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This dissertation describes synthetic approaches to three alkaloid natural products, and one 

triterpenoid natural product. The first chapter focuses on the history and syntheses of the bioactive 

steroidal alkaloid (–)-batrachotoxin. Several notable partial syntheses are discussed, as well as two 

total synthesis. Previous efforts by the Rychnovsky group, as well as our current route towards 

batrachotoxin are described in Chapter 2. The successful synthesis of fully elaborated AB and DE 

steroidal fragments are disclosed, as well as the key reductive fragment coupling and Heck 

cyclization to form the steroidal core. 

 Chapters 3 provides a concise introduction to the Lycopodium family of natural products, 

while Chapters 4 and 5 describe our recent efforts towards the total synthesis of two Lycopodium 

alkaloids, (+)-fastigiatine and (–)-himeradine A. Following the successful first-generation 

synthesis of fastigiatine, we chose to pursue a modified second-generation route that was inspired 

by computationally modeling. Highlights of the synthesis include a diastereoselective reduction-
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ketalization, an optimized dibromocarbene mediated ring-expansion, and utilization of photoredox 

catalysis to perform a radical aminomethylene conjugate addition. In Chapter 5, our efforts towards 

the total synthesis of himeradine A are disclosed. A highly efficient racemic synthesis of an 

advanced tri-substituted piperidine was achieved, and several methods to perform a late-stage 

resolution are discussed. A proof-of-concept Suzuki coupling between the quinolizidine precursor 

and pentacyclic core precursor was successful. Elaboration of the coupled intermediate through 

the remainder of the synthesis was accomplished, confirming the validity of our approach towards 

the synthesis of himeradine A.  

 Finally, several strategies towards the synthesis of the 4,5-spirocyclic fragment of 

phainanoid F are presented in Chapter 6. While initial efforts on a model system were unsuccessful 

due to unexpected carbocation rearrangements, a route involving the photochemical Wolff ring 

contraction proved to be an efficient method to access the cyclobutane moiety found in the natural 

product. This approach is currently being applied towards the enantioselective synthesis of the 

western fragment of phainanoid F.



 

1 

 

 

 

Chapter 1. Isolation, Biological Activity, and Historical Approaches Towards 

the Total Synthesis of (–)-Batrachotoxin 

 

 

 

 

 

 

 

 

 

 

 

 

1.1 Abstract 

In this chapter, the isolation and historical background surrounding (–)-batrachotoxin will 

be discussed. Notable previous syntheses will also be covered, including partial syntheses by 

Imhof, Keana, Magnus, Parsons, Deslongchamps, and the only two total syntheses to date by Kishi 

and DuBois. 
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1.2 Introduction 

The structure of the voltage-gated sodium ion channels (VGSC) is the focus of intense 

study because of their role in human illnesses.1–3 Mutations in sodium ion channel genes have been 

shown to cause epilepsy in humans, but the vast majority of these mutations have been identified 

in the SCN1A gene encoding Nav1.1.4–6 In contrast, mutations in the SCN8A gene that decrease 

function of the Nav1.6 sodium channel help prevent seizures related disorders in mice.7  Based on 

these observations, a promising approach for the development of novel drugs to suppress seizures 

is to identify compounds that either enhance Nav1.1 activity, or decrease Nav1.6 activity. 

In addition to epilepsy, VGSCs are also implicated in chronic pain, which is currently an 

unmet need in clinical medicine.8,9 A polymorphism in the SCN9A gene is found in an estimated 

100 million adults in the United States.10,11 This causes the Nav1.7 isoform to be moderately 

hyperactive, which increases the likelihood and severity of chronic pain from nerve injuries. The 

implication of the role of Nav1.7 in chronic pain makes it an attractive target for drug therapies. 

Several pharmaceutical companies have developed promising compounds for Nav1.7 isoform 

selective drugs, such as AZD3161 (1-3) and natural product-derived saxitoxin derivatives (1-4, 

Figure 1), however, with several compounds reaching clinical trials.12  Selective targeting of 

 

Figure 1-1: BTX and related isoform-selective VGSC agonists. 
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voltage gated ion channel isoforms unlocks a great potential for the clinical treatment of a variety 

of illnesses. 

For centuries, it had been known that natives of Columbia had been using the skin 

excretions of colorful “Kokoi” frogs to poison the tips of their hunting arrows and blow darts. 

Reports dating as early as 1869 have documented the microgram quantities of poison required to 

kill large game in seconds. It wasn’t until the 1960’s that a formal isolation attempt was carried 

out by Märki and Witkop. Together, they were able to isolate and rigorously purify the active 

poison in the Kokoi venom. Since its isolation, BTX has also been discovered in New Guinea 

passerine birds and Melyrid beetles.  

 Batrachotoxin (BTX, 1-1) is a steroidal alkaloid sodium ion channel agonist, first isolated 

by Daly et al. in 1965 from 330 methanolic skin extracts of the poison arrow frog Phyllobates 

aurotaenia.13  BTX (LD50 = 2 μg/kg, mouse sub-cutaneous injection) and its family members 

homobatrachotoxin (LD50 = 3 μg/kg, mouse), psuedobatrachotoxin (LD50 not determined), and 

batrachotoxinin A (LD50 = 1 mg/kg, mouse) were was quickly discovered to be the extremely 

potent, specifically as small molecule agonist for voltage-gated sodium ion channels.14  To date, 

batrachotoxin remains the most potent non-peptidic small molecule known.  

The structure of batrachotoxin was not formally elucidated until a crystal structure was 

elucidated by Tokuyama in 1968, which confirmed the relative and absolute stereochemistry of a 

 

 
Figure 1-2: BTX p-bromobenzoate for X-Ray analysis. 
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p-bromobenzoate derivative (1-5) of batrachotoxinin A (Figure 2)15–18. X-ray analysis of a single 

crystal revealed the absolute core structure to be 3α,9α-epoxy-14β,18β-[epoxyethano-N-

methylimino]-5β-pregna-7,16-diene-3β-11α-20α-triol. The crystal structure demonstrated the 

batrachotoxin family to have several unique features not found in any other steroid or alkaloid 

natural product, including the propellane-like E-ring homomorpholine fusing the CD rings, the 

C16-17 unsaturation, and the AB bridging hemiketal.   

Batrachotoxin is known to be up to 1,000 times more potent than the free alcohol variant 

batrachotoxinin A,16 indicating the crucial role of the aryl ester in ion channel binding affinity. 

Predictive modeling of BTX in VGSC isoforms consistently identifies several other BTX moieties 

as sites for interaction within ion channel pores.19 Modeling of BTX in Nav1.1 shows seven 

interaction points of the CDE rings of BTX with various residues within the channel, and only one 

for the AB ring (Figure 3).20  

 

        

Figure 1-3: Schematic view of BTX-channel interactions (A). Predicted binding mode of BTX in Nav1.1 (B). 

 

The unique lipophilic structure of batrachotoxin enables it to bind irreversibly to the inner 

pore α-helix (Site 2) of Navs. This irreversible binding locks the pore in the “open” position. 

Consequentially, this event disrupts the expected function of the ion channel, leading to the 

elimination of inactivation gating, hyperpolarized shift in voltage dependence of activation, 

B) 

       

A) 
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reduced ion selectivity, and reduced single channel conductance.21 Practically speaking, this 

results in almost instantaneous cell death, which explains why trace quantities of the poison from 

the Columbian poison arrows were so effective in incapacitating large prey.  

Active in all known isoforms, the very high potency of BTX makes it an effective starting 

point for generating agonists (and perhaps antagonists) of Nav1.n channels. Since the first isolation 

in 1963, an estimated 12,300 Phylobates aurotenia, 1290, Phylobates terribilis, and 24 Phylobates 

bicolor have been sacrificed to isolate a total of 1.2 grams of BTX, hBTX, and BTX-A.22 Due to 

the lack of sufficient natural sources, the bioactivity and binding conformation profile of BTX with 

sodium ion channels has yet to be completely understood.  

 

1.3 Previous Syntheses 

Considering its potency and unique biological potential, it is unsurprising that there have 

been many attempted total syntheses of batrachotoxin. Since its isolation in 1963, seven groups, 

excluding our own, have published various strategies towards BTX, some more successful than 

others. In this chapter, highlights of five of these groups (Imhof, Keana, Magnus, Parsons, 

Deslongchamps) will be covered chronologically, while a full account of two groups successful 

syntheses (Kishi, DuBois) will also be discussed in detail. 

1.3.1 Imhof, 1972 

Nearly ten years after the initial isolation of BTX, Imhof and coworkers reported the first 

partial synthesis of batrachotoxinin A (Scheme 1)23. They chose to begin their synthesis with 11α-

acetoxyprogesterone (1-6), which could be manipulated to lactone (1-7) through a known 10-step 

sequence. From lactone (1-7), a series of 26 manipulations led to highly-functionalized steroid (1-

8) that had the requisite AB ketal and C11 alcohol, as well as the correct functionality about the 
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CD ring fusion to install the D-ring homomorpholine, which was accomplished in two steps (1-9). 

To complete the synthesis, a five-step sequence involving elimination of the B-ring acetate (1-10) 

and global deprotections afforded 20-(S)-batrachotoxinin A (1-11), with a total of 43 linear steps 

from 11α-acetoxyprogesterone. Notably, Imhof intentionally introduced the C20 alcohol 

diastereoselectivity as the (S)-epimer, as the original literature diagram depicted the incorrect 

epimer. The issue was resolved in October of 1972, six months after Imhof had published his 

successful route towards BTX. 

 

1.3.2 Keana, 1972, 1976 

A second approach towards BTX utilizing chiral pool building blocks was also published 

in 1972 by Keana and coworkers (Scheme 2)24,25. Their group chose to begin from cholic acid (1-

12), and manipulate it to synthesize the ABC rings of BTX. A ten-step sequence from 1-12 set the 

necessary cis-AB ring fusion and the C9-C11 alkene (1-13, 1-14). A diastereoselective 

dihydroxylation set the C11 alcohol stereocenter, and mildly acidic workup facilitated cyclization 

Scheme 1-1: Imhof’s synthesis of 20-(S)-batrachotoxinin A. 
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to the transannular hemiketal (1-15, 1-16). Treatment of the hemiketal with HBr in methanol 

afforded the ketal, which was followed by the installation of the B ring alkene (1-17). A series of 

deprotections afforded the fully elaborated ABC steroidal core of batrachotoxinin in 17 steps from 

cholic acid. While the oxidative degradation of the C20 chain could have undoubtedly been 

accomplished, the number of steps required to install the D-ring would have likely been prohibited 

by the step count. 

 

Scheme 1-2: Keana’s approach to the elaborated ABC rings of BTX. 
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1.3.3 Magnus, 1985 

In 1985, Magnus and coworkers published what can be considered the first progress 

towards the total synthesis of batrachotoxin (Scheme 3)26. They began their synthesis with the 

Wieland-Miescher ketone, which was elaborated to ketal 1-20 in two steps. Fascinatingly, 

treatment of 1-20 with catalytic acid in DCM facilitated a transannular ketalization-rearrangement, 

resulting in the selective ketalization of the A ring ketone (1-21).  A 6-step sequence from 1-21 

resulted in Diels-Alder precursor 1-22, which upon heating underwent the desired [4+2] to afford 

lactone 1-23. The authors note that the Diels-Alder proceeded through an exo-transition state, 

where the B-ring is forced into a boat configuration to accommodate the resulting strained trans-

fusion. This exo-transition state was expected, as this typically occurs with intramolecular Diels-

Alders while forming trans-hydrindanones. Treatment of the strained lactone (1-23) with an 

aromatic amine rapidly open the lactone to afford the expected 7α-hydroxyl group as a crystalline 

solid of which they were able to obtain an X-ray structure. Finally, dihydroxylation of the C9-C11 

olefin, followed by acidic treatment afforded an ABC ring system (1-25) analogous to the one 

Scheme 1-3: Magnus’s Diels Alder C-ring disconnection. 
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found in batrachotoxin. The authors did not attempt to elaborate the D and E rings of the natural 

product.  

 

1.3.4 Parsons: 1993, 2005 

The Parsons group has published two very similar routes towards BTX (Scheme 4)27,28. In 

the first disclosure, they chose to begin their synthesis with the Hajos-Parrish ketone (1-26), which 

is easier to obtain in high enantiopurities than the Wieland-Miescher ketone. A one-pot reduction-

ketalization sequence, followed by enoxysilane formation afforded 1-28 in 79% over two steps. 

When treated with in situ generated dibromocarbene, the hydrindane underwent a ring expansion 

to afforded the corresponding cis-bromodecalone (1-29) in low yields. Treatment of bromoenone 

 Scheme 1-4: Parsons synthesis of highly divergent AB vinyl bromide 1-31. 
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1-29 with lithium acetylide resulted in the diastereoselective and regioselective 1,2-addition to 

afford tertiary alcohol 1-30 in 86% yield, which could be cyclized under acidic conditions to the 

desired hemi-ketal (1-31) in 70% yield.  

While synthesis of 1-31 concluded his initial attempt, a subsequent publication in 2005 

took the progress two steps further, and included a reduction of alkyne to alkene 1-32. Addition of 

cyclopentenone to vinyl bromide 1-32 and treatment with Pd(PPh3)4 induced a Heck cascade 

cyclization, resulting in a new steroid-like core (1-33). While it remains unclear which steps might 

be taken to elaborate the new rings into a full steroid-core, the intermolecular Heck disconnection 

was inspiration to our work, and ultimately led us to pursue a similar strategy for the synthesis of 

similar AB vinyl bromide ring systems.  

 

1.3.5 Deslongchamps: 2004 

 In 2004, Deslongchamps published a detailed study on the progress towards the total 

synthesis of batrachotoxin and ouabain (Scheme 5)29. Their group’s divergent strategy relied on a 

formal [4+2] cycloaddition of two highly advanced intermediates 1-34 and 1-37. Accessing chiral 

silane 1-34 was based on precedent by Corey, who manipulated anisole to a chiral silane, where 

Deslongchamps was able to realize the desired dienophile (1-34) in four additional steps. Synthesis 

of the requisite diene was also challenging. Beginning from dimethylmalonate, a four-step 

sequence afforded chiral cyclopropane 1-35, which could be further elaborated to hydrindenone 

1-36 in six steps. Subsequent manipulation of 1-36 afforded β-ketoester 1-37, which was the pro-

diene for the key anionic cyclization.  
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 Treatment of 1-34 and 1-37 with Cs2CO3 afforded the desired anionic coupling product in 

excellent yield and a single diastereomer due to the bulky TBDPS group blocking the β face of 1-

34. A palladium mediated decarboxylation of the allyl ester gave tricycle 1-38 in 60% overall yield. 

Reduction and protection of the aldehyde in 1-38 followed by treatment with KHMDS in refluxing 

THF induced the desired intramolecular aldol product (1-39) in 24% yield over 3 steps. This 

completed the synthesis of the steroidal core in 21 linear steps.  

 

1.3.6 Kishi: 1998 

 In 1998, Kishi completed the first total synthesis of racemic batrachotoxinin A (Scheme 

6)30. He began the synthesis with the readily available Wieland-Miescher ketone (1-40), which 

was chemoselectively reduced and protected to afford acetate 1-41 in 67% yield. A four-step 

sequence resulted in a formal allylic oxidation to afford alcohol 1-42 in 62% overall yield. A five-

step series of functional group manipulations resulted in the isolation of bis-silyl ether 1-43 in 62% 

Scheme 1-5: Deslongchamps formal [4+2] cyclization approach to steroids. 
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over five steps. This 11-step sequence to access ketone 1-43 was high yielding overall, and 

facilitated the production of 57 grams of this intermediate.  

 A modified Garst-Spencer furan synthesis was performed on ketone 1-43, resulting in the 

annulated furan (1-44) in 48% over four-steps. A regioselective Vilsmeir-Haack formylation 

proceeded at the less hindered furan 5-position. Reduction and protection of the aldehyde as the 

dithiolane proceeded in 60% over the three steps (1-45). Lithiation of the dithiolane with tert-

Scheme 1-6: Kishi’s total synthesis of (±)–batrachotoxinin A. 
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butyllithium, alkylation with a functionalized allyl bromide, and deprotection of the resulting 

primary silyl ether afforded allylic alcohol 1-46, and set the stage for the key furan Diels-Alder.  

Studies published by Kishi prior to the total synthesis validated the feasibility of the 

annulation on model systems. Gratifyingly, treatment of furan 1-46 with MnO2 facilitated the [4+2] 

cycloaddition. Reductive amination and acetylation of the amine afforded steroid 1-47 in an 

excellent 76% yield over three steps. Deprotection of the dithiolane followed by base-mediated 

opening of the bridging ether afforded allylic alcohol 1-48 in 68% over three steps.  

Scheme 1-7: Kishi’s total synthesis of (±)–batrachotoxinin A. 
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Diastereoselective and regioselective epoxidation directed by the C11 alcohol epoxidized 

the more hindered olefin in (1-48, Scheme 7). After protection of the C11 alcohol, α-oxidation, 

and oxidation to diketone (1-49), attention was turned to forming the E-ring. Treatment of silyl 

ether 1-49 with TASF followed by phenyl triflimide caused the pendant alcohol to spontaneously 

cyclize to form the homomorpholine (1-50) while trapping the resulting enolate as the vinyl triflate. 

Reduction of the triflate, silyl deprotection, and global oxidation afforded triketone 1-51. A base 

induced E1cb opening of the tetrasubstituted epoxide followed by exposure to acidic methanol 

facilitated the transannular cyclization to ketal 1-52 in 85% yield over 5 steps. Unfortunately, a 

four-step sequence was necessary to reduce the B-ring enone (1-53).  

 To complete the synthesis, the D-ring ketone was transformed into the corresponding vinyl 

triflate, and subjected to a carbonylative cross-coupling in the presence of morpholine to afford 

morpholine amide 1-54 in 86% over two steps. Treatment of morpholine amide 1-54 with activated 

methyl lithium afforded the corresponding methyl ketone while also cleaving the N-Ac protecting 

group. Selective methylation of the secondary amine, reduction of the ketone, and unmasking of 

the hemiketal proceeded in 53% yield over four steps, completing the first total synthesis of 

batrachotoxinin A (1-2). As the final esterification is known, it also constituted the first formal 

total synthesis of batrachotoxin (1-1).  

 

1.3.7 DuBois: 2013/2016 

 The DuBois group has published two approaches towards the enantioselective synthesis of 

batrachotoxin (Scheme 8)14,31. Unlike Kishi’s approach, they sought to begin with the synthesis of 

the CDE ring system, and conclude by appending the AB rings. This approach was largely inspired 

by the fact that key binding interactions between voltage gated sodium ion channels and the CDE 
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rings functionality have been previously identified. Early construction of the CDE rings would 

allow for a diversity-oriented synthesis and facilitate the synthesis of various analogues for 

biological screening. 

 Their initial approach began with the nucleophilic addition of 3-bromofuran into aldehyde 

1-55. The resulting alcohol (1-56) spontaneously cyclized to form a 1:2 exo:endo mixture of 

hemiketals, which was subsequently MOM protected (1-57, 1-58). The desired endo-bromofuran 

Scheme 1-8: DuBois’s first-generation approach towards BTX. 
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was lithiated with nBuLi, which rapidly added into the pendant carbonyl, affording tetracycle 1-

59 in 89% yield. Allylation of the tertiary alcohol was high yielding, followed by acetyl chloride 

to induce ketal hydrolysis, and an additional MOM protection of the C11 alcohol (1-61). 

Installation of the C20 alcohol was achieved using a strategy similar to Kishi’s. Vinyl triflate 

formation and Stille cross coupling formed the desired enone, which was diastereoselectively 

reduced using DIBAL-H and silyl protected in 60% over 4 steps (1-62). Oxidative cleavage of the 

terminal olefin followed by reductive amination formed the homomorpholine E-ring (1-63), and 

completed the synthesis of the CDE ring of batrachotoxin in 18 linear steps.  

 To complete the synthesis of batrachotoxin, DuBois envisioned using the furan as a diene 

in a [4+2] cycloaddition. This would be an elegant way to install the AB ring system; however, 

despite screening a variety of dienophiles, only modest endo/exo selectivity was seen, which 

limited the practicality of the key step. The authors also note investigating tetracycle as a potential 

Diels-Alder diversification point, and revealed the cycloaddition to be highly selective, offering 

>20:1 diastereoselectivity for some substrates. This suggests that furan 1-63 could be used as a 

promising intermediate for the synthesis of BTX, however no further progress with that strategy 

has been reported.  
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1.3.8 DuBois: 2016 

 In late 2016, the DuBois group published the first enantioselective total synthesis of 

(+)-batrachotoxin and (–)-batrachotoxin, along with detailed biological studies on the selectivity 

of both enantiomers on VGSC.31 Their route utilized the fully elaborated AB ketal published by 

the Parsons group, and features a novel radical cyclization to form the C ring. Installation of the 

E-ring and D-ring enone relies on the same chemistry Kishi and others previously described. The 

details of the intermediate steps will be described below (Scheme 9).  

 

Scheme 1-9: DuBois’s enantioselective total synthesis of (±)–batrachotoxin. 
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 From TMS-protected Parson’s intermediate (1-65), lithiation with tert-BuLi at -90 °C and 

addition into chiral enone 1-66 afforded coupled tetracycle 1-67 as a single diastereomer in 65% 

yield. The authors note that increasing the temperature or utilizing other transmetallation reagents 

resulted in significantly diminished yields due to competitive deprotonation of the acidic α-protons 

on enone 1-66, which was confirmed by deuteration studies. Selective deprotection of the TMS 

alkyne, followed by protection of the tertiary alcohol as a TMS-acetylide afforded radical 

cyclization precursor 1-69 in 87% over two steps. 

 Upon treatment with Bu3SnH, Et3B and heat in the presence of oxygen, the key radical 

cyclization is initiated (Scheme 10). The generated tributyltin radical combines with the terminal 

alkyne to afford a new Z-vinyltin radical 1-74. This vinyl radical is poised for a 6-endo cyclization 

onto the terminal olefin, affording the more stable tertiary radical (1-75). The tertiary radical can 

then perform a facile 5-exo-dig cyclization on the pendant silyl alkyne, forming a temporary E-

ring and affording a new vinyl radical (1-76). Curiously, this new radical then undergoes a 1,4-H-

Scheme 1-10: Mechanism of key radical cyclization. 
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atom abstraction, effectively migrating the exocyclic alkene into the C-ring, resulting in allyltin 

species 1-70 as the only product isolated in 75% yield.  

 Treatment of 1-70 with TBAF cleaved the cyclic silyl either as well as the secondary silyl 

ether, affording vinyl silane 1-71 as the sole product in 94% yield (Scheme 9). A one-pot silane 

deprotection, oxidation, and chemoselective oxidative cleavage of the terminal alkene afforded 

keto-aldehyde 1-72 in 53-61% yield over two steps. Next, condensation of methylamine onto the 

aldehyde provided the corresponding imine (1-73). Treatment of the imine with NaB(O2CCF3)3H 

at -78 °C, followed by addition of chloroacetylchloride afforded amide 1-74 in 49-54% yields over 

two steps. Deprotonation of the tertiary alcohol under basic conditions facilitated the SN2 

displacement of the alkyl chloride, forming the E-ring homomorpholine and full steroidal core of 

batrachotoxin (1-75). At this point in the synthesis, a total of 14 linear steps were necessary to 

synthesize the core, which is an extremely concise and convergent approach. 

 To complete the total synthesis, all that remained was to homologate the D-ring to install 

the C20 alcohol, and to convert the C-ring allyl stannane into the C11 alcohol. While simple in 

theory, these proved to be challenging, in particular installing the C11 alcohol. The D-ring ketone 

was masked as the vinyl triflate (1-76) in 94% yield, which would be carried through the next 

seven steps.  

The authors were thwarted by a variety of attempts at proto-destannylation to afford the 

corresponding exocyclic methylene. With what little product they could obtain, any conditions 

attempted to oxidize the alkene to the ketone were unsuccessful. The route that was ultimately 

successful involved the attempted aerobic oxidation of allyl stannane 1-76 to the corresponding 

allyl chloride using molecule oxygen and CuCl2. While they were anticipating the allylic chloride, 

they were surprised to isolate the enal (1-77) as the major product in 85% yield, with only trace 
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amounts of the chloride observed. Fortunately, the aldehyde proved a very useful intermediate that 

enabled them to install the desired C11 carbonyl. Subjecting the enal to a four-step sequence 

involving oxidation to the acid and conversion to the acid chloride (1-78), followed by treatment 

with sodium azide to afford the acyl azide, and finally refluxing in dilute acetic acid to afford the 

Scheme 1-11: DuBois’s enantioselective total synthesis of (±)–batrachotoxin. 
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desired Curtius rearrangement product (1-79). These four steps successfully installed the C11 

carbonyl in an overall yield of 57%.  

 At this point, it was discovered that the final acidic treatment also deprotected the ketal. 

Due to the steroid’s lack of any visible chromophore, the authors decided to exchange the typical 

methyl ketal for an aromatic p-methoxyphenethyl ketal (1-80). With vinyl triflate 1-80 in hand, a 

Stille cross-coupling installed the necessary D-ring enone (1-81) in 77% yield. Treatment of 

tricarbonyl 1-81 with AlH3 resulted in a global 8-electron reduction, reducing the E-ring amide, 

C11 and C20 carbonyls diastereoselectively, albeit in a low 33% yield (1-82). Extensive studies 

into the diastereoselective C11 carbonyl reduction revealed AlH3 to be the only reducing agent 

capable of delivering the desired C11α alcohol.  

 To complete the synthesis, an acidic deprotection of the ketal was performed, affording 

batrachotoxinin A (1-2) in 83% yield. Employing a modification of the esterification procedure 

developed by Tokuyama, Daly, and Wiktop provided 2 mg of (–)-batrachotoxin (1-1) in 79% yield. 

In total, this synthesis was 24 linear steps from (S)-(+)-Hajos-Parish ketone, with a 0.25% overall 

yield. The authors were also able to prepare milligram quantities of the unnatural enantiomer, (+)-

batrachotoxin using the same route, but instead beginning with (R)-(–)-Hajos-Parish ketone. 

 The DuBois synthesis of (–)-batrachotoxin and (+)-batrachotoxin presents a concise, 

elegant approach to the synthesis of BTX and related analogues, but also to steroids in general. 

Using the radical cascade approach, one can imagine quickly synthesizing a variety of AB and D 

ring analogues to form the backbone of a variety of related steroids. While the DuBois synthesis 

was unfortunately plagued by a challenging series of late-stage functional group manipulations, it 

will remain a landmark synthesis, and will undoubtedly provide inspiration for synthetic chemists 

to devise an even more concise approach in the future.  
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Chapter 2. Progress Towards the Total Synthesis of (–)-Batrachotoxin 

 

 

 

 

 

2.1 Abstract 

Progress towards the enantioselective total synthesis of the potent steroidal alkaloid 

batrachotoxin is described. Synthesis of the DE ring of batrachotoxin was completed through a 

four-step sequence featuring a Schmidt ring expansion and Birch reduction. Alkylation of the DE 

revealed a regioselective preference for α-alkylation with various electrophiles. The synthesis of 

an elaborated AB coupling partner was also accomplished in seven-steps from the Hajos-Parrish 

ketone. The coupling of the AB and DE fragments was performed using a reductive lithiation-

alkylation strategy. The feasibility of the key intramolecular Heck cyclization was also 

demonstrated, suggesting the viability of our proposed route towards (–)-batrachotoxin. 
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2.2 Introduction  

Batrachotoxin (BTX; 2-1) is a steroidal 

alkaloid first isolated in sparing quantities 

from the skin of the poison arrow frog 

Phyllobates aurotaenia (Figure 2-1).13,32 

Historically exploited by the natives of 

South and Central America as a poison for 

hunting, BTX is the most potent small molecule neurotoxin currently known (LD50 = 1–2 μg/kg).14 

BTX binds to voltage-gated sodium ion channels (Nav1.n; n = 1–7), permanently locking them in 

the “open” position.33 This binding causes a change in the Na+/K+ gradient, resulting in rapid cell 

death. Mutated Nav1.n channels are implicated in a variety of pain-related conditions (neuropathic 

and congenital insensitivity to pain),34 and have also been directly linked to the onset of 

erythromelalgia, epilepsy, and diabetes.35,36 Accessing large quantities of BTX would broaden our 

current understanding of pain-related conditions through biological and mechanistic studies, 

ultimately leading to the development of novel therapeutics.  

In addition to the interesting biological activity of BTX, its structural complexity and 

unusual architecture provide a formidable challenge for total synthesis. The structure of BTX 

features a pentacyclic steroidal core, a seven-membered oxazapane E ring, and a bridging 

hemiketal. Kishi and coworkers completed the first total synthesis of racemic batrachotoxinin A 

(2-2) in 1998,37 with a longest linear sequence of 44 steps. In 2016, DuBois published the first 

enantioselective syntheses of both (+) and (–)-batrachotoxin in 24 steps, with a 0.25% overall 

yield.31 While both syntheses were tremendous accomplishments, Kishi and Dubois syntheses 

 

 

Figure 2-1: Batrachotoxin (1) and Batrachotoxinin A (2). 
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were only able to provide a combined total of 3 mg of BTX, which is insufficient for significant 

amounts of biological testing.  

  

2.3 Previous Rychnovsky Group Approaches 

The Rychnovsky group’s initial retrosynthetic analysis was 

devised to access the core of batrachotoxin through the use of key 

intermediate 2-3 (Figure 2- 2), utilized in Parson’s partial synthesis of 

BTX, which could be elaborated from bromoenone 2-11 (Scheme 2-

1).38 Oxidation of ketone 2-4 to the α,β-unsaturated ketone, followed 

by diastereoselective reduction of the ketone would afford 2-1. The oxazapane ring of 2-4 would 

be installed by intramolecular reductive amination of 2-5, preceded by nitrile reduction and 

oxidative cleavage of both exocyclic methylenes in steroid 2-6.  The core of BTX would arise from 

a Nozaki-Hiyama-Kishi (NHK) cyclization of vinyl bromide 2-7. A diastereoselective Claisen 

Scheme 2-1: Initial Retrosynthetic Analysis of Batrachotoxin. 

 

 

 

 

Figure 2-2: Parson’s 

intermediate. 

 

 

 

 

 

Figure 2-3: Parson’s 

intermediate. 
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rearrangement of 1,5-alkene 2-8 would install the desired quaternary nitrile stereocenter. The 

convergent step of the synthesis would be the conjugate addition of D ring 2-10 with allylic alcohol 

2-9, which would be elaborated from bromoenone 2-11.  

 The initial work on this route was performed by Dr. Amber Reilly39, Dr. Shinya Yoshida, 

Dr. Maureen Reilly, and most recently Dr. Justin Hilf.40 Reaction conditions were heavily 

optimized for each step leading up to the NHK precursor 2-12. Unfortunately, all attempts at the 

NHK resulted exclusively in reductive dehalogenation (Scheme 2-2).  A significant amount of 

reaction screening to close the steroid core on the open (2-12) and closed form of the AB ketal 

were performed by Dr. Hilf. These included various lithiation conditions, transmetallation, radical 

processes, and Heck cyclizations. Unfortunately, the desired steroid core was not successfully 

synthesized. The details of these attempts can be found in Dr. Hilf’s Ph.D. thesis. While this route 

remains an elegant way to furnish the ABCD core of BTX, the current inability to form the steroid 

core, along with the estimated 15 linear steps necessary to complete the synthesis from steroid 2-

13 ultimately led to the conclusion that this route was impractical, and as a result was abandoned. 

Scheme 2-2: Unsuccessful NHK ring closure. 
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 Rather than forming the E ring oxazapane through an NHK, it was envisioned that an 

elaborated 5,7-DE ring system (2-15) could be synthesized and alkylated onto an equally 

elaborated AB ring system (2-16, Scheme 2-3). A subsequent Heck reaction would close the C 

ring, providing the core of BTX (2-18). Initial efforts were carried out by Dr. Amber Reilly, who 

focused on synthesizing the 5,7-oxazapinone ring system 2-15, which after alkylation and a Heck 

reaction, could be elaborated to batrachotoxin A in four steps. Exhaustive efforts eventually 

furnished a simplified DE ring system (2-19, Scheme 2-4). Unfortunately, alkylation studies 

revealed a strong preference for the undesired γ–alkylation (2-22) rather than the desired α-

Scheme 2-3: Initial alkylation strategy to access BTX. 

 

 

Scheme 2-4: Dr. Reilly's 5,7-DE alkylation. 
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alkylation product (2-21). Shortly thereafter, an early paper from Sakai and coworkers was 

discovered, which demonstrated that an extended enolate could be generated on similar α,β-

unsaturated lactones (Scheme 2-3).41 These enolates could then undergo subsequent alkylations 

with good regio- and diastereoselectivity. Similar to Dr. Reilly’s alkylation studies on the 5,7-

oxazapane ring system, the work by Sakai also confirmed that analogous 5,7-lactone ring systems 

exclusively saw γ-alkylation, whereas the 6,7-ring system underwent α-alkylation. With precedent 

for the correct alkylation regiochemistry of the 6,7-lactone ring system, synthetic efforts were 

redirected towards the synthesis of the 6,7-oxazapane ring system.  

Scheme 2-5: Sakai's alkylation of bicyclic lactones. 
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 Given the change in the DE coupling partner, a new retrosynthesis was devised that 

incorporated lessons learned from previous approaches (Scheme 2-6). Similar to the previous 

retrosynthesis, BTX would arise an 8-electron global reduction of tricarbonyl 2-24.31 The five-

membered D-ring in 2-29 would be installed through an OsO4 mediated oxidative cleavage of the 

6-membered D-ring alkene in 2-30, followed by an aldol condensation of the resulting carbonyls. 

The steroidal core of BTX would arise from an intramolecular Heck reaction on 2-31 and 

subsequent alkene migration. This in turn would be formed by a diastereoselective α-alkylation of 

2-33 onto completed AB ring system 2-32, with diastereoselectivity arising from the DE 

cyclohexene methyl substituent.  Ultimately, the only successful approach to oxazepinone 2-33 

involved a dearomatization to afford diene 2-34, which in turn arose from the Schmidt expansion 

of chromanone 2-35. The AB dibromide 2-32 was recently synthesized by Justin Hilf and Dr. 

Maureen Reilly of the Rychnovsky group. To determine the feasibility of the proposed 

retrosynthesis, a reliable, enantioselective route to access oxazepinone 2-33 was necessary in order 

to study the key alkylation and Heck reactions needed to furnish the BTX core.  

Scheme 2-6: New retrosynthetic analysis of BTX. 
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Further efforts by Dr. Amber Reilly and Dr. Shinya Yoshida to synthesize the 6,7-ring 

system  2-33 were unsuccessful, with all attempts failing to generate more than trace amounts of 

the desired product (Scheme 2-7).39,42 Most notably, attempts to cyclize compound 2-36 through 

in-situ vinyl chloride formation yielded the undesired oxazolidine 2-37 exclusively.  Other 

attempts to cyclize 2-36 also failed to generate more than trace amounts of 2-33.  Lithium-halogen 

exchange of vinyl bromide 2-38 was inefficient, forming only trace amounts of amide 33 and 

isomerized alkene product 2-39.  

 

2.4 New Approaches Towards the DE Ring System 

  When I joined the project, Dr. Amber Reilly had already shown that cyclohexanone 

derivatives 2-36 and 2-38 were unsuitable cyclization substrates to form oxazapane 2-33. As a 

result, five new general synthetic approaches to 2-33 were investigated (Scheme 2-8): 1) 

intramolecular conjugate addition; 2) Amide coupling; 3) Beckmann rearrangements; 4) 

nucleophilic aromatic substitution (SNAr); and 5) Schmidt ring expansion.  

Scheme 2-7: Representative efforts towards the synthesis of 2-33. 
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2.4.1 Intramolecular Conjugate-Addition-Elimination 

Unlike previous attempts to cyclize amide 2-36, we sought to install the vinyl chloride prior 

to the cyclization, rather than generating it in situ (Scheme 2-9). Our first approach began with a 

Vilsmeier–Haack formylation of 4-methylcyclohexanone (2-44) in the presence of POCl3 to afford 

β-chloroenal 2-45 in 94% yield on a 5 gram scale.43 Treatment of aldehyde 2-45 with oxone 

provided corresponding carboxylic acid 2-46, however problems with reproducibility on scale led 

to the identification of more reliable Pinnick oxidation conditions.44,45 This NaClO2-mediated 

oxidation of aldehyde 2-45 quantitatively provided multi- gram quantities of carboxylic acid 2-46, 

which could be carried on without further purification. Oxalyl chloride was used to convert 

carboxylic acid 2-46 to acid chloride 2-47. The relative instability of 2-46 and 2-47 dictated that 

they both be prepared fresh and used directly in subsequent reactions. With acid chloride 2-47 in 

hand, conditions for amide formation were screened. The most effective conditions for amidation 

Scheme 2-8: New disconnections pursued towards 2-33. 
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involved preforming the anion of amines 2-48 and 2-49, followed by slow addition of acid chloride 

2-47 to afford amides 2-50 and 2-51 in 48% and 90% yields, respectively. Initial attempts at 

TBAF–induced deprotection resulted in significant decomposition. Alternatively, a CSA–

mediated deprotection provided cyclization precursors 2-52 and 2-40 in 8% and 98% yields, 

respectively.  

With the free alcohols now available, several conditions were screened to initiate the 

cyclization of N-H amide 2-52. All attempts to thermally cyclize amide 2-52 were unsuccessful. 

Analysis of the crude reaction mixture by mass spectrometry suggested the presence of trace 

quantities of desired oxazepinone 2-53, although no material could be isolated by column 

chromatography.  Extended exposure of 2-52 to the same reaction conditions resulted in 

decomposition of the reaction mixture, with no useful byproducts or starting material able to be 

recovered.  With facile decomposition occurring, cyclization of corresponding N-methyl amide 2-

40 was attempted, with the goal of attenuating the reactivity to favor cyclization (Table 2-1). 

Unfortunately, a variety of cyclization conditions using amide 2-40 failed to produce the desired 

product. Instead, starting material was typically recovered quantitatively, with the exception of 

Scheme 2-9: Intramolecular conjugate addition precursor synthesis. 
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exposure to elevated temperatures. Under these conditions (Table 2-1, Entries 4, 6 and 7), 

intermolecular esterification of two monomers to give amido-ester 2-54 was observed rather than 

the desired intramolecular cyclization.  

Conformational analysis (MMFF 94) revealed that the lowest energy conformer of amide 

2-40 adopts an s-trans configuration, placing the alcohol far away from the vinyl chloride. 

Analysis of the proton NMR spectrum confirmed the restricted amide bond rotation, with a 2:1 s-

trans:s-cis mixture of rotamers based on integration of the amide N-methyl proton signals.  

Steward and Siddall have reported that the barrier of interconversion of simple tertiary amide 

rotamers is 20-22 kcal/mol.46 When extrapolated to 2-40, these studies confirm the influence of 

rotamers contributing to the preferential intermolecular reaction over formation of 2-33. Despite 

this, the reaction times and temperatures explored in Table 2-1 were expected to provide more than 

Table 2-1: Cyclization conditions for N-Me amide 2-40.  

 

 

Entry Reagent Solvent 
Temp 

(°C) 

Time 

(h) 

2-33 

(%) 

2-40 

(%) 

2-54 

(%) 

1 NaH THF 21 12 0 quantitative 0 

2 NaH THF 55 12 0 quantitative 0 

3 K2CO3 PhMe 130 18 0 quantitative 0 

4 K2CO3 1,2-DCB 185 72 0 80 20 

5 microwave 1,2-DCB 200 0.5 0 quantitative 0 

6 microwave, Et3N 1,2-DCB 200 1 0 90 10 

7 microwave, Et3N 1,2-DCB 200 4 0 36 27 
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enough energy to overcome the amide rotational barrier, suggesting that the inherent difficulty in 

7-membered ring formation and the low reactivity of the vinylogous carbamoyl chloride were 

preventing cyclization. With neither 2-40 nor 2-52 affording useful amounts of the desired 

oxazepinone, the intramolecular conjugate addition approach was abandoned, and a new route was 

planned that avoided a late-stage conjugate addition.  

 

2.4.2 Direct Amide Coupling 

  Difficulties in promoting intramolecular cyclization led to the idea that an early 

intermolecular conjugate addition with the appropriate α, β-unsaturated acceptor could form a 

suitable cyclization precursor for the DE ring system (Scheme 2-10). Initial attempts to directly 

convert enal 2-45 to nitrile 2-56 (Scheme 2-10, route A) were unsuccessful; instead, intermediate 

oxime 2-55 was generated quantitatively. The oxime proved to be surprisingly stable to a number 

of dehydrating conditions. Fortunately, a solvent free reaction using acidic alumina generated 

nitrile 2-56 in 26% yield directly from aldehyde 2-45 (Scheme 2-10, route B).  Direct installation 

of an ester moiety through oxidation of aldehyde 2-45 using oxone led to complete degradation of 

starting material. Fortunately,  a one-pot oxidation/esterification through a perchloric acid-V2O5-

H2O2 complex47,48 afforded ester 2-57 in 39% yield (Scheme 2-10, route C). Unfortunately, initial 

Scheme 2-10: Chloroenal derivatization. 
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attempts at the intermolecular conjugate addition were unsuccessful, and further efforts were not 

pursued in favor of another approach. 

 

2.4.3 Intramolecular SNAr Cyclization 

Previously, Schultz and coworkers investigated the SNAr cyclization of aromatic amide 2-

62 to form a benzoxazapane. They calculated the rotational barrier of 2-62 to be 19 kcal/mol, with 

the necessary isomer for cyclization having a cis-relationship between the N-Me and carbonyl.49 

Encouraged by literature precedent that a benzoxazapane skeleton was attainable through SNAr 

chemistry of alcohol 2-62, a second approach was devised that would feature the dearomatization 

of benzoxazapane intermediate 2-64 through a Birch reduction50 to afford diene 2-66 (Scheme 2-

11). This product could then be hydrogenated to provide 2-33 (Scheme 2-8). Commercially 

available carboxylic acid 2-59 was converted to amide 2-43 in 80% yield over two steps. Following 

literature precedent for a similar substrate,49  treatment of amide 2-43 with sodium hydride yielded 

only 2% of benzoxazapinone 2-64 and undesired dimer 2-65, as well as 76% of recovered starting 

Scheme 2-11: Synthesis of 2-33 through an SNAr approach. 
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material. Given that the cyclization of 2-62 was reported to occur in 54% yield, it initially appeared 

as if the methyl group on 2-51 was deactivating the SNAr reactivity of the aryl fluoride, thereby 

limiting product formation. Despite increased temperatures, a significant increase in product 

formation was never seen (Table 2-2). Instead, the bimolecular dimerization product (2-65) was 

observed, highlighting the extreme difficulty in forming the 7-membered ring through this type of 

reaction. 

Attempts to reproduce the synthesis and cyclization of known compound 2-62 were also 

performed (Scheme 2-11). Beginning with commercially available acid chloride 2-58, an 

amidation with N-methylaminoethanol afforded 2- 62 in quantitative yields. Despite replicating 

the published experimental procedure, several attempts to cyclize 2-62 yielded the corresponding 

benzoxazapinone 2-63 with a maximum 8% yield, compared to the reported 54% yield.49 This 

suggests that a discrepancy in experimental protocol may be causing reduced yields, rather than 

Table 2-2: Conditions screened to form benzoxazapinone intermediate 2-53. 

 

 

Entry Reagent Solvent Temp (°C) Time 
2-43 

(%) 

2-64 

(%) 

2-65  

(%) 

1 NaH DMF 21 18 h 76 2 <5 

2 NaH DMF 55 48 h >90 <5 <5 

3 Et3N DMF 55 48 h >90 <5 <5 

4 Et3N DMF 175 9 days >90 <5 <5 
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the electronic effect of the methyl substituent as previously thought. Given our inability to 

accomplish an intramolecular cyclization, we chose to change our strategy and pursue alternative 

methods to access the 7-membered heterocycle. 

 

2.4.4 Tetrahydrochromanone Ring Expansions 

In order to circumvent the difficulties encountered with the previous intramolecular 

cyclizations, ring expansions of the well documented and more readily accessible 6,6-ring systems 

were investigated (Scheme 2-12). This ring expansion was envisioned to occur through a 

Beckmann rearrangement51 or Schmidt reaction of known tetrahydrochromanone intermediate 2-

42. Towards this, formation of enamine 2-66 from 4-methylcyclohexanone (2-44) was performed 

in 54% yield. Subjecting 2-66 to published reaction conditions52,53 however, did not provide usable 

quantities of 2-42. Instead, a mixture of diketone 2-67, carboxylic acid 2-68, ketone 2-44, and trace 

amounts of chromanone 2-42 were observed by ESI-MS (Scheme 2-13). Compounds 2-68 and 

enamine hydrolysis product 2-44 were isolated by column chromatography in 27% and 38% 

yields, respectively. Carboxylic acid 2-68 was intentionally not isolated after an acid-base reaction 

workup; however, its presence was confirmed by mass-spectrometry and anticipated to comprise 

approximately 30% based on mass balance.52 Given that the ring expansion of 

tetrahydrochromanone 2-42 was unprecedented, we decided to pursue what we believed would be 

Scheme 2-12: Accessing 2-33 through a Beckmann ring expansion. 
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a more robust approach rather than expending time and energy optimizing the 

tetrahydrochromanone synthesis. 

 

2.4.5 Chromanone Ring Expansion 

At this point, we were still intrigued by the idea of utilizing a dearomatization to access the 

DE ring system. Literature searching revealed that Schmidt ring expansions were also known on 

chromanone derivates, which gave us hope that we could easily access the desired 

benzoxazepinone scaffold.  As chromanone 2-69 was readily available in the department, it was 

initially used as a model system was used to determine the viability of the proposed reaction 

sequence (Scheme 2-14). The model DE-ring system was envisioned to arise from a four-step 

sequence beginning with commercially available 4-chromanone 2-69.  

