 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.1-3  

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 
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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).  

 

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. 
 

II. Monooxopiperazines: Diels-Alderase Generation of the Bicyclic Core1 

 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 Catalysis25. 
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Similar results were found in the phqE genome of paraherquamide; the reductase/Diels-Alderase 

was identified as PhqE.  

 

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; 
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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.26 The enantiomer, (+)-stephacidin A, was 

originally isolated from terrestrial fungi, A. orchraceus by Bristol-Meyer Squibb.27 The 

stephacidins have also been isolated from marine fungi: (+)-stephacidin A from A. protuberus 

and (-)-stephacidin A from Aspergillus sp. XS200900628. For each species, stephacidin A, and 

following metabolite derivatives, were optically pure.2,3,29-31 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).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.3 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.2 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 
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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.  
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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.32 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.33,34 

While the exact structure of the compound was unknown at the time, the spiro-ψ-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.35 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.11,12 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).36 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.37,38 The biogenesis, while unknown, needed to account for 

the tricyclic ring systems of the two compounds functioning as enantiomorphs.39 

 

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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II. Williams initial synthesis and biosynthetic proposal (1988-1989)2  

 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’s40 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 HCl. 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 t-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.  
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Figure 2.3: Williams 1988 synthesis of brevianamide B. Accounted for first total synthesis of 
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.34 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 [4+2] 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. 

 

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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III. Williams 1993 13C study and Biosynthesis3 

 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 13C labeled 

synthesis of the cycloadduct was carried out. The route that was previously used to synthesize 

brevianamide B (Figure 2.3) was followed using 13C-labeled gramine. When the 13C-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 Birch34, 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 [8-3H]labeled deoxybrevianamide E was inspired by the procedure 

established by Kametani.43,44 Prenylated indole 27 was prepared by a variation of the Fisher indole 

synthesis (Figure 2.5).45 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 ZnCl2 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 

coupling46 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= CO2Me 
 
 A significant amount of incorporation of [8-3H]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 13C and 3H 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 



16 

 

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. 

 

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-epi-brevinanamide A4 

 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.2 

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.  

 

Figure 2.7: Williams 1989 synthesis of brevianamide B and C-19-epi-brevianamide A. 
Synthesis is 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 A5 

 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). 

 

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 BF4OEt3. 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).  

 

 

Conditions Results 

1M NaOH, MeOH Indoxyl 58 

KOH, PPTS, DMSO-MeOH Indoxyl 58 

DBU, THF SM (40) + decomp 
KHMDS, PPTS, DCM SM + decomp 
K2CO3, DMF Oxindole 59 

2 M HCl, MeOH SM (40) + decomp 
Silica gel SM (40) + decomp 
Al2O3, toluene SM (40) + decomp 
BF3(OEt)2, HC(OMe)3, 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.   

 

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 B6 

 To further explore the facial bias of an IMDA reaction, a new route to brevianamide B was 

developed (Figure 2.11). Known ketone 6746,50
 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-Cl 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.  

 

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 B7 

 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).52,53 From prenylated gramine (79)53, 

Somei-Kametani coupling of benzophenone imine (80) in the presence of PBu3 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 PBu3 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.  
 

VIII. Simpkins 2010 Synthesis of Brevianamide B8 

 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 B37 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 TMSOTf 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 93.37 The protecting group 

on 94 was removed with SmI2 and LiCl, which simultaneously reduced the indoxyl to a mixture 

of alcohols (95).55 The alcohol was re-oxidized with Dess-Martin to give (-) brevianamide B. 

 

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 B9 

 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.58 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. 

 
9 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.59 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.  

 

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 



26 

 

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.5 

  

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 Proposal10 

 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.61 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.62-64 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.41,65 Whether this was enzymatically catalyzed or not was 

undecided. Overall, the biosynthetic proposal by Lawrence was incredibly similar to Williams’ 

1993 biosynthetic proposal41 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 Drugs11 

 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.).67,68 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. 

 

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.107  
 

 

ii. Glinka12 

 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.70 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, tBuOCl 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.39  

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 PG13 

 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 HCl 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 Core14 

 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 13371 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 135. Tautomerization and subsequent DA cycloaddition was 

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

 

 

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 α-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)15 

 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 144.73 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 

TiCl4 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 KMnO4 

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 conditions68 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 MnO2, which was further oxidized with NaClO2/NaH2PO4 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 Biosynthesis16 

 

 

 

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-ψ-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 B1108, (+) liphagal109, tropolone110, aurachin111, and (+) 

asteltoxin112. 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 D113, the two-enzyme system AuaG/AuaH (FAD/NADH 

 
16 This chapter is based on a publication from Nature Catalysis107 
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dependent) responsible for aurachin114, and the non-heme deoxygenase TropC involved in the 

biosynthesis of tropolone115. 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.  

 

II. 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.116 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).117,118 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 bvnC-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-His6-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.119 As the bvnD-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 bvnE KO study and the following 

conclusions will be discussed later in a later section of this chapter (see section III). 
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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 Mg2+. The results confirmed that reverse prenyl transferase BvnC was a 

synthase for deoxybrevianamide E, holding the same role as NotF in the notoamide 

biosynthesis.117 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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III. 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.51 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.37,47,51,54 It was theorized to be possible to synthesize the hydroxyindolenines from DA 

cycloadducts 126 and 34, which were known compounds.51  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.  

 

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 81.43,120 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 on a 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.  