 To synthesize the model system, chromanone 2-69 was subjected to Schmidt ring 

expansion conditions.54 Treatment of chromanone 2-69 with sodium azide, followed by 

concentrated sulfuric acid, afforded the desired ring-expanded benzoxazepinone (2-70) in a modest 

57% yield. Extensive studies on the birch reduction-alkylation of structural analogs of 2-70 have 

been previously reported by the Schultz group.49,50 Using similar conditions to those reported by 

Schultz, oxazepinone 2-70 was reduced by dissolving potassium metal in distilled liquid ammonia, 

Scheme 2-13: Product distribution from tetrahydrochromanone formation. 
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providing diene 2-71 as a 7:1 mixture of product to starting material. Attempts to separate the 

aromatic starting material from the diene by column chromatography were unsuccessful, and as a 

result, the subsequent reaction was performed on the crude mixture. Hydrogenation of the mixture 

reduced the di-substituted olefin chemoselectively to afford desired oxazepinone 2-72 in 80% yield 

over two steps. With the synthetic pathway successfully demonstrated, synthesis of the desired DE 

ring system was carried out (Scheme 2-15). 

The Schmidt ring expansion of 6-methyl-4-chromanone (2-35) was first optimized. 

Previous reactions on the model system indicated that the yield was highly dependent on reactant 

concentration; however on the model system, the small-scale reactions precluded significant 

increases in reaction concentration. Upon scale up, increasing the concentration of 2-35 from 0.27 

M to 1.0 M resulted in an increase in yield of benzoxazepinone 2-72 from 67% to 87%, 

respectively.  The aniline regioisomer 2-63a was also consistently isolated in 4% yield. The 

subsequent Birch reduction of 2-63, using conditions identical to the model system, afforded the 

desired conjugated diene 2-34 with a 61% conversion.  

Optimization of the Birch reduction focused on varying the number of equivalents of 

potassium added. It was determined that the use of three equivalents of potassium relative to the 

amide was ideal, resulting in a 4:1 mixture of product to starting material.  Using less than three 

Scheme 2-14: Model system for Schmidt expansion and Birch reduction. 
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equivalents of potassium resulted in under reduction, while excess potassium led to reduction of 

the resultant diene and subsequent reduction to the fully saturated 6,7-oxazepinone.  

The birch reduction is most efficient on small scale (<300 mg), presumably due to the 

efficient mixing of the solution, which allows an even distribution of potassium throughout the 

mixture. We traditionally add the potassium to a solution of aromatic (2-63) and 1 equivalent of t-

BuOH, which facilitates the immediate protonation of the resulting anion. On small scale, the 

addition of potassium rapidly results in the solution turning blue, followed by relatively fast 

dissipation of the blue color, indicating that the reaction is complete. On multi-gram scale, the 

solution never turns blue, and instead localized areas of blue swirls are apparent, suggesting an 

uneven distribution/dissolution of the potassium metal. This inevitably leads to an undesired 

mixture of starting material, product, and over-reduction. We were able to partially overcome this 

problem by delaying the addition of tBuOH. Addition of potassium to a solution of just the 

aromatic ring in ammonia led to the expected blue reaction mixture. Allowing the solution to 

maintain its blue color for one-minute, followed by the rapid addition of 1-equivalent of tBuOH 

Scheme 2-15: Successful synthesis of DE oxazepinone 2-33. 
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led to isolated yields of 50-70% of desired amide 2-73 after hydrogenation. It is also worth noting 

that the normal-phase purification of the birch reduction products is extremely difficult, even after 

hydrogenation. This was readily solved using preparative-scale reverse phase chromatography, the 

use of which provided analytically pure samples of diene 2-84 and amide 2-73.   

It is of interest to note that the Birch reduction was also attempted on the corresponding N-

Me amide; however, the overall conversions were consistently lower. Additionally, an increase in 

undesired and unidentifiable alkene products was observed, reducing the reaction’s efficiency. 

These results suggest that the N-H amide plays a role by suppressing the formation of alkene 

regioisomers.  

With the Birch reduction optimized, efforts were directed towards the subsequent 

hydrogenation reaction. Initially, it was hypothesized that a high pressure of hydrogen would be 

required to selectively hydrogenate the tri-substituted alkene over the tetra-substituted alkene in 2-

34. Fortunately, a test reaction using catalytic Pd/C under 1 atm of hydrogen demonstrated 

quantitative chemoselective hydrogenation of tri-substituted alkene 2-34, affording the 

oxazepinone 2-73 in 80% yield over two steps.  Finally, methylation of the amide proceeded 

smoothly in 95%, affording the desired, racemic DE ring 2-33 in four steps, with an overall 66% 

yield.  

2.5 DE ring Alkylation Studies 

Prior to alkylating on the completed AB ring system (2-32), a series of alkylation reactions 

were devised to investigate the reactivity of the racemic DE ring system (2-33). Of particular 

interest was the feasibility of γ-deprotonation on 2-33, the regioselectivity of α- versus γ-
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alkylation, and the influence of the methyl directing group on the diastereoselectivity of the 

alkylation.  

Evidence supporting the feasibility of alkylating the DE-ring system came from work by 

Sakai and coworkers, demonstrating that an extended enolate could be generated on analogous 

6,7- and 5,7-α,β-unsaturated lactones (Scheme 2-2-4).41 These enolates could then undergo      

subsequent alkylations with good diastereoselectivity. As described previously, alkylation studies 

performed by Dr. Amber Reilly on the analogous 5,7-oxazepinone ring system confirmed the 

preference for undesired γ-alkylation.39 By comparison, the alkylation of DE ring system 2-33 was 

expected to behave similarly to Sakai’s 6,7-lactone ring systems, and therefore undergo α-

alkylation exclusively.  

To generate the extended enolate on the DE ring system, reactions were carried out in the 

presence of excess LDA in THF at –78 °C, with lithium chloride as an additive (Table 2-3).  The 

alkylation reaction between the DE ring and methyl iodide at –78 °C provided the desired product 

(2-74) in 87% yield. NOE analysis confirmed a 5.5:1.0 cis:trans mixture of diastereomers 2-74 

and 2-75. As predicted, the 6,7-ring system has a strong preference for α-alkylation, with no 

observed γ-alkylation. Based on these results, a series of allyl halides were screened for their effect 

on diastereoselectivity (Table 2-3).  

Reaction of oxazepinone 2-33 with allyl chloride resulted in no alkylation; instead, 

protonation of the generated enolate resulted in 2-78 recovered quantitatively. This result 

confirmed that the enolate was generated in situ, however, the low reactivity of the allyl chloride 

was responsible for the lack of desired product. When the reaction was repeated using allyl 

bromide as the electrophile, the alkylation proceeded in 45% yield of 2-76 and 2-77, with a d.r. of 
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5.0:1.0 (cis:trans), respectively. To complete the allyl halide screen, the reaction was performed 

using freshly distilled allyl iodide as the electrophile. Under similar reaction conditions, 80% of 

the alkylated product was isolated, with an identical cis:trans d.r. of 5.0:1.0.  

With the understanding that the 6,7-DE system undergoes regio- and diastereoselective α-

alkylation with competent electrophiles, we decided to test its ability to react with more sterically 

demanding electrophiles. To our dismay, there was no reaction with commercially available 

methallyl bromide. This suggested that the DE ring alkylation may be limited to unhindered 

electrophiles, which should be unsurprising considering the alkylation is forming a very sterically 

hindered all-carbon quaternary stereocenter.   

Table 2-3: Alkylation studies on DE oxazepinone 2-33. 

 

 

Entry 
2-33 

(equiv) 

Electrophile 

(1 equiv) 

Yield 

(%) 

d.r. 

(cis : trans) 

1 1.3 CH3I 87 5.5 : 1.0 

2 1.1  0 -- 

3 1.1  45 5.0 : 1.0 

4 1.1  80 5.0 : 1.0 

5 0.9 
 

0 -- 
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2.5.1 Modeling the Heck Reaction 

At this point, we had demonstrated the successful synthesis of the DE ring, and confirmed 

that it was capable of regio- and stereoselectively alkylating several electrophiles. The next logical 

step was to perform an alkylation with a substrate that would allow us to test a model 

intramolecular Heck cyclization.  As we already had a reasonable quantity of allylated DE in hand 

(2-76), we thought that manipulating the alkene to install a vinyl bromide would provide a 

reasonable precursor to model the proposed Heck cyclization (Scheme 16). To accomplish this, a 

procedure described by Grubbs was followed, which utilized a cross-methathesis of alkene 2-74 

with a propenyl boronate 2-80, followed by treatment with bromine and sodium methoxide to 

afford a Z-vinyl bromide from the terminal alkene.55 Unfortunately, treatment of intermediate 

organoborane 2-80 with two equivalents of bromine and sodium methoxide resulted in the double 

addition of bromine across both olefins, affording dibromide products 2-81 and 2-82. Considering 

Scheme 2-16: Attempted synthesis of Heck cyclization precursor 2-83. 
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that both products consistently formed the terminal Z-vinyl bromide, this suggested that one 

equivalent of bromine reacted with the vinyl boronate, and the other equivalent reacted with the 

enol ether. Attempts to isolate the intermediate vinyl boronate were possible but low yielding due 

to its instability on silica.  

As an alternative route, the more sterically hindered ortho-bromobenzylbromide was used 

as the electrophile to synthesize an alternative Heck precursor (Scheme 2-17). Initial alkylation 

attempts using LDA as the base resulted in complete degradation of the aryl halide and amide 

starting material. Interestingly, trans-stilbene was recovered, presumably due to a base-mediate 

carbene formation and recombination resulting from deprotonation of the benzyl bromide. In an 

effort to disfavor this reaction pathway, lithium-hexamethyldisilazide (LiHMDS) was used as a 

base. Although the base suppressed starting material degradation, LiHMDS was unable to 

deprotonate the γ-proton at -78 °C. Despite raising the temperature to 23 °C and stirring for three 

days, only trace amounts of desired product 22-84 was observed. Alternatively, the α-proton 

isomer 2-78 was subjected to the same conditions, providing 37% of the alkylated product (2-84) 

with an improved cis:trans d.r. of 6.0:1.0. This result suggests that the diastereoselectivity of the 

alkylation may not be temperature dependent, which may enable the use of high temperatures 

when alkylating the sterically hindered AB ring system.  

Scheme 2-17: Intramolecular Heck cyclization of aryl bromide 2-84. 
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With the aryl bromide Heck precursor in hand, the Heck cyclization was attempted. Aryl 

bromide 2-84 was stirred with stoichiometric amounts of Pd(PPh3)4 and Et3N in acetonitrile, at 

100 °C for 16 hours. After purification, tetracycle 2-85 was isolated in 90% yield. This 

demonstrates the feasibility of using an intramolecular Heck reaction to generate a tetra-substituted 

stereocenter on the DE ring system. 

While the intramolecular Heck reaction was a tremendous success, we thought that a more 

appropriate Heck product would be one that formed a 6-membered C-ring and more closely mimic 

the BTX steroidal core. Towards this, we pursued the synthesis and alkylation of dibromide 2-89, 

which if successful, would be a realistic AB-ring mimic, while also providing an opportunity to 

synthesize potentially useful BCDE batrachotoxin analogues.   

Although the synthesis of bromide 2-89 had been reported once in the literature,27 it lacked 

reproducible experimental detail, and as such merited a new synthetic approach. After various 

failed attempts at a direct Wittig reaction on ketone 2-86 and similarly unsuccessful attempts at a 

Peterson olefination, a two-step methyl Grignard addition and acid-catalyzed elimination proved 

to be a simple and reliable way to access styrene 2-89. Polymerization and/or decomposition of 

the intermediary carbocation formed during the elimination of alcohol 2-88 was initially 

problematic, but after a brief reaction optimization it was found that the addition of a catalytic 

amount of a hydroquinone, a known polymerization inhibitor, greatly increased the yield of the 

Scheme 2-18: Synthesis of dibromide 2-89. 
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desired alkene. Once optimized, bromostyrene 2-88 could be prepared on multi-gram scale in 66% 

over two steps. A radical bromination afforded the desired allyl bromide (2-89) in 66% yield over 

two steps.  

As was previously discovered, the alkylation of 2-33 with benzyl bromide was extremely 

sluggish, requiring several days at 0 °C to achieve low quantities of alkylation product. Initial 

studies quickly revealed that typical reaction conditions at -78 °C afforded no alkylation of allyl 

bromide 2-89. Increasing the temperature to 0 °C was also not sufficient to afford any reactivity. 

To increase the reactivity, the bromide was exchanged for corresponding allylic iodide (2-90); 

however, the results of similar allylation attempts were also unsuccessful.  

 

2.5.2 AB ring Allylation 

Despite our lack of success in alkylation sterically hindered electrophiles, the alkylation of 

AB ring system 2-32 was attempted (Scheme 2-20). The reaction was initially stirred at -78 °C for 

four hours, but showed no visible consumption of starting material. The temperature was then 

increased to -65 °C, and stirred for twelve hours. A lack of reactivity at that point prompted the 

increase in temperature to 0 °C, where it was stirred for 3 days. After quenching and purifying the 

reaction, AB ring 2-32 and amide 2-78 generated from the quenched enolate were recovered in 

Scheme 2-19: Attempted alkylation of AB mimic. 
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quantitative yield. As anticipated, the steric bulk of 2-32 was preventing the desired alkylation, 

which was not feasible at low temperatures.  

With this result, the allylation between the AB and DE ring system was attempted at 

elevated temperatures (Scheme 2-21). After initial tests, it was quickly discovered that the DE 

oxazepinone was decomposing under the elevated temperature of the necessary reaction 

conditions. Analysis of the reaction products revealed that the oxazepinone was undergoing base-

catalyzed ring opening to afford enamine 2-93. Subsequent thermal degradation studies revealed 

that the oxazepinone decomposes quickly at temperatures above 65 °C, destroying its reactivity, 

and preventing any possible allylation to occur.  

With the allylation of the DE ring with bulky substrates completely unsuccessful, the 

electrophilicity of the AB system was investigated (Scheme 2-22).  Methyl-diethyl malonate was 

chosen as the nucleophile for initial reactions due to its low cost, high nucleophilicity, and the use 

Scheme 2-21: Decomposition of 2-33 at elevated temperatures. 

 

 

Scheme 2-20: Attempted AB-DE alkylation. 
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of mild bases to form the enolate. An initial reaction utilized sodium ethoxide in ethanol; however, 

despite heating the reaction mixture to 40 °C, no reaction was observed. Subsequent reactions used 

altered conditions, with a 10-fold excess of nucleophile, sodium hydride as a base, and THF as a 

solvent. As expected, no reactivity was observed at temperatures ranging from -78 °C to ambient 

temperatures, with either the AB allyl bromide or allyl iodide as the electrophile. Notably, the allyl 

iodide proved to be unstable under the warmer reaction conditions, and decomposed readily 

whereas the allyl bromide was exceptionally stable and re-isolated after each attempted reaction. 

Increasing the reaction temperature to reflux in THF for 15 h was still not sufficient to afford any 

reactivity. Finally, performing the reaction in a sealed tube at 80 °C for 24 hours afforded the 

desired allylation (2-94) in excellent yield. Lithiation of the vinyl bromide was also attempted, 

with the hope that it would cyclize to form the steroid C ring. Unfortunately, only the 

dehalogenated material (2-95) was observed. Given that the AB ring was reactive at temperatures 

greater than the thermal stability of the DE ring, it was clear that the current strategy for allylation 

would ultimately be unsuccessful, and a modified strategy needed to be developed.  

 

Scheme 2-22: Alkylation of AB dibromide 2-32. 
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2.6 Alternative Approaches to C-ring Formation  

 

After the failure of the direct allylation, we re-evaluated our strategy, systematically working 

around the C-ring and imagining any logical C-ring disconnection that might be feasible (Figure 

2- 3). Of the six disconnections shown, only three are worth describing in detail: 1) 

allylation/Tsuji-Trost; 2) 1,2-addition; and 3) aldehyde addition. The allylation and 1,2-addition 

will be described in reasonable detail, and the remaining disconnections will be described very 

briefly, along with their relative merits and drawbacks.  

 

 

Figure 2-4: Potential C-ring disconnections. 
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2.6.1 Tsuji-Trost Allylation 

Despite the failures of the previous allylation attempts, we believed that employing 

palladium catalysis to activate the AB allyl bromide would enable the use of more mild conditions 

to affect the desired allylation. Various literature reports have demonstrated the feasibility of using 

hard enolates as nucleophiles56–58, which encouraged us to try a Tsuji-Trost allylation on a test 

substrate. A brief set of experiments utilizing allyl carbonate and allyl acetate as electrophiles and 

the DE ring (2-33) as a nucleophile only afforded up to 10% of the desired allylation product (2-

76). With this initial success, we believed that by modification of the D ring to introduce a 1,3-

dicarbonyl moiety, the resulting stabilized enolate would allow us to use a milder base for the 

deprotonation, and increase the possibility of performing a successful Tsuji-Trost allylation.  

Scheme 2-23: Attempted synthesis of Tsuji-Trost allylation precursor. 
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Our strategy for the incorporation of the D-ring ketone relied on the same chemistry 

developed for the initial DE ring, modified only by the initial incorporation of a protected phenol 

on the aromatic ring (Scheme 2-23). To install this, a formylation/aldol condensation sequence 

was performed on acetophenone 2-96, which afforded the desired chromenone (2-97) in excellent 

yields. A subsequent chemoselective hydrogenation in the presence of diphenyl sulfide afforded 

the desired ketone 2-98 in 84% over two steps. Interestingly, without diphenyl sulfide as a poison,59 

the chromanone was completely reduced to chromane 2-99.  

With ketone 2-98 in hand, conditions were screened to afford the desired ring expansion 

product. Unfortunately, the highest yield obtained of oxazepinone 2-100 was 10%, with the 

majority of the material lost to decomposition. Several Birch reductions were attempted using 2-

100 recovered from the low yielding ring expansion, however, they were also unsuccessful and 

afforded primarily ring-opened material (2-102). We thought the discrepancy in reactivity may be 

rationalized due to the significant increase in electron density of the benzylic carbonyl from the 

ortho-methyl ether compared to the meta-methyl group in 2-63. To counter this, the methyl ether 

was deprotected and re-protected, and a variety of acids and Lewis acids were employed to induce 

the desired ring expansion on all substrates (Figure 2- 4). Despite these efforts, a yield greater than 

10% was not achieved. A list of unsuccessful Schmidt and/or Beckmann substrates is shown 

 

 

Figure 2-5: Various chromanone derivatives for Schmidt expansion. 
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below. In hindsight, a photochemical Beckmann should have been attempted. As a result, this route 

was abandoned, and a new strategy was devised that avoided the problematic allylation reaction 

altogether.  

 

2.6.2 Intermolecular Heck 

 The inspiration for the intermolecular Heck came simply by reversing the steps that we 

envisioned through the allylation-Heck sequence (Scheme 2-24). This would necessitate a 

functionalized DE ring (2-108), with an appropriate pro-nucleophile that would be inert under 

Heck conditions. It would also require regioselective palladium migratory insertion into the enol 

ether, as well as facial selectivity when forming the desired fully-substituted carbon. This reaction 

was attempted once using the methyl DE ring (2-74), but the only product observed was 

dehalogenation of the AB ring. No further attempts with this strategy were made.  

 

Scheme 2-24: Unsuccessful intermolecular Heck. 
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2.6.3 Donor-Acceptor Cyclopropane Opening 

 Perhaps the most elegant approach that was conceived on paper was the base or metal 

mediated opening of a donor-acceptor (DA) cyclopropane (Scheme 2-25). Specifically, 

modification of the AB ring system to incorporate an α-diazo ketone (2-111), followed by a 

transition-metal mediated cyclopropanation of the tetrasubstituted olefin to afford the donor-

acceptor cyclopropane (2-112). The chemistry of DA-cyclopropanes has been thoroughly explored 

in the literature, and many base, acid, and transition-metal mediated ring openings to afford enol 

ethers have been reported.60–62 This reaction was attempted with DE 2-33, ethyl diazoacetate, and 

Rh(OAc)4, however no cyclopropanation was observed. Further literature searching subsequently 

revealed that α-diazo ketones are unable to cyclopropanate fully substituted alkenes, which 

ultimately rendered this method unviable by today’s state of the art chemistry.  

 

2.6.4 Heck Cascade 

 The successful substitution of methyl-diethylmalonate onto allyl bromide 2-32 led us to 

think about ways we could manipulate the malonate to be a useful functional handle for 

synthesizing the steroid core (Scheme 2-26). Eventually, we realized that following alkylation with 

an appropriate malonate derivative (2-114), an aminomethyleneation14 and Tebbe olefination 

would afford a symmetric enol-ether (2-116) that could be used as a Heck cascade precursor. In 

Scheme 2-25: Proposed donor-acceptor cyclopropanation-opening sequence. 
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theory, treatment of 2-116 with an appropriate palladium source would generate a vinyl palladium 

species (2-117), which could undergo a 6-exo cyclization to form the C-ring, and regenerate a new 

alkyl palladium species (2-118). Alkyl palladium 2-118 could then undergo a 5-endo cyclization 

to form the D-ring (2-119). Presumably, the enol ether generated after the palladium underwent β-

hydride elimination would be labile enough to furnish the desired steroidal ketone (2-120) after 

acidic workup.  

 This approach towards is interesting not just in its rapid construction of the core of BTX, 

but with some imagination, it could also be used to rapidly construct a variety of steroids, or 

terpene derived polycyclic compounds. Unfortunately, this route was never pursued, as an 

alternative method to construct the core was discovered, which will be discussed in an upcoming 

section.  

 

Scheme 2-26: Heck cascade to access BTX steroidal core. 
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2.6.5 1,2-Bromoenone Addition 

 At this point, we were aware that alkylation to form a congested quaternary carbon on the 

DE ring was very challenging. We thought that we could circumvent this problem through a two-

carbon homologation of the DE ring, which would decrease the steric congestion during the AB-

DE bond forming event. This strategy would also enable us to use bromoenone 2-11, which is 

accessible in three steps from the Hajos-Parrish ketone.    

 To accomplish this, we performed a DE alkylation with propargyl bromide, which 

proceeded in 70% yield and 6:1 d.r (Scheme 2-27). Treatment of the alkyne 2-121 with BBr3 

readily transformed it into the internal vinyl bromide (2-109). Unfortunately, when vinyl bromide 

2-109 was treated with tBuLi followed by bromoenone 2-11, no desired 1,2-addition was observed. 

Instead, alkene 2-75 and alkyne 2-121 were recovered, suggesting the instability and steric 

hinderance of the vinyl lithium were too significant to facilitate the addition into the AB ring.  

Scheme 2-27: AB-DE formation through direct 1,2-addition. 
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2.6.6 1,2-Aldehyde Addition 

The final and only successful disconnection to forge the AB-DE rings involved a series of 

one-carbon homologations on the AB and DE rings (Scheme 2-28). This would also avoid forming 

a quaternary carbon center during the key step, and introduce an aldehyde as the electrophile, 

which would presumably be much more reactive than bromoenone 2-11. What wasn’t appreciated 

until after work had already been done towards these homologations is that the key bond forming 

step would involve the addition of a neopentylic nucleophile into a neopentylic electrophile. 

Undeterred, we pushed forward.  

 The challenge with this approach manifested itself immediately. To accomplish the desired 

transformation, we needed to employ a one-carbon species for the DE ring that functioned as an 

“electrophilic nucleophile,” whereas the AB ring needed a one-carbon “nucleophilic electrophile” 

(Figure 2- 5). At a first glance, installation of a one-carbon until on the AB ring seemed trivial, as 

Scheme 2-28: DE addition into an AB aldehyde. 

 

 

 

 

 

 

 

Figure 2-6: One-carbon species required for AB and DE subunits. 
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a number of hydroxymethyl anion equivalents have been reported. What was unexpected however, 

was the difficulty in achieving a selective 1,2-addition into the bromoenone, while suppressing the 

unwanted 1,4-addition or lithium-halogen exchange. 

 To give the reader an idea of the reactivity of bromoenone 2-11, an example involving the 

addition of isopropenyl lithium should be highlighted (Table 2-4). This reaction was performed by 

previous Rychnovsky group members Maureen Reilly and Justin Hilf. As seen in the table, despite 

being a small, highly reactive nucleophile, only 54% of the 1,2-product (2-124) could be isolated 

after extensive optimization. Using the corresponding Grignard, the 1,4-addition (2-125) was the 

only observed product. In most cases, a significant amount of metal-halogen exchange (2-127) was 

also isolated.  

Table 2-4: Addition of isopropenyl organometallic reagents into AB bromoenone 2-11. 

 

 

 

Entry M 
CH3CCH2M 

(equiv) 
Conditions Result 

1 MgBr 6.0 Et2O, 0 °C to rt 92% 2-125 (1:1.2 d.r.) 

2 MgBr 3.0 CeCl3 (3.0 equiv), THF, rt 8% 2-124, 80% 2-125 

3 Li 1.7 Et2O, –78 °C 
39% 2-124, 30% 2-126, 26% 

2-127 

4 Li 1.6 10:1 Et2O/THF, –78 °C 
54% 2-124, 39% 2-127, 6% 

RSM 

5 Li 1.5 
LiCl, 10:1 hexane/Et2O, –78 

°C 

mixture of 2-124, 2-125, 2-

126, 2-127 
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Despite the inherent challenges with this 1,2-addition, we screened a variety of one-carbon 

nucleophiles, with limited to no success (Table 2-5). The most obvious nucleophile was a nitrile, 

which could be used directly as an electrophile or reduced to the corresponding aldehyde. 

Unfortunately, all attempts with nitrile additions afforded 1,4- followed by 1,2-addition, including 

an organocatalytic method specifically designed for the 1,2-addition of TMSCN into bromoenones 

(Entries 1-3).63 

Given the observed difficult in promoting a direct 1,2-addition of a nitrile, we realized that 

a two or three-step sequence to install the electrophilic carbon would likely be necessary. Knowing 

Table 2-5: One-carbon "nucleophilic electrophiles" screen. 

 

 

 

Entry Nucleophile Result 

1 NaCN 1,2 then 1,4 

2 KCN 1,2 then 1,4 

3 TMSCN & organocatalysts 1,2 then 1,4, then SN2 

4 
 

No reaction 

5 

 

No reaction 

6 

 

No reaction 

7 
 

1,4 cyclopropanation 

8 
 

67%, only 1,2-addition 
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that a Tamao-Fleming oxidation could convert an aryl silane into an alcohol, 2-

trimethylsilylpyridine (Entry 4) was deprotonated with t-BuLi and added to bromoenone 2-11, no 

reaction was observed. Similarly, no reaction was observed with the lithiated dithiane (Entry 5), 

which functions as an umpolung aldehyde equivalent. As noted previously, a highly-functionalized 

DE vinyl lithium (Entry 6) was also not able to afford any addition product. A Corey-Chaykovsky 

epoxidation was similarly unsuccessful, preferring to undergo a 1,4-addition which resulted in 

cyclopropanation of the bromoenone (Entry 7). 

During this time, we came across a paper that used thioanisole as a nucleophile, and 

converted it to the corresponding aldehyde through a Pummerer rearrangement. Intrigued, we 

treated thioanisole with nBuLi to generate the alkyl lithium, and upon exposure to the bromoenone, 

underwent a regio-and diastereoselective 1,2-addition in 67% to afford alcohol 2-128 (Entry 8). 

With this success, we pushed forward with this approach (Scheme 2-29). 

  Treatment of alcohol 2-128 with CSA in methanol induced the transannular cyclization, 

providing ketal 2-129 in 63% yield. Oxidation of the aryl sulfide with H2O2 in 

hexafluoroisopropanol afforded the corresponding sulfoxide (2-130) in quantitative yields as an 

inconsequential 3:1 mixture of diastereomers.  

Treatment of the sulfoxide 2-130 with trifluoroacetic anhydride induced the desired 

Pummerer rearrangement, however the resulting mixture of hemithioacetal (2-131) and hemiketal 

(2-132) proved to be challenging to hydrolyze. After screening the typical cleavage conditions 

(conc. HCl, Hg salts, mCPBA), it was discovered that simply quenching the reaction with aqueous 
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lithium hydroxide rapidly cleaved the mixture of intermediates to the desired aldehyde (2-123) in 

81% yield. This four-step route is concise and easily scalable, and has allowed us to prepare over 

500 mg of aldehyde 2-123.  

With a scalable route to the AB aldehyde developed, we turned out attention towards the 

one-carbon electrophilic nucleophile required to make the DE fragment. A short list of some 

unsuccessful and successful electrophiles is presented in Scheme 2-30. Briefly, no carbonyl 

equivalent was a competent electrophile, with the exception of paraformaldehyde, which was 

successful once, but was not reproducible. Diiodomethane, Eschenmoser's salt, iodomethyl 

tributyltin, and chloromethyl phenyl sulfide were equally unsuccessful. The only reliable, effective 

one-carbon electrophiles found thus far include iodomethane, iodomethyl phenyl sulfide, and 

MOM-Br. The methyl ether resulting from the MOM-Br alkylation was difficult to deprotect. 

Another graduate student is looking into this deprotection.  

Scheme 2-29: Synthesis of AB aldehyde 2-123. 
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 The remainder of this section will focus on our efforts utilizing iodomethyl phenyl sulfide 

as our electrophile. Treatment of oxazepinone 2-33 with LDA, followed by addition of iodomethyl 

phenyl sulfide cleanly afforded the desired α-alkylation product in 36% yield and an isolable 3:1 

d.r favoring the cis-diastereomer (Scheme 2-31). Brief attempts at optimization involving 

temperature, concentration, equivalents of electrophile, and additives failed to improve the yield 

or diastereoselectivity. To simplify the product distribution of the subsequent LiDBB reaction, the 

minor diastereomer was set aside and only the major cis-diastereomer was used.  

For the key bond forming reaction, sulfide 2-133 was treated with LiDBB, which facilitates 

the regioselective reductive cleavage of the aryl sulfide, generating alkyl lithium 2-122 (Scheme 

2-32). Treatment of the alkyl lithium with the AB aldehyde results in a rapid, albeit low yielding 

Scheme 2-30: One-carbon electrophiles screened for DE alkylation. 

 

 

Scheme 2-31: Alkylation of 2-33 with iodomethyl phenylsulfide. 
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1,2-addition into the aldehyde, providing a mixture of 4 possible diastereomers (2-135 and 2-136), 

two from the epimers at the newly formed alcohol, and two from the racemic DE sulfide precursor. 

Fortunately, these four diastereomers can be isolated as a mixture from the reaction, and taken on 

to subsequent steps.  

 In an effort to simplify the product analysis from the LiDBB coupling, the mixture of 

alcohols was subjected to a DMP oxidation, which would reduce the mixture to just two 

diastereomers epimeric about the DE ring (Scheme 2-33). Unfortunately, our first and only attempt 

at the oxidation was unsuccessful, and led to what appeared to be decomposition, as well as trace 

amounts of remaining starting material. Given that the secondary alcohol is extremely hindered, it 

may be prudent to use a stronger, smaller oxidant for future attempts.  

Scheme 2-32: Coupling of the AB-DE fragments through reductive lithiation. 

 

 

Scheme 2-33: Unsuccessful simplification of diastereomeric mixture. 
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Despite the unsuccessful oxidation attempt, we wanted to test out the key intramolecular 

Heck cyclization. A small amount of the mixture of alcohols was subjected to typical Heck 

conditions (Scheme 2-34). On a 5 mg scale, analysis of the reaction products was quite difficult, 

however we were able to confirm that the desired cyclization took place by high-resolution ESI-

mass spec. While we were unable to rigorously confirm the product identity or stereochemistry by 

NMR, this result demonstrated the feasibility of performing the Heck reaction on the real substrate, 

which merits further optimization of this reductive lithiation approach towards synthesizing BTX. 

With the feasibility of the intramolecular Heck cyclization evident, the task remains to 

optimize the LiDBB reductive alkylation, or to modify the DE ring system to avoid the use of 

LiDBB. Subsequent attempts to optimize the reductive alkylation with benzaldehyde have been 

unsuccessful, with yields consistently hovering around 20%. Looking at the mechanism, this could 

be partly due to the instability of the intermediate neopentylic radical (2-140), which also exists as 

Scheme 2-34: Explorative Heck reaction on diastereomeric mixture of alcohols. 
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its cyclopropylcarbinyl resonance structure (2-141, Scheme 2-35). While the relative stability and 

reactivity of these two is currently unknown, it’s possible that the low yield is due to formation of 

two regioisomeric products (2-122 and 2-142). Additionally, there exists the possibility that either 

radical intermediate formed simply undergoes an H-atom abstraction, leading to other mixtures of 

protonated or alkylated products.  

 If the LiDBB reductive alkylation is unable to be sufficiently optimized, several options 

are available to avoid using LiDBB (Scheme 2-36). First, selective oxidation of sulfide 2-133 to 

sulfone 2-143 would provide an enolate-equivalent that can be deprotonated with LDA, which the 

Scheme 2-35: Possible decomposition pathway for LiDBB alkylation. 

 

 

Scheme 2-36: Alternative nucleophilic DE precursors. 
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DE ring is known to be tolerant of. This would require the reductive desulfurization at a later stage, 

however mild conditions are known to facilitate that transformation. Second, alkylations are 

currently being developed using electrophiles such as BOM-I or MOM-Br, each of which could 

be manipulated to afford the neopentylic iodide (2-144). Transmetallation of alkyl iodides with t-

BuLi are well known, and may result in a more reliable and cleaner alkyl lithium formation due to 

the absence of single-electron processes as found with the LiDBB lithiation. Finally, one of the 

best alkylation substrates so far was allyl iodide. The terminal alkene (2-75) has been selectively 

oxidized to the aldehyde, which in theory can be used directly for an intermolecular aldol, or 

potentially modified further to access an ester or an alkyl iodide.   

Due to a lack of time, I was not able to explore other methods to facilitate the AB-DE bond 

formation. Regardless of the method used, they all would result in the same intermediate after the 

Heck reaction (2-147), which could be used to finish the natural product. The outline for 

completing the synthesis based on the reductive alkylation sequence is show in Scheme 2-37. After 

Scheme 2-37: Proposed remaining steps to synthesize batrachotoxin. 
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the intramolecular Heck reaction, an isomerization of the D ring alkene is necessary (2-148), 

followed by an oxidative cleavage and aldol to afford the intermediate keto-aldehyde (2-149). An 

aldol condensation of 2-149 would provide the D-ring cyclopentenone (2-29). The resulting 

tricarbonyl steroid can then undergo a precedented global alane-mediated reduction31 followed by 

an acidic workup to afford batrachotoxinin A. A final esterification would complete the total 

synthesis of (–)-batrachotoxin, with a proposed longest linear sequence of 15 steps.   

 

2.7 Conclusions 

We have learned a tremendous amount regarding the reactivity of various highly congested 

intermediates, and the challenge of deceptively simple transformations.  Thus far, we have 

successfully developed a 4-step route to access the DE ring from commercial materials, and a 7-

step route to access the fully elaborated AB ring. These fragments can be coupled together, and 

successfully undergo the desired intramolecular Heck cyclization. Despite the DuBois group’s 

recent total synthesis of batrachotoxin, we remain optimistic that our current route, if successful, 

is significantly more convergent and concise, and provides a unique synthetic approach that will 

facilitate the rapid construction of a diverse set of analogues that may be used for biological 

studies.  
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2.8 Experimental Section 

2.8.1 General Information 

All glassware was flame- or oven-dried and cooled under argon unless otherwise stated. All 

reactions and solutions were conducted under argon unless otherwise stated. All commercially 

available reagents were used as received, unless otherwise stated. Toluene (PhMe), 

tetrahydrofuran (THF), dimethylformamide (DMF), diethyl ether (Et2O), acetonitrile (MeCN), 

benzene (C6H6), and dichloromethane (CH2Cl2) were passed through two 4 × 36 inch columns of 

anhydrous neutral alumina A-2 (8 × 14 mesh, LaRoche Chemicals; activated under a flow of Ar 

350 °C for 12 hours to remove H2O according to the procedure described by Grubbs.28 

Diisopropylamine (DIPA), 1,3-Dimethyl-3,4,5,6-tetrahydro-2-pyrimidinone (DMPU) were 

distilled from CaH2 prior to use. All reactions involving LiDBB were conducted with glass stir 

bars. Thin layer chromatography (TLC) was performed with Millipore 60 F254 glass-backed silica 

gel plates and visualized using potassium permanganate, ceric ammonium molybdate 

(CAM/Hanessians stain) or vanillin stains. Flash column chromatography was performed 

according to the method by Still, Kahn, and Mitra29 using Millipore Geduran Silica 60 (40-63 µm), 

or by MPLC using a CombiFlash Isco automated purification system. 

2.8.2 Instrumentation 

All data collected at ambient temperature unless noted. 1H NMR spectra were taken at 500 or 

600 MHz, calibrated using residual NMR solvent or TMS and interpreted on the δ scale. Peak 

abbreviations are listed: s = singlet, d = doublet, t = triplet, q = quartet, pent = pentet, dd = doublet 

of doublets, ddd = doublet of doublet of doublets dt = doublet of triplets, ddt = doublet of doublet 

of triplets, dq = doublet of quartets, m = multiplet, app = apparent, br = broad. 13C NMR spectra 

were taken at 125 MHz, calibrated using the NMR solvent, and interpreted on the δ scale. Some 
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samples were analyzed above and below room temperature to minimize line broadening due to 

rotamers. Infrared spectra were recorded on NaCl plates. High resolution mass spectrometry was 

performed using ESI-TOF. 

2.8.3 Procedures and Characterizations 

N-methyl oxazepinone 2-33 

 

Experimental: Oxazepinone 2-73 (1.49 g, 8.23 mmol) was dissolved in DMF (28 mL) and stirred 

briefly. To this, NaH (493 mg, 12.34 mmol, 60 wt%) was added in one portion at room 

temperature, and stirred for 30 min, after which MeI (0.768 mL, 12.34 mmol) was added in one 

portion. The reaction was monitored by TLC, and when complete, was quenched by the addition 

of H2O (30 mL). The aqueous solution was extracted with EtOAc (3 x 50 mL), the organic layers 

combined, washed with brine (30 mL), dried over MgSO4, filtered, and concentrated in vacuo, 

affording a yellow oil. After purification by column chromatography (100% EtOAc), oxazepinone 

2-33 was isolated as a colorless oil (1.50 g, 95%).  

Physical State: Clear, colorless oil 

1H NMR (500 MHz, CDCl3) δ 4.26 – 4.17 (m, 2H), 3.50 (qdd, J = 15.5, 5.4, 2.1 Hz, 2H), 3.03 

(s, 3H), 2.62 (dd, J = 16.5, 4.8 Hz, 1H), 2.31 – 2.15 (m, 2H), 1.97 (dd, J = 16.3, 10.5 Hz, 1H), 

1.70 (ddd, J = 12.4, 5.7, 2.7 Hz, 1H), 1.66 – 1.55 (m, 1H), 1.24 (ddd, J = 23.7, 11.3, 6.2 Hz, 1H), 

0.99 (d, J = 6.6 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 168.8, 156.2, 105.8, 70.8, 50.3, 36.7, 35.7, 35.7, 30.6, 30.3, 28.9, 

28.9, 21.2. 

IR (FT-IR) 2934, 1628, 1471, 1172 cm−1. 
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 HRMS (ESI-TOF) m / z calculated for [M + Na]+ C11H17NO2Na 218.1157, found 218.1152.  

 

Diene 2-34 

 

Experimental: Benzoxazepinone 2-63 (75 mg, 0.42 mmol) was dissolved in t-BuOH (0.04 ml, 

0.42 mmol) and anhydrous THF (0.57 mL), and cooled to -78 °C. Once cooled, liquid ammonia 

(5 mL) was added, and the mixture stirred for 5 minutes. To this, potassium metal (49 mg, 

1.26 mmol) was added in one portion, and stirred for 10 minutes, followed by the rapid addition 

of solid NH4Cl (225 mg, 4.2 mmol). The mixture was allowed to warm to room temperature, where 

the ammonia was removed by slow evaporation. Once dry, the remaining solid was suspended in 

H2O and CH2Cl2 (5 mL each), and extracted with CH2Cl2 (3 x 15 mL). The organic layers were 

combined, washed with brine (10 mL), dried over MgSO4, filtered, and concentrated, affording a 

while solid (84.5 mg, 4:1 product:starting material), which was carried on as crude mixture. 

 

N-Methyl Alcohol 2-40 

 

Experimental: To a solution of 2-47 (30.0 mg, 0.087 mmol) in MeOH:CH2Cl2 (0.7:0.2 mL) was 

added CSA (4.0 mg, 0.017 mmol) at room temperature. The reaction quenched with Et3N (14.2 

mg, 19.7 μL) after 3.5 h. The solvent was evaporated in vacuo, and the crude product was purified 

on a silica plug (6:2 hexane:ethyl acetate) to afford 2-40 as a pale-yellow oil (19.8 mg, 98%) 

isolated as a mixture of rotamers. 

Physical State: Pale yellow oil.  
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1H NMR (500 MHz, CDCl3) δ 3.81 (t, J = 5.2 Hz, 1.87H), 3.74–3.68 (m, 0.33H), 3.66–3.50 (m, 

1.92H), 3.36–3.25 (m, 0.39H), 3.05 (app d, J = 11.7 Hz, 2.22H), 3.00 (s, 0.74H), 2.53–2.30 (m, 

2.80H), 2.20–2.07 (m, 0.92H), 1.90–1.69 (m, 2.63H), 1.42 (m, 1.15H), 0.99 (d, J = 6.5 Hz, 3H) 

13C NMR (125 MHz, CDCl3) δ 61.2, 60.5, 59.6, 52.3, 50.3, 36.8, 36.4, 35.8, 32.9, 32.8, 32.1, 31.4, 

31.3, 27.7, 27.6, 21.1, 20.9, 20.84, 20.78, 14.2.  

IR (FT-IR) 3402, 2926, 1612 cm−1.  

HRMS (ESI-TOF) m / z calculated for [M + Na]+ C11H18ClNO2Na 254.0924, found 254.0928. 

 

N-Methyl Alcohol 2-43 

 

Experimental: A solution of acid chloride 2-61 (2.0 g, 11.6 mmol) in methylene chloride (12 mL) 

was added to N-methylethanolamine (1.13 g, 15.1 mmol) in 24 mL of a 1:1 mixture of 10% 

NaOH:CH2Cl2 at 0 °C. After the addition was complete, the reaction mixture was removed from 

the ice bath and allowed to warm to room temperature, where it was stirred for 4 h. The two 

reaction layers were then separated, and the aqueous layer was extracted with CHCl3 (3 x 10 mL). 

The organic layers were combined, dried over MgSO4, and concentrated to give 2-43 as a viscous 

yellow oil (1.97 g, 80%), isolated as a mixture of rotamers and used without further purification.  

Physical State: Viscous yellow oil.  

1H NMR (500 MHz, CDCl3) δ 7.23–7.10 (m, 2 H), 6.96 (q, J = 9.2 Hz, 1H), 3.89 (s, 1.50H), 3.73 

(br s, 1.43H), 3.67 (br s, 0.54H) 3.37 (t, J = 5.4 Hz, 0.51H), 3.14 (s, 0.8H), 3.05 (s, 0.64H), 2.99 

(s, 2.23H), 2.32 (d, J = 8.4 Hz, 3H).  
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13C NMR (126 MHz, CDCl3) δ 168.8, 134.4, 132.1, 129.5, 129.4, 115.6, 115.4, 97.5, 77.3, 77.1, 

76.8, 61.3, 50.9, 37.7, 35.3, 20.6.  

IR (FT-IR) 3393, 2931, 1617, 1491 cm−1.  

HRMS (ESI-TOF) m / z calculated for [M + Na]+ C11H14FNO2Na 234.0906, found 234.0911. 

 

Aldehyde 2-45 

 

Experimental: To a solution of DMF (23.8 g, 326 mmol) cooled to 0 °C was added POCl3 (40.0 

g, 260 mmol) in a dropwise fashion. The mixture was allowed to slowly warm to ambient 

temperature in a water bath, then stirred for 15 minutes. The mixture was again cooled to 0 °C in 

an ice bath before the dropwise addition of 4-methylcyclohexanone (18.3 g, 163 mmol). After 

addition, the mixture was removed from the ice bath and warmed to ambient temperature, where 

it was stirred for 1 hr. The mixture was then poured directly onto ice (600 g) and the reaction was 

quenched with solid NaHCO3. Once neutralized, the solution was extracted with Et2O (3 x 200 

mL), the organic layers combined and washed with water (3 x 200 mL), brine (2 x 200 mL), dried 

over MgSO4, filtered, and concentrated under vacuum to give 2-45 (24.3 g, 94%) as a pale-yellow 

oil. 

Physical State: Pale yellow oil.  

 1H NMR (600 MHz, CDCl3) δ 9.96 (s, 1H), 2.51–2.43 (m, 1H), 2.41–2.36 (m, 1H), 2.47–2.30 

(m, 1H), 1.65–1.62 (m, 1H), 1.57–1.48 (m, 2H), 1.24–1.17 (m, 1H), 0.84–0.80 (d, J = 6.6 Hz, 3H). 

13C NMR (125 MHz, CDCl3) δ 190.4, 150.7, 132.7, 35.6, 31.5, 30.9, 27.2, 20.8. 

IR (FT-IR) 2954, 2928, 1980, 1623, 1217 cm−1. 
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HRMS (ESI-TOF) m / z calculated for [M + NH4]
+ C8H11ClNONH4 176.0842, found 176.0848. 

 

Carboxylic Acid 2-46 

 

 

Experimental: Aldehyde 2-45 (2.00 g, 12.6 mmol) was dissolved in 63 mL of 3:1 t-BuOH:H2O. 

To this, 2-methyl-2-butene (8.84 g, 126 mmol) and NaH2PO4 (12.1 g, 101 mmol) were added and 

stirred until the salts were dissolved. Once dissolved, NaClO2 (5.69 g, 63.0 mmol) was added, and 

the mixture stirred until the starting material was consumed, monitored by TLC. The completed 

reaction was diluted with ethyl acetate (20 mL) and water (20 mL). The aqueous layer was 

extracted with ethyl acetate (3 x 50 mL), the organic layers were combined, washed with brine, 

dried over MgSO4, filtered, and concentrated in vacuo, and taken on directly to the subsequent 

step. 

1H NMR (500 MHz, CDCl3) δ 8.04 (s, 1H), 2.66–2.43 (m, 1H), 2.39 (app d, J = 17.9 Hz, 1H), 

2.26 (app d, J = 16.1 Hz, 1H), 1.98 (m 2H), 1.78 (app. d, J = 10.9 Hz, 1H), 1.49–1.37 (m, 1H), 

1.02 (d, J = 6.4 Hz, 3H). 