 

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. 37,47 51, 54 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.47  
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Initial attempts to form the anti-hydroxyindolenine precursor of brevianamide B/Y were 

carried out with tBuOCl 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 1H-NMR spectra, as well as similar carbons, with the key C-2=N signal 

around 190 ppm. The only major difference between the 13C 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 tBuOCl sequence did not supply the hydroxyindolenine, there were some 

interesting findings for the reactivity of the species, along with insights into the bvnE-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). 



47 

 

 

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 tBuOCl 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)121 

Conversion of the carbonyl group of the amide to an ether was possible when treated with PCl5 

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.  



49 

 

 

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 



51 

 

well as synthetic data, was able to confirm that the hydroxyindolenines were the previously 

unknown intermediates in the P. brevicompactum-bvnE-KO strain.  

 
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 (ii), and 48h (iii).  (C) Comparison of synthetic 46 (i) and synthetic 216 
(ii) 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-His6-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 E90, 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 MeI 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 MeI. To prevent N-methylating 

the indole nitrogen, MeI 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. 

 

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-ψ-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. 

 

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 BvnE 
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.87 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 Å resolution (PDB ID: 6U9It; Figure 4.12 A). The crystal structure 

revealed that BvnE is a symmetric homodimer that adopts an +−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, 1σ) for the active site residues of 
BvnE (PDB ID: 6U9I) shows conformational flexibility at Arg38 and Glu131 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 Glu131. (C) The proposed BvnE reaction mechanism for 
isomerization. Glu131-mediated proton transfer could be assisted by Arg38, which interacts with 
Glu131 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 Glu131 were identified as 

candidates for site-directed mutagenesis. Specifically, Arg38, Tyr113, and Glu131 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 Glu131, 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 13368, there were no extra electron donating 

components on the benzene ring of the aromatic system to aid in the rearrangement.  

 

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 Miller68 and Glinka69. 

 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 3.14.122 

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.122 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.46 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.107  

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.39 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).  

 

Conditions Product (% yield) 

BF3OEt3, 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 86.123 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).123 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).   

 

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-Cl 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 tert-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.36  

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.  

 

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 HCl and DCM.64 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 242.123 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.68  
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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 α-
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: 1H-NMR comparison of synthetic vs. isolated brevianamide Y. Solvent for both 
spectra was d6-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 HCl 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.  

 

VII. 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.60 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).  

 

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 0 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.  

 

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.5 Similar to other pinacol rearrangements carried out 

in literature, the starting material was a hydroxyindolenine (246). A Lewis acid, scandium triflate 

(Sc(OTf)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 



68 

 

diastereomer, 248. The favoring of the indoxyl over the oxindole for 246 was intriguing, as many 

previous studies have shown the opposite.  

 

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)3 (Figure 3.25).124 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 246.5 
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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)3 successfully converted hydroxyindolenine 246 to indoxyl 

247, the reagent was tested on hydroxyindolenine 45. An equimolar amount of Sc(OTf)3 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.124 As 

all conditions so far had led to the formation of the oxindole, new conditions were investigated.  

 

Conditions 
mol % 

(250:251:252) 

HCl, THF-H2O 90:10:0 
Ti(OtBu)4, toluene 85:15:0 
Yb(OTf)3, toluene 0:17:83 
Cu(OTf)2, toluene 0:0:100 (35%) 
Sc(OTf)3, toluene 0:0:100 (90%) 
Sc(OTf)3, MeCN 0:60:40 
Sc(OTf)3, DMF 36:64:0 
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Figure 3.26: 1H-NMR comparison of synthetic vs. isolated brevianamide A. Solvent for both 
spectra was CDCl3. 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.125 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 kcal•mol-1 between 45 and 253). The product distribution found in the bvnE-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 (G‡ 8.8 kcal•mol-1) to the oxindole (Figure 3.29). Base activation 

appeared to activate the hydroxyl group instead, causing the selectivity to favor the migration of 

the diketopiperazine moiety (G‡ 0.7 kcal•mol-1). Exploration of the semi-pinacol 

rearrangement catalyzed by BvnE established the rearrangement to be exergonic and irreversibly 

favorable (G -11.6 kcal•mol-1). 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).   
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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 disfavored 

from indoxyl 39 relative to anti-cycloaddition, there were some C-H•••O interactions from 
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hydroxyindolenine 203 that do allow syn-cycloaddition to occur (Figure 3.30 C).126,127 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-H•••O hydrogen bond that increases the preference by 2 kcal•mol-1 (Figure 

3.30 A).  

 

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 B68 was likely 
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a result of similar hydrogen bonding interactions. Further analysis of the selectivity is currently 

under investigation.  

 

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 (Å). 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 BvnD 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 bvnE-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.128  
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Chapter 4: Penicillium purpurogenum: Biosynthetic isolate and proposals 
 

 

 

I. Penicimutamide A-C: Isolation and Biosynthetic proposal17 

 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),75 chemical epigenetics76, and co-cultivation77. Silent pathways in 

bacteria have had successful activation with ribosomal engineering78,79 by selecting drug-

resistant mutants with activated pathways under standard culture conditions.80,81 The use of 

ribosomal engineering has been employed in recent years on fungi with pronounced success.82-86 

One recent pathway that has been developed out of this renaissance of mutagenesis was the use 

diethyl sulfate (DES) to activate silent fungal pathways.87-91 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). 

 

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.74  
 
 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.92 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 CO2 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. 

 

II. Total Synthesis of the Enantiomers of Aspeverin and Penicimutamide A18 

 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 procedure95, 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, ZnCl2, 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.  

 

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).96 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 SnCl2 (54% yield) or reduction by H2 and Pd/C in presence of Pd(PPh3)4.97,98 

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 α-acetoxylation when treated with lead (IV) 

acetate in acetic acid.99 The crude acetate (182) was subjected to transesterification to provide 

alcohol 183. When exposed to MnO2, alcohol 183 was oxidized to ketone 184. While a variety of 
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conditions for epimerizing the -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.  

 

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).100 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 193.101 Having a single methyl group already installed, a Lewis acid, Me3Al, 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 (Boc2O) 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).  

 
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)2 in 

hexafluoroisopropanol (HFIP) to create a hydroxyindolenine that immediately reacted with the 

methoxy-carbamate to form 197.102,103 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.  

 

III. Isolation of Penicimutamides D-E19 

 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.74 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 

 
19 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.1 Both diastereomers of premalbrancheamide were identified in the 

fungi, with the new diastereomer being penicimutamide E.25,105 Interestingly, 

premalbrancheamide was found as a racemic mixture in P. purpurogenum.106  

 

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.107 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.107,51,62 As 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 

aspeverin. Aspeverin has displayed anticancer14,129-138, antibacterial139-142, anti-atherosclerotic143, 

and monoamine oxidase (MAO) inhibitor144 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. 

 

II. 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 VM55599145 

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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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.146 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.  

 

III. 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 34.146 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. 

 

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 HCl 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, NaHCO3, or diisopropylethylamine (DIEA).147-149 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 267.93,94 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.93,94 

 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.93,94 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.93  

 

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 (CH2Cl2), 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 oC. 

Solvents used to dilute polarimetry samples were obtained from the solvent system. All 1H 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 CDCl3 δ 7.26 ppm, CD3OD δ 

3.31 ppm, or (CD3)2SO δ 2.50 ppm for proton spectra and relative to CDCl3 δ 77.16 ppm, 

CD3OD δ 49.00, (CD3)2SO δ 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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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 (×2) and water (×3), dried overnight over MgSO4 at 0 °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: 1H NMR (400 MHz, Chloroform-d) δ 5.83 (hept, 

J = 2.1 Hz, 1H), 1.84 (d, J = 2.1 Hz, 6H). 13C NMR (101 MHz, Chloroform-d) δ 199.69, 106.72, 

69.81, 20.23. 

 

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: 1H NMR (400 MHz, Chloroform-d) δ 4.52 (hept, J = 3.2 Hz, 2H), 1.69 

(t, J = 3.2 Hz, 6H). 13C NMR (101 MHz, Chloroform-d) δ 207.10, 93.86, 72.54, 20.10. 
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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 

× 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 Na2SO4, 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: 1H NMR 

(400 MHz, Chloroform-d) δ 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). 13C NMR (101 MHz, Chloroform-d) δ 135.06, 125.48, 123.22, 120.98, 

120.57, 118.35, 111.63, 106.59. 

 

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 H2O2 
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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 × 91 mL), dried over MgSO4, 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: 1H NMR (400 MHz, Chloroform-d) δ 

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, 0H), 6.10 – 6.00 (m, 1H), 5.16 – 

5.13 (m, 1H), 5.11 (s, 1H), 1.49 (s, 6H). 13C NMR (101 MHz, Chloroform-d) δ 146.15, 145.85, 

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

 

N,N-dimethyl-1-(2-(2-methylbut-3-en-2-yl)-1H-indol-3-yl)methanamine (79): Me2NH (40 % 

in H2O, 1.11 mL, 8.79 mmols) and H2CO (37% in H2O, 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 HCl and 100 mL of 

ether. The organics were washed with 1M HCl (2 × 50 mL). The aqueous was basified with 2M 

NaOH and washed with ether (2 × 195 mL). The organics were combined, washed with NaHCO3 

(2 × 50 mL), brine (2 × 195 mL), dried over MgSO4, filtered and concentrated to yield a bright 

orange oil (1.78 g, 92%). 
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ethyl 2-((diphenylmethylene)amino)acetate (80): Benzophenone imine S1 (12.98 g, 71.64 

mmols) was added to a solution of glycine HCl (10.00 g, 71.64 mmols) in DCM (84.4 mL) at rt. 

A CaCl2 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 H2O (2 × 130 mL), dried over MgSO4, filtered, and concentrated to yield glycine 

derivative as a yellow solid (15.0 g, 78%). 80: 1H NMR (400 MHz, Chloroform-d) δ 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). 13C NMR (101 MHz, Chloroform-d) δ 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. 

 

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 × 46 

mL). The organics were combined and washed with brine (2 × 90 mL), dried over Na2SO4, 

filtered, and concentrated to yield a crude orange oil that was immediately carried forward.  
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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), 1M HCl (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 × 123 mL), dried over 

MgSO4, 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: 1H NMR (400 

MHz, Chloroform-d) δ 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). 