13C NMR (125 MHz, CDCl3) δ 157.9, 141.9, 120.1, 36.2, 31.6, 28.9, 20.8. 

IR (FT-IR) 3431, 2090, 1639, 1146 cm−1. 

HRMS (ESI-TOF) m / z calculated for [M – H]- C8H10ClO2 173.0369, found 173.0370.  

 

Acid Chloride 2-47 
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Experimental: To a solution of 2-46 (0.357 g, 2.05 mmol) in CH2Cl2 (5 mL) and 1 drop of DMF 

at 0°C was added oxalyl chloride (0.76 g, 6.0 mmol) dropwise. The mixture was stirred at 0 °C for 

30 min, then removed from the ice bath and warmed to ambient temperature where it was stirred 

for 3 h. Solvent and excess oxalyl chloride were removed in vacuo to provide acid chloride 2-47 

as a yellow oil (0.220 g, 55.8%) that was used immediately in the subsequent reactions.  

 

Primary Amine 2-48 

 

Experimental: A solution of TBSCl (3.15 g, 21.0 mmol) in methylene chloride (10 mL) was 

added dropwise to a solution of ethanolamine (1.22 g, 20.0 mmol) and imidazole (2.7 g, 40 mmol) 

in methylene chloride (20 mL) over three minutes at room temperature. The resulting mixture was 

stirred for 1 h, after which H2O (20 mL) was added to quench the reaction. The phases separated, 

and the aqueous phase was extracted with methylene chloride (2 x 20 mL), and the combined 

organic phases were dried over MgSO4, filtered, and concentrated in vacuo, affording a clear, 

colorless oil (3.3 g, 94%). Spectral data matched those reposed in the literature.64  

 

N-methyl amine 2-49 

 

Experimental: Imidazole (19.1 g, 280 mmol), TBSCl (23.7 g, 157 mmol), and DMAP (0.1 g, 0.8 

mmol) were added to a mixture of methylene chloride (400 mL) and N-methylethanolamine (10.0 

g, 112 mmol), and the solution stirred at room temperature for 18 h. The reaction was quenched 

with H2O and extracted with Et2O (2 x 100 mL). The organic layers were combined and washed 
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with H2O (200 mL) and brine (200 mL), dried over MgSO4, and concentrated in vacuo to give a 

yellow oil. The resulting oil was purified by short-path distillation (30-38 °C, 2-3 Torr) to give a 

clear, colorless oil (23.5g, 99%). Spectral data matched those reported in the literature.65 

 

N-H amide 2-50 

 

Experimental: A solution of 2-48 in THF (1.0 g, 5.7 mmol) was added dropwise to a solution of 

NaH (60% w/w oil, 0.293 g, 7.41 mmol) in THF (20 mL), and cooled to 0 °C after addition. To 

this, a solution of 2-47 (1.09 g, 5.70 mmol) in THF (11 mL) was added dropwise. The mixture was 

slowly warmed to room temperature and stirred for 19 h. The reaction was quenched with saturated 

aqueous NH4Cl (10 mL), and the organic solvent removed in vacuo. The residue was dissolved in 

methylene chloride (30 mL), washed with saturated NaHCO3 (2 x 30 mL), brine (30 mL), dried of 

MgSO4, filtered, and concentrated in vacuo to afford a crude yellow oil that was used without 

subsequent purification or characterization.  

 

N-methyl amide 2-51 

 

Experimental: A solution of 2-49 (44.3 mg, 0.230 mmol) in THF (0.5 mL) was added dropwise 

to a solution of NaH (60% w/w oil, 13 mg, 0.325 mmol) in THF (1.0 mL), then cooled to 0 °C. 

The mixture was stirred for 45 min at 0 °C, then a solution of 2-47 (50 mg, 0.26 mmol) in THF 
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(0.5 mL) was added. The reaction was slowly warmed to room temperature and stirred for 48 h. 

Saturated aqueous NH4Cl (5 mL) was added to quench the reaction, and the organic solvent 

removed in vacuo. The residue was dissolved in methylene chloride (10 mL), washed with 

saturated aqueous NaHCO3 (2 x 20 mL), brine (20 mL), dried over MgSO4, filtered, and 

concentrated in vacuo. The residue was purified by flash column chromatography (6:2 

hexane:EtOAc) to provide 2-51 as a pale-yellow oil (80.4 mg, 90%) isolated as a mixture of 

rotamers. 

Physical State: Pale yellow oil.  

1H NMR (500 MHz, CDCl3) δ 3.80 (t, J = 5.4 Hz, 1.64H), 3.64–3.53 (m, 1H), 3.53–3.43 (m, 

0.73H), 3.31–3.20 (tt, J = 14.4, 4.4 Hz, 0.50H), 3.11–3.03 (d, J = 14.5 Hz, 1.76H), 3.02–2.97 (s, 

1.26H), 2.53–2.22 (m, 2.91H), 2.16–2.06 (br s, 0.75H), 1.90–1.67 (m, 3.21H), 1.52–1.32 (m, 

1.09H), 1.03–0.95 (br s, 3.11H), 0.89 (s, 9H), 0.05 (d, J = 3.5 Hz, 6H). 

13C NMR (125 MHz, CDCl3) δ 169.7, 130.9, 128.0, 68.0, 61.7, 60.7, 52.33, 52.28, 49.6, 37.4, 

36.5, 36.4, 35.8, 32.9, 32.8, 32.6, 32.4, 32.3, 31.5, 27.7, 27.6, 25.95, 25.91, 25.7, 20.96, 20.86, 

18.37, 18.19. 

IR (FT-IR) 2928, 2856, 1638, 1106, 836, 777 cm−1. 

HRMS (ESI-TOF) m / z calculated for [M + Na]+ C17H32ClNO2Na 368.1789, found 368.1781.  

 

N-H Alcohol 2-52 

 

Experimental: A solution of 2-47 (1.3 g, 6.9 mmol) in benzene (2.7 mL) was cooled to 0 °C, and 

a 1:1 solution of ethanolamine (0.42 g, 6.9 mmol) and Et3N (0.95 mL, 6.87 mmol) was added. The 

mixture was slowly warmed to room temperature and stirred for 18 h. The reaction was then diluted 
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with methylene chloride (30 mL), quenched with H2O (30 mL), and the aqueous layer extracted 

with methylene chloride (3 x 20 mL). The organic layers were combined, washed with H2O (2 x 

20 mL), brine (30 mL), dried over MgSO4, and concentrated in vacuo to give a yellow oil. The oil 

was purified by column chromatography (5:3 hexanes:ethyl acetate), affording 2-52 as a yellow 

oil (0.121 g, 8.1%) isolated as a mixture of rotamers. 

Physical State: yellow oil.  

1H NMR (500 MHz, CDCl3) δ 6.39 (s, 1H), 4.41 (s, 0.36H), 3.77 (d, J = 3.0 Hz, 1.69H), 3.69 (s, 

0.37H), 3.50 (d, J = 2.3 Hz, 1.71H), 2.44 (m, 3H), 1.95 (m, 1.15H), 1.75 (br s, 2.07H), 1.63 (s, 

0.45H), 1.58–1.49 (m, 0.63H), 1.36 (s, 1.15H), 0.98 (d, J = 6.3 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 169.1, 130.9, 62.3, 62.2, 60.5, 42.51, 42.48, 36.2, 34.08, 34.05, 

31.4, 27.8, 21.1, 20.9, 14.2. 

IR (FT-IR) 3284, 2928, 1632, 1545, 1066 cm−1. 

HRMS (ESI-TOF) m / z calculated for [M+Na]+ C10H16ClNO2Na 240.0767, found 240.0773. 

 

Divinylchlorodide 2-54 

 

Experimental: A solution of 2-40 (23 mg, 0.10 mmol) in 1,2-dichlorobenzene (1 mL) and Et3N 

(0.04 mL, 0.3 mmol) was placed in microwave vessel and reacted (150 W, 200 °C, 4 h, 250 psi) 

with stirring. Once cooled to ambient temperature, the crude reaction mixture was directly purified 

by column chromatography (6:2 hexane:ethyl acetate) to afford 2-54 as a yellow oil (10.4 mg, 

27%) isolated as a mixture of rotamers. 

Physical State: Yellow oil. 
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1H NMR (500 MHz, CDCl3) δ 4.52–4.36 (m, 2H), 3.92–3.67 (m, 3H), 3.20–3.06 (m, 3H), 2.67–

2.36 (m, 6H), 2.19 (s, 1H), 1.81 (br. s, 4H), 1.48–1.38 (m, 2H), 1.09 (d, J = 6.3 Hz, 3H).  

13C NMR (125 MHz, CDCl3) δ 170.1, 166.9, 137.3, 126.5, 62.2, 36.4, 35.8, 34.9, 32.9, 31.4, 31.1, 

29.8, 27.7, 20.9. 

IR (FT-IR) 2925, 1726, 1637, 1402, 1236 cm−1. 

HRMS (ESI-TOF) m / z calculated for [M + Na]+ C19H27Cl2NO3Na 410.1266, found 410.1255.  

 

Oxime 2-55 

 

Experimental: A mixture of aldehyde 2-47 (20 mg, 0.13 mmol) and hydroxylamine hydrochloride 

(9.76 mg, 0.14 mmol) were dissolved in DMSO (3 mL) with stirring, and heated to 90 °C for 80 

minutes. The reaction was cooled to room temperature and diluted with H2O, then extracted with 

Et2O (3 x 5 mL). The organic layers were combined, dried over MgSO4, filtered and concentrated 

in vacuo to give a dark yellow/brown oil. The crude mixture was purified by column 

chromatography (6:2 hexanes:ethyl acetate), to afford 2-55 (22 mg, 99%) as a dark yellow oil. 

Physical State: Dark yellow oil.   

1H NMR (500 MHz, CDCl3) δ 8.39 (s, 1H), 2.65–2.46 (m, 3H), 1.98–1.88 (m, 1H), 1.88–1.72 (m, 

2H), 1.49–1.38 (m, 1H), 1.05 (d, J = 6.5 Hz, 3H).  

13C NMR (125 MHz, CDCl3) δ 149.1, 136.7, 126.5, 34.7, 33.6, 31.4, 27.7, 21.1.  

IR (FT-IR) 3305, 2927, 1629, 455, 952 cm−1.  

HRMS (ESI-TOF) m / z calculated for [M + NH4 – H2O]+  C8H10ClNNH4 173.0845, found 

173.0841.  
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Chloronitrile 2-56 

 

Experimental: A mixture of oxime 2-55 (158 mg, 1.00 mmol), MeSO2Cl (0.075 mL, 1.00 mmol), 

and dry Alumina (0.50 g, 4.9 mmol, Fluka type 405 acidic, dried in an oven overnight), were 

thoroughly mixed by mortar and pestle. The mixture was transferred to a round bottom flask and 

heated in an oil bath with stirring at 100 °C for 1 h. The mixture was then cooled to room 

temperature, Et2O (10 mL) was added, and the mixture was filtered to remove the alumina. The 

filtrate was washed with H2O (2 x 10 mL), the organic layer dried over MgSO4, filtered and 

concentrated in vacuo, giving a brown oil that was purified by column chromatography (15:1:2 

hexane:ethyl acetate:CH2Cl2), affording 2-56 (41.2 mg, 26 %) as a dark yellow/brown oil. 

Physical State: Dark yellow/brown oil. 

1H NMR (500 MHz, CDCl3) δ 2.63–2.51 (m, 2H), 2.49–2.42 (m, 1H), 2.07–1.99 (m, 1H), 1.90–

1.79 (m, 2H), 1.49–1.41 (m, 1H), 1.06 (d, J = 6.6 Hz, 3H).  

13C NMR (125 MHz, CDCl3) δ 147.3, 116.9, 109.4, 36.1, 33.7, 30.5, 27.2, 20.5.  

IR (FT-IR) 2955, 2218, 1632, 1456 cm−1.  

HRMS (ESI-TOF) m / z calculated for [M + Na]+ C8H10ClNNa 178.0399, found 178.0398.   

 

Methyl Ester 2-57 

 

Experimental: V2O5 (402 mg, 2.13 mmol) was added to a 30% aqueous solution of H2O2 (24.0 

mL, 213 mmol) at 0 °C, and stirred until the V2O5 had dissolved and the solution became reddish-

brown in color. Separately, 2-47 (2.50 g, 15.76 mmol) was dissolved in 70 mL of MeOH 
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containing 5 drops of 60% aqueous perchloric acid at 0 °C, and stirred well. The freshly prepared 

V2O5-H2O2 complex was transferred to an addition funnel, where its temperature was maintained 

at 0 °C, and added dropwise to the aldehydic solution over 1 h at 0 °C. Once the addition was 

complete, the reaction vessel was purged with argon, sealed with a septum containing a syringe to 

allow hydrogen gas to escape, and transferred to a cryogenic bath where it was stirred at 0 °C for 

18 h. The reaction was then warmed to room temperature and extracted with Et2O (3 x 100 mL). 

The combined organic layers were washed with saturated aqueous NaHCO3 (2 x 100 mL), H2O (2 

x 100 mL), and brine (100 mL), then dried over MgSO4, filtered, and concentrated in vacuo to 

afford 2-57 as a clear, colorless oil (1.15 g, 38.8%).  

Physical State: Clear, colorless oil.  

1H NMR (600 MHz, CDCl3) δ 3.77 (s, 3H), 2.56–2.36 (m, 3H), 2.05–1.89 (m, 1H), 1.81–1.67 (m, 

2H), 1.45–1.28 (m, 1H), 0.99 (d, J = 6.5 Hz, 3H).  

13C NMR (125 MHz, CDCl3) δ 167.6, 136.6, 126.7, 51.9, 35.9, 34.8, 31.1, 27.7, 20.9.   

IR (FT-IR) 2953, 1732, 1434, 1241 cm−1.  

HRMS (ESI-TOF) m / z calculated for [M + NH4]
+ C9H13ClO2NH4 206.0948, found 206.0944. 

 

Acid Chloride 2-61 

 

Experimental: Commercially available 2-fluoro-5-methylbenzoic acid (5.09 g, 32.5 mmol) was 

dried under high-vac for 10 min, then dissolved in methylene chloride (100 mL), and cooled to 0 

°C. To this, oxalyl chloride (4.95 g, 39.0 mmol) in methylene chloride (20 mL) was added 

dropwise, followed by one drop of DMF, after which the mixture was slowly warmed to room 
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temperature and stirred at ambient temperature for 4 h. Excess solvent and oxalyl chloride were 

removed in vacuo to afford 2-61 as a yellow oil (5.23 g, 94%). Spectral data matched those reported 

in the literature.66 

 

N-Methyl Alcohol 2-62 

 

Experimental: To a solution of commercially available N-methylaminoethanol (3.08 g, 41.0 

mmol) in 30 mL of a 1:1 mixture of methylene chloride:10% aqueous NaOH at 0 °C was added 

acid chloride 2-60 (5.00 g, 31.5 mmol) in methylene chloride (30 mL). After the addition, the 

reaction mixture was slowly warmed to room temperature and stirred for 18 h. The two phases 

were separated, and the aqueous layer extracted with CHCl3 (3 x 30 mL). The organic layers were 

combined, dried over MgSO4, filtered, and concentrated to give a clear, colorless oil (6.38 g, 99%) 

isolated as a mixture of rotamers that was used without further purification. 

Physical State: Clear, colorless oil. 

1H NMR (500 MHz, CDCl3) δ 7.35 (dt, J = 22.6, 6.8 Hz, 2H), 7.21–7.11 (dt, J = 19.4, 7.3 Hz, 

1H), 7.10–7.01 (m, 1H), 3.84 (t, J = 5.0 Hz, 1H), 3.69 (d, J = 4.5 Hz, 1H), 3.58 (d, J = 4.1 Hz, 

0.65H), 3.30 (s, 0.86H), 3.10 (s, 1H), 2.96 (s, 2H).  

13C NMR (125 MHz, CDCl3) δ 168.3, 167.5, 159.1, 157.1, 131.6, 131.5, 131.0, 130.9, 129.16, 

129.13, 129.09, 124.74, 124.71, 124.57, 124.54, 124.39, 124.25, 115.91, 115.74, 60.9, 59.7, 52.8, 

50.7, 37.70, 37.67, 33.2.  

IR (FT-IR) 3396, 2939, 1616, 1479, 1407 cm−1.  

HRMS (ESI-TOF) m / z calculated for [M + Na]+ C10H12FNO2Na 220.0750, found 220.0750.  
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6-methylbenxozazepinone 2-63 

 

Experimental: Commercially available 6-methyl-4-chromanone (5.0 g, 30.8 mmol) was dried 

under vacuum for 30 min, then suspended in toluene (30 mL) and cooled to 0 °C. To this, sodium 

azide (5.11 g, 78.6 mmol) was added in one portion, and stirred for 5 minutes. Concentrated 

sulfuric acid (13.0 mL) was then added dropwise to the mixture from a glass pipette over 15 

minutes. After the addition was complete, the mixture was warmed to ambient temperature, and 

stirred overnight. Once the reaction was complete as monitored by TLC (100% EtOAc), the 

reaction was quenched by the addition of H2O (75 mL), and extracted with toluene (3 x 100 mL). 

The organic layers were combined, washed with brine (50 mL), dried over magnesium sulfate, 

filtered, and concentrated in vacuo, yielding a white solid. The crude mixture was purified by 

column chromatography (100% EtOAc), affording a white solid (4.62 g, 87%) and its isomer ( 

0.23g, 4%) whose spectral data matched those reported in the literature.54 

 

Aniline 2-63a 

 

Physical State: Red film 

1H NMR (500 MHz, CDCl3) δ 8.83 (s, 1H), 6.94 (d, J = 8.2 Hz, 1H), 6.86 (d, J = 8.3 Hz, 1H), 

6.81 (s, 1H), 4.45 (d, J = 5.9 Hz, 1H), 2.84 (t, J = 5.9 Hz, 1H), 2.29 (s, 1H) 

13C NMR (126 MHz, CDCl3) δ 173.5, 146.6, 133.7, 129.0, 126.2, 122.2, 122.0, 69.5, 36.9, 20.7 

IR (FT-IR) 2925, 2241, 1626, 1436 cm−1 
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HRMS (ESI-TOF) m / z calculated for [M + Na]+ C11H11NO2Na 200.0687, found 200.0680.67 

 

Benzoxazepinone 2-63 

 

 

Experimental: Alcohol 2-62 (2.0 g, 10 mmol) was dissolved in DMF (50 mL) and the mixture 

cooled to 0 °C. To this was added NaH (60% w/w oil, 0.45 g) in one portion, and the mixture 

stirred at 0 °C until bubbling stopped, then removed from the ice bath and slowly warmed to room 

temperature. The reaction was stirred for 18 h at room temperature, then quenched by the dropwise 

addition of saturated aqueous NH4Cl (10 mL), followed by H2O (20 mL). The mixture was 

extracted with Et2O (3 x 30 mL), the organic layers were combined, dried over MgSO4, filtered, 

and concentrated in vacuo to give a pale-yellow oil. Purification of the oil by chromatography (1:2 

hexane:EtOAc) afforded 2-63 as a pale-yellow oil (124 mg, 6%). Spectral data matched those 

reported in the literature.49 

 

6-Methylbenzoxazepinone 2-64 

 

Experimental: Alcohol 2-43 (1.0 g, 4.7 mmol) was dissolved in DMF (25 mL) and mixed 

thoroughly. To this was added NaH (60% w/w oil, 209 mg, 5.21 mmol) in one portion at room 

temperature, and stirred for 18 h. The reaction was quenched with saturated aqueous NH4Cl, 

followed by the addition of H2O (30 mL). The mixture was extracted with methylene chloride (3 x 
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30 mL), the organic layers combined, washed with H2O (20 mL), brine (20 mL), dried over 

MgSO4, filtered and concentrated. The crude product was purified by column chromatography (5:3 

hexane:ethyl acetate), affording the product 2-64 as a yellow solid (20 mg, 2.2%), as well as the 

corresponding macrocyclic dimer 2-65 (20 mg, 2.2%).  

Physical State: Yellow solid.  

1H NMR (500 MHz, CDCl3) δ 7.74 (s, 1H), 7.22 (d, J = 8.4 Hz, 1H), 6.81 (d, J = 8.3 Hz, 1H), 

5.39 (q, J = 6.0 Hz, 1H), 3.06 (s, 3H), 2.33 (s, 3H), 1.55 (d, J = 5.9 Hz, 3H).  

13C NMR (125 MHz, CDCl3) δ 162.2, 153.7, 134.8, 131.8, 127.9, 117.6, 116.4, 85.8, 29.9, 29.8, 

20.6, 18.5.  

IR (FT-IR) 2294, 2855, 1667, 1468, 820 cm−1.  

HRMS (ESI-TOF) m / z calculated for [M + H]+ C11H13NO2H 192.1024, found 192.1022. 

 

N-Methyl Amide Dimer 2-65 

 

Physical State: Yellow solid. 

1H NMR (500 MHz, CDCl3) δ 7.74 (s, 1H), 7.22 (d, J = 8.4 Hz, 1H), 6.81 (d, J = 8.3 Hz, 1H), 

5.39 (q, J = 6.0 Hz, 1H), 3.06 (s, 3H), 2.33 (s, 3H), 1.55 (d, J = 5.9 Hz, 3H).  

13C NMR (125 MHz, CDCl3) δ 162.2, 153.7, 134.8, 131.8, 127.9, 117.6, 116.4, 85.8, 29.9, 29.8, 

20.6, 18.5. 

IR (FT-IR) 2294, 2855, 1667, 1468, 820 cm−1.  

 

Enamine 2-66 
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Experimental: A solution of ketone 2-44 (2.00 g, 17.8 mmol), morpholine (2.33 g, 26.8 mmol), 

and TsOH (10 mg, 0.06 mmol) in PhMe (10 mL) was thoroughly mixed, then heated to reflux with 

a Dean-Stark trap for 17 h. The reaction was cooled to room temperature, and the solvent removed 

in vacuo. The crude product was purified by kugelrohr distillation, affording a clear, colorless oil 

(1.76 g, 54%). Spectral data matched those reported in the literature.68 

 

Benzoxazepinone 2-70 

 

Experimental: Commercially available 4-chromanone (1.0 g, 6.75 mmol) was dried under 

vacuum for 30 min, then suspended in toluene (30 mL) and cooled to 0 °C. To this, sodium azide 

(1.12 g, 17.2 mmol) was added in one portion, and stirred for 5 minutes. Concentrated sulfuric 

acid (2.8 mL) was then added dropwise to the mixture from a glass pipette over 15 minutes. After 

the addition was complete, the mixture was warmed to ambient temperature, and stirred overnight. 

Once the reaction was complete as monitored by TLC (100% EtOAc), the reaction was quenched 

by the addition of H2O (25 mL), and extracted with toluene (3 x 25 mL). The organic layers were 

combined, concentrated in vacuo, and purified by column chromatography (100% EtOAc), 

affording 2-70 as a white solid (0.63 g, 57%) whose spectral data matched those reported in the 

literature.54  

 

Diene 2-71 
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Experimental: Benzoxazepinone 2-70 (0.300 g, 1.84 mmol) was dissolved in t-BuOH 

(0.136 g, 1.84 mmol) and anhydrous THF (2.5 mL), and cooled to -78 °C. Once cooled, liquid 

ammonia (23 mL) was added, and the mixture stirred for 5 minutes. To this, potassium metal 

(0.151 g, 3.86 mmol) was added in one portion, and stirred for 10 minutes, followed by the rapid 

addition of solid NH4Cl (1.0 g, 18.4 mmol). The mixture was allowed to warm to room 

temperature, where the ammonia was removed by slow evaporation. Once dry, the remaining solid 

was suspended in H2O and CH2Cl2 (10 mL each), and extracted with CH2Cl2 (3 x 25 mL). The 

organic layers were combined, washed with brine (30 mL), dried over MgSO4, filtered, and 

concentrated, affording 2-71 as a while solid (0.274 g, 7:1 product:starting material), which was 

carried on as a crude mixture.  

 

N-H Oxazepinone 2-72 

 

Experimental: Diene 2-71 (0.140 g, 0.514 mmol) was dissolved in EtOAc (50 mL, dried by 

degassing with argon while stirring with Na2SO4 for 1 hour). To this, wet 5 wt. % Pd/C (54.8 mg) 

was added. The reaction vessel was purged with hydrogen gas three times, then stirred for 12 h 

under 1 atm of hydrogen. Once complete, the mixture was filtered over a pad of celite, rinsed with 

EtOAc (50 mL), concentrated in vacuo, and purified by column chromatography (100% EtOAc), 

affording 2-72 as a white foam (0.170 g, 99%).  

Physical State: White foam.  
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1H NMR (600 MHz, CDCl3) δ 7.58 (s, 1H), 4.26 – 4.17 (m, 2H), 3.42 (s, J = 8.4 Hz, 3H), 2.36 (t, 

J = 6.1 Hz, 2H), 2.19 (t, J = 6.3 Hz, 2H), 1.61 (app dt, J = 12.2, 6.2 Hz, 2H), 1.53 (app dt, J = 11.4, 

5.9 Hz, 2H); IR (FT-IR) 3429, 2928, 1631, 1465, cm−1.  

HRMS (ESI-TOF) m / z calculated for [M + H]+ C9H13NO2H 168.1024, found 168.1025.  

 

N-Me Oxazepinone 2-72a 

 

Experimental: Oxazepinone 2-72 (57.2 mg, 0.92 mmol) was dissolved in dimethyl formamide 

(1.1 mL) and stirred briefly. To this, NaH (20.4 mg, 0.92 mmol, 60 wt%) was added in one portion 

at room temperature, and stirred for 30 min, after which MeI (25.4 μL, 0.41 mmol) was added in 

one portion. The reaction was monitored by TLC, and when complete, was quenched by the 

addition of H2O (10 mL). The aqueous solution was extracted with EtOAc (3 x 20 mL), the organic 

layers combined, washed with brine (10 mL), dried over MgSO4, filtered, and concentrated in 

vacuo, affording a yellow oil. After purification by column chromatography (100 % EtOAc), 

oxazepinone 2-72a was isolated as a colorless oil (50.0 mg, 81%).  

Physical State: Colorless oil.  

 1H NMR (500 MHz, CDCl3) δ 4.26 – 4.20 (m, 2H), 3.54 – 3.50 (m, 2H), 3.05 (s, 3H), 2.49 – 2.41 

(m, 2H), 2.22 – 2.16 (m, 2H), 1.69 – 1.55 (m, 4H). 

13C NMR (126 MHz, CDCl3) δ 160.3, 104.7, 71.44, 63.0, 43.2, 30.7, 26.8, 22.7, 22.5; IR (FT-IR) 

2922, 1633, 1459, 1137 cm−1 

HRMS (ESI-TOF) m / z calculated for [M + Na]+ C10H15NO2Na 204.1001, found 204.1006.  
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N-H Oxazepinone 2-73 

 

Experimental: Diene 2-34 (3.61 g, 20.16 mmol) was dissolved in EtOAc (400 mL, dried by 

degassing with argon while stirring with Na2SO4 for 1 hour). To this, wet 5 wt. % Pd/C (1.09 g) 

was added. The reaction vessel was purged with hydrogen gas (3x), then allowed to stir under 1 

atm of hydrogen, with progress monitor by NMR. Once complete, the mixture was filtered over a 

pad of celite, rinsed with EtOAc (200 mL) and CH2Cl2 (200 mL), concentrated in vacuo, and 

purified by column chromatography (100% EtOAc), affording 14 as a white solid 

(1.93 g, 80% over 2 steps).   

Physical State: Crystalline white solid 

1H NMR (500 MHz, CDCl3) δ 7.01 (s, 1H), 4.31 – 4.26 (m, 1H), 4.21 – 4.15 (m, 1H), 3.44 – 3.37 

(m, 3H), 2.63 (dd, J = 16.4, 4.0 Hz, 1H), 2.30 – 2.20 (m, 2H), 1.89 (dd, J = 16.4, 10.4 Hz, 1H), 

1.79 (dd, J = 13.2, 9.5 Hz, 1H), 1.63 – 1.52 (m, 2H), 1.23 (ddd, J = 23.7, 11.3, 6.5 Hz, 1H), 0.99 

(d, J = 6.6 Hz, 3H) 

13C NMR (126 MHz, CDCl3) δ 160.3, 145.9, 71.4, 62.9, 43.2, 35.2, 30.9, 30.5, 28.9, 21.7 

 IR (FT-IR) 3272, 2924, 1633, 1474 cm−1 

 HRMS (ESI-TOF) m / z calculated for [M + H]+ C9H13NO2H 182.1181, found 182.1175.  

 

Enol ether 2-74 

 

Experimental: A solution of nBuLi in hexanes (0.30 ml, 3.2 M) was added to a solution of LiCl 

(62.6 mg, 1.54 mmol) and DIPA (0.15 mL, 1.1 mmol) in THF (0.7 mL) at -78 °C. The resulting 
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solution was warmed to 0 °C for 5 min, the cooled back to -78 °C. To this, an ice-cooled solution 

of 2-33 (63 mg, 0.32 mmol, dried under vacuum for 1-2 h prior to use) in THF 

(1.0 mL, 0.2 mL rinse) was added dropwise. The mixture was then stirred at -78 °C for 1 h, 0 °C 

for 15 min, 23 °C for 5 min, then cooled back to -78 °C. Once cooled, MeI (0.2 mL, 0.246 mmol) 

was added neat, and the resulting mixture was stirred for 4 h at -78 °C, then quenched by the 

addition of half saturated aqueous NH4Cl (2.5 mL). The crude mixture was extracted with EtOAc 

(4 x 5 mL), the organic extracts combined, dried over magnesium sulfate, filtered, and concentrated 

in vacuo.  Purification by column chromatography (100% EtOAc) afforded 2-74 as a pale-yellow 

oil, isolated as a mixture of diastereomers (45 mg, 87%).  

Physical State: Pale yellow oil. 

1H NMR (600 MHz, CDCl3) δ 5.36 (dd, J = 5.3, 2.3 Hz, 1H), 4.23 (ddd, J = 12.3, 7.9, 1.2 Hz, 

1H), 3.97 (ddd, J = 12.3, 7.1, 1.1 Hz, 1H), 3.70 (dd, J = 15.5, 7.8 Hz, 1H), 3.43 (dd, J = 15.5, 7.0 

Hz, 1H), 3.00 (s, 4H), 2.60 (dt, J = 12.6, 1.9 Hz, 1H), 2.07 (dtd, J = 17.3, 5.2, 1.6 Hz, 1H), 1.65 

(ddd, J = 17.4, 10.9, 2.3 Hz, 1H), 1.56 – 1.50 (m, 1H), 1.33 (s, 3H), 1.04 (t, J = 12.5 Hz, 1H), 0.94 

(d, J = 6.5 Hz, 3H) 

13C NMR (126 MHz, CDCl3) δ 175.7, 152.1, 114.6, 113.4, 69.95, 69.91, 50.7, 47.8, 47.2, 45.9, 

43.0, 38.6, 37.4, 33.3, 32.6, 26.8, 25.7, 25.0, 24.6, 21.6, 21.5 

IR (FT-IR) 2922, 1642, 1472, 1168 cm−1 

HRMS (ESI-TOF) m / z calculated for [M + Na]+ C12H19NO2Na 232.1313, found 232.1304.  

 

Allyl enol ether 2-76 

 



 

91 

 

Experimental: A solution of nBuLi in hexanes (0.36 ml, 2.55M) was added to a solution of LiCl 

(58.5 mg, 1.38 mmol) and DIPA (0.14 mL, 1.0 mmol) in THF (0.7 mL) at -78 °C. The resulting 

solution was warmed to 0 °C for 5 min, the cooled back to -78 °C. To this, an ice-cooled solution 

of 2-33 (50 mg, 0.26 mmol, dried under vacuum for 1-2 h prior to use) in THF 

(1.0 mL, 0.2 mL rinse) was added dropwise. The mixture was then stirred at -78 °C for 1 h, 0 °C 

for 15 min, 23 °C for 5 min, then cooled back to -78 °C. Once cooled, allyl iodide 

(39.0 mg, 0.23 mmol) was added neat, and the resulting mixture was stirred for 4 h at -78 °C, then 

quenched by the addition of half saturated aqueous NH4Cl (3 mL). The crude mixture was 

extracted with EtOAc (3 x 20 mL), the organic extracts combined, dried over magnesium sulfate, 

filtered, and concentrated in vacuo.  Purification by column chromatography (100% EtOAc) 

afforded 2-76 as a pale-yellow oil, isolated as a mixture of diastereomers (43 mg, 80%), as well as 

the alpha protonation product 2-78 (10 mg, 17%). 

Physical State: Pale yellow oil. 

 1H NMR (500 MHz, CDCl3T) δ 5.80 – 5.68 (m, 1H), 5.47 (dd, J = 5.4, 2.1 Hz, 1H), 5.09 (dd, J 

= 13.6, 1.9 Hz, 2H), 4.26 (dd, J = 12.2, 7.5 Hz, 1H), 3.97 (dd, J = 12.3, 7.2 Hz, 1H), 3.69 (dd, J = 

15.3, 7.3 Hz, 1H), 3.52 (dd, J = 15.4, 7.0 Hz, 1H), 3.03 (s, 3H), 2.49 (d, J = 7.2 Hz, 2H), 2.45 

(dt, J = 12.7, 1.8 Hz, 1H), 2.06 (dt, J = 16.7, 4.9 Hz, 1H), 1.65 (ddd, J = 16.8, 10.9, 2.1 Hz, 1H), 

1.20 (t, J = 12.4 Hz, 1H), 0.96 (d, J = 6.4 Hz, 3H) 

13C NMR (126 MHz, CDCl3) δ 174.8, 150.7, 133.9, 118.1, 116.7, 70.6, 50.7, 41.6, 40.7, 38.9, 

33.1, 26.5, 21.6 

IR (FT-IR) 2952, 1637, 1174, 895 cm−1 

HRMS (ESI-TOF) m / z calculated for [M + H]+ C14H21NO2H 236.1615, found 236.1609.  
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Deconjugated enol ether 2-78 

 

Physical State: Clear, colorless oil.  

 1H NMR (500 MHz, CDCl3) δ 5.28 (dd, J = 4.7, 2.7 Hz, 1H), 4.19 (dd, J = 12.2, 5.9 Hz, 1H), 

3.81 (ddd, J = 20.9, 13.7, 8.8 Hz, 2H), 3.33 – 3.25 (m, 2H), 3.00 (s, 3H), 2.32 (d, J = 12.5 Hz, 1H), 

2.08 (dt, J = 17.4, 5.1 Hz, 1H), 1.99 – 1.89 (m, 1H), 1.62 (ddt, J = 17.4, 10.6, 2.3 Hz, 1H), 1.24 

(td, J = 12.3, 5.3 Hz, 1H), 1.00 (d, J = 6.6 Hz, 3H) 

13C NMR (126 MHz, CDCl3) δ 172.1, 148.3, 110.6, 68.7, 52.2, 42.8, 36.7, 33.5, 32.2, 25.4, 21.8; 

IR (FT-IR) 3489, 2953, 1725, 1638 cm−1 

HRMS (ESI-TOF) m / z calculated for [M + Na]+ C11H17NO2Na 218.1157, found 218.1151. 

 

Propenyl Pinacol Boronate 2-79 

 

Experimental: Trimethyl borate (0.415 g, 4 mmol) in Et2O (1 mL) was cooled to -78 °C. To this, 

propenyl magnesium bromide (10 mL, 5 mmol) was added dropwise over 10 min. Once complete, 

the mixture was stirred for 1 h at -78 °C, at which point the reaction was warmed to 0 °C, and 7 

mL of 30% HCl (aq.) was added and stirred for 30 min. The mixture was then warmed to room 

temperature, and extracted with Et2O (3 x 20 mL), dried over sodium sulfate, and concentrated in 

vacuo until small amounts of solids were visible in the reaction vessel. The solution was then 

transferred to a flask containing 4 Å activated molecular sieves (0.5 g) and Et2O (5 mL). To this, 

pinacol (0.7 g) was added, and the reaction stirred at room temperature for 12 h, at which point the 
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mixture was filtered and concentrated, giving a pale-yellow liquid. Purification by column 

chromatography (9:1 pentane:diethyl ether), affording the product as a colorless liquid (0.392 mg, 

47% over two steps). Spectral data matches reported literature values.55 

 

Vinyl Boronate 2-80 

 

Experimental: A solution of the Hoveyda-Grubbs 2nd generation catalyst (3.6 mg, 0.004 mmol) 

in CH2Cl2 (0.2 mL) was transferred to a flame dried microwave vial equipped with a stir bar. To 

this, a solution of 2-76 (18.3 mg, 0.78 mmol) in CH2Cl2 (0.20 mL) was added, followed by 

propenyl pinacol boronate (26.2 mg, 0.17 mmol) neat. The mixture was heated to reflux for 12 h, 

then cooled to room temperature and concentrated in vacuo. The concentrate was purified by 

column chromatography (8:2 hexanes:EtOAc), affording 2-80 as a yellow/brown oil (5.8 mg, 

20%). 

Physical State: yellow-ish brown oil 

1H NMR (600 MHz, CDCl3) δ 6.49 (ddd, J = 17.7, 7.9, 6.0 Hz, 1H), 5.50 (d, J = 17.8 Hz, 1H), 

5.46 (dd, J = 5.4, 2.2 Hz, 1H), 4.24 (dd, J = 11.6, 7.9 Hz, 1H), 3.94 (dd, J = 11.5, 8.1 Hz, 1H), 3.65 

(dd, J = 15.3, 6.9 Hz, 1H), 3.53 (dd, J = 15.6, 7.3 Hz, 1H), 3.02 (s, J = 2.8 Hz, 3H), 2.64 – 2.55 

(m, 2H), 2.45 (d, J = 12.8 Hz, 1H), 2.07 – 2.02 (m, 2H), 1.66 (ddd, J = 17.2, 11.0, 2.3 Hz, 2H), 

1.26 (s, J = 3.6 Hz, 12H), 1.16 (t, J = 12.5 Hz, 1H), 0.95 (d, J = 6.5 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 174.5, 148.9, 116.7, 83.1, 51.3, 50.83, 41.7, 38.9, 33.1, 26.6, 24.9, 

24.8, 24.6, 21.5. 
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IR (FT-IR) 2976,1636, 1361, 1145 cm−1. 

HRMS (ESI-TOF) m / z calculated for [M + Na]+ C20H32BNO4Na 384.2326, found 384.2330.  

  

Ketal 2-81 

 

Experimental: A solution of the Hoveyda-Grubbs 2nd generation catalyst (3.6 mg, 0.004 mmol) 

in CH2Cl2 (0.2 mL) was transferred to a flame dried microwave vial equipped with a stir bar. To 

this, a solution of 2-76 in CH2Cl2 (0.21 mL) was added, followed by propenyl pinacol boronate 

(26.2 mg, 0.17 mmol) neat. The mixture was heated to reflux for 12 h, then cooled to 0 °C in an 

ice bath. Once cooled, Br2 (0.053 g, 0.34 mmol) was added via syringe, followed by NaOMe 

(25 wt. %, 0.78 mL) after 30 min. The resulting mixture was stirred at 0 °C for 30 min, then 

quenched with aqueous saturated sodium thiosulfate (3 mL), and concentrated in vacuo. The 

concentrate was purified by column chromatography (1:1 hexanes:EtOAc), affording 2-81 as a 

yellow/brown oil (8.2 mg, 23%). 

Physical State: yellow/brown oil.  

 1H NMR (500 MHz, CDCl3) δ 6.21 (d, J = 7.1 Hz, 1H), 6.07 – 5.97 (m, 1H), 4.53 (s, 1H), 4.42 – 

4.26 (m, 2H), 3.76 – 3.71 (m, 1H), 3.51 – 3.41 (m, 1H), 3.28 (s, 2H), 3.08 – 2.99 (m, 2H), 2.97 (s, 

2H), 2.68 (dd, J = 15.6, 6.5 Hz, 1H), 2.53 – 2.44 (m, 1H), 2.39 (d, J = 12.9 Hz, 1H), 1.89 (d, J = 

14.3 Hz, 1H), 1.76 – 1.66 (m, 1H), 1.07 (t, J = 12.7 Hz, 1H), 0.94 (d, J = 6.5 Hz, 2H) 

13C NMR (126 MHz, CDCl3) δ 130.3, 109.6, 99.2, 61.1, 54.1, 51.6, 48.1, 42.8, 40.2, 36.0, 23.9, 

21.2. 

IR (FT-IR) 2952, 1632, 1345, 1062 cm−1. 
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HRMS (ESI-TOF) m / z calculated for [M – Br]+ C15H23BrNO3 344.0861, 346.0843, found 

344.0868, 346.0858.  

 

Divinyl Bromide 2-82 

 

Experimental: A solution of the Hoveyda-Grubbs 2nd generation catalyst (3.6 mg, 0.004 mmol) 

in CH2Cl2 (0.2 mL) was transferred to a flame dried microwave vial equipped with a stir bar. To 

this, a solution of alkene 2-76 in CH2Cl2 (0.21 mL) was added, followed by propenyl pinacol 

boronate (26.2 mg, 0.17 mmol) neat. The mixture was heated to reflux for 12 h, then cooled to 0 

°C in an ice bath. Once cooled, Br2 (0.053 g, 0.34 mmol) was added via syringe, followed by 

NaOMe (25 wt%, 0.78 mL) after 30 min. The resulting mixture was stirred at 0 °C for 30 min, 

then quenched with aqueous sat. sodium thiosulfate (3 mL), and concentrated in vacuo. The 

concentrate was purified by column chromatography (1:1 hexanes:EtOAc), affording 2-82 as a 

yellow/brown oil (15.1 mg, 45%), as well as the bromo methoxy ketal 2-81 (8.2 mg, 23%) 

Physical State: Yellow/brown oil 

 1H NMR (500 MHz, CDCl3) δ 6.30 (d, J = 7.1 Hz, 1H), 6.09 – 6.02 (m, 1H), 4.34 – 4.27 (m, 1H), 

4.15 – 4.07 (m, 1H), 3.64 (s, 2H), 3.28 (s, 1H), 3.05 (s, 3H), 2.97 (s, 1H), 2.87 (dd, J = 15.0, 8.3 

Hz, 1H), 2.59 – 2.43 (m, 3H), 2.21 (dd, J = 17.1, 11.1 Hz, 1H), 1.79 (s, 1H), 1.23 (dd, J = 22.6, 

10.1 Hz, 3H), 0.98 (d, J = 6.5 Hz, 3H) 
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13C NMR (126 MHz, CDCl3) δ 173.1, 129.8, 114.4, 110.8, 110.0, 69.9, 52.6, 50.9, 43.2, 41.4, 

39.2, 36.6, 28.4, 21.1 

 IR (FT-IR) 2623, 1633, 1454, 1340, cm−1 

 HRMS (ESI-OF) m / z calculated for [M + H]+ C14H19Br2NO2H 391.9861, found 393.9854.  

 

Aryl bromide 2-84 

 

Experimental: A solution of amide 2-78 (50 mg, 0.26 mmol), dried under vacuum for 1-2 h, 

dissolved in THF (0.4 mL, 0.2 mL rinse) was added dropwise to a solution of LiHMDS (1 mL, 1 M 

in THF) and LiCl (66.1 mg, 1.56 mmol) at -78 °C. The mixture was then stirred at -78 °C for 1 h, 

0 °C for 15 min, 23 °C for 5 min, then cooled back to -78 °C. Once cooled, o-bromobenzylbromide 

(0.325 mg, 0.26 mmol) in THF (0.4 mL) was added dropwise, and the resulting mixture was stirred 

for 4 h at -78 °C then warmed to 23 °C and stirred for 3 days. Once complete, the reaction was 

quenched by the addition of half saturated aqueous NH4Cl (3 mL). The crude mixture was 

extracted with EtOAc (3 x 20 mL), the organic extracts combined, dried over magnesium sulfate, 

filtered, and concentrated in vacuo. Purification by column chromatography (1:1 hexanes:EtOAc) 

afforded 2-84 as a pale-yellow oil, isolated as a mixture of diastereomers (35 mg, 37%). 

Physical State: Pale yellow oil 

 1H NMR (500 MHz, CDCl3) δ 7.59 (d, J = 8.0 Hz, 1H), 7.41 (d, J = 6.6 Hz, 1H), 7.25 (t, J = 7.5 

Hz, 1H), 7.10 (t, J = 7.6 Hz, 1H), 5.56 (d, J = 4.0 Hz, 1H), 4.38 (dd, J = 10.9, 7.6 Hz, 1H), 4.07 

(dd, J = 10.6, 7.6 Hz, 1H), 3.79 (dd, J = 15.6, 6.9 Hz, 1H), 3.68 (dd, J = 15.2, 7.7 Hz, 1H), 3.52 
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(d, J = 13.8 Hz, 1H), 3.22 (d, J = 13.7 Hz, 1H), 3.12 (s, 3H), 2.59 – 2.46 (m, 2H), 2.14 – 2.00 

(m, 2H), 1.56 (s, 1H), 1.29 – 1.21 (m, 1H), 0.92 (d, J = 5.9 Hz, 3H) 

13C NMR (126 MHz, CDCl3) δ 174.5, 173.1, 150.6, 137.1, 133.9, 132.8, 132.5, 132.0, 128.0, 

127.0, 126.8, 118.2, 118.0, 116.7, 70.6, 69.7, 53.5, 50.9, 50.7, 41.5, 40.6, 39.7, 39.2, 38.9, 33.1, 

33.0, 32.6, 26.5, 26.5, 21.6, 21.6. 

IR (FT-IR) 2951, 1633, 1471, 1025, 755 cm−1. 

HRMS (ESI-TOF) m / z calculated for [M + Na]+ C9H13NO2Na 386.0732, 388.0713, found 

386.0723, 388.0699.  

 

Tetracycle 2-85 

 

Experimental: A mixture of Pd(PPh3)4 (80 mg, 0.069 mmol) in CH3CN (1 mL) was transferred 

to a flame-dried microwave reaction vessel, and purged with argon for 10 minutes. To this, aryl 

bromide 25 (25 mg, 0.069 mmol) in CH3CN (2 mL) was transferred into the reaction vessel, 

followed by Et3N (14.4 μL, 10.5 mg). The mixture was purged with argon for 15 minutes, then 

placed in an oil bath and stirred at 100 °C for 24 h. Once complete, the mixture was cooled to room 

temperature, concentrated in vacuo, and purified by column chromatography 

(1:1 hexanes:EtOAc), affording 2-85 as a yellow oil (12.9 mg, 90%) 

Physical State: yellow oil. 