 

(9H-fluoren-9-yl)methyl (2S,3S)-2-(formyloxy)-3-hydroxypyrrolidine-1-carboxylate (210): 

K2CO3 (26.26 g in 191 mL H2O) 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 × 629 mL). The aqueous was acidified with 

2M HCl (~220 mL) and extracted with EtOAc (1 × 629 mL, 2 × 315 mL). The organics were 

combined then washed with brine (2 × 629 mL), dried over MgSO4, filtered, and concentrated to 

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

 

(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 1M HCl. The aqueous was back extracted with DCM (2 × 24 mL). The organics were 

combined, washed with 40 mL of brine, dried over Na2SO4, 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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(8R,8aS)-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 HCl (96.4 mL) and DCM (195 mL). The 

aqueous layer was back extracted with DCM (48 mL × 2), the combined organics were washed 

with brine (195 mL), dried over Na2SO4, 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: 1H 

NMR (400 MHz, Chloroform-d) δ 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), 

4.43 (ddd, J = 11.8, 4.0, 1.8 Hz, 1H), 4.12 (t, J = 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, J = 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). 13C NMR (101 MHz, Chloroform-d) δ 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: 1H NMR (400 MHz, Chloroform-d) δ 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 = 3.7 Hz, 1H), 4.29 (dt, J = 9.7, 3.9 Hz, 1H), 3.85 (td, J = 11.1, 7.7 Hz, 1H), 3.70 (d, J = 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, J = 3.3 Hz, 

6H). 13C NMR (101 MHz, Chloroform-d) δ 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. 

 

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: 1H NMR (400 MHz, Chloroform-d) δ 8.03 (s, 1H), 7.53 (d, J = 7.9 Hz, 1H), 7.32 (d, J = 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). 13C NMR (101 MHz, Chloroform-d) δ 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. 

 

(12aS)-12,12-dimethyl-2,3,11,12,12a,13-hexahydro-1H,5H,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 0 °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 (×3), washed with brine, dried over 

Na2SO4, filtered, and concentrated. The crude material was purified by flash column with 1% 

MeOH/CHCl3 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: 1H NMR (400 MHz, Chloroform-d) δ 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, J = 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). 13C NMR (101 MHz, 

Chloroform-d) δ 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-1. 126: 1H NMR (400 MHz, Chloroform-d) δ 7.50 (d, J = 7.6 

Hz, 1H), 7.39 (q, J = 7.5 Hz, 2H), 7.22 (d, J = 7.3 Hz, 1H), 6.37 (s, 1H), 3.74 (dd, J = 10.0, 7.4 



118 

 

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, J = 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).13C NMR (101 MHz, Chloroform-d) δ 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-1. 

 

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% 

Na2CO3, H2O, and dried over CaCl2 in an amber glass bottle in the fridge as a bright yellow 

liquid.  

 

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

(epiminomethano)indolizino[7,6-b]carbazole-5,14-dione (212): tBuOCl (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: 1H NMR (400 MHz, Chloroform-d) δ 
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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, J = 12.9, 7.5 Hz, 1H), 1.54 (d, J = 16.0 Hz, 1H), 1.47 (s, 

3H), 1.36 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 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 Me2S 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: 1H NMR (400 

MHz, Chloroform-d) δ 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, J = 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). 13C NMR (101 MHz, Chloroform-d) δ 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: 1H NMR (400 MHz, Chloroform-d) δ 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, J = 13.1, 

7.3 Hz, 1H), 1.48 (s, 3H), 1.35 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 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. 

 

(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-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: 1H NMR (400 MHz, Chloroform-d) δ 7.50 (d, J = 7.6 Hz, 1H), 7.39 (q, J = 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, J = 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). 13C NMR (101 MHz, Chloroform-d) δ 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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3-ethoxybenzo[d]isothiazole 1,1-dioxide (214): PCl5 (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: 1H NMR (400 MHz, 

Chloroform-d) δ 7.89 (dd, J = 7.0, 1.5 Hz, 1H), 7.79 – 7.67 (m, 3H), 4.67 (q, J = 7.1 Hz, 2H), 

1.53 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, Chloroform-d) δ 168.93, 143.34, 133.83, 133.22, 

126.95, 123.14, 121.68, 68.04, 13.84. 

 

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 

NH4Cl. The reaction mixture was extracted with EtOAc (×2), washed with brine (×2), dried over 

MgSO4, filtered, and concentrated to give product as white crystals (0.864 g, 82%). 215: 1H 

NMR (400 MHz, Chloroform-d) δ 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, 0H), 1.58 – 1.50 (m, 1H), 1.54 – 1.44 (m, 
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2H), 0.99 (t, J = 7.4 Hz, 2H). 13C NMR (101 MHz, Chloroform-d) δ 176.47, 139.94, 134.00, 

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

 

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 K2CO3 (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 Na2SO3, NaHCO3, and brine. The organic layer was dried over Na2SO4, filtered, and 

concentrated. The crude material was purified by column chromatography to yield a solid as 

product (500 mg, 75%). 131: 1H NMR (400 MHz, Chloroform-d) δ 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). 13C NMR (101 MHz, Chloroform-d) 

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

 

(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 (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/CHCl3). The material was further purified by preparative TLC with 6% MeOH/CHCl3 to 

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

 

(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): 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. 

 

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 HCl. 

The aqueous was re-extracted with DCM (2 × 13 mL). The organics were combined, washed 

with brine (2 × 21 mL), dried over Na2SO4, 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: 1H NMR (400 MHz, Chloroform-

d) δ 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, J = 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). 

 

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 × 125 mL), dried over Na2SO4, 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 HCl. The aqueous was 

extracted with DCM (×2). The organics were combined, washed with brine, dried over Na2SO4, 

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: 

1H NMR (400 MHz, Chloroform-d) δ 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, J = 0.9 Hz, 0H), 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, J = 11.9, 8.8, 3.0 Hz, 1H), 3.19 (dd, J = 15.3, 11.6 Hz, 1H), 
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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: 1H 

NMR (400 MHz, Chloroform-d) δ 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, J = 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). 

 

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. 

MeI (~ 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 × 57 mL). The organics were 

combined, washed with 100 mL of brine, dried over Na2SO4, 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: 1H NMR (400 MHz, Chloroform-

d) δ 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, J = 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, 0H), 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). 13C NMR (600 MHz, CDCl3): δ 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. 