1H NMR (500 MHz, CDCl3) δ 7.68 (dd, J = 11.9, 8.0 Hz, 1H), 7.55 (d, J = 7.7 Hz, 1H), 7.50 – 

7.45 (m, 1H), 7.33 – 7.29 (m, 1H), 6.24 (dd, J = 10.1, 2.7 Hz, 1H), 5.88 (d, J = 10.3 Hz, 1H), 3.99 

– 3.91 (m, 1H), 3.74 –3.69 (m, 1H), 3.67 (d, J = 17.0 Hz, 1H), 3.24 – 3.17 (m, 1H), 3.10 (s, 1H), 
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2.98 (d, J = 17.0 Hz, 1H), 2.51 (d, J = 13.1 Hz, 1H), 2.44 (s, 1H), 1.19 (m, 1H), 0.94 (d, J = 7.1 Hz, 

1H). 

13C NMR (126 MHz, CDCl3) δ 172.9, 138.1, 132.2, 132.1, 132.0, 129.5, 129.0, 127.2, 125.4, 

124.2, 62.9, 48.6, 46.2, 44.3, 37.7, 29.8, 27.9, 21.2. 

IR (FT-IR) 3212, 2978, 1673, 1498 cm−1. 

HRMS (ESI-TOF) m / z calculated for [M + H]+ C18H21NO2H 284.1650, found 284.1648. 

 

Bromostyrene 2-88 

 

Experimental: To a solution of MeMgBr (3M in Et2O, 4.26 mL, 12.8 mmol) at 0 °C was added a 

solution of ketone 2-86 (2.0 g, 10 mmol) in Et2O (10.0 mL) dropwise over 30 minutes. Once 

addition was complete, the mixture was stirred at 0 °C for 90 minutes, at which point it was 

quenched by the addition of sat. aq. NH4Cl (15 mL) and H2O (15 mL). The aqueous layer was 

extracted with Et2O (3 x 50 mL), dried over MgSO4, filtered, and concentrated in vacuo, affording 

the corresponding alcohol 2-87 (2.48 g) as an oil that was used directly in the next step. 

 The crude mixture was taken up in benzene (30 mL) and a generous amount of 4 Å mol 

sieves added and allowed to stir for 10 minutes. Next, hydroquinone (127 mg, 1.26 mmol) and p-

TSA (200 mg, 1.16 mmol) were added. The mixture was heated to reflux for 2-3 hours, or until 

the alcohol was consumed by TLC. Upon completion, the mixture was cooled to room temperature, 

and sat. aq. NaHCO3 added (2 mL). The mol sieves were filtered off, and the solution transferred 

to a separatory funnel and washed with NaHCO3 (15 mL). The organic layer was dried with 
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MgSO4, filtered, and concentrated, affording the styrene 2-88 (1.29 g, 66%, 2 steps). The spectral 

data matched those reported in the literature.  

 

Dibromide 2-89 

 

Experimental: A round bottom flask was charged with styrene 2-88 (100 mg, 0.51 mmol), CCl4 

(4.6 mL), N-bromosuccinimide (109 mg, 0.61 mmol) and dibenzoyl peroxide (12.4 mg, 0.051 

mmol). The resulting solution was heated to reflux for 5 hours, then cooled to room temperature, 

filtered, and concentrated. Purification by column chromatography (10% EtOAc in hexanes) 

afforded the corresponding dibromide 2-89 (100 mg, 72%).  

1H NMR (500 MHz, CDCl3) δ 7.58 (d, J = 8.0 Hz, 1H), 7.35 – 7.27 (m, 2H), 7.20 (td, J = 8.0, 

2.0 Hz, 1H), 5.65 (s, 1H), 5.22 (s, 1H), 4.36 (s, 2H). 

13C NMR (126 MHz, CDCl3) δ 145.8, 140.4, 132.8, 131.7, 129.6, 127.4, 122.0, 121.0, 35.7. 

 

Allyl Iodide 2-90 

 

Experimental: In a 1 dram vial, a solution of allyl bromide 2-89 (30 mg, 0.11 mmol) in acetone 

(1 mL) was prepared, and KI (91 mg, 0.55 mmol) added. The vial was capped, covered with 

aluminum foil, and heated to 60 °C in an oil bath for 12 hours. The mixture was then cooled to 
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room temperature, and quenched by the addition of sat. aq. Na2S2O3 (1 mL) and H2O (1 mL). The 

aqueous layer was extracted with DCM (2 x 5 mL), the organic layers were dried with Na2SO4, 

filtered, and concentrated, affording a yellow oil (23 mg, 70%) that was immediately used in 

subsequent reactions.  

 Physical State: Yellow oil. 

1H NMR (500 MHz, CDCl3) δ 7.57 (d, J = 8.0 Hz, 1H), 7.35 – 7.27 (m, 2H), 7.20 (td, J = 7.9, 

1.8 Hz, 1H), 5.67 (s, 1H), 5.14 (s, 1H), 4.33 (s, 2H). 

13C NMR (126 MHz, CDCl3) δ 146.9, 140.7, 132.9, 131.7, 129.5, 127.4, 122.0, 119.8, 9.56. 

 

Diethyl Malonate 2-94 

 

Experimental: Methyl diethylmalonate (65 μL, 0.38 mmol) was added to a 1 dram vial and 

dissolved in THF (1.0 mL), followed by the addition of NaH (60 wt%, 18 mg, 0.456 mmol) and 

stirred for 15 minutes. Next, a solution of allyl bromide 2-32 (5 mg, 0.013 mmol) in THF (0.1 mL, 

0.1 mL rinse) was added dropwise at room temperature. After stirring for five minutes, the vial 

was sealed with a screw top, and heated to 80 °C for 24 hours. Upon completion, the mixture was 

cooled to room temperature and quenched by the addition of sat. aq. NH4Cl (1 mL). The aqueous 

layer was extracted with EtOAc (3 x 10 mL), the organic layers combined, washed with brine (5 

mL), dried with Na2SO4, filtered, and concentrated. Purification of the crude oil by 
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chromatography (15% EtOAc in hexanes) afforded the desired alkylation product 2-94 (7 mg, 

quantitative) as a mixture of rotamers.  

Physical State: Pale yellow oil. 

1H NMR (500 MHz, CDCl3) δ 6.21 (d, J = 5.3 Hz, 0.4H), 6.14 (d, J = 5.1 Hz, 0.6H), 5.68 (s, 

0.4H), 5.27 (s, 0.6H), 5.16 (s, 0.4H), 4.70 (s, 0.6H), 4.27 – 4.13 (m, 4H), 3.89 (dd, J = 9.5, 4.4 

Hz, 0.6H), 3.72 (dd, J = 8.3, 4.6 Hz, 0.4H), 3.37 – 3.32 (m, 3H), 2.88 – 2.78 (m, 1H), 2.78 – 2.69 

(m, 0.6H), 2.47 (dd, J = 27.6, 17.9 Hz, 1H), 2.07 (tt, J = 12.9, 3.8 Hz, 0.6H), 1.97 – 1.74 (m, 

5.6H), 1.61 (dd, J = 12.3, 5.0 Hz, 0.6H), 1.57 (s, 3H), 1.44 (ddd, J = 14.0, 12.4, 3.6 Hz, 0.6H), 

1.26 (tdd, J = 7.0, 4.5, 2.2 Hz, 20H), 0.97 (s, 3H), 0.81 (s, 6H). 

13C NMR (126 MHz, CDCl3) δ 169.8, 169.6, 145.3, 143.9, 131.6, 129.9, 129.4, 117.5, 115.7, 

98.9, 98.2, 86.1, 61.7, 61.7, 61.6, 61.2, 52.5, 51.6, 50.0, 49.9, 36.2, 35.9, 35.6, 35.4, 35.2, 34.8, 

34.1, 32.8, 32.0, 31.1, 31.0, 30.8, 29.9, 22.1, 21.8, 14.3, 14.2, 14.2. 

 

Chromenone 2-97 

 

Experimental: To a solution of ketone 2-96 (10.0 g, 60.22 mmol) in ethyl formate (246 mL) at 0 

°C was added NaH (60%, washed 3x with hexanes, 7.2 g, 181 mmol) in portions over two hours. 

After addition of NaH was complete, the reaction was continued to stir for 1.5 hours, then 

quenched with MeOH (30 mL), followed by the addition of concentrated HCl (47 mL). The 

suspension was warmed to room temperature and stirred for 16 hours. Next, H2O (mL) was added, 

and the aqueous layer extracted with DCM (3 x 200 mL). The organic layers were combined, dried 
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over MgSO4, filtered, and concentrated. The resulting crude mixture was purified by column 

chromatography (60% acetone in hexanes) affording chromenone 2-97 (9.0 g, 85%) as a yellow 

solid.  

Physical State: Yellow solid. 

1H NMR (499 MHz, CDCl3) δ 7.52 (dd, J = 5.9, 1.0 Hz, 1H), 7.30 (dd, J = 12.2, 4.6 Hz, 1H), 

6.75 (dd, J = 8.5, 1.0 Hz, 1H), 6.59 (d, J = 8.3 Hz, 1H), 6.02 (dd, J = 5.9, 0.8 Hz, 1H), 3.75 (s, 

3H). 

13C NMR (126 MHz, CDCl3) δ 176.9, 159.2, 158.0, 153.0, 133.4, 115.0, 114.0, 109.8, 109.7, 

106.0, 56.0. 

 

Chromanone 2-98 

 

Experimental: To a solution of chromenone 2-97 (5.0 g, 28.4 mmol) dissolved in MeOH (150 

mL) was added Pd/C (5 wt%, 6.0 g, 2.84 mmol), followed by Ph2S (0.475 mL, 2.84 mmol). The 

flask was purged with argon, then hydrogen, then fitted with two hydrogen balloons, and allowed 

to stir until the starting material was consumed, as monitored by NMR. Upon completion, the 

mixture was filtered through a short pad of celite, and concentrated in vacuo. Purification of the 

crude residue by column chromatography (100% EtOAc) afforded the desired chromanone 2-98 

(4.97 g, quant). 

1H NMR (600 MHz, CDCl3) δ 7.37 (t, J = 8.3 Hz, 1H), 6.57 (d, J = 8.4 Hz, 1H), 6.51 (d, J = 8.4 

Hz, 1H), 4.47 (t, J = 6.2 Hz, 2H), 3.91 (s, 3H), 2.83 – 2.74 (m, 2H). 
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13C NMR (126 MHz, CDCl3) δ 190.6, 163.4, 160.8, 135.8, 111.7, 109.9, 103.8, 66.7, 56.1, 39.1. 

 

Benxoxazepinone 2-100 

 

 

Experimental: Chromanone 2-98 (118 mg, 0.67 mmol) was dried under vacuum for 30 min, then 

suspended in toluene (1.0 mL) and cooled to 0 °C. To this, sodium azide (111.1 mg, 1.71 mmol) 

was added in one portion, and stirred for 5 minutes. Concentrated sulfuric acid (0.3 mL) was then 

added dropwise to the mixture from a glass pipette over 15 minutes. After the addition was 

complete, the mixture was warmed to ambient temperature, and stirred overnight. Once the 

reaction was complete as monitored by TLC (100% EtOAc), the reaction was quenched by the 

addition of H2O (15 mL), neutralized to pH 7 with 6 M NaOH, then extracted with toluene (3 x 15 

mL). The organic layers were combined, washed with brine (5 mL), dried over magnesium sulfate, 

filtered, and concentrated in vacuo. The crude mixture was purified by column chromatography 

(100% EtOAc), affording the desired ring expansion product 2-100 (10 mg, 8%). 

 

1H NMR (500 MHz, CDCl3) δ 7.44 (t, J = 8.3 Hz, 1H), 6.88 (d, J = 8.3 Hz, 1H), 6.83 (d, J = 8.2 

Hz, 1H), 4.75 (t, J = 5.7 Hz, 2H), 4.60 (t, J = 5.7 Hz, 2H), 3.98 (s, 3H). 

 

Alkene 2-102 
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Experimental: Benzoxazepinone 2-100 (68 mg, 0.352 mmol) was dissolved in t-BuOH (0.033 

mL, 0.352 mmol) and anhydrous THF (0.48 mL), and cooled to -78 °C. Once cooled, liquid 

ammonia (5 mL) was added, and the mixture stirred for 5 minutes. To this, potassium metal (41 

mg, 1.05 mmol) was added in one portion, and stirred for 10 minutes, followed by the rapid 

addition of solid NH4Cl (187 mg, 3.5 mmol). The mixture was allowed to warm to room 

temperature, where the ammonia was removed by slow evaporation. Once dry, the remaining solid 

was suspended in H2O and CH2Cl2 (5 mL each), and extracted with CH2Cl2 (3 x 15 mL). The 

organic layers were combined, washed with brine (10 mL), dried over MgSO4, filtered, and 

concentrated. Purification by column chromatography (100% EtOAc) afforded the vinyl amide 2-

102 (40 mg, 58%) as a white solid.  

Physical State: White solid.  

1H NMR (600 MHz, CDCl3) δ 8.24 (s, 1H), 7.41 (t, J = 8.3 Hz, 1H), 6.90 (dd, J = 15.4, 8.9 Hz, 

1H), 6.77 (d, J = 8.4 Hz, 1H), 6.58 (d, J = 8.2 Hz, 1H), 6.12 (d, J = 15.5 Hz, 1H), 5.30 (d, J = 8.6 

Hz, 1H), 3.84 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 157.27, 157.24, 149.1, 134.3, 127.8, 110.5, 110.1, 108.7, 103.0, 

55.8. 

Oxime 2-104 

 

Experimental: A solution of hydroxylamine hydrochloride (254 mg, 3.65 mmol) in H2O (0.5 mL) 

was added to a solution of ketone 2-98 dissolved in MeOH (5 mL). The mixture was cooled to -

10 °C in a salt/ice bath, then a solution of 4M NaOH (17 mL) was added dropwise. After 5 minutes, 
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the solution was warmed to room temperature, where it was stirred for 2 hours. The reaction was 

then diluted with H2O (25 mL), and the aqueous layers extracted with EtOAc. The combined 

organic layers were dried over Na2SO4, filtered, and concentrated to afford the desired oxime (0.58 

g, quantitative). 

Physical State: Off-white solid. 

1H NMR (500 MHz, CDCl3) δ 11.61 (s, 1H), 7.18 (t, J = 8.3 Hz, 1H), 6.57 (dd, J = 8.3, 5.0 Hz, 

2H), 4.22 (t, J = 6.2 Hz, 2H), 3.92 (s, 3H), 3.11 (t, J = 6.3 Hz, 2H). 

13C NMR (126 MHz, CDCl3) δ 158.7, 158.4, 148.8, 130.5, 110.5, 108.2, 104.1, 64.8, 55.7, 24.0. 

 

Ester 2-107 

 

Experimental: A round bottom flask was charged with the phenol (216 mg, 1.21 mmol), Et3N 

(0.5 mL, 3.6 mmol), Ac2O (0.23 mL, 2.42 mmol), and CH2Cl2 (5 mL), followed by the addition 

of DMAP last (36 mg, 0.3 mmol). The mixture was stirred at room temperature for 7 hours, at 

which point MeOH (5 mL) was added, and allowed to stir for 10 minutes. The mixture was 

subsequently diluted with H2O (5 mL), and the aqueous layer extracted with CH2Cl2 (3 x 10 mL). 

The organic layers were dried with Na2SO4, filtered, and concentrated. Purification of the crude 

oil by chromatography (30% EtOAc in hexanes) afforded the desired ester (45 mg, 18%) as an off-

white solid. 

Physical Appearance: Off-white solid. 
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1H NMR (500 MHz, CDCl3) δ 7.44 (t, J = 8.2 Hz, 1H), 6.89 (d, J = 8.5 Hz, 1H), 6.65 (d, J = 7.9 

Hz, 1H), 4.54 – 4.49 (m, 2H), 2.78 – 2.73 (m, 2H), 2.38 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 190.1, 169.9, 163.0, 150.3, 135.7, 116.2, 116.0, 114.3, 110.1, 

66.8, 38.6, 21.2. 

 

Vinyl Bromide 2-109 

 

Experimental: To a solution of alkyne 2-121 (32.5 mg, 0.139 mmol) in CH2Cl2 (1 mL) at room 

temperature was added BBr3 (1M in DCM, 0.348 mL, 0.348 mmol) dropwise. The reaction was 

allowed to stir for 3 hours, at which point glacial acetic acid (0.3 mL) was added and stirred for an 

additional hour. Once complete, the mixture was neutralized with sat. aq. NaHCO3 (5 mL), and 

the aqueous layer extracted with DCM (3 x 5 mL). The organic layers were combined, dried with 

Na2SO4, filtered, and concentrated. Purification of the resulting crude oil by chromatography 

(100% EtOAc) afforded the desired vinyl bromide 2-109 (10 mg, 23%) as a single diastereomer.  

Physical State: Yellow/brown oil. 

1H NMR (500 MHz, CDCl3) δ 5.68 (br s, 1H), 5.58 (d, J = 1.5 Hz, 1H), 5.49 (dd, J = 5.4, 1.4 

Hz, 1H), 4.23 (ddd, J = 12.0, 6.0, 1.2 Hz, 1H), 3.88 (dd, J = 12.1, 8.9 Hz, 1H), 3.78 (dd, J = 15.4, 

8.8 Hz, 1H), 3.47 (dd, J = 15.5, 5.8 Hz, 1H), 3.15 (d, J = 15.0 Hz, 1H), 3.02 (s, 3H), 2.80 (d, J = 

15.0 Hz, 1H), 2.60 (d, J = 12.8 Hz, 1H), 2.10 – 2.03 (m, 1H), 1.71 – 1.62 (m, 2H), 1.20 (t, J = 

12.1 Hz, 1H), 0.98 (d, J = 6.1 Hz, 3H). 
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13C NMR (126 MHz, CDCl3) δ 173.5, 151.0, 128.0, 121.3, 117.2, 71.5, 51.8, 51.4, 46.2, 41.7, 

39.4, 33.1, 26.6, 21.7. 

 

Alkyne 2-121 

 

Experimental: A round bottom flask was charged with THF (0.4 mL) and diisopropylamine (80 

μL, 0.563 mmol), and cooled to -78 °C. Once cool, nBuLi (2.06 M, 0.25 mL, 0.512 mmol) was 

added and the mixture stirred for 5 minutes, followed by the addition of amide 2-33 (50 mg, 0.256 

mmol) in THF (0.3 mL, 0.1 mL rinse). The resulting solution was stirred at -78 °C for 1 hr, then 

warmed to 0 °C and stirred for 15 minutes, then warmed to ambient temperature for 5 minutes, 

then cooled back to -78 °C. Once cool, neat propargyl bromide (71μL, 0.64 mmol) was added 

dropwise. The reaction was stirred at -78 °C for 75 minutes, then quenched by the addition of sat. 

aq. NH4Cl (2 mL). The reaction was diluted with H2O (3 mL), and the aqueous layers extracted 

with EtOAc (3 x 5 mL). The organic layers were combined, dried over Na2SO4, filtered, and 

concentrated. The crude residue was purified by column chromatography (100% EtOAc) to afford 

the desired alkyne 2-121 (42.3 mg, 70%) as a 1:4 ratio of diastereomers. 

Physical State: Pale yellow oil. 

1H NMR (500 MHz, CDCl3) δ 5.54 (dd, J = 5.5, 2.1 Hz, 1H), 5.43 (dd, J = 4.9, 3.0 Hz, 0.25H), 

4.25 – 4.16 (m, 1.6H), 3.98 (ddd, J = 12.2, 6.8, 1.2 Hz, 1H), 3.94 – 3.90 (m, 0.25H), 3.78 (dd, J = 

15.7, 7.9 Hz, 1H), 3.41 (dd, J = 15.7, 6.7 Hz, 1H), 3.02 (s, 1H), 3.01 (s, 3H), 2.82 (dd, J = 16.6, 

2.7 Hz, 0.25H), 2.71 (dd, J = 16.6, 2.6 Hz, 0.25H), 2.62 (qd, J = 16.7, 2.6 Hz, 2H) 2.53 (app d, J 
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= 12.4 Hz, 1H), 2.21 (dt, J = 17.5, 5.3 Hz, 0.25 H), 2.11 – 2.00 (m, 3H), 1.77 – 1.66 (m, 2H), 

1.63 – 1.52 (m, 1H), 1.47 (t, J = 12.4 Hz, 1H), 1.24 (t, J = 7.1 Hz, 0.25H), 0.96 (d, J = 6.5 Hz, 

3H), 0.94 (d, J = 6.7 Hz, 1H). 

13C NMR (126 MHz, CDCl3) δ 174.2, 173.8, 150.9, 149.6, 117.7, 116.1, 81.8, 80.4, 71.0, 70.7, 

70.7, 70.1, 51.4, 51.0, 50.5, 48.0, 42.0, 41.9, 38.9, 37.7, 33.1, 32.5, 29.8, 29.5, 27.0, 26.7, 26.6, 

25.0, 21.5, 21.3. 

 

TMS alkyne 2-121a 

 

Experimental: A round bottom flask was charged with flame dried LiCl (71.2 mg, 1.68 mmol), 

THF (0.4 mL) and diisopropylamine (165 μL, 1.18 mmol), and cooled to -78 °C. Once cool, nBuLi 

(2.06 M, 0.54 mL, 1.125 mmol) was added and the mixture stirred for 5 minutes, followed by the 

addition of amide 2-33 (55 mg, 0.28 mmol) in THF (0.3 mL, 0.1 mL rinse). The resulting solution 

was stirred at -78 °C for 1 hr, then warmed to 0 °C and stirred for 15 minutes, then warmed to 

ambient temperature for 5 minutes, then cooled back to -78 °C. Once cool, neat TMS-propargyl 

bromide (0.137 μL, 0.84 mmol) in THF (0.3 mL) was added dropwise. The reaction was stirred at 

-78 °C for 5 minutes, then warmed to 0 °C and stirred for 10 minutes, followed by the addition of 

sat. aq. NH4Cl (2 mL). The reaction was diluted with H2O (3 mL), and the aqueous layers extracted 

with DCM (3 x 5 mL). The organic layers were combined, dried over Na2SO4, filtered, and 

concentrated. The crude residue was purified by column chromatography (100% EtOAc) to afford 

the desired protected alkyne 2-121a (26 mg, 30%) as a 1:6 ratio of diastereomers. 
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Physical State: Pale yellow oil. 

1H NMR (600 MHz, CDCl3) δ 5.51 (dd, J = 5.5, 2.0 Hz, 1H), 5.44 (dd, J = 5.1, 2.9 Hz, 0.2H), 

4.25 – 4.20 (m, 1H), 4.18 – 4.14 (m, 0.2H), 3.98 – 3.91 (m, 1.2H), 3.79 (dd, J = 15.6, 7.9 Hz, 1H), 

3.38 (dd, J = 15.6, 6.5 Hz, 1H), 3.00 (d, J = 11.3 Hz, 3.6H), 2.79 (d, J = 3.8 Hz, 0.3H), 2.67 (d, J 

= 16.8 Hz, 1H), 2.59 (d, J = 16.8 Hz, 1H), 2.53 (app d, J = 12.5 Hz, 1H), 2.28 – 2.19 (m, 0.2 H), 

2.16 (dt, J = 17.3, 5.3 Hz, 0.2 H), 2.07 (dt, J = 17.3, 4.4 Hz, 1H), 1.72 (ddd, J = 9.0, 7.7, 2.6 Hz, 

0.4H), 1.67 (ddd, J = 17.1, 10.8, 2.1 Hz, 1H), 1.62 – 1.54 (m, 1H), 1.49 (t, J = 12.4 Hz, 1H), 0.96 

(d, J = 6.4 Hz, 3H), 0.93 (d, J = 6.6 Hz, 1H), 0.12 (s, 9H), 0.11 (s, 2H). 

 

TMS-Propargyl Oxazepane 2-121b 

 

Experimental: To a solution of amide 2-121a (26 mg, 0.085 mmol) dissolved in Et2O (7 mL) at 

0 °C was added LiAlH4 (8.3 mg, 0.22 mmol). The solution was heated to reflux for 12 hours, at 

which point it was cooled to 0 °C and quenched with H2O (2 mL). The aqueous layer was extracted 

with DCM (3 x 5 mL), the organic layers combined, dried over Na2SO4, filtered, and concentrated, 

affording the desired amine 2-121b (25 mg, quantitative) as a pale-yellow oil. 

Physical State: Pale yellow oil.  

1H NMR (500 MHz, CDCl3) δ 5.30 – 5.27 (m, 1H), 4.01 – 3.94 (m, 1H), 3.78 (dt, J = 10.9, 2.8 

Hz, 1H), 2.77 (dd, J = 14.2, 8.1 Hz, 2H), 2.54 (dd, J = 8.0, 2.6 Hz, 2H), 2.38 (s, 3H), 2.33 (d, J = 

16.8 Hz, 1H), 2.16 (d, J = 11.6 Hz, 1H), 2.06 (dt, J = 16.9, 5.2 Hz, 1H), 1.83 (dt, J = 20.6, 10.1 
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Hz, 1H), 1.69 – 1.61 (m, 2H), 1.36 (t, J = 13.0 Hz, 1H), 0.95 (d, J = 6.5 Hz, 4H), 0.14 (d, J = 0.7 

Hz, 9H). 

13C NMR (126 MHz, CDCl3) δ 153.9, 113.5, 105.2, 86.9, 70.3, 67.6, 56.7, 48.3, 42.9, 42.7, 33.4, 

29.0, 25.4, 22.0, 1.1, 0.37. 

 

Aldehyde 2-123 

 

Experimental: To a solution of sulfoxide 2-130 (178 mg, 0.433 mmol) in bench grade DCM (6.1 

mL) at 0 °C was added Et3N (0.18 mL, 1.30 mmol), followed by the dropwise addition of TFAA 

(0.147 mL, 1.04 mmol). The reaction was monitored by TLC, and upon completion was directly 

concentrated in vacuo. The crude oil was the taken up in 8.5 mL of 1:1:2 H2O/MeOH/THF mixture. 

To this, LiOH (104 mg, 4.33 mmol) was added in one portion, and the suspension stirred 

vigorously for 10 minutes, at which point sat. aq. NH4Cl (5 mL) was added. The mixture was 

transferred to a separatory funnel, and the aqueous layer extracted with EtOAc (3 x 20 mL). The 

organic layers were combined, dried over sodium sulfate, filtered, and concentrated. Purification 

of the crude oil by column chromatography (40% EtOAc in hexanes) afforded the desired aldehyde 

(84 mg, 65%) as a crystalline white solid. 

Physical State: crystalline white solid. 

1H NMR (500 MHz, CDCl3) δ 9.57 (s, 1H), 6.31 (dd, J = 5.8, 2.0 Hz, 1H), 3.38 (s, 3H), 2.49 

(ddd, J = 18.4, 4.1, 2.2 Hz, 1H), 2.09 – 1.97 (m, 2H), 1.97 – 1.90 (m, 1H), 1.90 – 1.84 (m, 1H), 

1.78 (dt, J = 12.3, 4.2 Hz, 1H), 1.75 – 1.61 (m, 3H), 1.56 – 1.48 (m, 1H), 0.99 (s, 3H). 
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13C NMR (126 MHz, CDCl3) δ 200.7, 130.9, 121.4, 98.6, 85.0, 50.1, 35.8, 35.2, 34.7, 33.3, 31.2, 

30.5, 19.4. 

IR (FT-IR) 2962, 2940, 2860, 1731, 1019 cm−1.  

HRMS (ESI-TOF) m/z calculated for [M + Na]+ C13H17BrO3Na 323.0259, 325.0240, found 

323.0266, 325.0248. 

[α]D22
 = -92.8 (c = 1.0, CHCl3) 

  

Allylic Alcohol 2-128 

 

Experimental: The night before the addition, a solution of thioanisole (0.378 mL, 3.2 mmol) in 

THF (7.27 mL) was cooled to 0 °C. Once cool, nBuLi (2.3M, 1.4 mL, 3.2 mmol) was added 

dropwise. The solution was warmed to room temperature, and stirred for 16 hours. The next 

morning, solution was titrated using menthol and 1,10-phenanthroline to determine the exact 

molarity for the subsequent addition. In this case, the titer of lithiated thioanisole was 0.3 M.  

 In a separate flask, bromoenone 2-11 (350 mg, 1.16 mmol) was dissolved in THF (3.1 mL), 

and cooled to -20 °C, at which point the lithiated thioanisole (0.3 M, 4.27 mL, 1.28 mmol) was 

added dropwise, and the resulting mixture stirred at -20 °C until starting material was consumer 

by TLC (typically 2-3 hours). Upon completion, the reaction was quenched by the addition of sat. 

aq. NH4Cl (5 mL) and H2O (5 mL). The layers were separated, and the aqueous layer extracted 

with EtOAc (3 x 20 mL). The organic layers were combined, dried over sodium sulfate, filtered, 

and concentrated. Purification of the crude oil by chromatography (25% EtOAc in hexanes) 
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afforded the desired product 2-128 as a separable mixture of diastereomers (367 mg, 75%, 48 mg 

starting material). 

Physical State: 

HRMS (ESI-TOF) m/z calculated for [M + Na]+ C20H25BrO3SNa 447.0605, 449.0587, found 

447.0593, 449.0585. 

 

Ketal 2-129 

 

Experimental: Alcohol 2-128 (367 mg, 0.75 mmol) was dissolved in bench grade methanol (7.8 

mL), and cooled to 0 °C. Once cool, camphor sulfonic acid (52 mg, 0.23 mmol) was added in one 

portion, and the reaction warmed to room temperature and stirred for 2.5 hours. Upon completion, 

the reaction was diluted with H2O (5 mL) and extracted with EtOAc (3 x 10 mL). The organic 

layers were combined, dried with sodium sulfate, filtered, and concentrated. The crude oil was 

purified by column chromatography (40% EtOAc in hexanes) to afford the desired ketal 2-129 

(191 mg, 65%) as a yellow solid. 

Physical State: Yellow solid. 

1H NMR (600 MHz, CDCl3) δ 7.39 (d, J = 7.7 Hz, 2H), 7.28 – 7.24 (m, 2H), 7.15 (t, J = 7.4 Hz, 

1H), 6.20 (dd, J = 6.1, 1.5 Hz, 1H), 3.53 (d, J = 13.0 Hz, 1H), 3.31 (d, J = 13.0 Hz, 1H), 3.31 (s, 

3H), 2.45 (ddd, J = 18.2, 3.8, 2.1 Hz, 1H), 2.12 (ddd, J = 13.9, 12.3, 4.8 Hz, 1H), 1.92 – 1.78 (m, 

5H), 1.60 (td, J = 12.4, 4.8 Hz, 1H), 1.49 (ddd, J = 14.1, 12.2, 4.0 Hz, 1H), 1.02 (s, 3H). 
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13C NMR (126 MHz, CDCl3) δ 138.6, 130.2, 129.6, 129.0, 128.9, 125.9, 98.8, 81.4, 50.0, 40.0, 

36.1, 35.21, 35.20, 32.8, 32.1, 30.9, 20.9. 

IR (FT-IR) 2961, 2938, 2833, 1473, 1070, 981 cm−1.  

HRMS (ESI-TOF) m/z calculated for [M + Na]+ C19H23BrO2S 417.0500, 419.0481, found 

417.0503, 419.0503. 

[α]D22
 = -40.1 (c = 1.0, CHCl3) 

 

Sulfoxide 2-130 

 

Experimental: Phenylsulfide 2-129 (177 mg, 0.45 mmol) was dissolved in hexafluoroisopropanol 

(HFIP, 2.0 mL) and cooled to 0 °C. Once cool, H2O2 (30 % w/v, 77 mg, 0.68 mmol) in HFIP (0.25 

mL) was added dropwise. The solution removed from the ice bath stirred for 15 minutes, or until 

starting material was consumed by TLC. Upon completion, a 1:1 sat. aq. NaHCO3/Na2SO3 solution 

was added (3 mL). The mixture was transferred to a separatory funnel, and extracted with EtOAc 

(3 x 10 mL). The organic layers were combined, dried over sodium sulfate, filtered, and 

concentrated to afford the sulfoxide (185 mg, 100%) as an inconsequential mixture of 

diastereomers that was used without further purification.  

Physical State: Yellow solid. 

1H NMR (600 MHz, CDCl3) δ 7.86 (dd, J = 7.6, 1.8 Hz, 2H), 7.82 (dd, J = 8.0, 1.2 Hz, 1.3H), 

7.54 – 7.46 (m, 5H), 6.22 (app d, J = 4.7 Hz, 1H), 6.13 (dd, J = 5.8, 1.6 Hz, 0.6H), 4.43 – 4.35 
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(m, 1H), 3.71 (d, J = 14.0 Hz, 1H), 3.46 (s, 2H), 3.32 – 3.29 (m, 4H), 3.20 (d, J = 8.4 Hz, 1H), 

3.18 (d, J = 7.9 Hz, 1H), 2.45 – 2.34 (m, 2.4H), 2.16 – 2.11 (m, 0.6H), 2.08 – 2.02 (m, 0.8H), 

1.98 – 1.92 (m, 2H), 1.90 (dd, J = 5.9, 1.6 Hz, 0.5H), 1.87 – 1.82 (m, 1.3H), 1.82 – 1.75 (m, 

1.75H), 1.74 – 1.69 (m, 0.75H), 1.61 – 1.50 (m, 2H), 1.41 – 1.32 (m, 2H), 1.07 – 1.00 (m, 1H), 

0.90 (s, 3H), 0.79 (s, 2H). 

13C NMR (126 MHz, CDCl3) δ 146.5, 145.3, 131.4, 130.9, 130.5, 129.6, 129.3, 129.3, 129.2, 

128.3, 125.8, 124.5, 99.0, 98.8, 80.2, 79.0, 69.4, 69.1, 68.8, 68.6, 66.3, 50.4, 49.9, 37.9, 35.1, 

35.0, 34.8, 34.8, 34.6, 33.2, 33.0, 31.2, 31.1, 30.7, 27.9, 19.1, 19.0. 

IR (FT-IR) 3442, 3055, 2940, 1714, 1037, 998 cm−1.  

HRMS (ESI-TOF) m/z calculated for [M + Na]+ C19H23BrO3SNa 433.0449, 435.0430, found 

433.0441, 435.0419.  

 

Sulfide 2-133 

 

Experimental: Diisopropylamine (107 μL, 0.765 mmol) was added to a round bottom containing 

THF (0.2 mL), and cooled to -78 °C, at which point nBuLi (2.3M, 0.27 mL, 0.61 mmol) was added 

dropwise. The solution was stirred for 5 minutes, followed by the addition of oxazepinone 2-33 

(100 mg, 0.51 mmol) in THF (0.2 mL, 0.1 mL rinse) dropwise. The resulting mixture was stirred 

at -78 °C for 1 hour, then warmed to 0 °C and stirred for 15 minutes, then warmed to ambient 

temperature for 10 minutes, then chilled b ack to -78 °C. Once cool, neat iodomethyl phenylsulfide 

(775 mg, 3.1 mmol) was added dropwise, then immediately placed in a 0 °C ice bath, and stirred 

for 2.5 hours. Upon completion, the reaction was quenched by the addition of sat. aq. NH4Cl (2 
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mL) then diluted with H2O (2 mL). The aqueous layer was extracted with EtOAc (3 x 10 mL), the 

organic layers were combined, dried over sodium sulfate, filtered, and concentrated. Purification 

of the crude oil by MPLC (gradient 100% hexanes to 100% EtOAc) afforded sulfide 2-133 (53 

mg, 33%) as a 3:1 mixture of diastereomers.  

Physical State: Yellow oil. 

 

1H NMR (600 MHz, CDCl3) δ 7.37 (d, J = 7.6 Hz, 2H), 7.25 (t, J = 6.7 Hz, 2H), 7.15 (t, J = 7.4 

Hz, 1H), 5.56 (dd, J = 5.5, 2.1 Hz, 1H), 4.21 (ddd, J = 12.1, 7.5, 1.2 Hz, 1H), 3.93 (ddd, J = 12.1, 

7.3, 1.2 Hz, 1H), 3.64 (dd, J = 15.5, 7.3 Hz, 1H), 3.42 (dd, J = 15.7, 6.8 Hz, 1H), 3.39 (d, J = 

12.4 Hz, 1H), 3.28 (d, J = 12.5 Hz, 1H), 2.97 (s, 3H), 2.59 (d, J = 12.6 Hz, 1H), 2.13 – 2.05 (m, 

1H), 1.73 (ddd, J = 17.4, 10.9, 2.2 Hz, 1H), 1.65 – 1.57 (m, 1H), 1.47 (t, J = 12.5 Hz, 1H), 0.95 

(d, J = 6.5 Hz, 3H). 

 

 

1H NMR (600 MHz, CDCl3) δ 7.40 (d, J = 7.7 Hz, 2H), 7.23 (t, J = 7.7 Hz, 2H), 7.13 (t, J = 7.4 

Hz, 1H), 5.44 (dd, J = 5.0, 2.9 Hz, 1H), 4.25 – 4.17 (m, 2H), 3.94 – 3.87 (m, 1H), 3.54 (d, J = 

11.5 Hz, 1H), 3.45 (d, J = 11.5 Hz, 1H), 3.08 – 2.99 (m, 5H), 2.23 (dt, J = 9.6, 4.0 Hz, 2H), 2.14 

(dd, J = 13.6, 2.2 Hz, 1H), 2.06 – 1.97 (m, 2H), 1.78 – 1.72 (m, 2H), 1.38 (s, 1H), 0.95 (d, J = 

6.6 Hz, 3H). 

 

ABDE alcohol 135/136 
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LiDBB preparation: A round-bottom flask equipped with a glass stir bar was charged with 4,4’-

di-tert-butylbiphenyl (1.00 g, 3.76 mmol) and the flask was flame-dried under vacuum until 4,4’-

di-tert-butylbiphenyl melted, at which point it was cooled to room temperature under argon. The 

DBB was then dissolved in THF (7.5 mL) and cooled to 0 °C. Lithium wire (365 mg, 52.6 mmol, 

14 equiv) was rinsed and cut into small pieces in a 20 mL scintillation vial filled with hexanes. 

Several pieces of lithium were also scraped with a razor to ensure a fresh surface before 

transferring to the DBB solution. Dry THF was added and the solution vigorously stirred to give 

a dark green solution within 2-3 min. The mixture was stirred for 5 h at 0 °C to produce lithium 

di-tert-butylbiphenyl (LiDBB) at full molarity (0.4 M).  

 

 

Experimental: Sulfide 2-133 (21 mg, 0.067 mmol) was azeotropically dried with benzene (3x) 

before use, then dissolved in THF (0.6 mL) and cooled to -78 °C. Once cool, a solution of freshly 

prepared LiDBB (0.4 M) was added dropwise until the solution turned dark green, and the green 

color persisted for 5 minutes. At that point, the solution was kept at -78 °C until the green color 

faded to a dark red color, indicating the alkyl lithium was formed no LiDBB radicals remained. 

Once the solution was red, a solution of aldehyde 2-123 (20 mg, 0.067 mmol) in THF (0.3 mL, 0.3 

mL rinse) was added quickly dropwise, after which the color of the solution turned a clear red. The 

flask was stirred at -78 °C for 5 minutes, then transferred to a 0 °C ice bath and stirred for one 
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hour, during which time the color turned pale yellow. Upon completion, the reaction was quenched 

by the addition of sat. aq. NH4Cl (1 mL), and transferred to a separatory funnel, where the aqueous 

layer was extracted with EtOAc (3 x 5 mL). The organic layers were combined, dried over sodium 

sulfate, filtered, and concentrated in vacuo. Purification by MPLC (gradient 100% hexanes to 

100% EtOAc) afforded the desired coupled products 2-135/1-36 as a mixture of diastereomers and 

rotamers (7 mg, 21% yield).  

Physical state: Yellow oil. 

Top diastereomer: 1H NMR (500 MHz, CDCl3) δ 6.17 (t, J = 5.1 Hz, 1H), 5.68 – 5.46 (m, 1H), 

4.61 (s, 1H), 4.42 (d, J = 5.4 Hz, 1H), 4.03 (ddd, J = 27.7, 13.0, 3.3 Hz, 1H), 3.51 – 3.41 (m, 1H), 

3.28 (d, J = 11.6 Hz, 2H), 3.08 (dt, J = 16.2, 3.3 Hz, 1H), 2.92 (d, J = 2.9 Hz, 2H), 2.48 – 2.38 (m, 

2H), 2.03 – 1.95 (m, 1H), 1.95 – 1.74 (m, 5H), 1.74 – 1.64 (m, 2H), 1.46 (d, J = 8.4 Hz, 1H), 1.04 

(s, 2H), 1.00 (d, J = 6.5 Hz, 1.5H), 0.93 (d, J = 6.7 Hz, 1.5H). 

Bottom Diastereomer: 1H NMR (500 MHz, CDCl3) δ 6.24 (d, J = 5.7 Hz, 1H), 6.18 (d, J = 5.4 

Hz, 1H), 5.38 (dd, J = 5.3, 2.2 Hz, 1H), 5.29 (d, J = 5.2 Hz, 1H), 4.42 (d, J = 5.6 Hz, 1H), 4.24 

(dd, J = 12.3, 7.9 Hz, 1H), 4.21 – 4.01 (m, 4H), 4.01 – 3.84 (m, 5H), 3.71 (dd, J = 15.5, 8.2 Hz, 

2H), 3.50 – 3.40 (m, 2H), 3.29 (t, J = 4.9 Hz, 3H), 3.10 – 3.03 (m, 1H), 3.01 (s, 2H), 2.98 (s, 

2H), 2.94 – 2.96 (m, 1H), 2.92 (s, 1H), 2.83 – 2.76 (m, 1H), 2.71 (d, J = 1.9 Hz, 1H), 2.61 (app 

d, J = 12.6 Hz, 1H), 2.48 – 2.37 (m, 3H), 2.37 – 2.26 (m, 2H), 2.11 – 1.95 (m, 5H), 1.95 – 1.85 

(m, 3H), 1.85 – 1.74 (m, 6H), 1.74 – 1.36 (m, 18H), 1.34 (s, 3H), 1.25 (s, 2H), 1.13 – 1.20 (m, 

2H), 1.08 – 0.99 (m, 6H), 0.95 (d, J = 6.5 Hz, 3H), 0.93 (d, J = 4.6 Hz, 3H). 
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Chapter 3. Introduction to the Lycopodium alkaloids. 

  

 

 

 

 

 

 

 

 

 

 

3.1 Abstract 

Herein is a brief history of the Lycopodium family of alkaloid natural products. Their original 

isolation, structural classes and related numbering schemes, as well the proposed biogenetic origin 

of the Lycopodium alkaloids are described. Finally, an overview of several notable synthesis of 

various Lycopodium alkaloids are covered, including those by Stork, Heathcock, and Dai. Most 

relevant are Shair’s the syntheses of fastigiatine and himeradine A, which are the final two 

syntheses presented. 
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3.2 Introduction 

Isolated from the Lycopodium club moss, the Lycopodium alkaloids have established 

themselves as attractive targets for synthetic chemists due to their unique polycyclic architecture 

and promising bioactivities. Since the isolation of lycopodine by Bödecker69 in 1881 from 

Lycopodium complanatum, over 250 unique Lycopodium alkaloids have been isolated and 

characterized to date.70  

The Lycopodium alkaloids can be further categorized into four unique structural classes:70 

1) lycopodine (3-1); 2) lycodine (3-2); 3) fawcettimine (3-3); and 4) miscellaneous classes (3-4), 

which are shown in Figure 1. In terms of connectivity, the lycopodine class (3-1) is characterized 

by four fused six-membered rings, two of which (A-C) form a quinolizidine. The lycodine class 

(3-2) also typically contains four fused rings, however the A ring no longer contains the N-β-C1 

connectivity, and rather exists are a pyridine or pyrrolidinone. The tetracyclic fawcettimine class 

may be directly derived from the lycopodine class through a C4-C13 to C4-C12 skeletal 

rearrangement. Finally, the miscellaneous class of Lycopodium’s are those that cannot be classified 

under the previous three classes. These miscellaneous compounds typically do not contain the C4-

C12 or C4-C13 bond connectivity. The atom numbers of the Lycopodium alkaloids in Figure 3-1 

are presented in accordance to Conroy’s original biogenetic proposal.71  

 

Figure 3-1: Lycopodium structural classes. 
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3.2.1 Biosynthetic Proposal 

 Since Conroy’s original biosynthetic hypothesis, studies involving radiolabeled 14C and 

13C feeding studies has led to a revised biosynthesis for the Lycopodium alkaloids (Scheme 3-

1).72,73 L-Lysine (3-5) could undergo a decarboxylation to afford cadaverine (3-6), and subsequent 

oxidative cyclization resulting in piperideine (3-7). A Mannich addition with 3-oxoglutaric acid 

and 3-7 followed by decarboxylation could provide pelleterine (3-9). An aldol self-dimerization 

of 3-9 provides all 16 requisite carbon atoms found in the Lycopodium core (3-10). An oxidation 

of 3-10 followed by an aldol affords 3-13, which comprises the core skeleton of phlegmarine and 

the miscellaneous Lycopodium alkaloids. An additional Mannich reaction afford tetracycle 3-14, 

forming the C4-C13 bond found in the lycodine subfamily. A series of reductions, followed by 

Nα–N1 cleavage and Nβ-C1 formation results in lycopodine (3-1). Finally, an oxidation and 

skeletal rearrangement involving C13-C4 cleavage and C4-C12 afford fawcettimine (3-3). 

Scheme 3-1: Biosynthetic proposal based on 14C and 13C radiolabeling studies. 
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3.3 Selected Total Syntheses of the Lycopodium Alkaloids 

 Since the first total syntheses of lycopodine by Stork74 and Ayer75 in 1968, many successful 

synthetic approaches have been demonstrated towards each Lycopodium sub-family. A select few 

syntheses that were most relevant and inspirational to our work will be discussed.  