 

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-Cl 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 (×2), washed with brine, dried over Na2SO4, 

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: 1H NMR (400 MHz, Chloroform-

d) δ 7.92 (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, J = 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): tBuOCl (58.8 mL, 0.518 

mmols) was added to a solution of 237 (102 mg, 0.259 mmols) and NEt3 (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 HCl (9.50 mL) to run for 48 

hours. The reaction mixture was basified with NaHCO3, extracted with DCM (×2), washed with 

brine, dried over Na2SO4, 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: 1H 

NMR (400 MHz, Chloroform-d) δ 8.23 (s, 1H), 7.19 (td, J = 7.7, 1.3 Hz, 1H), 7.10 (d, J = 7.4 

Hz, 1H), 6.97 (td, J = 7.6, 1.1 Hz, 1H), 6.86 (d, J = 7.7 Hz, 1H), 6.13 – 6.01 (m, 2H), 5.12 (dd, J 

= 10.8, 1.2 Hz, 1H), 5.00 (dd, J = 17.4, 1.3 Hz, 1H), 4.85 (d, J = 10.4 Hz, 1H), 4.27 (d, J = 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: 1H NMR (400 MHz, Chloroform-d) δ 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, J = 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). 

 

(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): tBuOCl (227 µL, 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 0 °C and run for 20-40 

minutes maintaining the temperature. The reaction was concentrated before the addition of DCM 

(40 mL) and 2M HCl (40 mL), which then ran for 24 hours. Once complete, the reaction mixture 

was neutralized with NaHCO3, washed with DCM (×2) and brine, dried over MgSO4, 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: [α]23 
D -129 (c 0.20, 

MeOH). 1H NMR (400 MHz, Chloroform-d) δ 7.90 (s, 1H), 7.29 – 7.20 (m, 2H), 7.04 (td, J = 

7.6, 1.1 Hz, 1H), 6.88 (dt, J = 7.5, 0.9 Hz, 1H), 6.65 (s, 1H), 6.03 (dd, J = 17.4, 10.8 Hz, 1H), 

5.13 (dd, J = 10.8, 1.1 Hz, 1H), 5.02 (dd, J = 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, J = 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). 13C NMR (101 MHz, Chloroform-d) δ 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-1. HRMS (ESI/Q-TOF) m/z: [M + H]+ Calcd for C21H26N3O4 384.1918; Found 384.1909. 

Cis-230: [α]23 
D -45.6 (c 0.50, MeOH) 1H NMR (400 MHz, Chloroform-d) δ 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, J = 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). 13C NMR (101 MHz, Chloroform-d) δ 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-1. HRMS (ESI/Q-TOF) m/z: [M + H]+ Calcd for C21H26N3O4 384.1918; Found 

384.1916. 

 

(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: [α]23 
D +82.3 (c 0.265, MeOH) 1H NMR (400 MHz, 

Chloroform-d) δ 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). 13C NMR (101 MHz, 

Chloroform-d) δ 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-1. HRMS (ESI/Q-TOF) m/z: [M + H]+ Calcd for C21H26N3O4 

384.1918; Found 384.1921. Trans-243: [α]23 
D -233 (c 0.33, MeOH); 1H NMR (400 MHz, 

Chloroform-d) δ 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). 13C NMR (101 MHz, 

Chloroform-d) δ 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 C21H26N3O4 384.1918; 

Found 384.1914 
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(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 µL, 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, PBu3 (290 µL, 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: [α]23 
D -25.8 (c 0.33, MeOH); 1H NMR (400 MHz, Chloroform-d) δ 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, J = 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). 13C NMR (101 

MHz, Chloroform-d) δ 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-1. HRMS (ESI/Q-TOF) m/z: [M + H]+ Calcd for 
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C21H24N3O3 366.1812; Found 366.1811. (S,S)-244: [α]23 
D +22.0 (c 0.10, MeOH). HRMS 

(ESI/Q-TOF) m/z: [M + H]+ Calcd for C21H24N3O3 366.1812; Found 366.1809. 

 

(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 & trans-230 following the same procedure for the 

synthesis of 229 from cis/trans-230. (S,R)-229: [α]23 
D -177 (c 0.15, MeOH); HRMS (ESI/Q-

TOF) m/z: [M + H]+ Calcd for C21H24N3O3 366.1812; Found 366.1817. (R,S)-229: [α]23 
D +174 

(c 0.25, MeOH).  1H NMR (400 MHz, Chloroform-d) δ 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, J = 17.4, 

1.2 Hz, 1H), 4.05 (ddd, J = 12.4, 11.1, 5.4 Hz, 1H), 3.83 (td, J = 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). 13C NMR (101 MHz, 

Chloroform-d) δ 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-1. HRMS (ESI/Q-TOF) m/z: [M + 

H]+ Calcd for C21H24N3O3 366.1812; Found 366.1844. 

 

Brevianamide Y & Compound 245: A 20% aqueous solution of KOH (7.53 mL) was added to 

a solution of (R,S)-229 & (S,S)-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 (×3). The combined organics were 

washed with brine, dried over Na2SO4, filtered and concentrated. The crude oil was purified by 

flash column chromatography with 1-6% MeOH/CHCl3 to yield a mixture of diastereomers as a 

white solid. The diastereomers could be partially separated by preparative TLC with 3% 

MeOH/CDCl3. Brevianamide Y: 1H NMR (500 MHz, DMSO-d6) δ 10.29 (s, 1H), 8.79 (s, 1H), 

7.42 (d, J = 7.5 Hz, 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, J = 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).  13C NMR (126 MHz, 

DMSO-d6) δ 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. 1H NMR (400 MHz, 

Methanol-d4) δ 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, J = 12.8, 6.2 

Hz, 1H), 2.18 (d, J = 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). 13C NMR (101 MHz, Methanol-d4) δ 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. [α]23 
D +120 (c 0.10, MeOH). IR: 3245, 2925, 2854, 1677 cm-1. HRMS (ESI/Q-

TOF) m/z: [M + H]+ Calcd for C21H24N3O3 366.1812; Found 366.1822. 245:1H NMR (400 MHz, 

DMSO-d6) δ 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). 13C NMR (126 MHz, 

DMSO-d6) δ 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. 1H NMR (400 MHz, 

Methanol-d4) δ 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). 13C NMR (101 

MHz, Methanol-d4) δ 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. [α]23 
D +212 (c 
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0.05, MeOH). IR: 3230, 2970, 2872, 1718 cm-1. HRMS (ESI/Q-TOF) m/z: [M + H]+ Calcd for 

C21H24N3O3 366.1812; Found 366.1803. 

 

Ent-Brevianamide Y & Ent-245: The synthesis of ent-brevianamide Y and ent-245 that from 

trans/cis-245 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: [α]23 
D -117 (c 0.15, MeOH). HRMS (ESI/Q-

TOF) m/z: [M + H]+ Calcd for C21H24N3O3 366.1812; Found 366.1807. ent-245: [α]23 
D -136 (c 

0.10, MeOH). HRMS (ESI/Q-TOF) m/z: [M + H]+ Calcd for C21H24N3O3 366.1812; Found 

366.1805. 
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Brevianamide X: tBuOCl (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 0 °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 HCl (5.25 mL), and stirred vigorously for 48 hours. The 

mixture was quenched with NaHCO3, extracted with DCM (×2), washed with brine, dried over 

Na2SO4, filtered, and concentrated. The crude material was purified by flash column 

chromatography (2-10% MeOH/CHCl3) to yield a white solid product (65%, 34 mg). 1H NMR 

(400 MHz, DMSO-d6) δ 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 

H2O, 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). 13C NMR (101 MHz, DMSO-d6) δ 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. 1H NMR (400 MHz, Chloroform-d) δ 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, J = 13.2, 8.1 Hz, 1H), 1.72 (dd, J = 12.8, 

8.4 Hz, 1H), 0.89 (s, 3H), 0.84 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 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 

C21H24N3O3 366.1812; Found 366.1802. 

 

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 Na2SO4, 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: 1H NMR (400 MHz, Chloroform-d) δ 7.57 

(d, J = 7.7 Hz, 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, 6.7 Hz, 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). 13C NMR (101 MHz, Chloroform-d) δ 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-1. HRMS (ESI/Q-TOF) m/z: [M + Na]+ Calcd for C21H23N3O3Na 388.1632; 

Found 388.1645.  

 



138 

 

 

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 Na2SO4 • 10H2O 

(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/CHCl3 as a white solid (22 mg, 

91.7%). Penicimutamide E: 1H NMR (400 MHz, Chloroform-d) δ 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, J = 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, J = 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). 1H NMR (400 MHz, Methanol-d4) δ 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) δ 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. 13C NMR (101 MHz, Methanol-d4) δ 
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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-1. HRMS (ESI/Q-

TOF) m/z: [M + H]+ Calcd for C21H26N3O 336.2071; Found 336.2081. 

 

(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): BF4OEt3 (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 Na2SO4, filtered and concentrated. The material 

was further purified by flash column chromatography with 2-6% MeOH/DCM (45 mg, 83%). 

263: 1H NMR (400 MHz, Chloroform-d) δ 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, 0H), 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, J = 17.1 Hz, 1H), 3.55 – 3.42 (m, 2H), 

3.48 (d, J = 57.3 Hz, 0H), 3.30 (d, J = 17.1 Hz, 1H), 2.76 – 2.64 (m, 1H), 2.33 (dd, J = 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). 

13C NMR (101 MHz, Chloroform-d) δ 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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(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): BF4OEt3 (27.19 mg, 0.143 mmols) and 

Cs2CO3 (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 Na2SO4, filtered, and concentrated. The crude material was 

purified with 1-5% MeOH/DCM to yield an off-white solid (15 mg, 58%). S4: 1H NMR (400 

MHz, Chloroform-d) δ 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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Figure A3: 1H NMR spectrum of 207. 
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Figure A4: 13C NMR spectrum of 207. 
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Figure A5: 1H NMR spectrum of 209. 
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Figure A6: 13C NMR spectrum of 209. 
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Figure A7: 1H NMR spectrum of 78. 
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Figure A8: 13C NMR spectrum of 78. 
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Figure A9: 1H NMR spectrum of 80. 
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Figure A10: 13C NMR spectrum of 80. 
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Figure A11: 1H NMR spectrum of 82. 
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Figure A12: 1H NMR spectrum of cis-86. 
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Figure A13: 13C NMR spectrum of cis-86. 
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Figure A14: COSY NMR spectrum of cis-86. 
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Figure A15: HSQC NMR spectrum of cis-86. 
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Figure A16: NOESY NMR spectrum of cis-86. 
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Figure A17: ROESY NMR spectrum of cis-86. 
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Figure A18: 1H NMR spectrum of trans-86. 
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Figure A19: 13C NMR spectrum of trans-86. 
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Figure A20: COSY NMR spectrum of trans-86. 
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Figure A21: HSQC NMR spectrum of trans-86. 
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Figure A22: ROESY NMR spectrum of trans-86.
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Figure A23: NOESY NMR spectrum of trans-86. 
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Figure A24: 1H NMR spectrum of 87. 
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Figure A25: 13C NMR spectrum of 87. 
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Figure A26: COSY NMR spectrum of 87. 
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Figure A27: HSQC NMR spectrum of 87. 