 

3.3.1 1968, Stork (±)-Lycopodine 

 In 1968, Stork published his seminal synthesis of lycopodine, which highlighted the 

feasibility of a transannular Mannich/Friedel-Crafts reaction to construct the lycopodine core 

(Scheme 3-2).74 A diastereoselective methyl cuprate addition into enone 3-15 furnished 

cyclohexanone 3-16. A two-step sequence involving enamine formation and condensation with 

Scheme 3-2: Stork’s total synthesis of (±)-Lycopodine. 
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acrylamide afforded quinolone 3-17. Treatment with a mixture of H3PO4/HCO2H resulted in 

formation of diastereomeric N-acyliminiums 3-18 and 3-20, which were theorized to rapidly 

interconvert under the acidic conditions. While both 3-18 and 3-20 were capable of undergoing 

the Friedel-Crafts cyclization, only tetracycle 3-21 was observed, resulting from the selective 

cyclization of 3-20. Stork and co-workers proposed that a Curtin-Hammet scenario may be 

operative if formation of both N-acyliminiums were reversible, and the cyclization of the less 

reactive conformer 3-18 was slower than the reversible enamide protonation. The newly formed 

tetracycle 3-20 could then be elaborated to lycopodine. 

 

3.3.2 1982, Heathcock (±)-Lycopodine 

Heathcock published his first synthesis of lycopodine in 1978,76 and a more concise 

approach in 1982 (Scheme 3-3).77 To begin, a cuprate reagent was generated from the anion of 

hydrazone 3-22, which was added diastereoselectively into cyanoenone 3-23, followed by 

hydrolysis of the hydrazone (3-24) to the corresponding ketone (3-25) in 65% yield over two steps. 

Bis-ketalization of the ketones and reduction of the nitrile afforded primary amine 3-26, which 

was poised for the key cascade reaction. Treatment of 3-26 in refluxing HCl and methanol over 18 

days facilitated the ketal protection, iminium condensation, and a Mannich reaction to provide the 

desired tricycle 3-27 in 61% yield. Finally, conversion of the methyl ether to the alkyl bromide 

followed by ring closure afforded lycopodine in a total of 8 steps and 13% overall yield.  
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3.3.3 2014, Dai Lyconadin A 

  More recently, the Dai group published a concise route towards lyconadin A and C, 

starting from chiral enone 3-28 (Scheme 3-4).78 Dai elegantly designed his synthesis around key 

intermediate 3-31, which he proposed could be used as a pivotal intermediate to access various 

members of the lyconadin family and their non-natural analogues through a series of divergent 

manipulations. To being the synthesis, Dai utilizes a tandem-vicinal-difunctionalization with a 

vinyl cuprate and trapping with a decorated aldehyde (3-29) to afford alcohol 3-30 in 72% as a 

single diastereomer. Elimination of the β-alcohol followed by intramolecular olefin metathesis 

provided 6,7-bicycle 3-31 in 58% over two steps. A key palladium mediated conjugate reduction 

set the cis-fused ring junction in 10:1 d.r (3-32), which the authors note was not feasible through 

traditional 1,4-reductions that resulted in a mixture of diastereomers. 

Scheme 3-3: Heathcock’s total synthesis of (±)-Lycopodine. 
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The key step in the synthesis was the tandem reductive amination formal aza-[4+2] 

cyclization of masked enone 3-32. This was accomplished through the one-pot reductive amination 

of ammonium hydroxide, and upon addition of hydrochloric acid and aqueous formaldehyde, the 

ketal was deprotected, which prompted the aza-Michael addition. Condensation of formaldehyde 

onto the amine then facilitated the aldol-Mannich reaction, affording the formal aza-[4+2] product 

(3-33) in 68% yield. To complete the synthesis, an olefination of the ketone, allylic oxidation, and 

subsequent oxidation provided enone 3-35 in 46% over two steps. A final conversion of the enone 

to the pyridone completed the synthesis of lyconadin A (3-36) in 8 steps with a 6.9% overall yield.  

 

 

Scheme 3-4: Dai’s divergent approach towards the Lycopodium family. 

 

 

 



 

128 

 

3.3.4 2010, Shair Fastigiatine 

 In 2010, Shair and coworkers published the first total synthesis of (+)-fastigiatine.79 They 

began their synthesis with cyclopropane 3-37, which is accessible is 4-steps from (S)-

epichlorohydrin (Scheme 3-5). Transesterification and N-Boc protection afforded imide 3-38, 

which when treated with (R)-pulegone derived cuprate 3-39, underwent nucleophilic ring-opening 

of the donor-acceptor cyclopropane in 93% yield. Alkylation of β-dicarbonyl 3-40 with 1-chloro-

4-iodobutane, followed by azide displacement and TBAF-induced decarboxylation provided alkyl 

azide 3-41 in 89% over three steps. Addition of the lithium enolate of tert-butyl acetate afforded 

the corresponding β-keto ester, and when treated with PPh3, facilitated an intramolecular aza-

Scheme 3-5: Shair’s enantioselective total synthesis of (+)-fastigiatine. 
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Wittig reaction to generate piperidine 3-42 in 78% over 4 steps. When treated with aqueous HCl, 

a series of reactions occur: 1) dioxolane cleavage; 2) 7-endo-trig intramolecular conjugate addition; 

3) tautomerization; and 4) transannular aldol. When taken together, these four independent steps 

constitute a formal [3+3] cycloaddition to form tetracycle 3-43. To complete the synthesis, a one-

pot N-methylation and nosyl deprotection, followed by treatment with trifluoroethanol to induce a 

retro-aldol-Mannich sequence, furnished the pentacyclic core of fastigiatine (3-44) in 74% yield 

over two steps. A final decarboxylation and acetylation completed their synthesis of (+)-

fastigiatine (3-45), which was accomplished in a reported 15 linear steps and 30% overall yield. 

While a tremendous accomplishment, the step count and overall yield are somewhat 

deceiving, as the cyclopropane starting material is not commercially available, and requires four-

steps to synthesize from commercially available (S)-epichlorohydrin (Scheme 3-6).80–82 

Additionally, these four steps are not high yielding, with an overall yield of 24%. Based on 

commercially available starting materials, the overall step count for Shair’s total synthesis is 19 

linear steps, with an overall 7% yield. 

 

 

Scheme 3-6: Accessing Shair’s chiral cyclopropane. 
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3.3.5 2014, Shair Himeradine A 

  In 2014, Shair and coworkers published their results towards the total synthesis of 7-

membered-ring-containing Lycopodium alkaloids.83 In the paper, they disclosed the 

enantioselective total syntheses of six-natural products: (–)-himeradine A, (+)-fastigiatine, 

lycopecurine, dehydrolycopecurine, lyconadin A, and lyconadin B. To complete the syntheses, he 

utilized a unified approach similar to the previously described (+)-fastigiatine synthesis. This was 

also the first reported total synthesis of (–)-himeradine A.  Shair’s synthesis will be described in 

detail, beginning with his approach towards the quinolizidine precursor. 

 The synthesis began from 3-methylgulatric anhydride (3-49), which was resolved using 

Amano Lipase PS in propanol (Scheme 3-7). A borane reduction of the resulting carboxylic acid, 

followed by oxidation afforded aldehyde 3-50 in 98% yield over three steps and 93% ee. Trans-

amidation with an alcoholic ammonia solution and subsequent acidic treatment afforded the cyclic 

aminal, which when exposed to enoxysilane 3-51 and BF3·Et2O facilitated a diastereoselective 

Mannich addition to provide piperidone 3-52 in 43% yield over three steps. A diastereoselective 

DIBAL-H reduction, silyl protection of the resulting alcohol, and Boc-protection of the piperidone 

proceeded without incident, affording protected diol 3-53 in 82% yield over three steps. Piperidone 

reduction with DIBAL-H and triethylsilane mediated deoxygenation provided the N-Boc 

piperidine, which could be diastereoselectively deprotonated and allylated in 38% over three steps 

(3-54). A series of functional group manipulations involving silyl deprotection, selective silyl 

protection, and Mitsunobu afforded the silyl azide (3-55) in 80% yield, while a final silyl 

deprotection and Appel reaction completed the synthesis of the piperidine coupling partner 3-56 

in 92% for those two steps.   
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 With highly functionalized piperidine 3-56 in hand, it was ready to be coupled to 1,3-

dicarbonyl 3-40, which was accomplished by simply treating the mixture with Cs2CO3 (Scheme 

3-8). Treating the resulting alkylation product with TBAF induced a decarboxylation, affording 

the coupled fragment (3-57) in 91% over two steps. A protecting group swap from N-Boc to N-Ns 

on the pyrrolidinone was necessary, which was high yielding (3-58). A key three-step sequence 

involving 1) adding the enolate of tert-butylacetate into the pyrrolidinone to provide the ring-

opened β-ketoester; 2) p-TsOH dioxolane deprotection; and 3) base induced 7-endo-trig conjugate 

addition, Nosyl deprotection, and imine formation afforded imine 3-59 in 84% over three steps. 

Scheme 3-7: Shair’s approach towards the quinolizidine fragment of (–)-Himeradine A. 
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Next, Staudinger reduction of the azide facilitated the transannular Mannich reaction, and 

acetylation of the pyrrolidine afforded the full pentacyclic core of (–)-himeradine A (3-60) in 62% 

yield over two steps. 

 To complete the synthesis, the allyl piperidine needed to be elaborated to the corresponding 

quinolizidine. This was performed through an initial four-step sequence beginning with a cross-

metathesis with acrolein, followed by enal reduction, aldehyde reduction, and tosylation of the 

Scheme 3-8: Shair’s first enantioselective total synthesis of (–)-Himeradine A. 
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homologated primary alcohol (3-61) in 70% overall yield. A two-step N-Boc deprotection induced 

cyclization to form the quinolizidine (3-62) in 66% yield.  A final decarboxylation using TFA 

afforded (–)-Himeradine A (3-63) in 33 longest linear steps, and 1.9% overall yield.  

 

3.4 Conclusions 

 To summarize this chapter, a brief introduction and background on the Lycopodium family 

of natural products was presented. While far from comprehensive, a select particularly relevant 

syntheses, including Stork and Heathcock’s seminal syntheses of lycopodine utilizing various 

transannular Mannich cyclizations and equilibrium facilitated cascades. We were also inspired by 

Dai’s strategic use of a divergent intermediate that could be used to access a wide variety of 

Lycopodium alkaloids. Finally, Shair’s tremendous efforts towards the unified total synthesis of 

the 7-membered containing Lycopodium alkaloids. The lessons learned from these syntheses 

guided our approach towards (+)-fastigiatine and (–)-himeradine A, which would end up utilizing 

a combination of all elements, including a transannular aldol-Mannich cascade cyclization, and 

the use of a divergent intermediate to access the fused 6,7-membered ring containing Lycopodium 

alkaloids.  
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Chapter 4. A Computationally Inspired Second-Generation Total Synthesis 

of (+)–Fastigiatine 

 

 

 

 

 

 

 

 

 

 

 

4.1 Abstract 

A brief introduction to our first-generation synthesis of fastigiatine is described, highlighting 

its merits and drawbacks. The second-generation synthesis features a highly diastereoselective 

decalone reduction-transannular cyclization, an improved dibromocarbene ring expansion, and a 

method for improving the practicality and diastereoselectivity of the conjugate addition step. An 

identical acid promoted transannular Aldol-Michael cascade as previous published was also 

implemented, completing the successful second-generation total synthetic of fastigiatine. 
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4.2 Introduction 

4.2.1 Background 

 Fastigiatine (4-1) was first isolated from the Lycopodium Fastigatum in 1986 by MacLean 

and coworkers.84,85
 It falls under the classification of the lycodine (4-2) subfamily, however it is 

structurally unique due to the presence of the C4-C10 linkage. This bond introduces a significant 

amount of additional strain and complexity, resulting in two fully substituted carbons, six 

stereogenic centers, five of which are contiguous, and a densely-functionalized pyrrolidine ring. 

The caged pentacyclic structure was unambiguously assigned by X-ray analysis of its free base. 

Although the biological significance of 4-1 has yet to be established, lyconadin D (4-3) and 

lyconadin E (4-4)86 were reported to possess interesting pharmacological properties. A structurally 

related but significantly more complex lycodine derivative, himeradine A (4-5),87 also features the 

caged pentacyclic core, while also containing a quinolizidine subunit appended at C17 through a 

methylene linker. Details towards the synthesis of himeradine A will be presented in Chapter 5.  

  

 

 

Figure 4-1: Fastigiatine and structurally related Lycopodium alkaloids. 
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4.2.2 Biosynthetic Proposal 

The first biosynthetic proposal of fastigiatine (4-1) and himeradine A (4-5) was described 

by MacLean (Scheme 4-1).85 The biosynthesis of phlegmarine (4-6) has been described in detail 

in Chapter 3. An intramolecular Mannich reaction from phlegmarine forges the C4–C13 linkage, 

leading to tetracycle 4-7. An enzymatic oxidation of 4-7 at the C10 position would install the 

necessary leaving group (4-8) for the final ring formation. MacLean argues that an intramolecular 

SN2 reaction would then occur, forming the C4–C10 bond, resulting in the core structure (4-9) of 

fastigiatine and himeradine A.  

 

4.2.3 Fastigiatine: First Generation Approach 

In our analysis of fastigiatine, we also sought to utilize a transannular aldol-Mannich 

cascade reaction to form the pentacyclic core (4-13, Scheme 4-2). As Boc groups are acid labile, 

treatment of 4-10 with acid would cleave both Boc groups, liberating two nucleophilic amines that 

could condense onto their respective ketones. We took advantage of the rapid equilibrium between 

the cis-4-11 and trans-4-11 6,7-ring systems that allowed us the flexibility to carry a mixture of 

diastereomers (4-10) through the synthesis. The cis-4-11 adopted the correct geometry to facilitate 

the transannular Mannich of 4-12 to form the pentacyclic core of fastigiatine. This cascade was 

Scheme 4-1: MacLean’s biosynthetic proposal for the pentacyclic core of fastigiatine and himeradine A. 
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ultimately successful, and enabled us to achieve a successful total synthesis of fastigiatine in six 

steps.88 

While our initial route was incredibly concise, two steps were problematic: the decalin ring 

expansion, and the conjugate addition (Scheme 4-2). Despite exhaustive attempts to optimize the 

ring expansion of decalone 4-16, it was plagued by low yields, and introduced an inseparable 

mixture of diastereomers (4-17) that were carried through the remaining steps. Secondarily, the 

planar nature of the resulting benzo[7]annulene enone (4-18) resulted in no facial selectivity during 

the subsequent cuprate reaction, drastically reduced the amount of usable material (4-19) to 

complete the synthesis.  

 We were enticed by the idea of keeping the same general approach by utilizing a slightly 

modified benzo[7]annulene intermediate that would solve both of the problems described in our 

initial synthesis. Herein, we describe a detailed account of our second-generation synthesis of 

fastigiatine, and highlight the routes potential application for the synthesis of other Lycopodium 

alkaloids.  

Scheme 4-2: Proposed transannular Mannich to form the pentacyclic core. 
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4.3 Second-Generation Synthesis of (+)-fastigiatine 

For our second-generation approach, we envisioned utilizing the same penultimate cascade 

reaction from bis-Boc 4-19. Instead of arising from dicarbonyl 4-17, however, we sought to use 

the C13 ether derivative 4-20, which we believed would sterically differentiate the α and β-faces 

of the molecule.  Given the sparse functionality present on benzo[7]annulene 4-18 and the inherent 

difficulty of performing stereoselective transformations on seven-membered rings, we believed 

that the most effective intermediate to manipulate would be the conformationally rigid decalone 

4-16. We hypothesized that a diastereoselective reduction of the C13 carbonyl may mitigate both 

problematic steps in our first approach. In theory, the reduction could selectively introduce either 

an equatorial (α) or axial (β) alcohol. This reduction would improve two aspects of the synthesis: 

1) prevent the decalone epimerization during the ring expansion; and 2) shield one face of the 

enone to increase the diastereoselectivity of the conjugate addition. 

Scheme 4-3: Rychnovsky’s first generation synthesis of (+)-fastigiatine. 
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4.3.1 Enone Conformational Analysis 

We were particularly interested in comparing the conformational geometry of the equatorial 

β-ether 4-21 and axial β-ether (4-22), the latter of which we believed might force the cyclohexane 

to undergo a ring-flip if a bulky enough protecting group was introduced (Figure 4-2). This 

conformational change would place the ether equatorial (eq. 4-22), thereby blocking nucleophilic 

approach from the undesired bottom face of the enone. With this idea in mind, we carried out 

Scheme 4-4: Revised synthetic approach to fastigiatine. 

 

 

 

Figure 4-2: Substituent effect on the probability of cyclohexane ring-flip. 
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preliminary DFT calculations on the α- and β-benzo[7]annulenes with a variety of protecting 

groups.  

As expected, there was virtually no possibility of the α-silyl ether (eq. 4-21) to undergo a 

ring flip due to the incurred 1,3-diaxial interactions (aq. 4-21). Additionally, the α-TBS ether 

adopted a conformation that preferentially exposed the β-face of the enone, which would lead to 

the undesired diastereomer. As bulkier protecting groups were introduced with the β-alcohol (ax. 

4-22) however, the calculations indicated a distinct preference for a conformational ring flip of the 

cyclohexane (eq. 4-22). The corresponding models revealed the β-face of the ring flipped 

compound was blocked by the equatorial protecting group, suggesting that a diastereoselective 

conjugate addition would be feasible. 

To test our hypothesis regarding the ability of an α- or β-C13 alcohol to induce a significant 

conformational change, a modified route towards 4-22 was developed. To being, screening hydride 

reducing agents with decalone 4-16 revealed a slight preference for reduction from the α-face to 

afford the corresponding β-alcohol (4-24). Sodium borohydride cleanly reduced the C13 ketone 

Table 4-1: Hydride screen for diastereoselective decalone reduction. 

 

 

Hydride Source 4-23 4-24 4-25 

NaBH4 1 1.5 0 

LiAlH(OC4H9)3 1 3 0 

L-Selectride 1 0 11 

DIBAL-H 1 0 16 
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with a 1:1.5 α:β ratio, with both diastereomers easily separated by flash column chromatography. 

As expected, we observed that increasing the steric bulk of the reductant led to the approach from 

the α-face, favoring the β-alcohol (4-24). Interestingly, while no side products were seen with the 

sodium borohydride or lithium tri-tert-butoxide aluminum hydride, treatment with L-Selectride 

induced a spontaneous transannular cyclization of the axial alcohol onto the enoxysilane, affording 

the caged tricylic ketal 4-25. Similarly, reduction with DIBAL-H resulted in the highest observed 

16:1 d.r, however as an inconvenient mixture of 4-24 and 4-25. Fortunately, the alcohol could be 

coaxed into cyclization by simply stirring the quenched reduction for an extended period of time.  

We were initially concerned that the utility of the ketal might be limited due to the 

possibility of creating two alkene regioisomers 4-26 and 4-28 upon regeneration of the enoxysilane 

(Scheme 4-5). Fortunately, exposing ketal 4-25 to excess TBS- or TIPSOTf in the presence of 2,6-

lutidine opened the ketal to afford the desired protected silyl ethers 4-26 and 4-27 in 93% and 94% 

yields, respectively, both as a single alkene regioisomer in excellent yields with no enoxysilane 4-

28 observed. Notably, the rate of the ketal opening was significantly faster than protection of the 

free alcohol 4-24, with the reaction going to completion in 0.25-2 hours, depending on the excess 

of silyl triflate used. With the synthesis of enoxysilanes 4-26 and 4-27 optimized, we were ready 

to test their stability in the upcoming ring expansion. 

Scheme 4-5: Ketal formation and opening. 
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Gratifyingly, upon exposure to dibromocarbene, all of the silyl protected enoxysilanes 4-

26, 4-27, and 4-29 underwent the desired ring expansion in high yields, significantly improved the 

reliability and scalability of accessing our key divergent intermediates 4-32 and 4-33 (Scheme 4-

6). As a result, all three of the resulting silyl-protected bromoenones could then be functionalized 

by a Suzuki cross coupling with hydroborated tert-butyl allylcarbamate to afford the desired 

conjugate addition precursors 4-31, 4-34, and 4-35.  

We turned our attention next to the conjugate addition. In our first synthesis of fastigiatine, 

previous group member Dr. Renzo Samame disclosed a novel aminomethylene cuprate reagent (4-

36, Scheme 4-7).88 The reagent could be generated by the reductive lithiation of cleavable 

functional groups with LiDBB to generate alkyl lithium 4-37, followed by transmetallation to the 

aminomethylene cuprate (4-38). Three reductively cleavable functional groups were screened, a 

chloride, nitrile, and phenyl sulfide. In a test reaction with cyclohexanone, the nitrile afforded 

primarily 1,2-addition (4-43), the alkyl chloride decomposed under the reaction conditions, while 

the phenyl sulfide derivative (4-42) proved to be the most effective, affording 89% of the conjugate 

addition product (4-39).   

Scheme 4-6: Elaboration of C13α and C13β epimers. 
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Despite being a very useful reagent, the complexity of the reaction to generate the 

aminomethylene cuprate 4-38 makes it extremely tedious, requiring an average of three work days 

to complete a single reaction: LiDBB requires roughly six hours to prepare; the reaction must be 

performed under rigorous Schlenk conditions; extended reaction times are required; and multiple 

purifications are necessary to remove excess DBB before the desired product can be isolated. For 

these reasons, we chose to investigate alternative nucleophilic aminomethylene sources.  

 We were inspired by the recent work of the Overman and MacMillan groups89–93, who 

individually and collaboratively demonstrated the practicality of using nucleophilic radicals to 

perform conjugate additions. The desired α-amino radicals are generated in situ by a radical 

decarboxylation of a carboxylic acid, initiated by photoredox catalysis using a readily available 

iridium catalyst. The reaction utilizes easily accessible starting materials, mild reaction conditions, 

short reaction times, and often requires no purification of the crude reaction. An initial proof-of-

concept reaction using the necessary glycine derivative 4-44 was attempted, using cyclohexanone 

Scheme 4-7: Development and application of aminomethylene cuprate reagent.  
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as the Michael acceptor (Scheme 4-8). To our delight, the conjugate addition product 4-39 was 

isolated as the single product in 96% yield. With this success, we sought to validate the photoredox 

reaction on the real system. 

To ensure that no drastic conformational changes were occurring during the radical 

conjugate addition compared to the cuprate, Dr. Samame performed the photoredox addition was 

performed on dicarbonyl enone (4-18). Gratifyingly, the addition was successful, and afforded the 

desired 1,4-adduct in 93% yield. Analysis of the resulting tricycle (4-19) showed a 1:1.2 d.r., which 

was comparable to the 1:1 d.r. obtained from the aminomethylene cuprate addition. Satisfied with 

this result, we moved on to compare the ratios obtained from the protected C13 alcohols.  

The α-TBS ether (4-31) displayed a strong preference for nucleophilic approach from the 

convex face, giving a 4:1 ratio favoring the undesired α-diastereomer 4-45 (Scheme 4-10). Due to 

this result, we chose to not pursue the radical addition with the α-enone, as we did not expect a 

significant difference in product ratio based on our previous dicarbonyl control study. The strong 

Scheme 4-9: Diastereoselectivity comparison of cuprate and photoredox reactions. 

 

 

Scheme 4-8: Aminomethylene photoredox conjugate addition. 
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preference for α-approach suggested that our computational model was correct, and the bis-

equatorial substituent caused the cyclic enone to adopt a pseudo-axial conformation, preferentially 

exposing the β-face of the enone. 

We turned our attention next to the β-silyl ethers (Table 4-2). Treatment of β-TBS ether 4-

34 with either the aminomethylene cuprate reagent or the aminomethyl radical both resulted in 

nearly identical yields of 69% and 67%, respectively, and an identical 1:2.5 α:β ratio favoring the 

desired diastereomer 4-49. The more sterically bulky TIPS ether 4-35, which was computationally 

predicted to favor a ring flip, gave an excellent 1:5 ratio in 87% yield favoring the desired β-

diastereomer 4-50. The results of the conjugate addition products confirmed that the sterically 

hindered axial alcohol does in fact favor a ring flip, blocking the α-face, and favoring the formation 

of the desired diastereomer.  

Scheme 4-10: Diastereoselectivity for α-silyl ether 1,4-addition. 
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It is worth noting that the conjugate addition products are inseparable by flash 

chromatography, and a complex mixture of rotamers makes spectroscopic characterization and 2D 

NMR correlations infeasible, even when attempted at elevated temperatures. The carbamate 

moiety is very weakly UV active at 273 nm, which enabled diastereomeric ratios of the 

photochemical reaction with 4-34 to be obtained by HPLC. Unfortunately, we were unable to 

obtain HPLC ratios for the reaction with TIPS ether 4-35, and resulted to other means (See 

Supporting Information). In order confirm the identity of each diastereomer, each product was 

carried through two additional steps, at which point they converged with previously reported 

tricycle 4-19 and definitive correlations could be made.   

 

4.3.2 Variable Temperature Conformational Analysis 

After the results of the conjugate addition, we realized that the 5:1 ratio observed for the 

addition into TIPS ether 4-35 matched what we initially thought was an inseparable diastereomer 

Table 4-2: Conjugate addition studies on β-silyl ethers. 

 

 

Compound Method Yield (%) 4-47 4-48 4-49 4-50 

4-34 Cuprate 69 1.0 -- 2.5 -- 

4-34 Photoredox 67 1.0 -- 2.5 -- 

4-35 Photoredox 87 -- 1.0 -- 5.0 
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of 4-27 resulting from the ketal opening. Given that the 5:1 ratio of “impurity” persisted throughout 

the next few steps, we thought that it may in fact be the minor conformer resulting from the ring-

flipped cyclohexane. This led us to investigate whether or not we could effectively “freeze out” 

one conformer at low temperatures. The results of these variable temperature NMR experiments 

are shown below.   

To begin the experiments, TIPS ether 4-35 was dissolved in d8-toluene, and a spectrum 

taken at room temperature (Figure 4-3). We focused on the C13α methane proton, which had a 5:1 

ratio at room temperature. By systematically decreased the temperature of the solution in 25 degree 

increments, we were pleased to observe that the peaks eventually coalesced at -50 °C. We were 

hoping that upon further cooling we would observe an increasing in peak definition, however we 

were unable to achieve that goal. 

 

 

 

Figure 4-3: Variable temperature 1H NMR studies of β-TIPS enone 4-35 in d8-toluene. The peak shown corresponds 

to the C13α methine proton, which has a 5:1 ratio at room temperature. 
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With this result, we performed the same experiment with TBS ether 4-34 (Figure 4-3).  

While there were not two distinct conformations apparent at room temperature, upon cooling, we 

observed a significant change in chemical shift of the C13 methine proton, as well as significant 

line broadening. Upon cooling to -75 °C, two distinct conformations became visible at the enone 

β-carbon. Despite being broad signals, they had a relative integration of 1:2.5, which is a perfect 

correlation to the diastereomeric ratios we observed from the conjugate addition studies.  

At this point in time, we cannot comment much further on the relative abundance or 

specific identity of the conformers we observed through the variable temperature experiments. 

Considering the NMR integrations of the TIPS and TBS ethers observed correlate perfectly with 

the experimentally observed conjugate addition product ratios, it stands to reason that the 

 

 

Figure 4-4: Variable temperature 1H NMR studies of β-TBS enone 4-34 in d8-toluene. The peak at 4.3 ppm 

corresponds to the C13α methine proton, while the peak at 6.15 ppm corresponds to the enone β-proton. 

 

 



 

152 

 

diastereoselectivity from the conjugate addition may stem from solution-phase conformations of 

each respective enone. 

 

4.3.3 Fastigiatine End-Game 

To complete the synthesis of fastigiatine, the C13 carbonyl needed to be reinstalled through 

a deprotection-oxidation sequence. The initial silyl deprotection proved to be unexpectedly 

difficult (Table 4-3). Presumably, the axial alcohol resulted in a more sterically hindered 

environment, which resulted in several low-yielding attempts at silyl cleavage. Treatment of TBS 

ether 4-49 with TBAF at ambient temperature saw virtually no reaction; heating the mixture to 

60 °C afforded 45% yield of alcohol 4-51, as well as unidentifiable byproducts. Camphorsulfonic 

acid has been reported to cleave silyl groups, and while we saw partial deprotection under the 

reaction conditions, we also observed mono- and bis-cleavage of the BOC groups, which rendered 

Table 4-3: Deprotection of TBS-silyl ether. 

 

Entry Reagent Temperature Yield Notes 

1 TBAF 23 -- N.R 

2 TBAF 60 45 -- 

3 CSA 50 0 Decomp. 

4 Aq. HF-CH3CN 23 0 Decomp. 

5 HF-pyridine 23 41 -- 

6 TASF 23 0 N.R. 

7 TASF 85 50 -- 
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the reaction mixture unusable. Aqueous hydrogen fluoride in acetonitrile also showed a mixture 

of deprotection and Boc cleavage, whereas HF-pyridine only cleaved the silyl group, albeit in 41% 

yield. The anhydrous fluoride source TASF has been reported to be a mild but efficient reagent to 

cleave very sterically hindered silyl groups.94 Exposure of 4-49 to excess TASF in THF at ambient 

temperature showed no reaction after 2 days. Switching solvents to DMF and heating the mixture 

to 85 °C appeared to cleanly deprotected the silyl group with no observable byproducts by TLC, 

however the yield after isolation was only 50%.  

With optimized deprotection conditions in hand, silyl ethers 4-49 and 4-50 were 

deprotected, affording the free alcohol 4-51 in 50% and 48% yields, respectively. A one-pot 

oxidation-aldol sequence could then be performed to generate tricycle 4-19 in 85% yield; its 

identity and stereochemistry were confirmed by spectroscopic correlation to the known product. 

This analysis provided confirmation that the major diastereomer from the conjugate addition was 

in fact the desired product. Similarly, when the major diastereomer from α-TBS ether 4-31 was 

carried through the deprotection, oxidation, and cyclization sequence, we were also able to confirm 

that the major product from the α-alcohol was the undesired diastereomer 4-53.  

Scheme 4-11: Elaboration to C13α and C13β tricyclic intermediates. 
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Exposing tricycle 4-19 to excess CSA in o-dichlorobenzene cleaved both N-Boc groups, 

induced a retro aldol of the tricycle, and facilitated the transannular Aldol-Mannich cascade to 

form the tetracyclic core of fastigiatine (4-13). A final treatment of the crude mixture with acetic 

anhydride afforded the acetylated piperidine in 90% yield over two steps, and completed the 

successful second-generation total synthesis of (+)-fastigiatine. 

 

4.4 Conclusion 

In summary, we developed a modified second-generation route towards fastigiatine that 

resolved both problematic steps previously encountered. This was accomplished through a 

diastereoselective reduction of the C13 decalone carbonyl to afforded the ultimately desirable β-

alcohol. Installation of a bulky silyl protecting group induced a cyclohexane ring-flip, which 

resulted in a significantly increased 5:1 ratio for the conjugate addition. Finally, we successfully 

utilized photoredox chemistry to generate a nucleophilic aminomethylene radical, which 

competently underwent the 1,4-addition, and was operationally much practical than generating the 

previously described aminomethylene cuprate reagent. Given the success of this reduction-

protection strategy, we anticipate that bromoenone 4-35 will undoubtedly prove to be a useful 

divergent intermediate towards the synthesis of other Lycopodium alkaloids.  

 

Scheme 4-12: Transannular Aldol-Mannich cascade to form (+)-fastigiatine. 
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4.5 Experimental Section 

4.5.1 General Information 

All glassware was flame- or oven-dried and cooled under argon unless otherwise stated. All 

reactions and solutions were conducted under argon unless otherwise stated. All commercially 

available reagents were used as received, unless otherwise stated. Toluene (PhMe), 

tetrahydrofuran (THF), dimethylformamide (DMF), diethyl ether (Et2O), acetonitrile (MeCN), 

benzene (C6H6), and dichloromethane (CH2Cl2) were passed through two 4 × 36 inch columns of 

anhydrous neutral alumina A-2 (8 × 14 mesh, LaRoche Chemicals; activated under a flow of Ar 

350 °C for 12 hours to remove H2O according to the procedure described by Grubbs.28 

Diisopropylamine (DIPA), 1,3-Dimethyl-3,4,5,6-tetrahydro-2-pyrimidinone (DMPU) were 

distilled from CaH2 prior to use. All reactions involving LiDBB were conducted with glass stir 

bars. Thin layer chromatography (TLC) was performed with Millipore 60 F254 glass-backed silica 

gel plates and visualized using potassium permanganate, ceric ammonium molybdate 

(CAM/Hanessians stain) or vanillin stains. Flash column chromatography was performed 

according to the method by Still, Kahn, and Mitra29 using Millipore Geduran Silica 60 (40-63 µm), 

or by MPLC using a CombiFlash Isco automated purification system. 

 

4.5.2 Instrumentation 

All data collected at ambient temperature unless noted. 1H NMR spectra were taken at 500 or 

600 MHz, calibrated using residual NMR solvent or TMS and interpreted on the δ scale. Peak 

abbreviations are listed: s = singlet, d = doublet, t = triplet, q = quartet, pent = pentet, dd = doublet 

of doublets, ddd = doublet of doublet of doublets dt = doublet of triplets, ddt = doublet of doublet 

of triplets, dq = doublet of quartets, m = multiplet, app = apparent, br = broad. 13C NMR spectra 
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were taken at 125 MHz, calibrated using the NMR solvent, and interpreted on the δ scale. Some 

samples were analyzed above and below room temperature to minimize line broadening due to 

rotamers. Infrared spectra were recorded on NaCl plates. High resolution mass spectrometry was 

performed using ESI-TOF. 

 

4.5.3 Procedures and Characterizations 

General procedure for preparation of LiDBB stock solution. 

 

Experimental: A round-bottom flask equipped with a glass stir bar was charged with 4,4’-di-tert-

butylbiphenyl (1.00 g, 3.76 mmol) and the flask was flame-dried under vacuum until 4,4’-di-tert-

butylbiphenyl melted, at which point it was cooled to room temperature under argon. The DBB 

was then dissolved in THF (7.5 mL) and cooled to 0 °C. Lithium wire (365 mg, 52.6 mmol, 14 

equiv) was rinsed and cut into small pieces in a 20 mL scintillation vial filled with hexanes. Several 

pieces of lithium were also scraped with a razor to ensure a fresh surface before transferring to the 

DBB solution. Dry THF was added and the solution vigorously stirred to give a dark green solution 

within 2-3 min. The mixture was stirred for 5 h at 0 °C to produce lithium di-tert-butylbiphenyl 

(LiDBB) at full molarity (0.4 M).  

 

(+)-Fastigiatine 
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(+)-Fastigiatine (4-1): A 10 mL Schlenk flask was charged with tricycle 4-19 (57.1 mg, 0.120 

mmol) and purged three times with argon/vacuum. Freshly distilled and degassed 1,2-

dichlorobenzene (5.9 mL) was introduced and the solution cooled to 0 °C, at which point (+)-10-

camphorsulfonic acid (402.5 mg, 1.730 mmol) was added. The reaction was removed from the ice 

bath and warmed to 165 °C in a sealed atmosphere for 1 h. The mixture was cooled to 0 °C, 

quenched with saturated NaHCO3 (5 mL) and extracted with CHCl3 (2 x 5 mL). The combined 

organic layers were dried over Na2SO4 and concentrated to remove CHCl3. To the resulting 

solution were added Et3N (0.16 mL, 1.2 mmol) and Ac2O (0.11 mL, 1.2 mmol), and the mixture 

was stirred for 5 h. The reaction was quenched by addition of methanol (2 mL). Concentration 

under vacuum and purification by silica gel chromatography (gradient 1% to 10% MeOH in CHCl3 

with 0.5% ammonium hydroxide) afforded (+)-fastigiatine (34.6 mg, 90% yield) as a white 

crystalline solid. The data for the synthetic natural product matched that reported by Shair.79 

Physical State: White, crystalline solid. 

1H NMR (500 MHz, CDCl3, 25 °C)  5.19 (d, J  = 5.5 Hz, 1H), 3.82 (dt, J = 11.5, 6.0 Hz, 1H), 

3.30–3.21 (m, 2H), 2.42–2.37 (m, 1H), 2.32 (s, 3H), 2.19 (d, J = 9.0 Hz, 1H), 2.18–2.16 (m, 1H), 

2.15 (s, 3H), 2.07 (br app d, J = 14.5 Hz, 1H), 2.06–1.96 (m, 1H), 1.93–1.89 (m, 1H), 1.81–1.72 

(m, 1H), 1.68 (dd, J = 14.0, 4.5 Hz, 1H), 1.63–1.53 (m, 3H), 1.43–1.32 (m, 2H), 1.20 (app t, J = 

12.0 Hz, 1H), 1.02 (app dt, J = 12.8, 3.3 Hz, 1H), 0.91 (d, 6.5 Hz, 3H).  

13C NMR (125 MHz, CDCl3, 25 °C)  170.5, 139.6, 123.6, 65.7, 60.0, 55.4, 45.9, 45.8, 40.6, 38.7, 

37.8, 35.4, 35.0, 34.3, 25.9, 23.4, 22.7, 22.0, 21.6.  

HRMS (ESI) m/z calculated for C19H28N2ONa (M + Na)+: 323.2099, found: 323.2106.  

TLC: Rf = 0.33 (10 % MeOH in CHCl3, UV or KMnO4). 
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[]24
D= +310 (c 1.32, CHCl3). 

 

Enone 4-14 Synthesis Step 1: Pulegone Oxide 

 

Experimental: A two-neck round bottom flask was fitted with an addition funnel, and (+)-

pulegone (72.3 g, 0.475 mol) and MeOH (363 mL) were added. The solution was cooled to 0 °C 

for 10 min, and 30% H2O2 (181 mL, 1.77 mol) was added dropwise over 5 min. A solution of 

KOH (55 g, 0.97 mol) in H2O (181 mL) was transferred to the addition funnel and added dropwise 

over 15 min. The reaction mixture was stirred for 30 min at 0 °C before warming to ambient 

temperature and stirring for an additional 4 hours. The reaction was poured into a separatory funnel 

with sat. aq. sodium chloride (750 mL) and extracted with Et2O (3 x 750 mL). The organic layers 

were washed with additional sat. aq. sodium chloride (450 mL), dried over Na2SO4, filtered, and 

concentrated under reduced pressure to afford pulegone oxide (57.0 g, 71%) as a mixture of 

diastereomers.  Spectral data was consistent with the literature.95,96 

Physical State: Faint, yellow oil.   

1H NMR (500 MHz, CDCl3, 25 °C) δ 2.62 (dt, J = 13.6, 3.1 Hz, 1H), 2.43 (d, J = 2.4 Hz, 5H), 

2.20 (td, J = 13.5, 4.4 Hz, 2H), 2.09–1.72 (m, 10H), 1.44 (d, J = 2.4 Hz, 8H), 1.23 (d, J = 7.0 Hz, 

7H), 1.08 (t, J = 7.2 Hz, 8H). 

TLC: Rf = 0.15 (12% EtOAc in hexanes, KMnO4). 

 

Enone 4-14 Synthesis Step 2: Pulegone Sulfide 



 

159 

 

 

Experimental: To a 2 L, two-neck round bottom flask with 400 mL addition funnel was added 

NaH (31.56 g, 788.7 mmol) and THF (350 mL), then the mixture was cooled to 0 °C for 10 minutes. 

In a separate 1 L round bottom flask with THF (350 mL) was added PhSH (67.5 mL, 357 mmol). 

This solution was then cannula transferred to the addition funnel, and the solution was slowly 

added (2–3 drops/s) to the two-neck flask over 1.5 hours with vigorous stirring. Crude pulegone 

oxide 5.63 (44.23 g, 262.9 mmol) was transferred to a 500 mL round bottom flask with THF (245 

mL). The solution was then cannula transferred to the addition funnel and added slowly (2 

drops/sec) over 1.5 hours. The reaction mixture was warmed to room temperature and allowed to 

stir for 2 hours before being heated to reflux for 24 hours. After completion by TLC, the mixture 

was cooled to 0 °C. A solution of sat. aq.  ammonium chloride (800 mL) was added slowly via 

addition funnel to keep the internal temperature below 15 °C. The biphasic mixture was then 

transferred to a separatory funnel and the layers separated. The aqueous layer was extracted with 

Et2O (3 x 250 mL). The organic layers were washed with sat. aq.  sodium chloride (2 x 250 mL), 

dried with Na2SO4, filtered, and concentrated to yield pulegone sulfide (40.15 g, 69%) as a mixture 

of inseparable diastereomers. Spectral data was consistent with the literature.95,96 

Physical State: Viscous, orange oil. 

1H NMR (500 MHz, CDCl3, 25 °C) δ (mixture of diastereomers) 7.43–7.37 (m, 3H), 7.31–7.21 

(m, 5H), 3.86 (ddd, J = 11.3, 5.8, 1.3 Hz, 1H), 3.74–3.70 (m, 0.5H), 2.79 (dd, J = 13.7, 12.2 Hz, 

0.5H), 2.69 (ddd, J = 13.1, 4.0, 2.0 Hz, 1H), 2.33 (dddd, J = 13.6, 5.8, 4.8, 3.7 Hz, 1H), 2.28–2.18 

(m, 1.2H), 2.20–2.06 (m, 1.7H), 2.06–1.87 (m, 3H), 1.78 (dtd, J = 13.6, 11.4, 3.7 Hz, 1.2H), 1.73–
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1.65 (m, 1.3H), 1.45–1.35 (m, 1.3H), 1.22–1.19 (m, 0.5H), 1.05 (d, J = 6.6 Hz, 1.5H), 1.02 (d, J = 

6.5 Hz, 3H). 

TLC: Rf = 0.67 (40% EtOAc in hexanes, KMnO4). 

 

Enone 4-14 Synthesis Step 3: Pulegone Sulfoxide 

 

Experimental: A mechanical stirrer was used to prevent the stalling due to buildup of solid 

precipitate. A solution of pulegone sulfide (45.1 g, 205 mmol) in MeOH (511 mL) was cooled to 

0 °C, and a solution of NaIO4 (43.8 g, 205 mmol) in H2O (205 mL) was added in one portion. The 

ice bath was removed, and the reaction stirred at rt for 8 hours. The salts were removed by filtering, 

and the salts were rinsed with CH2Cl2 (300 mL) to remove any residual product. Sat. aq. sodium 

chloride (100 mL) was added to aid in separation. The aqueous layer was extracted with CH2Cl2 

(3 x 300 mL). The organic layers were combined and washed with sat. aq. sodium sulfite (200 mL) 

and sat. aq. sodium chloride (300 mL). The organic layers were dried over Na2SO4, filtered, and 

concentrated to yield sulfoxide 5.65 (49.6 g, quantitative) as a mixture of four diastereomers.  

Spectral data was consistent with the literature.95,96 

Physical State: Golden oil. 

1H NMR (600 MHz, CDCl3, 25 °C) δ 7.68 (dd, J = 6.6, 3.0 Hz, 1H), 7.66–7.63 (m, 2H), 7.59– 

7.54 (m, 2H), 7.53–7.44 (m, 8H), 3.66 (ddd, J = 11.4, 5.8, 1.1 Hz, 1H), 3.38–3.29 (m, 2H), 2.60 

(dq, J = 14.5, 4.9 Hz, 1H), 2.55–2.47 (m, 3H), 2.24 (dd, J = 14.0, 10.2 Hz, 1H), 2.17–1.88 (m, 5H), 

1.85–1.77 (m, 2H), 1.45 (d, J = 6.9 Hz, 1H), 1.43–1.28 (m, 2H), 1.07 (d, J = 6.7 Hz, 3H), 1.03–

0.96 (m, 6H). 

TLC: Rf = 0.19 (40% EtOAc in hexanes, KMnO4). 
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Enone 4-14 Synthesis Step 4 

 

Experimental: CaCO3 (3.16 g, 31.5 mmol) was added to a solution of pulegone sulfoxide (7.43 

g, 31.5 mmol) in CCl4 (42 mL), and the atmosphere exchanged for argon. The mixture was heated 

to reflux for 20 hours. After cooling to rt, the mixture was diluted with CH2Cl2 (50 mL) and filtered 

through a pad of Celite. The Celite was rinsed with additional CH2Cl2. The organics were 

combined and dried with Na2SO4, filtered, and concentrated to provide crude enone 4-14 (20.8 g) 

as a golden oil. Cooling the oil in a freezer crystallized the sulfinic acid byproduct, which could 

be removed by filtration. Purification by column chromatography (plug of silica with hexanes to 

20% EtOAc), followed by collection of the product and additional purification by column 

chromatography (hexanes to 10% EtOAc) afforded pure enone 4-14 (typical yields 30–50%) as a 

golden oil. Spectral data was consistent with the literature.95,96 

Physical State: Golden oil. 

1H NMR (500 MHz, CDCl3, 25 °C) δ 6.96 (ddd, J = 10.1, 5.6, 2.6 Hz, 1H), 6.02 (ddt, J = 10.1, 

2.9, 1.1 Hz, 1H), 2.48 (ddt, J = 15.8, 3.6, 0.9 Hz, 1H), 2.42 (dddt, J = 18.6, 5.7, 4.5, 1.3 Hz, 1H), 

2.28–2.17 (m, 1H), 2.12 (dd, J = 15.7, 12.3 Hz, 1H), 2.04 (ddt, J = 19.4, 9.7, 2.8 Hz, 1H), 1.07 (d, 

J = 6.5 Hz, 3H). 

13C NMR (125 MHz, CDCl3) δ 200.2, 150.0, 129.8, 46.5, 34.2, 30.5, 21.4. 

TLC: Rf = 0.52 (40% EtOAc in hexanes, KMnO4). 

 

Diene 4-15 
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Experimental: A one-liter round bottom was charged with diisopropylamine (19.9 mL, 142 mmol) 

and THF (225 mL), and cooled to 0 °C. Once cool, nBuLi (2.3 M, 61.8 mL, 142.25 mmol) was 

added via cannula. The mixture was stirred for 10 minutes, then cooled down to -78 °C. Once cool, 

a solution of methyl vinyl ketone (10.71 mL, 128.5 mmol) in THF (250 mL) was added dropwise 

over 30 minutes via cannula. After addition was complete, the mixture was allowed to stir for ten 

minutes, then DMPU (9.0 mL, freshly distilled over CaH2) was added dropwise over 5-10 minute 

period, and stirred for 10 minutes. Next, a solution of TBSCl (29.0 g, 192.75 mmol) in THF (90 

mL) was added via cannula over 30 minutes. After the addition was complete, the reaction mixture 

was warmed to 0 °C and stirred for 20 minutes, then warmed to room temperature and stirred for 

3 hours. Upon completion, the reaction was diluted with pentane (250 mL) and 1M acetic acid 

(250 mL). The layers were separated, and the aqueous layer extracted with pentane (150 mL). The 

organics were combined and washed with H2O (2 x 100 mL) and brine (1 x 200 mL), and dried 

with Na2SO4, filtered, and concentrated under reduced pressure to afford a pale-yellow oil. 

Purification by chromatography (100% pentane) afforded the desired diene 4-15 (8.0 g, 34%) as a 

clear, colorless oil. The spectral data matched those reported in the literature. 97,98 

Physical State: Clear, colorless oil. 

1H NMR (500 MHz, CDCl3, 25 °C) δ 6.20 (dd, J = 16.9, 10.5 Hz, 1H), 5.52 (ddt, J = 17.0, 1.9, 

0.6 Hz, 1H), 5.08 (dddd, J = 10.5, 2.1, 1.5, 0.8 Hz, 1H), 4.35–4.31 (m, 2H), 0.98 (s, 9H), 0.18 (s, 

6H). 

 

Decalone 4-16. 



 

163 

 

 

Experimental: A round-bottom flask was charged with enone 4-14 (2.01 g, 18.26 mmol) and 

diene 4-15 (4.68 g, 25.44 mmol) and purged 4 times via vacuum/argon cycles. Dry toluene (75 

mL) was added and the solution was cooled to 0 °C. Diethyl aluminum chloride (19.1 mL, 1.0 M 

in toluene, 19.1 mmol) was then added dropwise over a 10 min period. The resulting mixture was 

allowed to reach room temperature with stirring. After 1.5 h, the mixture was cooled to 0 °C and 

quenched by the rapid addition of sat. aq. NaHCO3 (250 mL) and 10% potassium sodium tartrate 

(20 mL). The aqueous layer was separated and extracted with Et2O (3 x 200 mL). The combined 

organic layers were washed with saturated NaHCO3 (3 x 200 mL), brine (3 x 200 mL), dried over 

Na2SO4 and concentrated under reduced pressure. Volatile materials were removed under high 

vacuum (ca. 1 Torr) overnight to afford the desired decalone 4-16 (4.91 g, 91%) as light-yellow 

oil. If desired, product can be purified by column chromatography (10% EtOAc/hexanes).  

Physical State: Viscous, colorless oil  

1H NMR (500 MHz, CDCl3) δ 4.81–4.78 (m, 1H), 2.61 (t, J = 5.8 Hz, 1H), 2.57–2.48 (m, 2H), 

2.39 (ddd, J = 13.5, 4.8, 2.0 Hz, 1H), 2.25–2.17 (m, 1H), 2.20–1.95 (m, 2H), 1.86 (app. dd, J = 

8.0, 1.5 Hz, 2H), 1.80 (d, J = 14.5 Hz, 1H), 1.64 (ddd, J = 13.5, 11.5, 4.0 Hz, 1H), 1.03 (d, J = 6 

Hz, 3H), 0.89 (s, 9H), 0.11 (s, 3H), 0.08 (s, 3H). 

 13C NMR (125 MHz, CDCl3) δ 211.1, 148.2, 102.0, 49.7, 47.0, 38.2, 36.1, 31.9, 30.8, 25.9, 22.6, 

22.2, 18.1, -4.1, -4.4. 

HRMS (ESI) m/z calculated for C17H31O2Si (M + H)+: 295.2093, found: 295.2095.  

TLC: Rf = 0.60 (10% EtOAc in hexanes, CAM Stain).  
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Bromoenones cis-4-17 and trans-4-17 

 

Experimental: To a solution of decalone 4-16 (1.210 g, 4.120 mmol) in petroleum ether (110 mL, 

dried over MgSO4) at –20 °C was added sublimed potassium tert-butoxide (1.390 g, 12.37 mmol) 

in 3 portions. The heterogeneous mixture turned yellow within 2 min. After 2 min, freshly distilled 

bromoform (1.08 mL, 12.4 mmol) was added dropwise in petroleum ether (20 mL) over 4 min. 

The reaction mixture was allowed to stir at –20 °C until starting material was consumed as 

observed by TLC. After 45 min, the mixture was removed from the cooling bath and filtered 

through a silica plug with 25% EtOAc in petroleum ether. The filtrate was concentrated under 

vacuum and the resulting yellow oil was dissolved in acetone (45 mL), followed by the addition 

of calcium carbonate (2.060 g, 20.63 mmol) and silver perchlorate monohydrate (1.850 g, 8.250 

mmol). The reaction was allowed to stir at 25 °C for 9 h, during which time a dark precipitate 

developed. The reaction was quenched by addition of Et3N (1.15 mL, 8.25 mmol) and silica gel 

(1.5 g), and the mixture concentrated in vacuo. The resulting crude mixture was vacuum filtered 

through a plug of silica using Et2O. The solvent was evaporated, and the crude material re-purified 

via chromatography (15% to 25% EtOAc in hexanes) to afford a mixture of diastereomers cis-4-

17 and trans-4-17 (570.0 mg, 51%) as yellow oil (~3:1 cis/trans mixture of C-12 epimers). A small 

sample of the mixture was purified by MPLC to separate the cis and trans isomers for 

characterization.  

 

Physical State: Yellow oil. 
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1H NMR (500 MHz, CDCl3)  7.24 (dd, J = 10.5, 4.8 Hz, 1H), 2.75–2.65 (m, 3H), 2.57–2.46 (m, 

3H), 2.4 (dd, J = 16.3, 10.3 Hz, 1H), 2.07 (t, J = 12.8 Hz, 1H), 1.97–1.87 (m, 1H), 1.84 (dt, J = 

13.5, 3.3 Hz, 1H), 1.75 (ddd, J = 14.8, 11.5, 4.3 Hz, 1H), 1.05 (d, J = 6.5 Hz, 1H). 

13C NMR (125 MHz, CDCl3)  209.8, 195.7, 144.1, 125.6, 49.7, 47.4, 45.3, 39.4, 34.7, 29.9, 27.0, 

22.1. 

 IR (thin film) 3444, 2955, 2924, 1705, 1685, 1600, 1452, 1379, 1231, 1111, 1041, 916 cm–1. 

HRMS (ESI) m/z calculated for C12H15BrO2Na (M + Na)+: 293.0153, found: 293.0161. 

TLC: Rf = 0.33 (20% EtOAc in hexanes, CAM Stain). 

 

 

Physical State: Yellow oil. 

1H NMR (500 MHz, CDCl3)  7.22 (dd, J = 8.3, 4.3 Hz, 1H), 2.92 (dd, J = 14.0, 6.0 Hz, 1H), 

2.87–2.78 (m, 1 H), 2.60 (dd, J = 14.0, 5.5 Hz, 1H), 2.53–2.36 (m, 3H), 2.27–2.21 (m, 1H), 2.18 

(d, J = 13 Hz, 1H), 1.94 (td, J = 13.0, 4.8 Hz, 1H), 1.68 (d, J = 14.5 Hz, 1H), 0.98 (d, J = 7 Hz, 

1H). 

13C NMR (125 MHz, CDCl3)  209.4, 195.3, 145.3, 125.9, 54.9, 48.0, 46.9, 38.3, 35.6, 29. 8, 28.4, 

20.0. 

IR (thin film) 3437, 2957, 2826, 1602, 1711, 1687, 1459, 1385, 1238, 1090, 912 cm–1. 

HRMS (ESI/) m/z calculated for C12H15BrO2Na (M + Na)+: 293.0153, found: 293.0161. 

TLC: Rf = 0.32 (20% EtOAc in hexanes, CAM Stain). 

 

Enone 4-18. 
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Experimental: All solvents were subjected to three freeze-pump-thaw cycles before use in this 

reaction, and were used within one week. To a solution of tert–butyl allylcarbamate (402 mg, 2.56 

mmol) in THF (4.3 mL) was added a solution of 9-BBN (0.50 M in THF, 7.2 mL, 3.6 mmol) at 

room temperature. After stirring for 4 h, the solution was treated with water (615 µL, 34.1 mmol) 

and allowed to stir for 20 min. A separate Schlenk flask was charged with bromoenones cis-4-17 

and trans-4-17 (461 mg, 1.71 mmol), Cs2CO3 (1.22 g, 3.76 mmol), AsPh3 (157 mg, 0.510 mmol), 

and Pd(dppf)Cl2 (375 mg, 0.510 mmol), and the flask was purged via high-vacuum/argon cycles 

(4x) before addition of DMF (11 mL). The resulting mixture was then stirred for 15 min before 

the borane solution was added in one portion. The subsequent mixture was heated to 80 °C for 4 

hours, at which point the solution turned black. Upon completion, the reaction was cooled to room 

temperature, diluted with Et2O (15 mL), and filtered through a plug of neutral alumina. 

Concentration in vacuo followed by purification via flash column chromatography (30% to 40% 

EtOAc in hexanes) afforded inseparable diastereomers (494.0 mg, 83%) 4-18 as a colorless oil (~ 

3:2 trans/cis epimers at C-12).  

Physical State: Colorless oil. 

1H NMR (600 MHz, CDCl3)  6.50–6.40 (m, 1H), 4.67–4.55 (br s, 1H), 3.13–3.01 (app m, 2H), 

2.83–2.73 (m, 1H), 2.66–2.60 (m, 0.5H), 2.59–2.54 (m, 1H), 2.49–2.40 (m, 2.5H), 2.34–2.25 (m, 

2.5H), 2.20–2.11 (m, 2H), 2.03 (t, J = 12.5 Hz, 0.5H), 1.97–1.87 (m, 1H), 1.82–1.75 (m, 0.5H), 

1.73–1.69 (m, 0.5H), 1.68–1.64 (m, 1H), 1.54 (p, J = 5.9 Hz, 2H), 1.42 (s, 9H), 1.02 (d, J = 6.5 

Hz, 1.5H), 0.97 (d, J = 7.0, Hz, 1.5H). 
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13C NMR (125 MHz, CDCl3)  211.1, 210.5, 204.6, 204.1, 156.2, 142.6, 139.5, 138.4, 79.3, 55.6, 

53.3, 49.8, 49.1, 48.0, 47.04, 46.99, 40.5, 40.1, 39.5, 39.0, 38.3, 36.0, 34.8, 30.5, 29.99, 29.97, 

29.92, 29.6, 28.6, 26.7, 25.6, 22.1, 20.1. 

IR (thin film) 3373, 2953, 2921, 2881, 1708, 1664, 1517, 1454, 1391, 1252, 1173, 875 cm–1. 

HRMS (ESI) m/z calculated for C20H31NO4Na (M + Na)+: 372.2151, found: 372.2157. 

TLC: Rf = 0.32 (40% EtOAc in hexanes, CAM Stain). 

 

Tricycles cis-4-19 and trans-4-19 

 

Experimental: A round bottom flask containing 4-36 (0.620 g, 2.44 mmol) and 1,10-

phenanthroline (2–3 crystals) was dried by azeotroping three times with freshly distilled benzene. 

The flask was then equipped with a glass stir bar and THF (27 mL) was introduced under argon. 

The mixture was cooled to –78 °C and n–BuLi (2.3M in hexanes) was added dropwise until a 

brown dark color persisted. This procedure was performed to quench adventitious proton sources. 

LiDBB (0.4 M, 12.8 mL, 5.12 mmol) was then added dropwise over 10 min at –78 °C until a dark-

green color persisted, and the mixture was allowed to stir for 20 min. In a separate flask containing 

1-hexynyl copper (0.710 g, 4.94 mmol) and tetrahydrofuran (6.2 mL) was added trimethyl 

phosphite (1.8 mL, 15 mmol), and the mixture stirred at room temperature until a clear solution 

developed. The resulting homogeneous solution was chilled to -78 °C, at which point it was added 

via syringe to the organolithium reagent down the flask wall over 3 min, and stirred for 1 h to 

produce a deep red solution. The carbamate 4-18 (213 mg, 0.610 mmol) was dissolved in THF 
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(0.5 mL), freshly distilled TMSCl (0.39 mL, 3.0 mmol) was added, then the mixture added directly 

to the organocuprate solution. The resulting mixture was stirred at –78 °C for 24 h, at which point 

it was quenched by the addition 10% concentrated ammonium hydroxide/saturated ammonium 

chloride (120 mL), followed by warming to room temperature. After 1 h, the organic layers were 

separated and the aqueous layers were extracted with ethyl acetate (3 x 40 mL). The organic layers 

were combined, dried with Na2SO4, filtered, and concentrated under vacuum. The resulting 

mixture was filtered through a plug silica (20% CH2Cl2 in hexanes) to remove excess 4,4’-di-tert-

butylbiphenyl, at which point ethyl acetate was used elute the remaining desired material. The 

ethyl acetate was subsequently evaporated, and the crude mixture taken up in methanol (15 mL). 

Potassium carbonate (627 mg, 4.54 mmol) was added, and the suspension mixed vigorously for 4 

hr. After completion, the solids were filtered and the solvent evaporated, at which point the crude 

residue was purified by chromatography (20% to 40% EtOAc/hexanes gradient), to deliver tricycle 

cis-4-19 (126.1 mg, 42%) and its C10 epimer trans-4-19 (134.5 mg, 45%) as a colorless oil.  

 

Physical State: Colorless oil. 

1H NMR (500 MHz, tol-d8, 85 °C)  4.46–4.37 (br s, 1H), 3.42–3.27 (br s, 1H), 3.10 (m, 2H), 

2.77–2.72 (m, 1H), 2.71–2.68 (m, 1H), 2.67 (s, 3H), 2.63–2.52 (m, 1H), 2.25 (ddd, J = 13.5, 11.2, 

7.6 Hz, 1H), 2.01 (d, J = 17.5 Hz, 1H), 1.87 (app d, J = 13.6 Hz, 1H), 1.85–1.80 (m, 1H), 1.76–

1.67 (m, 1H), 1.66–1.56 (m, 5H), 1.45 (s, 18H), 1.37–1.29 (m, 2H), 1.12–1.00 (br s, 1H), 0.86 (q, 

J = 13.7 Hz, 2H), 0.70 (d, J = 6.5 Hz, 3 H). 
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13C NMR (125 MHz, CDCl3, 25 °C)  213.5, 213.3, 156.5, 156.3, 155.8, 80.1, 79.6, 79.3, 65.4, 

48.4, 48.0, 47.1, 43.7, 43.2, 43.0, 42.7, 41.8, 41.1, 35.5, 35.3, 34.5, 34.2, 32.1, 29.9, 29.8, 29.6, 

28.7, 28.6, 26.0, 25.5, 24.5, 22.9, 22.5, 14.3. 

IR (thin film) 3364, 2962, 2925, 1686, 1519, 1482, 1451, 1393, 1367, 1247, 1043, 771 cm–1. 

HRMS (ESI) m/z calculated for C27H46N2O6Na (M + Na)+: 517.3254, found: 517.3261. 

TLC: Rf = 0.34 (44 % EtOAc in Hexanes, CAM stain).  

[]24
D = –74 (c 1.23, CHCl3). 

 

 

Physical State: Colorless oil.  

1H NMR (500 MHz, tol-d8, 85 °C)  4.51–4.43 (br s, 1H), 3.75 (dd, J = 13.3, 11.3 Hz, 1H), 3.17 

(dd, J = 13.8, 4.3 Hz, 1H), 3.12–3.05 (m, 2H), 2.71 (s, 3H), 2.29 (dd, J = 16.5, 8.0 Hz, 1H), 2.17 

(ddd, J = 12.8, 7.0, 5.3 Hz, 1H), 2.03–1.96 (m, 1H), 1.91–1.85 (m, 1H), 1.79 (d, J = 16.5 Hz, 1H) 

1.74 (dd, J = 14.0, 4.5 Hz, 1H), 1.69–1.64 (m, 1H), 1.61–1.51 (m, 4H), 1.46 (s, 9H), 1.43 (s, 9H), 

1.34–1.26 (m, 3H), 1.06–1.00 (br s, 1H), 0.83 (td, J = 12.8, 3.0 Hz, 1H), 0.73 (t, J = 13.0 Hz, 1H), 

0.65 (d, J = 6.0 Hz, 3H), 0.51–0.43 (br s, 1H). 

13C NMR (125 MHz, CDCl3, 25 °C)  214.4, 214.2, 156.8, 156.4, 156.22, 83.9, 83.8, 79.75, 79.66, 

79.12, 79.06, 65.2, 65.1, 52.6, 51.7, 48.0, 43.0, 42.1, 41.9, 41.3, 40.7, 35.4, 35.3, 34.9, 32.1, 31.9, 

31.6, 29.9, 29.8, 29.5, 28.6, 25.6, 22.9, 22.7, 21.8, 14.3. 

IR (thin film) 3380, 2957, 2920, 1961, 1514, 1456, 1393, 1252, 1168, 1033, 876, 771 cm–1. HRMS 

(ESI) m/z calculated for C27H46N2O6Na (M + Na)+: 517.3254, found: 517.3234. 
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TLC: Rf = 0.38 (44 % EtOAc in Hexanes, CAM stain). 

[]24
D = –41 (c 1.82, CHCl3). 

 

Compound 4-23 and 4-24. 

 

Experimental: To a solution of decalone 4-16 (2.95 g, 10.03 mmol) in absolute ethanol (33 mL, 

0.3 M) at 0 °C was added sodium borohydride (1.89 g, 50.13 mmol) in three portions over 30 

minutes. Upon completion as observed by TLC, the reaction mixture was partitioned between 

EtOAc (50 mL) and H2O (50 mL) and allowed to reach room temperature. The organic layer was 

separated and the aqueous layer was extracted with EtOAc (3 x 50 mL). The combined organic 

layers were washed with brine, dried over Na2SO4 and concentrated in vacuo to give a colorless 

oil. Purification by column chromatography (10% EtOAc in hexanes) afforded a mixture of 

separable diastereomers 4-23 and 4-24 (2.79 g, 94%) as yellow oil (~1.4:1 ax/eq mixture of C13 

epimers).  

 

 1H NMR (500 MHz, CDCl3) δ 4.86 (app s, 1H), 3.99 (app s, 1H), 2.41–2.27 (m, 1H), 2.22–2.13 

(m, 1H), 2.12–2.01 (m, 4H), 1.98–1.87 (m, 1H), 1.85–1.73 (m, 1H), 1.65–1.67 (m, 1H), 1.27–1.12 

(m, 1H), 0.94 (d, J = 6.5 Hz, 3H), 0.91 (s, 9H), 0.12 (d, J = 5.1 Hz, 6H). 

13C NMR (125 MHz, CDCl3) δ 151.8, 102.1, 72.8, 39.7, 37.2, 34.9, 31.0, 26.0, 21.6, 18.2, -4.1, -

4.2. 
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IR (thin film) 3393, 2926, 2856, 1674, 1462, 1378, 1250, 1192, 1176, 1084, 1013, 881, 834, 777, 

679 cm–1
. 

HRMS (ESI) m/z calculated for C17H32O2SiNa (M + Na)+: 319.2069, found: 319.2061. 

TLC: 0.41 (10% EtOAc in hexanes, CAM Stain). 

[α]24
D = +29 (c 2.94, CHCl3).   

 

1H NMR (500 MHz, CDCl3) δ 4.77 (app d, J = 5.7 Hz, 1H), 3.57 (ddd, J = 15.2, 10.6, 4.5 Hz, 1H), 

2.42 (dd, J = 17.6, 5.8 Hz, 1H), 2.23–2.16 (m, 1H), 2.15–2.08 (m, 1H), 1.98 (app d, J = 11.6 Hz, 

2 H), 1.86–1.76 (m, 2H), 1.52 (d, J = 14.0, 2H), 1.45 (ddd, J = 10.9, 5.4 Hz, 1H), 1.31–1.24 (br s, 

1H), 1.18 (td, J = 13.3, 4.8 Hz, 1H), 0.93 (d, J = 6.6 Hz, 3H), 0.91 (s, 9H), -0.12 (d, J = 5.8 Hz, 

6H). 

13C NMR (125 MHz, CDCl3) δ 141.1, 101.7, 67.7, 54.1, 45.1, 41.8, 39.1, 33.7, 31.7, 26.6, 25.9, 

24.2, 22.5, 18.2, -4.1, -4.3. 

 IR (thin film) 3373, 2926, 1701, 1666, 1513, 1463, 1365, 1250, 1171, 1103, 1058, 835, cm–1
. 

HRMS (ESI) m/z calculated for C17H32O2SiNa (M + Na)+: 319.2069, found: 319.2076. 

TLC: Rf = 0.31 (10% EtOAc in hexanes, CAM stain). 

 [α]24
D = -4.0 (c 1.57, CHCl3). 

 

Ketal 4-25 
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Experimental: Decalone 4-16 (692 mg, 2.35 mmol) was dissolved in DCM (7.83 mL) and cooled 

to -78 °C. In a separate flask, DIBAL-H (1M in PhMe, 8.23 mL, 8.23 mmol) was cooled to -78 °C. 

Once cool, the DIBAL-H was added dropwise to the decalone solution, and the resulting mixture 

stirred for 24 hours. Upon completion, sat. aq. Rochelles salt (20 mL) and NaHCO3 (20 mL) was 

added, followed by additional DCM (20 mL). The mixture was warmed to room temperature, and 

stirred vigorously for 1 hour. The layers were separated, and the aqueous layer extracted with 

DCM (3 x 50 mL). The organic layers were combined, dried over Na2SO4, filtered, and 

concentrated. Purification by column chromatography (10% EtOAc:hexanes) afforded 4-25 as a 

white solid (627 mg, 90% yield).  

Physical state: colorless oil that solidifies upon freezing. 

1H NMR (600 MHz, CDCl3) δ 4.12 (s, 1H), 2.14 – 2.04 (m, 1H), 2.01 (app d, J = 10.7 Hz, 1H), 

1.86 (m, 3H), 1.74 – 1.60 (m, 3H), 1.55 (s, 2H), 1.52 (s, 1H), 1.16 (br s, 1H), 1.07 (td, J = 12.8, 

3.3 Hz, 1H), 0.91 (d, J = 6.7 Hz, 3H), 0.86 (s, 10H), 0.11 (app d, J = 5.6 Hz, 6H). 
 
13C NMR (150 MHz, CDCl3) δ 96.7, 75.0, 40.8, 40.7, 40.4, 33.5, 32.4, 32.4, 26.1, 25.6, 22.1, 

21.4, 18.1, -2.1, -2.2. 
 

IR (thin film) 2951, 2927, 2858, 1346, 1173, 1016, 835 cm–1. 

HRMS (ESI) m/z calculated for C17H32O2SiH (M + H)+: 297.2250, found: 297.2248. 

TLC: 0.32 (7:1 hexanes:EtOAc, CAM stain). 

 [α]21
D = -19.2 (c = 0.36, CHCl3). 

 

β-TBS Enoxysilane 4-26 

 

Experimental: To a solution of alcohol 4-24 (1.48 g, 5.0 mmol) in CH2Cl2 (7.1 mL) at –78 °C 

was added 2,6-lutidine (1.16 mL, 9.98 mmol, 2 equiv), followed by dropwise addition of neat 
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TBSOTf (1.38 mL, 5.99 mmol, 1.2 equiv). The mixture was stirred for 8 h, and the reaction was 

quenched by the addition of Et3N (0.84 mL, 5.99 mmol, 1.2 equiv) then NaHCO3 (15 mL) at –

78 °C. The solution was warmed to room temperature, where the organic layer was separated and 

the aqueous layer was extracted with CH2Cl2 (3 x 15 mL). The combined organic layers were 

washed with brine, dried over Na2SO4 and concentrated in vacuo to give a yellow oil. Purification 

by column chromatography (5% CH2Cl2 in hexanes) gave silyl ether 4-26 (1.98 g, 97%) as a clear 

oil. 

Physical State: Clear, colorless oil.  

1H NMR (500 MHz, CDCl3) δ 4.77 (s, 1H), 3.94 (dt, J = 8.9, 4.2, 1H), 2.23–2.12 (m, 1H), 2.09–

1.98 (m, 4H), 1.88–1.78 (br. s, 2H), 1.69 (ddd, J = 13.9, 9.5, 5.1 Hz, 1H), 1.61 (ddd, J = 14.1, 10.5, 

4.7 Hz, 1H), 1.28 (dt, J = 13.6, 3.8 Hz, 1H), 1.06 (dt, J = 13.3, 4.1 Hz, 1H), 0.97 (d, J = 7.3 Hz, 

3H), 0.90 (s, 9H), 0.86 (s, 9H), 0.11 (s, 6H), 0.01 (s, 6H). 

13C NMR (125 MHz, CDCl3) δ 151.2, 149.2, 109.7, 102.3, 68.5, 41.3, 38.7, 36.0, 35.5, 34.8, 

30.6, 30.4, 28.3, 26.13, 26.06, 25.9, 20.5, 18.9, 18.4, 18.32, 18.26, 18.2, 15.9, 7.03, 6.98, 5.3, -4.0, 

-4.3, -4.4, -4.5, -4.6. 

IR (thin film) 2955, 2911, 1673, 1461, 1360, 1255, 1180, 1152, 1097, 1068, 1005, 963, 892, 859, 

835, 773, 745 cm–1
. 

HRMS (ESI) m/z calculated for C23H46O2Si2H (M + H)+: 411.3115, found: 411.3128. 

TLC: Rf  = 0.36 (5% CH2Cl2 in hexanes, CAM stain). 

 

α-TBS Enoxysilane 4-29 
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Experimental: To a solution of alcohol 4-23 (286 mg, 0.97 mmol) in CH2Cl2 (1.4 mL) at –78 °C 

was added 2,6-lutidine (0.22 mL, 1.93 mmol, 2 equiv) followed by dropwise addition of neat 

TBSOTf (0.29 mL, 1.26 mmol, 1.3 equiv). The mixture was stirred for 7 h, at which point the 

reaction was quenched through addition of Et3N (0.17 mL, 1.26 mmol, 1.3 equiv) then NaHCO3 

(5 mL) at –78 °C. The solution was warmed to room temperature, where the organic layer was 

separated and the aqueous layer was extracted with CH2Cl2 (3 x 5 mL). The combined organic 

layers were washed with brine, dried over Na2SO4 and concentrated in vacuo to give a yellow oil. 

Purification by column chromatography (5% CH2Cl2 in hexanes) gave silyl ether 4-29 (364 mg, 

92%) as a clear oil. 

Physical State: Clear, colorless oil. 

 1H NMR (500 MHz, CDCl3) δ 4.76–4.72 (m, 1H), 3.58–3.50 (m, 1H), 2.37 (dd, J = 16.2, 5.6 Hz, 

1H), 2.21–2.13 (m, 2H), 2.06–1.93 (m, 2H), 1.88–1.72 (m, 3H), 1.52–1.45 (m, 2H), 1.15 (td, J = 

12.8, 4.5 Hz, 1H), 1.00–0.95 (m, 6H), 0.94–0.85 (m, 16H), 0.70–0.62 (m, 4H), 0.12 (d, J = 9.3 Hz, 

2H), 0.03 (s, 6H). 

13C NMR (125 MHz, CDCl3) δ149.0,102.2, 101.6, 68.4, 45.4, 41.8, 39.2, 33.7, 31.7, 26.5, 26.1, 

25.9, 24.4, 22.6, 18.3, 18.2, 7.0, 5.2, -3.9, -4.0, -4.3, -4.5, -4.6. 

 IR (thin film) 2954, 2910, 1670, 1461, 1362, 1250, 1170, 1100, 1090, 1065, 1001, 961, 895, 831, 

771, 744 cm–1. 

 HRMS (ESI) m/z calculated for C23H46O2Si2H (M + H)+: 411.3115, found: 411.3132. 

 TLC: Rf = 0.24 (5% CH2Cl2 in hexanes, CAM stain). 

[α]24
D  = -8.0 (c 1.80, CHCl3). 

 

β-TIPS Enoxysilane 4-27. 
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Experimental: To a solution of ketal 4-25 (470 mg, 1.59 mmol) in DCM (5.3 mL) was added 2,6-

lutidine (0.56 mL, 4.77 mmol) at room temperature, and the mixture cooled to -78 °C. Once cool, 

neat TIPSOTf (0.855 ml, 3.18 mmol) was added dropwise with vigorous stirring. The reaction was 

stirred for 20 minutes, at which point sat. aqueous NaHCO3 (10 mL) was added, and the reaction 

allowed to warm to room temperature. The layers were then separated, and the aqueous layer 

extracted with DCM (3 x 20 mL), the organic layers combined, dried with Na2SO4, and 

concentrated in vacuo. The crude oil was then placed under hi-vac overnight to afford pure 4-27 

as a clear, colorless oil (675 mg, 94%). 

Physical State: Clear, colorless oil.  

 1H NMR (500 MHz, CDCl3) δ 4.84 (app t, J = 2.5 Hz, 1H), 4.10 (dt, J = 11.5, 4.5 Hz, 1H) 2.35 

(br d, J = 14.5 Hz, 1H), 2.14–1.98 (m, 5H), 1.74 (ddd, J = 13.2, 11.4, 5.4 Hz, 1H), 1.68–1.58 (m, 

2H), 1.44 (br d, J = 13.1 Hz, 1H), 1.11–0.98 (m, 25H), 0.91 (s, 9H), 0.12 (d, J = 2.3 Hz, 6H). 

13C NMR (125 MHz, CDCl3) δ 148.8, 102.8, 69.7, 39.4, 35.9, 32.5, 29.3, 27.8, 26.0, 19.7, 18.37, 

18.36, 18.35, 18.2, 12.6, –4.1. 

 IR (thin film) 2928, 2891, 2864, 1675, 1463, 1377, 1251, 1193, 1099, 879, 834, 776 cm–1. 

 HRMS (ESI) m/z calculated for C26H52O2Si (M + H)+: 453.3584, found: 453.3579. 

TLC: Rf = 0.80 (15% EtOAc in hexanes, KMnO4 Stain). 

 [α]24
D = –2.67 (c 0.965, CHCl3). 

 

β-TBS bromoenone 4-32  
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Experimental: To a solution of enoxysilane 4-26 (1.24 g, 3.03 mmol) in petroleum ether (16 mL, 

dried over MgSO4) at –20 °C was added sublimed KOt-Bu (1.02 g, 9.08 mmol) in one portion, 

followed by freshly distilled bromoform (0.79 mL, 9.08 mmol) dropwise. The reaction mixture 

was allowed to stir at –20 °C until starting material was consumed as observed by TLC. After 1h, 

the mixture was poured into 12 mL of water. The organic layer was separated and the aqueous 

layer was extracted with EtOAc (3 x 20 mL). The combined organic layers were dried over Na2SO4 

and concentrated in vacuo. The residue was dissolved in acetone (33 mL), followed by the addition 

of calcium carbonate (1.51 g, 15.14 mmol) and silver perchlorate monohydrate (3.14 g, 15.14 

mmol). The mixture was stirred at 25 °C overnight, during which time a dark precipitate developed. 

The next morning, the reaction was quenched by the addition of Et3N (2.11 mL, 15.14 mmol) and 

silica gel (~1.0 g), and the mixture concentrated in vacuo. The resulting crude mixture was vacuum 

filtered through a plug of silica using Et2O as the eluent. Evaporation of the solvent, followed by 

subsequent re-purification by column chromatography (10% EtOAc in hexanes) gave bromoenone 

4-32 (0.96 g, 82%) as a pale-yellow oil. 

Physical State: Pale yellow oil.  

1H NMR (500 MHz, CDCl3) δ 7.23 (dd, J = 9.8, 4.8 Hz, 1H), 3.89–3.84 (m, 1H) 3.05 (dd, 

J = 15.5, 11.0 Hz, 1H), 2.58 (ddd, J = 15.7, 11.1, 4.7 Hz, 1H), 2.51 (dd, J = 16.0, 3.0 Hz, 1H), 2.37 

(ddd, J = 15.8, 9.7, 4.3 Hz, 1H), 2.24–2.1(m, 1H), 1.95–1.85 (m, 1H), 1.80 (dt, J = 10.3, 4.4 Hz, 

1H), 1.70–1.62 (m, 1H), 1.56 (dt, J = 13.7, 3.9 Hz, 1H), 1.31 (ddd, J = 13.8, 9.0, 5.3 Hz, 1H), 1.20 

(ddd, J = 12.0, 8.8, 2.8 Hz, 1H), 0.91 (d, J = 7 Hz, 3H), 0.85 (s, 9H), 0.02 (s, 3H), -0.02 (s, 3H). 
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13C NMR (125 MHz, CDCl3) δ 197.8, 145.9, 125.6, 69.9, 47.0, 40.7, 40.4, 38.6, 31.0, 28.1, 26.0, 

23.4, 21.1, 18.1, -4.4, -4.8. 

IR (thin film) 2952, 2926, 2852, 1681, 1462, 1253, 1059, 834, 735 cm–1
. 

HRMS (ESI) m/z calculated for C18H31BrO2Si (M + NH4)
+: 404.1620, found: 411.1613. 

TLC: Rf = 0.34 (40% CH2Cl2 in hexanes, CAM Stain). 

[α]24
D = +45 (c 0.9, CHCl3). 

 

α-TBS bromoenone 4-30. 

 

Experimental: To a solution of enoxysilane 4-29 (364 g, 0.89 mmol) in petroleum ether (4.7 mL, 

dried over MgSO4) at –20 °C was added sublimed KOt-Bu (297 mg, 2.66 mmol) in one portion, 

followed by freshly distilled bromoform (0.23 mL) dropwise. The reaction mixture was allowed 

to stir at –20 °C until starting material was consumed as observed by TLC. After 1.5 h, the mixture 

was poured into water (5 mL). The organic layer was separated and the aqueous layer was extracted 

with EtOAc (3 x 5 mL). The combined organic layers were combined, dried over Na2SO4, filtered, 

and concentrated in vacuo. The residue was dissolved in acetone (9.9 mL), followed by the addition 

of calcium carbonate (444 mg, 4.44 mmol) and silver perchlorate monohydrate (3.14 g, 15.14 

mmol). The mixture was stirred at 25 °C overnight, during which time a dark precipitate developed. 

The next morning, the reaction was quenched by the addition of Et3N (0.62 mL, 4.44 mmol) and 

silica gel (~0.5 g), and the mixture concentrated in vacuo. The resulting solids were vacuum 

filtered through a plug of silica using Et2O as the eluent. Evaporation of the solvent, followed by 
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subsequent re-purification by column chromatography (10% EtOAc in hexanes) gave bromoenone 

4-30 (311 mg, 91%) as a pale-yellow oil. 

Physical State: Pale yellow oil.  

1H NMR (500 MHz, CDCl3) δ 7.16 (dd, J = 9.3, 6.2 Hz, 1H), 3.47 (td, J = 10.6, 4.4 Hz, 1H), 2.78 

(ddd, J = 15.3, 9.0, 5.8 Hz, 1H), 2.63 (dd, J = 17.0, 11.0 Hz, 1H), 2.46 (app d, 15.5 Hz, 1H), 2.33–

2.26 (m, 1H), 2.09 (ddd, J = 14.9, 10.3, 6.3 Hz, 1H), 1.85–1.79 (m, 1H), 1.73 (tt, J = 9.5, 6.3 Hz, 

1H), 1.57 (dd, J = 13.5, 2.0 Hz, 1H), 1.51–1.39 (m, 1H), 1.30–1.19 (m, 2H), 1.06 (q, J = 11.7 Hz, 

1H), 0.91 (d, J = 6.5 Hz, 1H), 0.88 (s, 9H), 0.06 (s, 3H), 0.04 (s, 1H). 

13C NMR (125 MHz, CDCl3) δ 197.7, 143.9, 126.0, 73.6, 45.4, 44.2, 41.6, 40.6, 32.8, 32.3, 26.9, 

26.0, 22.3, 18.2, -3.6, -4.5. 

IR (thin film) 2957,2925, 2852, 1681, 1456, 1253, 1101, 1064, 834, 772 cm–1. 

HRMS (ESI) m/z calculated for C18H31BrO2Si (M + NH4)
+: 404.1620, found: 411.1623. 

TLC: Rf = 0.28 (40% CH2Cl2 in hexanes, CAM Stain). 

 

β-TIPS Bromoenone 4-33 

 

Experimental: To a solution of enoxysilane 4-27 (675 mg, 1.49 mmol) in petroleum ether (7.45 

mL, dried over MgSO4) at –40 °C was added sublimed KOt-Bu (502 mg, 4.47 mmol) in one portion, 

followed by freshly distilled bromoform (0.39 mL, 4.47 mmol) dropwise. The reaction mixture 

was allowed to stir at –40 °C until starting material was consumed as observed by TLC. Once 

complete, the reaction mixture filtered through Celite, and washed with excess petroleum ether. 

The mixture was then transferred to a separator funnel, and washed with 20 mL of water. The 
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organic layer was dried over Na2SO4 and concentrated under vacuo. The residue was dissolved in 

acetone (7.45 mL), to this solution was added calcium carbonate (745 mg, 7.45 mmol) and silver 

perchlorate monohydrate (1.54 g, 7.45 mmol), and the mixture was stirred at 25 °C overnight, 

during which time a dark precipitate developed. The mixture was quenched by the addition of Et3N 

(1.04 mL, 7.45 mmol) and silica gel (~1.0 g), and the mixture concentrated under vacuo. The 

resulting crude mixture was flushed through a plug of silica using Et2O. Purification by column 

chromatography gave bromoenone 4-33 (475 mg, 75%) as a yellow oil. 

Physical State: yellow oil.  

1H NMR (500 MHz, CDCl3) δ 7.33 (dd, J = 9.8, 3.6 Hz, 1H), 4.09 – 4.03 (m, 1H), 2.74 – 2.60 (m, 

3H), 2.42 (ddd, J = 17.1, 10.5, 3.5 Hz, 1H), 2.28 (ddt, J = 14.6, 9.7, 5.0 Hz, 1H), 2.04 (m, 1H), 

1.93 (m, 1H), 1.63 – 1.56 (m, 1H), 1.48 (ddd, J = 13.8, 9.5, 4.5 Hz, 1H), 1.44 – 1.28 (m, 3H), 1.03 

(s, 17H), 0.97 (app d, J = 7.4 Hz, 5H). 

13C NMR (126 MHz, CDCl3) δ 196.6, 148.2, 125.8, 68.5, 48.2, 44.6, 38.0, 35.7, 30.6, 25.8, 25.7, 

19.5, 18.20 (3C), 18.16 (3C), 12.5 (3C). 

HRMS (ESI) m/z calculated for C21H37BrO2SiNa (M + Na)+: 451.1644, 453.1626, found 451.1624, 

453.1604. 

 IR (thin film): 2891, 2866, 1689, 1462, 882 cm-1. 

[α]23
D = +23.8 (c 1.0, CHCl3). 

 

β-TBS Enone 4-34 
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Experimental: All solvents were subjected to three freeze-pump-thaw cycles before use in this 

reaction, and were used within one week. To a solution of tert–butyl allylcarbamate (239 mg, 1.51 

mmol) in THF (2.5 mL) was added a solution of 9-BBN (0.5 M in THF, 4.3 mL, 2.13 mmol) at 

room temperature. After stirring for 4 h, the solution was treated with water (365 µL, 20.25 mmol) 

and stirred for 20 min. In a separate Schlenk flask was added bromoenone 4-32 (391 mg, 1.01 

mmol), Cs2CO3 (725 mg, 2.23 mmol), AsPh3 (124 mg, 0.41 mmol), and Pd(dppf)Cl2 (296 mg, 0.41 

mmol), and the atmosphere purged via high-vacuum/argon cycles (4x) before addition of DMF 

(6.5 mL). The resulting mixture was then stirred for 15 min before the borane solution was added 

in one portion. The reaction was heat to 80 °C, at which point the mixture turned black. After 

heating for 4 hours, the reaction was cooled to room temperature, diluted with Et2O (15 mL), and 

filtered through a plug of neutral alumina. Concentration in vacuo followed by purification via 

flash column chromatography (15% EtOAc in hexanes) afforded enone 4-34 (419 mg, 89%) as a 

colorless oil. 

Physical State: colorless oil.  

1H NMR (500 MHz, CDCl3) δ 6.39–6.21 (m, 1H), 4.80–4.55 (br. s, 1H), 3.88–3.83 (m, 1H), 3.09–

3.02 (br. s, 2H), 2.91–2.84 (m, 1H), 2.52–2.42 (m, 1H), 2.33–2.27 (m, 1H), 2.26–2.21 (m, 1H), 

2.20–2.10 (m, 1H), 1.94–1.86 (m, 1H), 1.73–1.67 (m, 1H), 1.65–1.60 (m, 1H), 1.56–1.49 (m, 3H), 

1.41 (s, 9H), 1.31–1.23 (m, 1H), 1.21–1.14 (m, 1H), 0.91 (d, 7.0 Hz, 3H), 0.84 (s, 9H), 0.00 (s, 

3H), -0.02 (s, 3H). 

13C NMR (125 MHz, CDCl3) δ 206.7, 156.2, 142.5, 140.6, 79.1, 70.0, 48.6, 41.7, 40.2, 40.1, 38.3, 

31.1, 29.9, 29.7, 28.6, 26.0, 25.9, 23.9, 21.0, 18.2, -4.4, -4.7. 

IR (thin film) 3362, 2925, 2857, 1694, 1515, 1451, 1410, 1388, 1364, 1299, 1251, 1166, 1105, 

1050, 636, 775, 676 cm–1. 
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HRMS (ESI/) m/z calculated for C26H47NO4SiNa (M + Na)+: 488.3172, found: 488.3174. 

TLC: Rf = 0.31 (15% EtOAc in hexanes, CAM Stain) 

[α]23
D = +34 (c 0.83, CHCl3) 

 

α-TBS Enone 4-31 

 

Experimental: All solvents were subjected to three freeze-pump-thaw cycles before use in this 

reaction, and were used within one week. To a solution of tert–butyl allylcarbamate (131 mg, 0.830 

mmol) in THF (1.4 mL) was added a solution of 9-BBN (0.50 M in THF, 2.3 mL, 1.2 mmol) at 

room temperature. After stirring for 4 h, the solution was treated with water (199 µL, 11.1 mmol) 

and allowed to stir for 20 min. A separate Schlenk flask was charged with bromoenone 4-30 (214 

mg, 0.550 mmol), Cs2CO3 (397 mg, 1.22 mmol), AsPh3 (50 mg, 0.17 mmol), and Pd(dppf)Cl2 (122 

mg, 0.170 mmol), and the atmosphere was purged via high-vacuum/argon cycles (4x) before 

addition of DMF (3.6 mL). The resulting mixture was then stirred for 15 min before the borane 

solution was added. The reaction was heated to 80 °C for 4 hours, during which time the mixture 

turned black. After completion, the mixture was cooled to room temperature, diluted with Et2O 

(15 mL), and filtered through a plug of neutral alumina. Concentration in vacuo followed by 

purification via flash column chromatography (15% EtOAc in hexanes) afforded the desired enone 

4-31 (209.0 mg, 81%) as a colorless oil. 

Physical State: Clear, colorless oil 

1H NMR (500 MHz, CDCl3)  6.38–6.33 (m, 1H), 4.70–4.62 (br s, 1H), 3.46 (td, J = 10.6, 4.4 Hz, 

1H), 3.11–3.04 (m, 2H), 2.70 (ddd, J = 14.7, 9.8, 6.0 Hz, 1H), 2.52 (dd, J = 17.3, 11.6 Hz, 1H), 
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2.35–2.27 (m 1H), 2.26–2.19 (m, 2H), 2.17–2.09 (m, 1H), 2.01–1.93 (m, 1H), 1.82–1.76 (m, 1H), 

1.67–1.59 (m, 1H), 1.58–1.50 (m, 4H), 1.43 (s, 9H), 1.22 (dt, J = 13.0, 5.2 Hz, 1H), 0.99 (q, J = 

11.8 Hz, 1H), 0.90 (d, J = 6.6 Hz, 3H), 0.88 (s, 9H), 0.05 (s, 3H), 0.03 (s, 3H) 

13C NMR (125 MHz, CDCl3)  207.0, 156.2, 142.6, 137.8, 79.2, 74.0, 46.7, 44.4, 41.7, 40.8, 40.2, 

32.9, 30.6, 30.0, 29.7, 28.6, 27.0 26.0, 22.4, 18.2, –3.6, –4.5 

IR (thin film) 3373, 2926, 1701, 1665, 1512, 1463, 1364, 1249, 1171, 1103, 774 cm–1 

HRMS (ESI) m/z calculated for C26H47NO4SiNa (M + Na)+: 488.3172, found: 488.3181 

TLC: Rf = 0.30 (15% EtOAc in hexanes, CAM Stain) 

 []23
D = +22 (c 1.14, CHCl3) 

 

β-TIPS Enone 4-35 

 

Experimental: All solvents were subjected to three freeze-pump-thaw cycles before use in this 

reaction, and were used within one week. To a solution of tert–butyl allylcarbamate (61.2 mg, 

0.390 mmol) in THF (0.65 mL) was added a solution of 9-BBN (0.50 M in THF, 1.09 mL, 0.550 

mmol) at room temperature. After stirring for 4 h, the solution was treated with water (94 µL, 5.2 

mmol) and stirred for 20 min. A separate Schlenk flask was charged with bromoenone 4-33 (111 

mg, 0.260 mmol), Cs2CO3 (186 mg, 0.570 mmol), AsPh3 (24 mg, 0.078 mmol), and Pd(dppf)Cl2 

(64 mg, 0.078 mmol), and the flask purged via high-vacuum/argon cycles (4x) before addition of 

DMF (1.6 mL). The resulting mixture was then stirred for 15 min before the borane solution was 

added. The reaction was heated to 80 °C for 6 hours, during which time the mixture turned black. 

After completion, the mixture was cooled to room temperature, diluted with Et2O (5 mL) and 
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filtered through a plug of neutral alumina. Concentration in vacuo followed by purification via 

flash column chromatography (15% EtOAc in hexanes) afforded the desired enone 4-35 (90.0 mg, 

69%) as a colorless oil. 

Physical State: Clear, colorless oil.  