166 

 

Figure A28: 1H NMR spectrum of 34. 
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Figure A29: 13C NMR spectrum of 34. 
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Figure A30: COSY NMR spectrum of 34. 
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Figure A31: HSQC NMR spectrum of 34. 
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Figure A32: 1H NMR spectrum of 126. 
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Figure A33: 13C NMR spectrum of 126. 
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Figure A34: COSY NMR spectrum of 126. 
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Figure A35: HSQC NMR spectrum of 126. 
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Figure A36: 1H NMR spectrum of 212. 
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Figure A37: 13C NMR spectrum of 212. 
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Figure A38: 1H NMR spectrum of 214. 
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Figure A39: 13C NMR spectrum of 214. 
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Figure A40: 1H NMR spectrum of 215. 
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Figure A41: 13C NMR spectrum of 215. 
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Figure A42: 1H NMR spectrum of 131. 
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Figure A43: 13C NMR spectrum of 131. 
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Figure A44: 1H NMR spectrum of 46. 
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Figure A45: 13C NMR spectrum of 46. 
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Figure A46: COSY NMR spectrum of 46. 
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Figure A47: HSQC NMR spectrum of 46. 
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Figure A48: 1H NMR spectrum of 45. 
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Figure A49: 13C NMR spectrum of 45. 
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Figure A50: COSY NMR spectrum of 45. 
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Figure A51: HSQC NMR spectrum of 45. 
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Figure A52: 1H NMR spectrum of 216. 
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Figure A53: 13C NMR spectrum of 216. 



192 

 

Figure A54: COSY NMR spectrum of 216. 
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Figure A55: HSQC NMR spectrum of 216. 
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Figure A56: 1H NMR spectrum of 219. 
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Figure A57: 1H NMR spectrum of S2. 
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Figure A58: 1H NMR spectrum of Deoxybrevianamide E. 
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Figure A59: 1H NMR spectrum of N-methyl-deoxybrevianamide E. 
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Figure A60: 1H NMR spectrum of 237. 
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Figure A61: NOESY NMR spectrum of 237. 
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Figure A62: 1H NMR spectrum of 241. 
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Figure A63: 1H NMR spectrum of 242. 
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Figure A64: 1H NMR spectrum of cis-230. 
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Figure A65: 13C NMR spectrum of cis-230. 
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Figure A66: COSY NMR spectrum of cis-230. 
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Figure A67: HSQC NMR spectrum of cis-230. 
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Figure A68: 1H NMR spectrum of cis-243. 
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Figure A69: 13C NMR spectrum of cis-243. 
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Figure A70: COSY NMR spectrum of cis-243. 
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Figure A71: HSQC NMR spectrum of cis-243. 
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Figure A72: 1H NMR spectrum of trans-230. 
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Figure A73: 13C NMR spectrum of trans-230. 
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Figure A74: COSY NMR spectrum of trans-230. 
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Figure A75: HSQC NMR spectrum of trans-230. 
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Figure A76: 1H NMR spectrum of trans-243. 
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Figure A77: 13C NMR spectrum of trans-243. 
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Figure A78: COSY NMR spectrum of trans-243. 
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Figure A79: HSQC NMR spectrum of trans-243. 
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Figure A80: 1H NMR spectrum of (S,S) & (R,R)-229. 
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Figure A81: 13C NMR spectrum of (S,S)-229 & (R,R)-229. 
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Figure A82: COSY NMR spectrum of (S,S) & (R,R)-229. 
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Figure A83: HSQC NMR spectrum of (S,S) & (R,R)-229. 
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Figure A84: 1H NMR spectrum of (S,R)-244 & (R,S)-244. 
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Figure A85: 13C NMR spectrum of (S,R)-244 & (R,S)-244. 
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Figure A86: COSY NMR spectrum of (S,R)-244 & (R,S)-244. 
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Figure A87: HSQC NMR spectrum of (S,R)-244 & (R,S)-244. 
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Figure A88: 1H NMR spectrum of Brevianamide Y. 
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Figure A89: 1H NMR spectrum of Brevianamide Y (MeOD). 
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Figure A90: 13C NMR spectrum of Brevianamide Y (MeOD). 
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Figure A91: 13C NMR spectrum of Brevianamide Y (DMSO). 
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Figure A92: COSY NMR spectrum of Brevianamide Y (DMSO). 
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Figure A93: HSQC NMR spectrum of Brevianamide Y (DMSO). 
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Figure A94: 1H NMR spectrum of 245 (DMSO). 
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Figure A95: 1H NMR spectrum of 245 (MeOD). 
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Figure A96: 13C NMR spectrum of 245 (DMSO). 
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Figure A97: 13C NMR spectrum of 245 (MeOD). 
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Figure A98: COSY NMR spectrum of 245 (DMSO). 