1H NMR (500 MHz, CDCl3)  6.59 (dd, J = 8.9, 2.5 Hz, 1H), 4.70 ( br s, 1H), 4.07 – 4.01 (m, 1H), 

3.14 – 2.98 (m, 2H), 2.63 – 2.51 (m, 2H), 2.46 (dd, J = 12.7, 5.6 Hz, 1H), 2.36 – 2.29 (m, 1H), 

2.28 – 2.15 (m, 3H), 2.08 – 1.99 (m, 1H), 1.87 – 1.80 (m, 1H), 1.61 – 1.50 (m, 4H), 1.43 (s, 12H), 

1.36 – 1.29 (m, 2H), 1.01 (app d, J = 3.8 Hz, 18H), 0.97 (d, J = 7.2 Hz, 3H). 

13C NMR (126 MHz, CDCl3)  156.1, 143.8, 143.3, 128.5, 77.4, 68.5, 49.8, 45.8, 40.0, 37.9, 35.4, 

30.7, 29.9, 28.6 (3C), 26.6, 23.6, 19.4, 18.2 (6C), 12.5 (3C). 

 IR (thin film): 3381, 2866, 1714, 1667, 1173 cm-1. 

HRMS (ESI) m/z calculated for C29H53NO4SiNa (M + Na)+: 530.3641, found: 530.3632. 

 []23
D = +26.6 (c 1.0, CHCl3). 

 

Cyclohexanone 4-39. 

 

Experimental: A round bottom flask containing sulfide 4-42 (211 mg, 0.83 mmol) and 1,10-

phenanthroline (2-3 crystals) was dried by azeotroping three times with freshly distilled benzene. 

The flask was then equipped with a glass stir bar and THF (15 mL) was introduced under Ar. The 

mixture was cooled to –78 °C and n–BuLi/hexanes (2-3 M) was added until a brown dark color 

persisted (~0.3–0.4 mL). This procedure was performed to quench adventitious proton sources. 
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LiDBB (4.7 mL, 1.86 mmol, 2.2 equiv) was then added dropwise over 10 min at –78 °C until a 

dark-green color persisted, and the mixture was allowed to stir for 20 min to ensure complete 

formation of alkyl lithium 4-37. A separate flask containing 1-hexynyl copper (240 mg, 1.67 mmol) 

and tetrahydrofuran (3 mL) was cooled to –78 °C and trimethyl phosphite (0.44 mL, 3.75 mmol) 

was introduced; the mixture was stirred until a clear solution developed. The resulting 

homogeneous solution was added via syringe to the organolithium reagent down the flask wall 

over 3 min and stirring was continued for 1 h to produce 4-38 as deep red solution. The 

cyclohexenone (40 mg, 0.42 mmol) was dissolved in THF (0.3 mL) and freshly distilled TMSCl 

(263 µL, 2.08 mmol), and added to the solution containing the organocuprate. The resulting 

mixture was stirred at –78 °C for 24 h and quenched with 10% concentrated ammonium 

hydroxide/saturated ammonium chloride (20 mL), followed by warming to room temperature. 

After 1 h, the organic layer was separated and the aqueous layer were extracted with ethyl acetate 

(3 x 20 mL). The organic layers were combined, dried with Na2SO4, filtered, and concentrated 

under vacuum. The resulting mixture was filtered through a plug silica (20% CH2Cl2 in hexanes) 

to remove excess of 4,4’-di-tert-butylbiphenyl, at which point ethyl acetate was used to flushed 

the plug. The solvent was removed under vacuum, then re-purified by column chromatography 

(25% EtOAc/hexanes) to afford 4-39 (89.2 mg, 89%) as a colorless oil. 

Physical State: colorless oil. 

1H NMR (500 MHz, CDCl3) δ 3.24–3.03 (m, 2H), 2.84–2.74 (m, 3H), 2.39–2.28 (m, 2H), 

2.27–2.18 (m, 1H), 2.11–1.90 (m, 3H), 2.67 (s, 3H), 1.88–1.75 (m, 1H), 1.67–1.53 (m, 1H), 1.40 

(s, 9H), 1.38–1.27 (m, 1H). 

13C NMR (125 MHz, CDCl3) δ 211.3, 210.9, 156.2, 155.8, 79.8, 79.6, 54.5, 53.9, 45.8, 45.7, 41.5, 

38.5, 38.1, 35.2, 29.1, 28.5, 25.3, 25.2. 
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HRMS (ESI) m/z: calculated for C13H23NO3Na (M + Na)+: 264.1576, found: 264.1572.  

TLC: Rf = 0.33, (25 % EtOAc in Hexanes, CAM stain).  

 

Sulfide 4-42. 

 

Experimental: Dry toluene (149 mL) was added to a 500 mL round-bottom flask containing tert–

butyl methyl carbamate (5.86 g, 0.044 mol, 1 equiv), paraformaldehyde (1.55 g, 0.051 mol, 1.15 

equiv) and magnesium sulfate (15 g) at room temperature. After five minutes, TMSCl (16.9 mL, 

0.134 mol, 3 equiv) was added dropwise via syringe. The solution was allowed to stir for 15 min, 

then thiophenol (5.07 mL, 0.025 mol, 1.1 equiv) was added and the resulting mixture was allowed 

to stir until starting material was consumed as observed by TLC. After 5 h, the crude reaction 

mixture was filtered, concentrated, and purified via chromatography (15% EtOAc in hexanes) to 

afford sulfide 4-42 (10.62 g, 94%) as a crystalline white solid. 

Physical State: Crystalline white solid.  

Melting Point: 60–63 °C. 

 1H NMR (500 MHz, CDCl3, 65 °C) δ 7.49 (d, J = 7.0 Hz, 1H), 7.31–7.20 (m, 3H), 4.75 (s, 2H), 

2.90 (s, 3H), 1.33 (s, 9H). 

13C NMR (125 MHz, CDCl3, 65 °C) δ 155.0, 134.5, 133.4, 129.0, 127.6, 80.2, 55.5, 33.3, 28.3. 

IR (thin film): 2972, 2929, 1699, 1478, 1443, 1389, 1265, 1230, 1172, 1133, 1052, cm–1
. 

HRMS (ESI) m/z: calculated for C13H19NO2SNa (M + Na)+: 276.1034, found: 276.1029.  

TLC: Rf = 0.42 (20% EtOAc in hexanes) (KMnO4 stain). 

 

Compounds 4-45 and 4-46 
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Experimental: A round bottom flask containing enone 4-42 (152.3 mg, 0.6020 mmol) and 1,10-

phenanthroline (2–3 crystals) was dried by azeotroping three times with freshly distilled benzene. 

The flask was then equipped with a glass stir bar and THF (12 mL) was introduced under argon. 

The mixture was cooled to –78 °C and n–BuLi (2.3M in hexanes) was added dropwise until a 

brown dark color persisted. This procedure was performed to quench adventitious proton sources. 

LiDBB (0.4M, 3.0 mL, 1.2 mmol) was then added dropwise over 10 min at –78 °C until a dark-

green color persisted, and the mixture was allowed to stir for 20 min. In a separate flask containing 

1-hexynyl copper (173.3 mg, 1.203 mmol) and tetrahydrofuran (1.5 mL) was added trimethyl 

phosphite (0.427 mL, 3.61 mmol), and the mixture stirred at room temperature until a clear solution 

developed. The resulting homogeneous solution was chilled to -78 °C, at which point it was added 

via syringe to the organolithium reagent down the flask wall over 3 min, and stirred for 1 h to 

produce a deep red solution. The enone 4-31 (70 mg, 0.150 mmol) was dissolved in THF (0.25 

mL), freshly distilled TMSCl (94.5 μL, 0.750 mmol) was added, then the mixture added directly 

to the organocuprate solution. The resulting mixture was stirred at –78 °C for 24 h, at which point 

it was quenched by the addition 10% concentrated ammonium hydroxide/saturated ammonium 

chloride (15 mL), followed by warming to room temperature. After 1 h, the organic layers were 

separated and the aqueous layers were extracted with ethyl acetate (3 x 10 mL). The organic layers 

were combined, dried with Na2SO4, filtered, and concentrated under vacuum. The resulting 

mixture was filtered through a plug silica (20% CH2Cl2 in hexanes) to remove excess 4,4’-di-tert-

butylbiphenyl, at which point ethyl acetate was used elute the remaining desired material. The 
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solvent was evaporated, and the crude residue purified by chromatography (20% EtOAc/hexanes) 

to deliver an inseparable mixture of diastereomers 4-45 and 4-46 (74 mg, 81%).  

 

Compounds 4-47 and 4-49 

 

Experimental: A round bottom flask containing enone 4-42 (304.5 mg, 1.200 mmol) and 1,10-

phenanthroline (2–3 crystals) was dried by azeotroping three times with freshly distilled benzene. 

The flask was then equipped with a glass stir bar and THF (19 mL) was introduced under argon. 

The mixture was cooled to –78 °C and n–BuLi (2.3M in hexanes) was added dropwise until a 

brown dark color persisted. This procedure was performed to quench adventitious proton sources. 

LiDBB (0.4M, 6.0 mL, 2.4 mmol) was then added dropwise over 10 min at –78 °C until a dark-

green color persisted, and the mixture was allowed to stir for 20 min. In a separate flask containing 

1-hexynyl copper (346.5 mg, 2.410 mmol) and tetrahydrofuran (3.0 mL) was added trimethyl 

phosphite (0.854 mL, 7.22 mmol), and the mixture stirred at room temperature until a clear solution 

developed. The resulting homogeneous solution was chilled to -78 °C, at which point it was added 

via syringe to the organolithium reagent down the flask wall over 3 min, and stirred for 1 h to 

produce a deep red solution. The enone 4-42 (140 mg, 0.301 mmol) was dissolved in THF (0.20 

mL), freshly distilled TMSCl (0.189 mL, 1.5 mmol) was added, then the mixture added directly to 

the organocuprate solution. The resulting mixture was stirred at –78 °C for 24 h, at which point it 

was quenched by the addition 10% concentrated ammonium hydroxide/saturated ammonium 

chloride (20 mL), followed by warming to room temperature. After 1 h, the organic layers were 

separated and the aqueous layers were extracted with ethyl acetate (3 x 15 mL). The organic layers 
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were combined, dried with Na2SO4, filtered, and concentrated under vacuum. The resulting 

mixture was filtered through a plug silica (20% CH2Cl2 in hexanes) to remove excess 4,4’-di-tert-

butylbiphenyl, at which point ethyl acetate was used elute the remaining desired material. The 

solvent was evaporated, and the crude residue purified by chromatography (20% EtOAc/hexanes) 

to deliver an inseparable mixture of diastereomers 4-47 and 4-49 (110 mg, 60%).  

TLC: Minor diastereomer: Rf = 0.69 (30% EtOAc in hexanes, CAM stain) 

TLC: Major diastereomer: Rf = 0.62 (30 % EtOAc in hexanes, CAM stain) 

 

Compound 4-49. 

 

Experimental: The enone 4-34 (116 mg, 0.250 mmol), K2HPO4 (142 mg, 0.825 mmol), 

Ir[dF(CF3)ppy]2(dtbbpy)PF6 (5.6 mg, 0.0050 mmol), and carboxylic acid 4-44 (142 mg, 0.750 

mmol) were added to a flame-dried dram vial, followed by the addition of DMF ( 0.63 mL). Argon 

was bubbled through the mixture for 15 minutes, then the vial was sealed, and irradiated with blue 

LED lights (2 x 24W) for 24 hours. Once complete, MeOH (1 mL) and K2CO3 (1 scoop) was 

added and allowed to stir for 30 minutes, followed by the addition of H2O (1 mL). The mixture 

was extracted with DCM (3 x 3 mL), the organic layers combined, dried over Na2SO4, and 

concentrated in vacuo. Purification by column chromatography (20% EtOAc:hexanes) afforded 4-

47 and 4-49  as a clear, colorless oil, as an indistinguishable mixture of diastereomers and rotamers 

(106.0 mg, 69%).  

 

Compounds 4-48 and 4-50. 
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Experimental: The enone 4-35 (100 mg, 0.200 mmol), K2HPO4 (114 mg, 0.66 mmol), 

Ir[dF(CF3)ppy]2(dtbbpy)PF6 (4.5 mg, 0.0040 mmol), and carboxylic acid 4-44 (114 mg, 0.600 

mmol) were added to a flame-dried dram vial, followed by the addition of DMF (0.5 mL). Argon 

was bubbled through the mixture for 15 minutes, then the vial was sealed, and irradiated with blue 

LED lights (2 x 24W) for 24 hours. Once complete, MeOH (1 mL) and K2CO3 (1 scoop) was 

added and allowed to stir for 30 minutes, followed by the addition of H2O (1 mL). The mixture 

was extracted with DCM (3 x 3 mL), the organic layers combined, dried over Na2SO4, and 

concentrated in vacuo. Purification by column chromatography (20% EtOAc:hexanes) afforded 4-

48 and 4-50  as a clear, colorless oil, as an indistinguishable mixture of diastereomers and rotamers 

(113.0 mg, 87%).  

TLC: Minor diastereomer: Rf = 0.48 (25% EtOAc in hexanes, CAM stain) 

TLC: Major diastereomer: Rf = 0.41 (25% EtOAc in hexanes, CAM stain). 

 

ImageJ Analysis of Photoredox Products 

 We encountered significantly difficulty in determining the diastereomeric ratio of the 

photoredox conjugate addition products. Chemical derivatization methods necessitated 

quantitative yields, which were unattainable. The lack of UV activity rendered HPLC extremely 

difficult, and while we were able to obtain a HPLC of the TBS conjugate products, we were unable 

to do so with the TIPS products. To work around this issue, we turned to ImageJ, and attempted to 

quantify the d.r. from the TIPS products based on the known d.r. from the TBS HPLC data.  
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TBS 4-47 and 4-49 HPLC data: 

 

Method: 1.0 mg/mL, 50 uL injection, isocratic 90% CH3CN 10% H2O, λmax= 212 nm. 

TBS 4-47 and 4-49 ImageJ data:  

 

 

 

TIPS 4-48 and 4-50 ImageJ Data: 

  

 

Entry 

TIPS 

Peak 1  

Area 

Peak 2  

Area 

Peak1/ 

Peak2 

Ratio 

1 4740 31972 0.15 6.75 

2 7740 35331 0.22 4.56 

3 6444 31854 0.20 4.94 

4 7593 37638 0.20 4.96 

5 7757 37530 0.21 4.84 

Avg 6854.8 34865 0.20 5.21 

 

Entry 

TBS 

Peak 

1  

(Area) 

Peak 2  

(Area) 

Peak1/ 

Peak2 

Ratio 

 1 3176 11363 0.28 3.58 

2 3086 13358 0.23 4.33 

3 3934 11348 0.35 2.88 

4 3304 11500 0.29 3.48 

Avg 3375 11892.25 0.29 3.49 
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Chapter 5. Progress Towards the Total Synthesis of (–)-Himeradine A 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.1 Abstract 

Progress towards the enantioselective total synthesis of (–)-himeradine A is described. A 

high yielding six-step synthesis of a functionalized piperidine precursor was performed. Several 

late-stage resolutions were attempted with varying levels of success. An explorative Suzuki cross 

coupling between a fully elaborated quinolizidine precursor and bromoenone was successful, 

enabling the validation of our final proposed steps. High-resolution mass spectrometry served to 

confirm the success of the acetylation to furnish the natural product following the key one-pot 

transannular Aldol-Michael cascade. 
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5.2 Introduction 

5.2.1 Isolation and Background 

(–)-Himeradine A is a Lycopodium alkaloid first isolated by the Kobayashi group in 2003.87 

It belongs to a subset of the lycodine alkaloids that unlike lycodine, contains a pentacyclic core 

that includes a C14-C3 bond. This additional bond introduces a significant amount of strain and 

complexity, which results in himeradine A being arguably the most complex Lycopodium alkaloid 

isolated to date. Its key structural features include seven total rings, ten stereocenters, a 

quinolizidine subunit appended to the caged pentacyclic core via a single methylene linker, and 

three potentially basic nitrogen atoms. Upon isolation, it was reported to exhibit cytotoxicity 

against murine lymphoma L1210 cells, with an IC50 of 10 μg/mL in vitro. 

Unlike fastigiatine, whose structure was unambiguously assigned through X-ray 

crystallography, the structure of himeradine A was assigned purely through spectroscopic analysis, 

including 1H, 13C, COSY, HMQC, HMBC, and NOESY experiments, as well as IR and 

FABMS/MS data. Due to their relative isolation from each other, the relative stereochemistry 

between the pentacyclic core and the quinolizidine subunit remains ambiguous. Additionally, the 

synthetic sample of himeradine a prepared by the Shair group83 is slightly different than the 1H 

NMR originally reported, specifically the chemical shift at the H10’ proton. This suggests the 

possibility that the reported structure of himeradine may have been incorrectly assigned.  

5.2.2 Retrosynthetic Analysis 

Our approach towards (–)-himeradine A was inspired by our groups successful synthesis 

of fastigiatine,88 which as previously described utilized two key steps: 1) a Suzuki cross-coupling 

from a key divergent intermediate; and 2) a late-stage transannular Mannich cascade to construct 

the core. For Himeradine A, we planned to utilize a similar disconnection, and append an 
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elaborated quinolizidine precursor (5-2) to the cis-benzo-[7]-annulene core (5-6) via a Suzuki 

coupling (Scheme 5-1). Allyl amine 5-2 would arise from a late-stage resolution, which could be 

prepared from racemic allyl piperidine 5-3. The ally group on 5-3 would be installed through a 

diastereoselective deprotonation-allylation sequence, and 2,4-cis-substituents set by a PtO2 

catalyzed hydrogenation of pyridine 5-4. Commercially available bromopicoline 5-5 would serve 

as the building block for the quinolizidine synthesis.  

Identical to the fastigiatine synthesis, the TIPS-bromoenone coupling partner (5-6) would 

arise from a ring opening and dibromocarbene ring expansion of ketal 5-7, which in turn could be 

prepared from a Diels-Alder and hydride reduction, leading back to enone 5-8, which was 

accessible on multigram scale.  The synthesis of bromoenone 5-6 has been fully detailed in the 

previous chapter, and as a result, this chapter will focus on the synthesis of the quinolizidine 

fragment of Himeradine A, and the attempted completion of the molecule.    

 

 

Scheme 5-1: Retrosynthetic analysis of (–)-Himeradine A. 
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5.3 Synthesis of Racemic Piperidine 5-3 

 Our initial route towards piperidine 5-3 utilized very straightforward, well-precedented 

chemistry, beginning with the Sonogashira coupling of bromopicoline 5-5 with homopropargyl 

alcohol (Scheme 5-2) to afford alkynyl pyridine 5-9.99 After a brief optimization, we found that 

performing the reaction in neat triethylamine allowed the reaction to be performed on a 10 gram 

scale in 98% yield. 

 

A recent report on the one-pot reduction of alkynyl pyridines using PtO2 led us to 

investigate the possibility of performing a global reduction of alkyne 5-9 directly to the 

corresponding piperidine.100 Unfortunately, despite a variety of conditions, we were unable to 

affect the desired reduction, and instead consistently observed a mixture of all possible reduction 

intermediates. As this was presumably due to the PtO2 coordinating to the alkyne and deactivating 

the catalyst for the subsequent reductions, a two-step procedure was performed (Scheme 5-3). 

Hydrogenation of the alkyne (5-9) using Pd/C afforded the aliphatic chain (5-4) quantitatively, 

which was now poised for the dearomatization. 

 

Scheme 5-2: Attempted global hydrogenation. 
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Many authors report that pyridines can be rapidly hydrogenation using PtO2 as a catalyst 

at pressures of 5 atm.101 With this system however, we found the pyridine to be quite resistant to 

reduction, despite increasing the pressure of hydrogen up to 100 atm. Eventually, we found that 

simply heating the mixture to 60 °C under 7 atm of H2 for one week almost quantitatively reduced 

the pyridine to its corresponding piperidine. It was also interesting to note that a mixture of 

acetylated products (5-10) was observed by mass-spectrometry, presumably due to the elevated 

temperature and time required for the reduction. The acetylated intermediates could be isolated if 

desired, but it was operationally much easier to subject the crude mixture to hydrolytic conditions. 

After a simple extraction, this two-step procedure afforded the desired amino alcohol (5-11) as a 

single diastereomer in 97% over two steps, with no additional purification required. Subsequent 

1H NOESY experiments confirmed the cis-relationship of the piperidine substituents.  

 With the desired amino alcohol in hand, chemoselective protections of the nitrogen and 

oxygen as BOC and TBDPS groups, respectively, were performed (Scheme 5-4). As expected, 

both protections proceeded smoothly, affording bis-protected piperidine 5-13 in 95% yield over 

two steps. The sequence described is exceptionally robust and high-yielding, and has been used to 

synthesize over 30g of 5-13 in a single pass, with a yield of 90% over six-steps.  

 

Scheme 5-3: Efficient two-step global reduction. 
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5.3.1 Diastereoselective Piperidine Lithiation 

With piperidine 5-13 in hand, the next step was to perform a diastereoselective allylation 

to install an axial allyl group on the 6-position of the piperidine. Beak and coworkers provided 

initial reports detailing the tendency of substituted piperidines to undergo stereoselective 

deprotonation-alkylation sequences facilitated by the coordination of the N-Boc group.102–104 In 

particular, 4-substitued piperidines result in the cis-product, while 2- and 2,4-cis substituted 

piperidines alkylate to afford 2,6-trans products (Scheme 5-5). Given the practicality and typically 

impressive diastereoselectivity of this transformation, a detailed rationalization for this outcome is 

in order.  

 For simple 2-substituted N-Boc piperidines, it is well known that the 2-substituent prefers 

to occupy the axial position (5-14, Scheme 5-5), which is the result of minimizing the A1,3 strain 

incurred between the N-Boc and the 2-position substituent when it is placed in an equatorial 

Scheme 5-5: Diastereoselective alkylation of N-Boc piperidines. 

 

 

 

Scheme 5-4: Chemoselective piperidine protection. 
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conformation. Upon lithiation at the α-position, the sp3 hybridized organolithium is stabilized by 

its association with the carbonyl group and the lithium cation (5-15). Substitution of the 

organolithium with the desired electrophile would occur with retention of the equatorial 

organolithium configuration, affording the corresponding trans-piperidine (5-16).  

For cis-2,4-piperidines, a similar rationalization can be invoked (Scheme 5-6). Unlike the 

previous example, where the N-Boc piperidine underwent a complete chair flip to avoid A1,3 strain, 

doing so with a cis-2,4-piperidine would induce a similarly unfavorable 1,3-diaxial interaction (5-

17). To avoid both interactions, the piperidine may adopt a boat-conformation, placing the 2-

substitutent axial while keeping the 4-substituent equatorial (5-18). Lithiation in this conformation 

also occurs stereoselectively orthogonal to the carbonyl (5-19), which places the newly installed 

electrophile in the axial position after a final ring-flip (5-20).  

 

Scheme 5-6: Alkylation of 2,6-N-Boc piperidines. 
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Since Beak’s initial reports, the diastereoselective alkylation of N-Boc piperidines has been 

used sporadically throughout the literature, and several asymmetric variants have also been 

developed.105–112 More recent reports favor the use of lithium-copper transmetallation, which 

occurs through a retention of configuration.113,114 Notably, Shair performed an allylation on an 

advanced intermediate, and while low yielding, afforded excellent diastereoselectivity.83 To begin 

the optimization on our system, we chose to duplicate the conditions reported by Shair, which 

utilized an initial TMEDA facilitated deprotonation with sec-BuLi, followed by transmetallation 

with CuCN·2LiCl, and finally alkylation with allyl bromide (Scheme 5-7). To probe the robustness 

of the reaction, our initial attempts utilized undistilled TMEDA and allyl bromide and reagent 

grade CuCN (green). No product was observed in the initial two attempts. For our third attempt, 

TMEDA was freshly distilled prior to use, and the reaction performed in a schlenk flask. Following 

workup, we were pleasantly surprised to isolate the desired allylation product (5-3) in 78% yield 

(quantitative BRSM) as a single diastereomer on a 300 mg scale. With this result in hand, we 

proceeded to optimize the reaction. 

Given the apparent sensitivity of the reaction, we chose to perform a rigorous purification 

of each reagent as part of the optimization. A brief description of the typical method used is worth 

noting in the text. Sec-BuLi was purchased new and titrated before each use. Due to its ease of 

purification, TMEDA was freshly distill prior to each allylation. Allyl bromide was distilled once, 

Scheme 5-7: Diastereoselective allylation of racemic piperidine 5-13. 
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and stored in a Schlenk for use in subsequent reactions. Impure CuCN is often a green-ish color 

due to Cu(II) impurities, and after recrystallization should be an off-white to light-brown powder. 

LiCl was stored in an oven for prolonged periods of time, and the CuCN·2LiCl mixture flame-

dried prior to use. If during the flame-drying the solids turned black, they were discarded and a 

fresh mixture was used. Although the allylation procedure is very tedious, when performed 

rigorously using Schlenk techniques, the transformation is exceptionally high yielding, 

diastereoselective, and reproducible on scales ranging from 100 mg to 9 grams.  An in-depth 

description of the procedure and reaction indicators can be found in the experimental section.  

 

5.4 Piperidine Resolutions 

With multi-gram quantities of alkene 5-3 in hand, we began thinking about the various 

ways to transform racemic 5-3 into enantiopure 5-2 (Scheme 5-8). With only a single alkene 

functional handle available, our options were quite limited. Despite this, we envisioned four 

distinct methods that would accomplish the desired resolution: 1) Ellman’s chiral sulfonamide; 2) 

Glorius Hydrogenation; 3) Hartwig asymmetric amidation; 4) Asymmetric Overman 

rearrangement. While entries 1, 3 and 4 strictly rely on manipulation of the alkene, each of these 

resolutions necessitate losing 50% of the material late stage, which detracts from their overall 

synthetic utility. 

Scheme 5-8: Necessary functionalization of alkene 5-3. 
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5.4.1 Ellman Chiral Sulfonamide  

 Our initial strategy was to perform a resolution via Ellman’s auxiliary.115–117 This seemed 

to be the most logical and direct method, and would also enable us to set the requisite amine 

stereocenter through well-established chemistry involving the diastereoselective addition of a 

vinyl Grignard into the resulting chiral sulfinimine. To begin this sequence, ozonolysis of alkene 

5-3 with a reductive PPh3 workup afforded the corresponding aldehyde in 82% on gram scale 

(Scheme 5-9). Several conditions have been reported for the condensation of Ellman’s auxiliary 

onto aldehydes;116,117 we found that the use of stoichiometric Ti(OEt)4 was most effective, 

delivering an inseparable 1:1 mixture of diastereomers 5-21 and 5-23 in 94% on multi-gram scale. 

Addition of vinyl magnesium bromide into the mixture of sulfinimines afforded a mixture of four 

separable diastereomers (5-23) in excellent overall yield, with a diastereomeric ratio of 95:5:60:40 

determined by HPLC. As will be discussed in more detail shortly, we are currently unable to 

determine the absolute or relative stereochemistry resulting from the Grignard addition. As a result, 

we have only drawn the diastereomer from the Grignard addition that is necessary to obtain the 

correct quinolizidine isomer of Himeradine A, and have labeled it as 5-23.  

Scheme 5-9: Resolution using Ellman’s chiral sulfonamide. 
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 The mixture of diastereomers resulting from the addition was surprising, as many literature 

reports involving similar transformations report exceptionally high levels of diastereoselection. 

Admittedly, many of the prototypical Ellman substrates are not nearly as sterically congested as 

piperidine 5-21/5-22. The observed ratio suggests that one diastereomer proceeds through a 

“matched” rigid 6-membered transition state that usually accounts for high dr’s, while the other 

diastereomer is a “mismatched” case, and may proceed through an open transition state, or adopt 

a conformation in solution where the piperidine is interfering with the transition state.  

In addition to the matched vs mismatched theory, it is also well documented that solvent 

choice has a significant effect on the diastereoselectivity of the reaction.118 The example given in 

Scheme 5-10 highlights how the use of coordinating co-solvents such as THF and Et2O disrupt the 

structured “closed” six-membered transition state that typically leads to high levels of 

diastereoselectivity. Instead, they force the addition to proceed through an “open” transition state, 

leading to stereochemical erosion. As the vinyl Grignard used for the addition into sulfinimines 5-

21/5-22 was purchase as a solution in THF, the use of 1:1 DCM/THF may have contributed to the 

poor d.r. observed. Unfortunately, vinylmagnesium bromide is only sold commercially as a 

solution in THF, and the issues that will be described below indicated that making vinylmagnesium 

bromide in an ethereal solution would not be worthwhile.  

Scheme 5-10: Solvent effects on sulfinimine transition states. 
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In order to continue with the synthesis, the stereochemistry of the Grignard addition 

products needed to be established. We envisioned the best way of accomplishing this would be to 

form a bicyclic urea. This could be accomplished through two routes: 1) selectively deprotect the 

sulfonamide and form the urea via addition into the N-Boc; or 2) reveal the diamine followed by 

conversion to the cyclic urea. Either of these methods would allow for NOE studies to establish 

relative an absolute stereochemistry of the vinyl Grignard addition.  

A concise summary of selective deprotections of sulfonamides has been summarized in a 

recent review by Ellman.117 Despite a variety of conditions, the selective deprotection to afford 

primary amine 5-24 proved to be more challenging than anticipated (Table 5-1). The selective 

deprotection of sulfonamides with 4 N HCl/dioxane in the presence of N-Boc groups is well 

Table 5-1: Attempted selective deprotection of 5-23. 

 

 

Entry Conditions Results 

1 4N HCl/dioxane (excess) Complex mixture 

2 4N HCl/dioxane (1.1 equiv) Complex mixture 

3 4N HCl/dioxane (0.5 equiv) Complex mixture 

4 
PhSH (3 equiv),  

ZnCl2 (0.4 equiv) 

Loss of Boc  

and sulfinamide 

5 
PhSH (9 equiv) 

ZnCl2 (1.5 equiv) 
decomposition 

6 I2, DMAP, Na2CO3 
Excellent on small scale 

Decomp on large scale 

 

 



 

207 

 

known, yet we were unable to observe mono-deprotection.119,120 Thiophenol induced cleavage was 

also unsuccessful,121 however an iodine mediated deprotection122 cleanly afforded the vinyl amine 

on small scale.  

Unfortunately, attempts to directly form the urea by deprotonation and direct addition into 

the N-Boc were unsuccessful (Scheme 5-11). Using tBuOK as a base led to deprotection of the 

Boc and silyl group at elevated temperatures, and NaH at elevated temperatures led to 

unidentifiable decomposition of the substrate. A subsequent deprotection to diamine 5-25 and 

attempts to close the urea using carbonyl diimidazole or triphosgene were equally unsuccessful. 

We were curious why there appeared to be such an inherent difficulty in forming the bicyclic urea, 

so we turned to computational modeling to visualize the three-dimensional structure of the urea 

(Figure 5-1). To our surprise, the most stable conformer of the urea required the piperidine to 

undergo a ring-flip, forcing the methyl and alkyl chain axial. This conformation enables the cyclic 

urea to adopt a relatively planar geometry, which would presumably be prohibited by ring strain 

in other conformations.  

Despite this lack of reactivity, a small amount of the 

major diastereomer from the Grignard addition was pushed 

forward to validate the proposed synthetic end game, which 

will be discussed at the end of the chapter. A small scale 

deprotection of the sulfonamide using the I2 conditions, 

Scheme 5-11: Unsuccessful bicyclic urea formation. 

 

 

Figure 5-1: Strained 2,4-diaxial 

conformation of bicyclic urea. 
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followed by a Boc protection of the crude reaction proceeded in 70% yield over two-steps, 

affording enough of coupling partner 5-2 to take on to the subsequent Suzuki coupling (Scheme 

5-12). Subsequent deprotection attempts on larger scale (100 mg and 500 mg) were unsuccessful, 

giving a mixture of products and decomposition that was virtually impossible to separate by 

chromatography. It is also worth noting that an alternative strategy involving Boc protection 

followed by sulfonamide deprotection was attempted.123 Unfortunately, yields from the Boc 

protection were consistently below 30%. These reproducibility and scalability issue render the 

Ellman resolution method impractical at this time.  

 

5.4.2 Glorius Hydrogenation 

While many methods have been developed for the catalytic chiral hydrogenation of 

pyridines,124,125 we were drawn to the work done by Glorius,125,126 who installed a traceless chiral 

auxiliary onto a pyridine to induce asymmetry. Despite necessitating starting from scratch, this 

method would intercept our established route, and only include two additional synthetic steps 

(Scheme 5-13).  

Scheme 5-12: Small scale sulfinamide protecting group exchange. 
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Prior to describing the synthetic route and results obtained, a description of the proposed 

hydrogenation mechanism and utilization in the literature is necessary. Glorious and coworkers 

originally reported the asymmetric hydrogenation 2004, and reported utilizing a pyridine decorated 

with an Evans-auxiliary to be competent in the all-syn reduction of substituted pyridines. The 

rationale for their selectivity is shown below (Scheme 5-14).  Under acidic conditions, 

protonation/activation of the pyridine and hydrogen-bonding with the carbonyl of the auxiliary 

would establish a “locked” conformation (5-30). This would serve as the key intermediate for the 

syn-reduction of the pyridine, with the hydrogen approaching from the opposite face of the 

auxiliary (5-31). Subsequent acid-catalyzed cleavage of the auxiliary would result in 

imine/enamine tautomers (5-32 and 5-33), abolishing the stereochemistry a the 3-position. A final 

hydrogenation of the enamine would produce the chiral piperidine (5-34), as well as the 

recoverable chiral auxiliary.  

 

Scheme 5-14: Retrosynthetic analysis for Glorius hydrogenation route. 

 

 

 

 

Scheme 5-13: Mechanism of Glorius hydrogenation. 
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 The authors reported a variety of catalysts for the transformation, including Pd(OH)2, PtO2, 

Rh/C, and Rh/Pd/C, all of which are reported to be equally competent. Enantiomeric excesses of 

85-98% were typical with the exception of a 3-substitued pyridine having almost no 

enantioenrichment, supporting their mechanistic hypothesis involving an enamine intermediate. 

They also report the isolation of intermediate 5-31, further supporting their claim. The authors 

report the product isolation through HCl salt formation from the crude mixture, and were able to 

recover the auxiliary via successive washes with organic solvents.  To the best of my knowledge, 

the Glorius hydrogenation has only been used by one other group in a total synthesis, by Alois 

Fürstner, which featured a mono-substituted pyridine.127 These findings were encouraging, and led 

us to proceeded with this strategy.  

 Our sequence began with the Buchwald-Hartwig amidation of bromopyridine 5-5 auxiliary 

5-35 to afford chiral pyridine 5-36 in excellent yields. A brief optimization revealed that dibromo-

dimethylhydantoin be more efficient than N-bromosuccinimide at achieving a clean bromination 

of the pyridine. A Sonogashira coupling with resulting bromopyridine 5-29 proceeded without 

Scheme 5-15: Modified route to access enantiopure piperidine 5-11. 
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incident, followed by chemoselective reduction of the alkyne to afford the aliphatic chain 5-28 in 

92% yield over two steps. Subjecting pyridine 5-28 to the published literature conditions126,127 

afforded a mixture predominately consisting of the acetylated piperidine (38), which could be also 

tediously isolated in low yields if desired. Instead, subjecting the crude mixture to hydrolysis 

afforded the amino alcohol (5-11), as well as valinol, which could be removed through successive 

water washes. Transformation of the amino alcohol to the bis-benzoyl adduct allowed for the 

determination of ee via HPLC with a chiral column.  

Disturbingly, comparison of the 1H NMRs of the Glorius hydrogenation from the racemic 

hydrogenation product showed two significantly different spectra (Figure 5-2). This discrepancy 

led us to revisit our spectral interpretation of earlier intermediates. We believed the two most likely 

 

Figure 5-2: Different 1H NMR spectra of piperidine 5-11 from racemic (blue) and asymmetric (red) hydrogenation 

routes. 
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possibilities were the incorrect regiochemical assignment of the pyridine bromination product (5-

29), or that the Glorius hydrogenation was affording the piperidine trans-diastereomer.  

After a special guest lecture by Dr. Warren Hehre, the creator of the Spartan computational 

software, the 13C chemical shifts of the 2- and 3-brominated pyridines were computationally 

predicted and compared to the observed chemical shifts determined experimentally (Figure 5-3). 

The predicted chemical shifts were gathered through a 4-step optimization sequence: 1) MMFF 

 

 

 

Figure 5-3: Predicted (red) v. observed (black) 13C chemical shifts for bromopyridine regioisomers. 

 

 

 

Scheme 5-16: Reassigned structure from the original Glorius hydrogenation route. 
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conformer distribution; 2) Hartree-Fock 3-21G equilibrium geometry; 3) DFT 6-31G* energy 

minimization; 4) DFT 6-311+G(2df,2p)[6-311G*] energy minimization and 13C shift prediction. 

The results of those calculations appear to support the conclusion that the we had originally 

misassigned the pyridine bromination product as the 2-bromo derivative, when in fact it was the 

3-bromopyridine. This would lead to a regioisomeric piperidine with an expectedly different NMR 

spectra. For clarity, the correctly assigned intermediates from the initial route are shown in Scheme 

5-16.   

As a result of this error, we went back and devised an alternative route that would ensure 

the proper functionality about the pyridine ring (Scheme 5-17). To accomplish this, we chose to 

start with 2,6-dichloro-4-methylpyridine (5-44), which could undergo a Sonogashira coupling 

followed by hydrogenation to afford the desired four-carbon aliphatic chain (5-46). A benzyl 

protection and Buchwald-Hartwig cross coupling would install the chirality necessary for the 

hydrogenation (5-48). Finally, the Glorius hydrogenation would impart chirality about the 

piperidine ring, which could be used in the remainder of the synthesis. Efforts towards this goal 

are currently underway. 

Scheme 5-17: Modified route to access correct enantiopure piperidine regioisomer 5-11. 
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5.4.3 Hartwig π-Allyl Iridium Amination 

Our next resolution attempt involved an asymmetric π-allyl iridium amination, of which 

the Hartwig group has been actively investigating over the past several years.128,129 Based on the 

literature, we believed the most appropriate substrate for the amination to be an allyl carbonate,129 

which we could quickly derive from alkene 5-3. A cross metathesis with both acrolein and cis-but-

2-ene-1,4-diol were attempted (Scheme 5-18). On a small scale, both reactions afforded product, 

however no starting material was recovered from the diol reaction, whereas with acrolein the 

starting material was quantitatively recovered. As a result, the metathesis with acrolein was 

pursued on large scale.  

 The metathesis to afford enal 5-49 performed several times on scale, with yields 

consistently hovering around 50%, with the exception of a single instance where the yield was 

90%. In all cases, starting material was quantitatively recovered. Treatment of enal 5-49 with 

NaBH4 in methanol at ambient temperature almost immediately underwent a 1,2-reduction, with 

an average reaction time 5-10 minutes, to afford spectroscopically clean allylic alcohol 5-50. 

Treatment of the crude alcohol with methyl chloroformate and pyridine afforded desired allylic 

carbonate 5-51 in 95% over two steps, which could then be used to try the allylic amination.  

Scheme 5-18: Homologation of alkene 5-3 to allylic carbonate. 
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 The Hartwig-type resolution of carbonate 5-51 is somewhat complicated to explain 

verbally, so a diagram depicting the possible outcomes is shown below (Scheme 5-19). Treating 

racemic carbonate 5-51 with the iridium catalyst and a chiral BINOL ligand should facilitate the 

formation of π-allyl iridium complexes 5-52 and 5-53, which are diastereomeric relative to the 

chiral π-allyl iridium catalyst. Intermediates 5-52 and 5-53 would then be intercepted by the 

lithiated imide nucleophile. Ideally, the regioselectivity (linear or branched) and facial selectivity 

(R or S) would both be controlled by the chiral iridium complex, and should afford almost 

exclusively the branched (R)-amines (5-54 and 5-55) as a 1:1 mixture of diastereomers. Potential 

side products include the linear product, as well as the undesired (S)-enantiomers 5-56 and 5-57.  

When this reaction was initially attempted, it was performed at ambient temperature for 24 

hours (Scheme 5-20). Upon workup and purification, it was discovered that the reaction went to 

roughly 55% conversion to vinyl imide 5-58, with 45% of recovered carbonate 5-59.  While no 

Scheme 5-19: Possible product distribution from the Hartwig amination. 
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linear product was observed, both the starting material and product were optically active, 

indicating that some form of a kinetic resolution was occurring during the reaction. Considering 

formation of the π-allyl iridium complexes involves proceeded through two diastereomeric 

transition states, it is plausible that there could be “matched” and “mismatched” cases, where the 

energy barrier of one transition state is inaccessible at room temperature and therefore prevents 

the formation of one π-allyl iridium intermediate.  

After this result, the reaction was attempted again at 35 °C with the hope that the other 

piperidine enantiomer would also react to give the corresponding amination product. Under these 

conditions, it was observed that all starting material was consumed, however the overall yield of 

the reaction was 60%, and the resulting diastereomers were inseparable, making product analysis 

impossible. While the apparent kinetic resolution observed with the initial reaction was fascinating 

and undoubtedly merits further study, given the time constraints, this approach was also 

abandoned.  

 

5.4.4 Asymmetric Overman Rearrangement 

 Our last approach for the piperidine resolution utilized an asymmetric Overman 

rearrangement. Unlike the previous two approaches, the [3,3]-sigmatropic rearrangement is 

Scheme 5-20: Unexpected kinetic resolution. 
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intramolecular and concerted, which we believed would be beneficial in that it reduced the 

possibility for the bulky piperidine to interfere with the stereochemical outcome of the 

rearrangement. The Carter group had demonstrated the utility of the thermal Overman 

rearrangement in their approach towards the quinolizidine fragment of Himeradine A (Figure 5-

4A), while the Overman group and others have reported excellent enantio- and diastereoselectivity 

with a variety of substrates (Figure 5-4B).130–134  Based on literature published by the Overman 

group, the catalyst (R)-(–)-COP-Cl was chosen as the appropriate asymmetric catalyst for the 

transformation.  

Fortunately, the requisite trichloroimidate precursor was prepared from allylic alcohol 5-

50, which meant that we had a robust route to access the precursor, and that excess allyl carbonate 

(5-51) could be recycled to the alcohol through a quick and quantitative hydrolysis with K2CO3 in 

methanol. To synthesize the trichloroimidate, alcohol 5-50 was treated with trichloroacetonitrile 

and catalytic DBU, affording the Overman rearrangement precursor 5-64 in 94% on gram scale 

(Scheme 5-21). As a proof of concept to ensure that nothing strange was happening with the 

Scheme 5-21: Thermal Overman rearrangement. 

 

 

 

 

Figure 5-4: Relevant Overman rearrangement by Carter (A) and Overman (B). 
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diastereoselectivity of the reaction, a thermal rearrangement was performed. Despite literature 

reports on similar substrates reported the rearrangement at 90 °C,135 we found it extremely sluggish 

even at 120 °C, and didn’t proceed smoothly until the reaction was heated to 170 °C for 90 minutes 

in a microwave, at which point the reaction went to full conversion in nearly quantitative yields to 

afford the vinyl trichloroacetamide (5-65) in 95%. The diastereoselectivity of the reaction was also 

1:1, as expected, which encouraged us to proceed with the asymmetric variant (Scheme 5-22). 

Treatment of 5-64 with 5 mol% (R)-(–)-COP-Cl for 19 hours afforded an inseparable 1:1 mixture 

of diastereomers (5-66 and 5-67) in 97% isolated yield.  

 This route appears to show the most promising results in terms of a clean resolution, and 

will continue to be pursued. It also has the advantage that the trichloroacetamide can be 

chemoselectively cleaved in the presence of Boc, which after derivatization with Mosher’s acid 

chloride, will readily allow the enantiomeric excess to be determined, as well as confirming the 

absolute stereochemistry of the amine through known 1H NMR shift correlations. 

 

Scheme 5-22: (R)-(–)-COP-Cl catalyzed resolution. 
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5.5 Himeradine A End-Game Validation 

While the various resolution strategies were being pursued, the small amount of cross-

coupling partner 5-2 was taken forward to validate our proposed end game (Scheme 5-23). For the 

following reactions described, we used the major diastereomer from the Ellman resolution as 

described previously. Hydroboration of N-Boc allyl amine 5-2 with 9-BBN provide organoborane 

5-68, which was subsequently treatment with TIPS-bromoenone 5-6 along with the standard 

Suzuki reagents. This led to a 38% isolated yield of cross-coupling product 5-69. As described in 

the previous chapter, this cross-coupling is extremely sensitive, and due to a time constraints, the 

solvents used in this transformation were not rigorously freeze-pump-thawed. For future attempts, 

Scheme 5-23: Key fragment coupling, photoredox addition, and silyl deprotection. 
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we believe that the yield can be significantly improved simply by utilizing freshly freeze-pump-

thawed solvents.  

With enone 5-69 in hand, it was subjected to a photoredox conjugate addition using imide 

5-70. Unfortunately, the yield was only 31 %, and we were surprised to see that the acetamide had 

been completely cleaved during the reaction, affording N-Boc derivative 5-71 as the only isolated 

product. This can be attributed to the instability of imide 5-70, which presumably hydrolyzes under 

the basic reaction conditions. Unfortunately, this hydrolysis also generated one equivalent of acetic 

acid and the corresponding N-H amide from 5-70, the latter of which is known to be oxidized by 

the photocatalyst, resulting in decomposition on simple model substrates. In order to circumvent 

this problem, the bis-BOC carboxylic acid derivate has been prepared, and its stability will be 

tested under the reaction conditions.  

We next attempted the selective silyl-deprotection of the primary silyl ether in the presence 

of the secondary silyl ether. Due to the forcing conditions necessary to accomplish the TIPS-

deprotection on the fastigiatine skeleton (see Chapter 4), we were under the impression that this 

would be a trivial reaction. To our surprise, upon treatment with one equivalent of TBAF at room 

temperature we immediately saw a mixture of mono- and bis-desilyation products. While 

unexpected, we chose to force the reaction by adding a large excess TBAF and heat, and were 

gratified to find that the global silyl deprotection was complete to afford the corresponding diol 

(5-72) in quantitative yields.  

 Our original synthetic plan to was convert the primary alcohol to the alkyl chloride, which 

we believed would be stable through the remainder of the sequence, and a competent electrophile 

to form the quinolizidine during the final cascade-cyclization (Scheme 5-24). To accomplish this, 

we employed modified Appel conditions that were developed specifically for the chemoselective 
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transformation of primary alcohols to alkyl chlorides in the presence of multiple secondary 

alcohols. Unfortunately, despite using up to 8-equivalents of the PPh3-CCl4 reagent, we never 

observed any formation of alkyl chloride 5-73, and were forced to consider other options.  