237 

 

Figure A99: HSQC NMR spectrum of 245 (DMSO). 
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Figure A100: 1H NMR spectrum of Brevianamide X (DMSO). 
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Figure A101: 1H NMR spectrum of Brevianamide X (CDCl3). 
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Figure A102: 13C NMR spectrum of Brevianamide X (DMSO). 
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Figure A103: 13C NMR spectrum of Brevianamide X (DMSO). 
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Figure A104: COSY NMR spectrum of Brevianamide X (DMSO). 
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Figure A105: HSQC NMR spectrum of Brevianamide X (DMSO). 
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Figure A106: 1H NMR spectrum of Brevianamide A. 



245 

 

Figure A107: 13C NMR spectrum of Brevianamide A. 
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Figure A108: COSY NMR spectrum of Brevianamide A. 
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Figure A109: HSQC NMR spectrum of Brevianamide A. 
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Figure A110: 1H NMR spectrum of Penicimutamide E in CDCl3. 
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Figure A111: 1H NMR spectrum of Penicimutamide E in MeOD. 
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Figure A112: 13C NMR spectrum of Penicimutamide E in CDCl3. 
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Figure A113: 13C NMR spectrum of Penicimutamide E in MeOD. 



252 

 

Figure A114: COSY NMR spectrum of Penicimutamide E. 
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Figure A115: HSQC NMR spectrum of Penicimutamide E. 
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Figure A116: 1H NMR spectrum of S3. 
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Figure A117: 1H NMR spectrum of 263. 
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Figure A118: 13C NMR spectrum of 263.
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List of Abbreviations 
 

 

  
Ac2O Acetic Anhydride 

AcOH Acetic Acid 

AIBN Azobisisobutyronitrile 

Ao Aspergillus orzae  

9-BBN 9-Borabicyclo[3.3.1]nonane 

BBr3 Boron tribromide 

Boc tert-Butoxycarbonyl 

Boc2O Di-tert-butyl dicarbonate 

BF4OMe3 Trimethyloxonium tetrafluoroborate 

Bn Benzyl 

BOP-Cl Biphosphinic chloride 

BuLi Butyllithium 

CDCl3 Deuterated Choroform 

CHCl3 Chloroform 

CO2H Formaldehyde 

Cs2CO3 Cesium Carbonate 

DA Diels-Alder 

DBU 1,8-diazabicyclo[5.4.0]undec-7-ene 

DCC N,N′-Dicyclohexylcarbodiimide 
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DCM Dichloromethane 

DDQ 2,3-dichloro-5,6-dicyano-1,4-benzoquinone 

DEAD Diethyl azocarboxylate 

DES Diethyl sulfate 

DIBAL Diisobutylaluminum hydride 

DIPEA Diisoproplethlamine 

DMF Dimethylformamide 

DMSO Dimethylsulfoxide 

DO Davis’ Oxadizidine 

EDC N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride 

Et Ethyl 

EtOAc  Ethyl acetate 

Et2O  Diethyl ether 

EtOH  Ethanol 

Fmoc  Fluorenylmethyloxycarbonyl 

FmocOsu  Fluorenylmethoxycarbonyloxy succinimide 

HATU  O-(7-Azabenzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium 

HFIP Hexafluoroisopropanol 

HPLC High Performance Liquid Chromatography 

IMDA  IMDA Intramolecular Diels-Alder 

K2CO3 Potassium carbonate 

KHMDS  KHMDS Potassium (bis)trimethylsilyl amide 

KO Knock-out 
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LDA Lithium diisopropylamide  

mCPBA  mCPBA meta-Chloroperbenzoic acid 

Me  Methyl 

MeI  Methyl iodide 

MeCN  Acetonitirile 

MeOH Methanol 

MOM Methoxymethyl 

MOM-Cl Chloromethyl methyl ether 

Ms  Methanesulfonyl (mesylate) 

MsCl  Methanesulfonyl chloride 

NaBH4 Sodium borohydride 

NaBH3CN Sodium cyanoborohydride 

NADH  Nicotinamide adenine dinucleotide 

NADPH  Nicotinamide adenine dinucleotide phosphate 

NaH Sodium Hydride 

NaStBu Sodium 2-methyl-2-propanethiolate 

NCS  N-chlorosuccinimide 

NHMDS (or NaHMDS)  Sodium (bis)trimethylsilyl amide 

NHMe2 Dimethylamine 

NHPI N-Hydroxyphthalimide 

NMR  Nuclear magnetic resonance 

NRPS  Nonribosomal peptide synthetase 

NTF2 Nuclear transport factor 2 
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PBu3 Tributylphoshine 

PCl5 Phosphorus pentachloride 

PhMe Toluene  

PhNHNH2 Phenylhydrazine 

pMB  p-Methoxybenzyl 

PPTS Pyridinium p-toluenesulfonate 

pTLC  pTLC Preparative thin layer chromatography 

i-Pr i-Pr Isopropyl 

Py. or Pyr Pyridine 

Red-Al Sodium bis(2-methoxyethoxy)aluminum dihydride 

Sc(OTf)3 Scandium Triflate 

SM Starting Material 

taut Tautomerize  

TBAF  Tetrabutylammonium fluoride 

t-Bu Tert-butyl  

tBuOCl Tert-butyl hypochlorite 

TFA  Trifluoroacetic acid 

THF  Tetrahydrofuran 

TLC  Thin layer chromatography 

TMS  Trimethylsilyl 

TMSCl  Trimethylsilyl chloride 

TMSOTF Trimethylsilyl trifluoromethanesulfonate 

TMSI 1-(Trimethylsilyl)imidazole 
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pTLC  Preparative thin layer chromatography 

i-Pr   Isopropyl 

2-OH-py 2-Hydroxypyridine 

 