 The next most logical option was to convert the primary alcohol into an alkyl toslyate. 

While working on fastigiatine, we had observed that it was extremely difficult to protect the free 

secondary alcohol, presumably due to its steric environment. With this in mind, we treated diol 5-

72 with a slight excess of TsCl in pyridine, and were able to isolate the corresponding primary 

alkyl tosylate (5-74) in a very modest 28% yield, with 18% of the starting material recovered 

(Scheme 5-25). With more material, we are hopeful that the yield of the protection will be easily 

optimized. Treatment of the free secondary alcohol (5-74) with NaHCO3 buffered Dess-Martin 

Periodinane facilitated the oxidation and expected transannular aldol cyclization, affording several 

milligrams of tricycle 5-75, which was primed for the key cascade cyclization.  

Scheme 5-24: Unsuccessful alkyl chloride formation. 
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 Upon treatment of tricycle 5-75 with excess CSA, we expected the following events to 

occur (Scheme 5-26). Initially, a global N-Boc deprotection would occur, liberating all three 

amines and setting the stage for the cascade to occur (5-76). Presumably, the free piperidine would 

immediately displace the tethered alkyl tosylate, forming quinolizidine (5-77). Under acidic 

conditions, an equilibrium would be established that would facilitate the retro-aldol of the tricycle 

5-77, revealing two carbonyls poised for condensation with their respective primary amines (5-

78). Once both primary amines have condensed along with the concomitant loss of two units of 

water, a final transannular Mannich would occur (5-79), completing the cascade and forming the 

entire core of himeradine A (5-80).  

To our delight, when tricycle 5-75 was treated with excess CSA, all of the previously 

described events took place, and we were able to observe the quantitative loss of starting material 

product formation by ESI mass spec (Scheme 5-27). Due to the extremely small scale of this 

reaction, coupled with the loss of over half the mass of the molecule during this step, we did not 

pursue further spectroscopic characterization, and carried the pyrrolidine 5-80 through to the final 

step.  

 To complete the synthesis, N-H pyrrolidine 5-80 was treated with a slight excess of acetic 

anhydride in triethylamine. Monitoring the reaction by mass-spec revealed the reaction to be 

Scheme 5-25: Tosylation and oxidative transannular aldol sequence. 

 

 



 

223 

 

complete within one hour, affording himeradine A, of which the exact molecular formula was 

confirmed by high-resolution mass spectrometry of the crude reaction mixture. Unfortunately, the 

theoretical quantitative mass recovery of 5-1 was less than 0.5 mg from tricycle 5-75, and we were 

unable obtain any sample of pure material following reaction workup and purification. 

 To reiterate, the absolute and relative stereochemistry of the Himeradine A quinolizidine 

fragment that was synthesized is not currently known, as we were unable to establish the 

stereochemistry of the diastereomers from the Grignard addition into the Ellman sulfinimine. 

Scheme 5-27: Validation of Himeradine A total synthesis. 

 

 

Scheme 5-26: Proposed Aldol-Mannich cascade mechanism. 
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Despite this, the end-game described above serves to confirm that our approach is valid, and when 

optimized and performed with the proper quinolizidine precursor, will undoubtedly be a successful 

route to complete the total synthesis of Himeradine A.  

 

5.6 Future Directions 

The chemistry described in this chapter provides a foundation for the successful total 

synthesis of himeradine A. In order to complete the synthesis, the asymmetric synthesis of 

piperidine 5-11 must be achieved. While high in step count, the route described in Scheme 5-17 

uses well-established chemistry that will undoubtedly provide access to the Glorius hydrogenation 

precursor 5-48, however a more elegant approach should be employed. In their synthesis of 

isooncinotine, Fürstner and coworkers utilized an asymmetric Glorius hydrogenation of a 

remarkably similar substrate (5-83, Scheme 5-28). From dichloropyridine 5-81, they employ an 

iron catalyzed Kumada-type cross coupling with benzyl protected Grignard 5-82, which proceeds 

in 83% yield. They note that they can minimize the double addition by a slow addition of the 

Scheme 5-28: Fürstner’s application of the Glorius hydrogenation. 
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Grignard reagent. A subsequent Buchwald-Hartwig cross coupling with oxazolidinone 5-35 is also 

very high yielding, affording chiral pyridine 5-84 in two-steps. Exposure of pyridine 5-84 to high 

pressures of hydrogen successfully reduces the pyridine, and cleaves the benzyl ether, affording 

chiral piperidine 5-85 in 78% yield and 94% ee. 

Employing this strategy for our synthesis of himeradine A should provide a very quick route 

to access the desired chiral piperidine (5-11, Scheme 29). Beginning with dichloropyridine 5-44, 

the iron-catalyzed coupling with Grignard 5-86, followed by Buchwald-Hartwig cross coupling 

would afford chiral pyridine 5-48, which when hydrogenated would provide enantioenriched 

piperidine 5-11. From there, a series of 6 steps described earlier in the chapter would facilitate the 

elaborated to trichloroimidate 5-87. Treatment of trichloroimidate 5-87 with (R)-(–)-COP-Cl 

should provide a single diastereomer at the newly formed amine stereocenter. A final one-step 

protecting group conversion to the N-Boc derivative would afford the fully functionalized, 

Scheme 5-29: Ideal route to access Suzuki coupling fragment 5-2. 
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enantiopure allyl amine 5-2 in a total of 10 steps.  From there, the final steps of the synthesis could 

be performed as described in Schemes 5-23 through 5-27, ultimately leading to the 

enantioselective total synthesis of (–)-himeradine A, with a longest linear sequence of 17 steps.  

 

5.7  Conclusions 

In summary, we have developed a concise and robust route to access racemic trisubstituted 

piperidine 5-3 with high yields and excellent diastereoselectivity. Key steps include a pyridine 

hydrogenation and diastereoselective N-Boc mediated piperidine allylation. Several methods 

towards the late-stage resolution of the racemic piperidine were attempted with varying levels of 

success, the most promising of which appears to be an asymmetric Overman rearrangement.  Using 

a small amount of enantiopure material obtained from the Ellman resolution, we were also able to 

validate our proposed end game. The key Suzuki cross coupling and photoredox conjugate addition 

were both successful, albeit low yielding. Further manipulation provided several milligrams of 

tricycle 5-75, which successfully underwent the key aldol-Mannich cascade. A final pyrrolidine 

acetylation afforded the natural product, confirmed by high-resolution mass spectrometry, which 

confirmed that our proposed route was viable. 
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A modified route using a Glorius hydrogenation will facilitate the synthesis of 

enantioenriched piperidine 5-11. In turn, the chiral piperidine may be carried through the 

previously established route, which will ultimately be used to complete the enantioselective total 

synthesis of (–)-himeradine A.  

 

5.8 Experimental Section 

5.8.1 General Information 

All glassware was flame- or oven-dried and cooled under argon unless otherwise stated. All 

reactions and solutions were conducted under argon unless otherwise stated. All commercially 

available reagents were used as received, unless otherwise stated. Toluene (PhMe), 

tetrahydrofuran (THF), dimethylformamide (DMF), diethyl ether (Et2O), acetonitrile (MeCN), 

benzene (C6H6), and dichloromethane (CH2Cl2) were passed through two 4 × 36 inch columns of 

anhydrous neutral alumina A-2 (8 × 14 mesh, LaRoche Chemicals; activated under a flow of Ar 

350 °C for 12 hours to remove H2O according to the procedure described by Grubbs.28 

Diisopropylamine (DIPA), 1,3-Dimethyl-3,4,5,6-tetrahydro-2-pyrimidinone (DMPU) were 

distilled from CaH2 prior to use. All reactions involving LiDBB were conducted with glass stir 

bars. Thin layer chromatography (TLC) was performed with Millipore 60 F254 glass-backed silica 

gel plates and visualized using potassium permanganate, ceric ammonium molybdate 

(CAM/Hanessians stain) or vanillin stains. Flash column chromatography was performed 

according to the method by Still, Kahn, and Mitra29 using Millipore Geduran Silica 60 (40-63 µm), 

or by MPLC using a CombiFlash Isco automated purification system. 
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5.8.2 Instrumentation 

All data collected at ambient temperature unless noted. 1H NMR spectra were taken at 500 or 

600 MHz, calibrated using residual NMR solvent or TMS and interpreted on the δ scale. Peak 

abbreviations are listed: s = singlet, d = doublet, t = triplet, q = quartet, pent = pentet, dd = doublet 

of doublets, ddd = doublet of doublet of doublets dt = doublet of triplets, ddt = doublet of doublet 

of triplets, dq = doublet of quartets, m = multiplet, app = apparent, br = broad. 13C NMR spectra 

were taken at 125 MHz, calibrated using the NMR solvent, and interpreted on the δ scale. Some 

samples were analyzed above and below room temperature to minimize line broadening due to 

rotamers. Infrared spectra were recorded on NaCl plates. High resolution mass spectrometry was 

performed using ESI-TOF. 

 

5.8.3 Procedures and Characterizations 

Homopropargyl alcohol 5-9 

 

Experimental: In a flame-dried 250 mL round bottom, 2-bromo-4-methylpyridine 5-5 (10 g, 58.5 

mmol), 3-butyn-1-ol (5.76 mL, 76.04 mmol), CuI (56 mg, 5 mol %), and PdCl2(PPh3)2 (205 mg, 

5 mol %) were dissolved in 117 mL of triethylamine and allowed to stir at room temperature for 

24 hours. The solution was then filtered through a pad of Celite, rinsed with EtOAc and 

concentrated under reduced pressure. The resulting brown solid was then purified by flash 

chromatography (silica gel, 10% MeOH:DCM) to afford 5-9 (9.2 g, 97%) as a light-yellow powder. 

Physical State: Light yellow powder. 
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1H NMR (500 MHz, CDCl3) δ 8.36 (d, J = 4.7 Hz, 1H), 7.21 (s, 1H), 7.02 (d, J = 4.6 Hz, 1H), 

3.86 (t, J = 6.4 Hz, 2H), 3.43 (br. s, 1H), 2.71 (d, J = 6.4 Hz, 2H), 2.31 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 149.4, 147.8, 143.1, 127.8, 123.9, 87.7, 81.8, 60.8, 24.0, 21.0. 

IR (KBr) ν 3336, 3231, 2942, 2237, 1603, 1057 cm-1 

HRMS (ESI) (m/z) calculated for C10H10NO [M+Na]+: 184.0738, found 184.0737. 

MP 79-82° C 

TLC (10% MeOH:DCM) Rf: 0.6 (UV, KMnO4) 

 

Aliphatic alcohol 5-4 

 

Experimental: A 2-necked flame-dried 250 mL round bottom flask was charged with alkyne 5-9 

(3.5 g, 21.73 mmol) and EtOAc (109 mL, dried over Na2SO4, purged with Ar for 15 minutes), 

Pd/C (5 % w/w, 2.16 g, 5 mol %). The atmosphere was exchanged with argon, followed by 

hydrogen, after which two H2 balloons were fitted, and the reaction allowed to stir overnight at 

room temperature. Once the reduction was complete as monitored by mass spec, the reaction 

mixture was filtered through a pad of Celite, rinsed with EtOAc (50 mL) and DCM (50 mL), and 

concentrated under reduced pressure. The residue was purified by flash chromatography (silica gel, 

10% MeOH:DCM) to yield 5-4 (3.3 g, 91%) as a white powder. 

Physical State: White powder.  

1H NMR (500 MHz, CDCl3) δ 8.28 (d, J = 4.6 Hz, 1H), 6.94 (s, 1H), 6.88 (d, J = 4.0 Hz, 1H), 

3.87 (s, 1H), 3.63 (t, J = 6.2 Hz, 2H), 2.73 (t, J = 7.6 Hz, 2H), 2.27 (s, 3H), 1.75 (dd, J = 14.8, 7.3 

Hz, 2H), 1.65 – 1.54 (m, 2H). 
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13C NMR (126 MHz, CDCl3) δ 161.7, 148.5, 147.7, 123.8, 122.1, 77.4, 77.1, 76.9, 62.5, 61.9, 37.3, 

32.8, 32.2, 29.4, 26.0, 25.7, 21.0. 

IR (thin-film) 3286, 2927, 2859, 1607, 1561 cm-1 

HRMS (ESI) (m/z) calculated for C10H15NO [M+H]+: 166.1232, found 166.1230 

MP 36-39° C 

 

Amino alcohol 5-11 

 

Experimental: Note: Ensure that the stir bar stirs adequately in sand bath before sealing shut. 

Pyridine 5-4 (2.1 g, 12.7 mmol) was dissolved in glacial acetic acid (63 mL) in the glass insert of 

a mid-sized steel bomb equipped with a stir bar, then PtO2 (144 mg, 5 mol%) was added and the 

steel bomb was sealed. The bomb was purged twice with H2, pressurized to 7 atm, sealed, then 

transferred to a sand bath where it was stirred at 60°C for 7 days. The bomb was then depressurized 

and the suspension filtered through a pad of Celite, washed with MeOH (50 mL), and concentrated 

to yield a crude yellow oil. 

The crude oil was transferred to a 200 mL round bottom, and dissolved in MeOH (25 mL), H2O 

(12.7 mL), and THF (25 mL). To this, LiOH·H2O (3.73 g, 88.9 mmol) was added in one portion, 

and the entire reaction mixture was heated to 80°C for 16 hours. Once complete, the reaction was 

cooled to room temperature and extracted with DCM (2 x 250 mL), dried with Na2SO4, filtered, 

and concentrated to afford 5-11 (2.115 g, 97%) as a white solid, which was spectroscopically pure 

and used without further purification. 

Physical State: Sticky white solid. 
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1H NMR (600 MHz, CDCl3) δ 3.60 (t, J = 6.5 Hz, 2H), 3.05 (ddd, J = 12.1, 4.1, 2.3 Hz, 1H), 2.59 

(td, J = 12.3, 2.7 Hz, 1H), 2.47 – 2.42 (m, 1H), 2.01 (br. s, 1H), 1.67 – 1.63 (m, 1H), 1.61 – 1.57 

(m, 1H), 1.57 – 1.52 (m, 2H), 1.47 – 1.38 (m, 3H), 1.38 – 1.33 (m, 2H), 1.00 (ddd, J = 24.8, 12.5, 

4.1 Hz, 1H), 0.89 (d, J = 6.6 Hz, 3H), 0.69 (dd, J = 24.1, 11.5 Hz, 1H). 

13C NMR (126 MHz, CDCl3) δ 62.5, 56.6, 46.9, 42.0, 37.1, 35.4, 32.9, 31.5, 22.7, 22.2. 

IR (KBr) cm-1 3366, 3290, 2923, 2864, 2622 

HRMS (ESI) (m/z) calculated for C10H21NO [M+H]+: 172.1701, found at 172.1693. 

MP 63-66°C 

 

N-Boc piperidine 5-12 

 

Experimental: In a flame-dried 100 mL round bottom, piperidine 5-11 (2.03 g, 11.86 mmol) was 

dissolved in DCM (45.4 mL). Once dissolved, triethylamine (5.8 mL, 41.51 mmol) was added in 

one portion, followed by a solution of Boc2O (3.13 g, 14.35 mmol) in DCM (5 mL). The reaction 

was stirred overnight at room temperature, at which point it was quenched by the addition of H2O 

(50 mL). The layers were separated, and the aqueous layer extracted with DCM (2 x 30 mL), dried 

over Na2SO4, filtered, and concentrated to afford 5-12 (3.1 g, 96%) as a colorless oil that was used 

without further purification.  

Physical State: Colorless oil.  

1H NMR (600 MHz, CDCl3) δ 3.86 – 3.78 (m, 1H), 3.70 – 3.61 (m, 3H), 3.03 (ddd, J = 13.9, 9.9, 

5.9 Hz, 1H), 1.90 – 1.81 (m, 1H), 1.77 – 1.69 (m, 2H), 1.66 – 1.52 (m, 6H), 1.45 (s, 9H), 1.44 – 

1.32 (m, 3H), 1.25 (s, 2H), 1.14 – 1.03 (m, 2H), 0.97 (d, J = 6.8 Hz, 3H). 
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13C NMR (126 MHz, CDCl3) δ 155.9, 79.2, 62.9, 53.5, 37.9, 36.1, 34.3, 32.6, 31.5, 28.7, 26.6, 

22.5, 21.7. 

IR (KBr) cm-1: 3436, 2928, 2867, 1689, 1667. 

HRMS (ESI) (m/z) calculated for C15H19NO3 [M+Na]+: 294.2055, found at 294.2055. 

TLC (7:1 EtOAc:hexanes) Rf: 0.8 (KMnO4) 

 

N-Boc Silyl Ether 5-13 

 

Experimental: Piperidine 5-12 (3.1 g, 11.43 mmol) was dissolved in dry DCM (45.7 mL). To this, 

imidazole (1.09 g, 16.0 mmol), TBDPSCl (3.12 mL, 12.0 mmol), and DMAP (14 mg, 1 mol %) 

were added to the reaction, and the mixture reacted at room temperature overnight. Upon 

completion, the reaction was quenched by the addition of H2O (50 mL). The layers were separated, 

and the aqueous layer extracted with DCM (3 x 100 mL). The combined organic layers were dried 

with Na2SO4, filtered, and concentrated in vacuo to afford piperidine 5-13 (6.2 g, quant) as a 

colorless, viscous oil. 

Physical State: Viscous, clear, colorless oil 

1H NMR (500 MHz, CDCl3) δ 7.69 – 7.63 (m, 4H), 7.45 – 7.34 (m, 6H), 3.85 – 3.77 (m, 1H), 3.70 

(ddd, J = 13.9, 7.3, 3.2 Hz, 1H), 3.66 (t, J = 6.4 Hz, 2H), 2.98 (ddd, J = 13.9, 10.2, 5.9 Hz, 1H), 

1.87 (ddd, J = 17.2, 13.6, 7.1 Hz, 1H), 1.76 – 1.69 (m, 1H), 1.63 (t, J = 6.5 Hz, 2H), 1.61 – 1.52 

(m, 3H), 1.44 (s, 9H), 1.42 – 1.30 (m, 3H), 1.13 – 1.07 (m, 2H), 1.05 (s, 9H), 0.97 (d, J = 6.8 Hz, 

3H). 
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13C NMR (126 MHz, CDCl3) δ 155.7, 135.8, 135.7, 134.2, 129.6, 127.7, 79.0, 64.0, 53.5, 53.2, 

32.7, 28.7, 28.6, 27.1, 27.0, 22.7, 21.73, 21.66, 19.4. 

IR (thin film) cm-1: 2929, 2857, 1688, 1472, 1414 

HRMS (ESI) (m/z) calculated for C31H47NO3Si [M+Na]+: 532.3223, found at 532.3224. 

 

Allyl piperidine 5-3 

 

Notes: This reaction is extremely sensitive to reagent impurities. The piperidine should be 

azeotropically dried with anhydrous benzene 3-4x, and subsequently dried under vacuum for  ̴1h. 

TMEDA must be freshly distilled before each use. Allyl bromide should be distilled, stored in a 

schlenk, and used within one-week. CuCN was freshly recrystallized before use, and should be a 

light tan/brown color, with no traces of green impurities. LiCl was stored in an oven at 160 °C, 

rapidly weighed out, and flame-dried under vacuum along with CuCN before use. Formation of 

the CuCN-2LiCl complex can be carried out in a round-bottom. The deprotonation must be carried 

out in a Schlenk flask. This reaction can be performed on small scale, however we found that it is 

much easier to perform on >1g scale. 

 

Experimental: The CuCN·2LiCl solution was prepared as follows: CuCN (1.34 g,15 mmol) and 

LiCl (1.27 g, 30 mmol) were flame-dried under vacuum, then dissolved using THF (30 mL), and 

stirred vigorously at room temperature until homogenous.  

Piperidine 5-13 (8.85 g, 17.4 mmol) was azeotropically dried with benzene 4x, dissolved in dry 

Et2O (87 mL), to which freshly distilled TMEDA (3.39 mL, 22.6 mmol) was added in one portion 

at room temperature. The Schlenk flask was submerged up to the neck in a vacuum-Dewar, and 

cooled to -78°C, at which point sec-BuLi (1.5 M, 15.0 mL, 22.6 mmol) was added dropwise, and 

the reaction was allowed to stir at -78°C for 7 hours, during which time the solution should turn a 

pale-yellow color. After 7 hours, the room-temperature solution of CuCN·2LiCl (0.5 M in THF, 

20.9 mL, 10.4 mmol) is added via syringe (equipped with a 12-gauge needle) as rapidly as possible 
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in one portion, and allowed to stir for 1 hour, at which point distilled neat allyl bromide (2.25 mL, 

26.1 mmol) was added dropwise. The reaction should immediately turn a bright yellow/orange 

after the first drop of allyl bromide is added, then the color should gradually fade away. The dry 

ice bath was filled as full as possible with dry ice and acetone, then covered with aluminum foil, 

and allowed to stir overnight. The next morning ( ̴10-12 hours), the temperature of the acetone 

bath was typically observed to be between -20 °C and 0 °C. The reaction vessel was transferred to 

a 0°C ice bath, where it was quenched by the addition of 35 mL aq. NH4OH (diluted 6:4 

H2O:NH4OH), then warmed to room temperature and stirred for 30-60 minutes, or until the 

mixture turns a royal blue color. The solution was then diluted with H2O (100 mL), the layers 

separated, and the aqueous layer was extracted with Et2O (3 x 200 mL). The combined organic 

layers were dried with Na2SO4, filtered, and concentrated to afford alkene 5-3 (9.0 g, 94%) as a 

single diastereomer that could be used without further purification.  

Physical State: Clear, colorless viscous oil. 

1H NMR (500 MHz, CDCl3) δ 7.70 – 7.62 (m, 4H), 7.45 – 7.34 (m, 6H), 5.81 – 5.70 (m, 1H), 5.03 

(dd, J = 24.0, 13.6 Hz, 2H), 3.97 (dd, J = 10.8, 5.7 Hz, 1H), 3.66 (t, J = 6.4 Hz, 2H), 3.50 – 3.43 

(m, 1H), 2.53 – 2.46 (m, 1H), 2.20 (dt, J = 14.0, 8.5 Hz, 1H), 1.82 (ddd, J = 24.0, 11.8, 5.5 Hz, 

2H), 1.77 – 1.69 (m, 2H), 1.62 – 1.54 (m, 3H), 1.47 (s, 1H), 1.44 (s, 9H), 1.38 – 1.27 (m, 3H), 1.24 

(dd, J = 13.6, 6.8 Hz, 1H), 1.04 (s, 9H), 0.95 (d, J = 6.7 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 155.8, 136.2, 135.7, 134.3, 129.7, 127.7, 116.5, 79.2, 64.2, 53.0, 

52.6, 37.3, 35.6, 34.4, 33.9, 32.8, 28.7, 28.5, 27.1, 27.0, 23.9, 23.48, 23.45, 19.4. 

IR (thin-film) cm-1: 2930, 2858, 1686, 1454, 1390. 

HRMS (ESI) (m/z) calculated from C34H51NO3Si [M+Na]+: 572.3536, found at 572.3516. 
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Aldehyde 5-3a 

 

Experimental: Alkene 5-3 (4.55 g, 8.3 mmol) was dissolved in of DCM (28 mL) and the solution 

purged with O2 for 5 minutes before cooling to -78 °C. Once cool, O3 was bubbled through the 

solution until a blue persisted, then stirred for an additional 10 minutes, followed by sparging with 

O2 until the blue color dissipated. Once the solution was colorless, PPh3 (3.27 g, 12.45 mmol) was 

added to the solution in one portion, and the mixture warmed to room temperature and stirred 

overnight to ensure complete decomposition of reactive oxygen intermediates. Silica gel ( ̴10 g) 

was added to the flask, and the suspension concentrated under reduced pressure. Purification via 

flash chromatography (10% EtOAc in hexanes), affording aldehyde 5-3a (3.80 g, 82%). 

Physical State: Clear, colorless oil.  

1H NMR: (500 MHz, CDCl3) δ 9.73 (t, J = 2.0 Hz, 1H), 7.69 – 7.64 (m, 4H), 7.44 – 7.34 (m, 6H), 

4.46 – 4.39 (m, 1H), 3.66 (t, J = 6.4 Hz, 2H), 3.59 – 3.51 (m, 1H), 2.87 (ddd, J = 16.1, 7.0, 2.3 Hz, 

1H), 2.58 (ddd, J = 16.1, 7.4, 1.8 Hz, 1H), 1.84 – 1.69 (m, 4H), 1.62 – 1.44 (m, 5H), 1.43 (s, 9H), 

1.41 – 1.29 (m, 3H), 1.04 (s, 9H), 0.97 (d, J = 6.3 Hz, 3H). 

13C NMR 13C NMR (126 MHz, CDCl3) δ 201.0, 135.8, 135.7, 134.2, 129.7, 127.7, 79.9, 64.0, 

53.4, 47.2, 47.4, 35.5, 35.4, 33.9, 32.7, 28.6, 27.0, 23.9, 23.3, 23.1, 19.4. 

IR (thin film) cm-1: 2930, 2858, 1726, 1684, 1427 

HRMS (ESI) (m/z) calculated from C33H46NO4Si [M+Na]+: 574.3329, found at 574.3329. 

TLC 0.3 in 10% EtOAC:hexanes 

 

tert-Butyl sulfinimine 5-21 & 5-22 
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Experimental: To aldehyde 5-3a (3.35 g, 6.08 mmol) in DCM (30 mL) at room temperature was 

added (R)-2-methylpropane-2-sulfinamide as a solid in portion. The mixture was stirred until all 

solids were dissolved, followed by the dropwise addition of neat Ti(OEt)4 (1.27 mL, 6.08 mmol). 

The reaction was stirred for 28 hours, at which point sat. aq. NaCl was added rapidly (30 mL). The 

resulting mixture became extremely viscous and difficult to stir. Additional DCM (30 mL) and 

water (30 mL) were added, at which point the mixture began stirring again, and was allowed to 

stir for one hour. The resulting slurry was filtered through a short pad of Celite, rinsed with DCM 

(50 mL), dried with Na2SO4, filtered, and concentrated under reduced pressure. The crude mixture 

was purified by MPLC (gradient 100% hexanes to 30% EtOAc in hexanes), affording the desired 

sulfinimine 5-22 and 5-23 as an inseparable 1:1 mixture of diastereomers (3.61 g, 91%). 

Physical State: Viscous, clear, colorless oil. 

1H NMR (500 MHz, CDCl3) δ 8.03 (t, J = 4.9 Hz, 1H), 7.68 – 7.63 (m, 4H), 7.44 – 7.33 (m, 

6H), 4.40 – 4.34 (m, 0.5H), 4.31 (td, J = 9.7, 5.4 Hz, 0.5H), 4.21 (qd, J = 10.9, 5.9 Hz, 1H), 3.72 

(s, J = 13.5 Hz, 0.5H), 3.65 (t, J = 6.4 Hz, 2H), 3.54 (dq, J = 16.7, 5.7 Hz, 1H), 2.97 (ddd, J = 

16.5, 10.9, 5.9 Hz, 1H), 2.77 – 2.67 (m, 1H), 1.89 – 1.65 (m, 5H), 1.65 – 1.48 (m, 4H), 1.47 – 

1.39 (m, 12H), 1.36 – 1.25 (m, 6H), 1.21 (d, J = 9.2 Hz, 4H), 1.17 (app d, J = 4.1 Hz, 9H), 1.04 

(s, 9H), 0.97 (app dd, J = 6.3, 4.1 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 167.6, 167.6, 155.5, 155.4, 135.7, 134.18, 134.17, 132.5, 131.00, 

129.61, 129.60, 128.9, 127.7, 79.70, 79.69, 68.2, 64.0, 56.7, 53.3, 53.1, 49.8, 39.66, 39.62, 38.8, 

35.57, 35.52, 34.63, 34.57, 33.79, 33.75, 32.69, 32.67, 29.0, 28.6, 27.0, 23.8, 23.4, 23.3, 23.2, 

23.1, 22.47, 22.5, 22.2, 19.3, 14.2, 11.1. 
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Allyl sulfonamide 5-23a-d 

 

Experimental: Sulfinimines 5-21 and 5-22 (2.80 g, 4.28 mmol) were dissolved in DCM (28.5 

mL) and cooled to -40 °C. Once cool, a chilled (-40 °C) solution of vinylmagnesium bromide (28.5 

mL, 0.6 M in THF) was added dropwise, and the mixture stirred until starting material was 

consumed by TLC. Once complete, sat. aq. NH4Cl (20 mL) was added (2 mL dropwise, the 

remainder rapidly), stirred for 5 minutes then diluted with H2O (20 mL). The layers were separated, 

and the aqueous layer extracted with DCM (3 x 75 mL). The organic layers were combined, dried 

with Na2SO4, filtered, and concentrated under reduced pressure. Purification of the crude residue 

by MPLC afforded 4 distinct diastereomers in a 95:5:60:40 (a:b:c:d) ratio (2.86 g, 98% combined 

yield), each as a mixture of rotamers. 

Diastereomer A 

Physical State: Viscous, clear, colorless oil. 

1H NMR (500 MHz, CDCl3) δ 7.70 – 7.62 (m, 4H), 7.45 – 7.34 (m, 6H), 5.76 – 5.66 (m, 1H), 5.18 

(ddd, J = 53.2, 31.8, 13.7 Hz, 2H), 4.55 (s, 1H), 4.10 (app br s, 0.4H), 3.99 (app br s, 0.6H), 3.87 

– 3.75 (m, 1H), 3.66 (t, J = 6.4 Hz, 2H), 3.51 – 3.43 (m, 0.6H), 3.39 – 3.30 (m, 0.4H), 2.01 – 1.89 

(m, 1H), 1.89 – 1.66 (m, 5H), 1.65 – 1.47 (m, 4H), 1.42 (app d, J = 5.7 Hz, 9H), 1.39 – 1.28 (m, 

2H), 1.22 (app d, J = 8.0 Hz, 9H), 1.04 (s, 9H), 0.95 (app t, J = 6.5 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 156.0, 155.9, 139.9, 138.6, 135.8, 134.3, 134.3, 129.7, 127.8, 

117.8, 116.0, 79.8, 79.7, 64.2, 64.1, 56.3, 56.0, 55.8, 55.6, 53.6, 53.1, 49.9, 49.4, 39.9, 39.1, 35.8, 
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35.5, 35.0, 34.8, 34.1, 32.9, 32.8, 29.9, 28.8, 28.7, 27.1, 24.5, 23.7, 23.6, 23.4, 23.3, 23.1, 23.0, 

19.44. 

 

Bis-N-Boc carbamate 5-2 

 

Experimental: Sulfonamide 5-23a (150 mg, 0.22 mmol) was transferred to a 1 dram vial, and 

dissolved in a 1:1 mixture of THF/H2O (4.4 mL total). Once dissolved, Na2CO3 (70 mg, 0.66 

mmol) and DMAP (5.3 mg, 0.044 mmol) were added, followed by I2 (140 mg, 0.55 mmol). The 

resulting mixture was stirred for 12 hours, or until starting material was consumed by TLC/mass 

spec. Once complete, sat. aq. Na2S2O3 (2 mL) was added, and the aqueous layer extracted with 

EtOAc (3 x 5 mL). The organic layers were combined, dried over Na2SO4, filtered, and 

concentrated under reduced pressure. 

The crude primary amine was immediately dissolved in DCM (1 mL), followed by the addition of 

Et3N (108 μL, 0.77 mmol) and a solution of Boc2O (58 mg, 0.27 mmol) in DCM (0.2 mL). The 

mixture was allowed to stir overnight, after which the reaction was concentrated in vacuo, and 

purified directly by MPLC (gradient 100% hexane to 100% EtOAc), affording carbamate 5-2 as a 

clear, colorless oil (51.4 mg, 34%), isolated as a mixture of rotamers. 

Physical State: Viscous, clear, colorless oil. 

1H NMR (600 MHz, CDCl3) δ 7.70 – 7.63 (m, 4H), 7.44 – 7.33 (m, 6H), 5.83 – 5.72 (m, 1H), 5.02 

– 5.21 (m, 2H), 4.95 (br s, 1H), 4.09 – 4.05 (br s, 1H), 4.00 (m, 1H), 3.66 (t, J = 6.4 Hz, 2H), 3.44 

(m, 1H), 1.87 – 1.65 (m, 6H), 1.63 – 1.47 (m, 5H), 1.43 (app dd, J = 9.1, 5.6 Hz, 18H), 1.41 – 1.28 

(m, 4H), 1.04 (s, 9H), 0.95 (app dd, J = 16.2, 6.6 Hz, 3H). 
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13C NMR (150 MHz, CDCl3) δ 155.9, 155.6, 139.3, 135.7, 134.2, 129.6, 127.7, 79.4, 64.1, 53.6, 

53.1, 49.8, 49.7, 32.8, 32.7, 31.7, 28.7, 28.7, 28.5, 28.5, 27.0, 23.5, 22.8, 19.3, 14.2. 

 

Enal 5-49 

 

Experimental: Alkene 5-3 (1.2 g, 2.18 mmol) was dissolved in dry DCM (3.64 mL, purged with 

Ar for 1 hour before use), followed by the successive addition of Hoveyda-Grubbs 2nd generation 

catalyst (57 mg, 0.09 mmol) and acrolein (0.61 mL, 9.1 mmol). The mixture was stirred at room 

temperature for 18 h, then concentrated in-vacuo. Purification by MPLC (gradient, 100% hexanes 

to 20% EtOAc) afforded enal 5-49 as colorless oil (950 mg, 75%).  

Physical State: Clear, colorless oil. 

1H NMR (600 MHz, CDCl3) δ 9.49 (d, J = 7.9 Hz, 1H), 7.70 – 7.64 (m, 4H), 7.39 (dt, J = 26.2, 

7.2 Hz, 6H), 6.79 (dt, J = 14.7, 7.2 Hz, 1H), 6.13 (dd, J = 15.6, 7.9 Hz, 1H), 4.10 (s, 1H), 3.66 (t, 

J = 6.4 Hz, 2H), 3.51 (s, 1H), 2.87 – 2.79 (m, 1H), 2.53 – 2.44 (m, 1H), 1.88 – 1.68 (m, 5H), 1.63 

– 1.46 (m, 4H), 1.44 (s, 9H), 1.41 – 1.24 (m, 4H), 1.04 (s, 9H), 0.98 (d, J = 6.5 Hz, 3H). 

13C NMR (151 MHz, CDCl3) δ 194.1, 155.7, 135.7, 134.3, 134.2, 134.2, 129.7, 127.7, 79.8, 64.0, 

53.2, 51.6, 36.6, 35.6, 34.4, 33.8, 32.7, 28.7, 27.0, 23.7, 23.4, 23.4, 19.4. 

IR: (KBr): 3071, 2952, 2931, 2858, 1693 cm-1
. 

HRMS: (ESI) calculated for C35H51NO4SiNa [M+Na]+: 600.3458, found at 600.3495. 

 

Allylic Alcohol 5-50 
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Experimental: Enal 5-49 (540 mg, 0.94 mmol) was dissolved in wet MeOH (3.76 mL) in a 20 

mL scintillation vial, and NaBH4 (71 mg, 1.88 mmol) added in one portion. The mixture was 

stirred for 15 minutes, the H2O (3 mL) was added slowly, followed by sat. aq. NH4Cl (1 mL). The 

aqueous layer was extracted with DCM (3 x 20 mL), the organic layers combined and dried with 

Na2SO4, filtered, and concentrated under reduced pressure to afford the allylic alcohol as a 

colorless oil (525 mg, 97%), which was used without further purification. 

Physical State: Clear, colorless oil. 

1H NMR (499 MHz, CDCl3) δ 7.67 (d, J = 6.6 Hz, 4H), 7.46 – 7.35 (m, 6H), 5.73 – 5.58 (m, 1H), 

4.07 (d, J = 4.7 Hz, 1H), 3.92 – 4.0 (m, 1H), 3.66 (t, J = 6.4 Hz, 2H), 3.41 – 3.51 (m, 1H), 2.53 – 

2.43 (m, 1H), 2.27 – 2.14 (m, 1H), 1.90 – 1.67 (m, 5H), 1.66 – 1.46 (m, 4H), 1.44 (s, 9H), 1.31 (m, 

4H), 1.05 (s, 9H), 0.96 (d, J = 6.6 Hz, 3H). 

13C NMR (125 MHz, CDCl3) δ 155.8, 135.7, 134.2, 131.1, 130.1, 129.6, 127.7, 79.3, 64.1, 63.7, 

52.1, 52.6, 35.7, 35., 34.2, 33.9, 32.7, 28.7, 27.0, 23.8, 23.4, 19.3. 

IR: (KBr): 3441, 2951, 2931, 1859, 1661 cm-1
 

HRMS: calculated for C35HNO4SiNa [M+Na]+: 602.3641, found at 602.3646 

 

Allylic carbonate 5-51 

 

Experimental: Allylic alcohol 5-50 (243 mg, 0.42 mmol) was dissolved in DCM (2.1 mL), 

followed by the addition of pyridine (340 μL, 4.2 mmol) and methyl chloroformate (162 μL, 2.1 
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mmol) dropwise. The resulting mixture was allowed to stir overnight at room temperature. Once 

complete, 1N HCl (10 mL) was added, followed by EtOAc (10 mL). The layers were separated, 

and the aqueous extracted again with EtOAc (3 x 10 mL). The organic layers were combined, dried 

with Na2SO4, filtered, and concentrated under reduced pressure. Purification by MPLC (gradient 

100% hexane to 100% EtOAc) afforded the allyl carbonate as a colorless oil (251 mg, 94%). 

Physical State: Clear, colorless oil. 

1H NMR (600 MHz, CDCl3) δ 7.65 (d, J = 7.9 Hz, 4H), 7.38 (m, 6H), 5.78 – 5.71 (m, 1H), 5.66 – 

5.57 (m, 1H), 4.55 (d, J = 6.1 Hz, 2H), 3.90 – 3.96 (m, 1H), 3.75 (s, 3 H), 3.65 (t, J = 5.4 Hz, 1H), 

3.44 – 50 (m, 1H), 2.53 – 2.45 (m, 1H), 2.27 – 2.18 (m, 1H), 1.87 – 1.73 (m, 3H), 1.65 – 1.73 (m, 

1H), 1.63 – 1.45 (m, 4H), 1.43 (s, 9H), 1.28 – 1.40 (m, 4H), 1.04 (s, 9H), 0.95 (d, J = 6.6 Hz, 3H). 

13C NMR (151 MHz, CDCl3) δ 155.8, 155.7, 135.7, 134.3, 134.3, 129.6, 127.7, 125.3, 79.3, 68.6, 

64.1, 54.8, 52.9, 52.3, 35.9, 35.6, 33.9, 33.7, 32.7, 28.7, 28.7, 27.0, 23.6, 23.4, 23.4, 19.3 

HRMS: calculated for C37H55NO6SiNa [M+Na]+: 660.3696, found at 660.3682. 

 

Vinyl imide 5-58 

 

Note: This procedure was adapter from the general procedure found in Org. Lett. 2007, 9(20), 

3949.  

Experimental: To a flame-dried 1/2-dram vial was charged [(COD)Ir]Cl2 (2.1 mg, 0.0034 mmol) 

and the (R,R,R)-phosphoramidite ligand (3.38 mg, 0.0063 mmol) seen in Scheme 19. To this, THF 

(50 μL) and propylamine (100 μL, distilled over CaH2 after stirring for 24 hours). The vial was 

sealed and heated to 50 °C for 30 minutes, then evaporated under vacuum. Once evaporated, 
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additional [(COD)Ir]Cl2 (2.1 mg, 0.0034 mmol) was added, followed by (Boc)2NLi (42 mg, 0.188 

mmol), and a solution of carbonate 5-51 (100 mg, 0.157 mmol) in THF (0.357 mL). The reaction 

vial was sealed and allowed to stir at ambient temperature for 24 hours, at which point it was 

concentrated in vacuo, and purified by column chromatography (10% EtOAc in hexanes), to afford 

imide 5-58 (67 mg, 55%) and recovered carbonate 5-51 (45 mg, 45%). 

Physical State: Yellow oil. 

 

 

1H NMR (600 MHz, CDCl3) δ 7.66 (d, J = 7.3 Hz, 4H), 7.44 – 7.34 (m, 6H), 6.09 – 5.99 (m, 1H), 

5.19 (d, J = 17.3 Hz, 1H), 5.12 (t, J = 10.8 Hz, 1H), 4.67 – 4.58 (m, 1H), 3.81 – 3.93 (m, 1H), 3.66 

(t, J = 6.5 Hz, 2H), 3.28 – 3.49 (m, 1H), 2.26 – 2.17 (m, 1H), 2.07 – 1.97 (m, 1H), 1.89 – 1.77 (m, 

2H), 1.75 – 1.67 (m, 2H), 1.66 – 1.52 (m, 2H), 1.48 (app d, J = 9.3 Hz, 18H), 1.43 (d, J = 11.8 Hz, 

9H), 1.39 – 1.21 (m, 4H), 1.21 – 1.11 (m, 1H), 1.04 (s, 9H), 0.94 (app d, J = 6.5 Hz, 2H), 0.90 

(app d, J = 6.5 Hz, 1H). 

13C NMR (151 MHz, CDCl3) δ 156.3, 155.9, 153.1, 152.9, 137.7, 137.1, 135.7, 134.3, 134.3, 

134.3, 129.6, 129.6, 127.7, 117.4, 116.7, 82.3, 79.2, 79.1, 64.2, 64.1, 57.4, 57.0, 54.1, 53.5, 50.7, 

50.50, 35.3, 32.9, 32.8, 28.7, 28.65, 28.2, 27.0, 26.2, 24.8, 23.5, 23.4, 23.0, 19.4. 

[α]D21= + 5.7 (c = 1.0, CH2Cl2) 
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Physical State: Colorless oil. 

1H and 13C are identical to racemic carbonate 5-51. 

[α]D21= – 0.66 (c = 0.74, CH2Cl2) 

 

Trichloroimidate 5-54 

 

 

Experimental: Allylic alcohol 5-51 (500 mg, 0.86 mmol) was dissolved in CH2Cl2 (5.38 mL) and 

DBU (26 μL, 0.173 mmol), and the mixture cooled to 0 °C. Once cool, trichloroacetonitrile (129 

μL, 1.29 mmol) was added neat, dropwise. The flask was removed from the ice bath, and allowed 

to stir at ambient temperature for two hours, or until starting material had been consumed by TLC. 

Upon completion, the reaction was directly concentrated in vacuo, and the residue purified by 

MPLC (gradient 100% hexanes to 100% EtOAc) to afford trichloroimidate 5-54 (586 mg, 94%) 

as a colorless oil. 

Physical State: Clear, colorless oil. 

1H NMR (600 MHz, Tol) δ 8.25 (s, 1H), 7.81 – 7.72 (m, 4H), 7.10 – 7.30 (m, 6H), 5.71 – 5.56 

(m, 2H), 4.61 (d, J = 5.4 Hz, 2H), 4.00 (s, 1H), 3.71 (t, J = 6.4 Hz, 2H), 3.34 (d, J = 5.3 Hz, 1H), 

2.52 – 2.43 (m, 1H), 2.10 – 2.05 (m, 2H), 2.04 – 1.93 (m, 2H), 1.63 – 1.58 (m, 2H), 1.48 (m, 

4H), 1.41 (d, J = 7.7 Hz, 9H), 1.16 (s, 9H), 1.11 – 1.04 (m, 1H), 0.80 (d, J = 6.2 Hz, 3H). 

13C NMR (151 MHz, Tol) δ 162.8, 155.77, 136.3, 134.8, 134.4, 130.2, 79.0, 70.1, 64.6, 53.2, 

53.0, 35.9, 35.9, 35.0, 33.4, 28.87, 28.85, 27.4, 25.0, 23.9, 23.4. 
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Oxazolidinone 5-36 

 

Experimental: 4-methyl-1-bromopyridine 5-5 (4.54 g, 26.54 mmol) was combined with N-

methylethylenediamine (233 mg, 10 mol %), CuI (505 mg, 10 mol %), K2CO3 (7.34 g, 53.1 mmol), 

(R)-4-isopropyloxazolidin-2-one 5-35 (3.77 g, 29.2 mmol), and dissolved in 26.5 mL of dry 

toluene in a 100 mL Schlenk flask. The reaction was sealed, heated to 110°C and allowed to stir 

for 48 hours. After completion, the reaction was filtered through a pad of silica gel, washed with 

DCM (20 mL) and EtOAc (20 mL), concentrated, and purified using flash chromatography (silica 

gel, 25% EtOAc:hexanes) to afford 5-36 (4.6 g, 79%).  

1H NMR (500 MHz, CDCl3) δ 8.17 (d, J = 5.1 Hz, 1H), 7.98 (d, J = 0.5 Hz, 1H), 6.86 (d, J = 5.1 

Hz, 1H), 4.93 – 4.81 (m, 1H), 4.37 (t, J = 8.9 Hz, 1H), 4.27 (dd, J = 8.9, 3.8 Hz, 1H), 2.47 (dtd, J 

= 14.0, 7.0, 3.7 Hz, 1H), 2.37 (s, 3H), 0.93 (d, J = 7.1 Hz, 3H), 0.83 (d, J = 6.9 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 155.61, 150.70, 149.55, 147.26, 120.81, 115.08, 62.99, 59.12, 

27.81, 21.49, 18.08, 14.45. 

IR (KBr) cm-1: 2962, 1759, 1589, 1464, 1403. 

HRMS (ESI) (m/z) calculated for C12H16N2O2 [M+Na]+: 243.1109, found at 243.1101. 

TLC (30% hexanes:EtOAc), Rf: 0.45 (UV). 

 

Bromopyridine 5-39 
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Experimental: To a solution of 5-36 (2.99 g, 13.56 mmol) dissolved in wet DCM (73 mL) was 

added 3-dibromo-5,5-dimethylhydantoin (1.2 g, 6.78 mmol). The resulting solution was allowed 

to stir at room temperature for 18 hours, then additional 1,3-dibromo-5,5-dimethylhydantoin (1.45 

g, 8.14 mmol) was added to the solution and allowed to stir for 48 hours, where it gradually became 

vibrant orange solution. The reaction was quenched with water (50 mL), extracted with 

dichloromethane (3 x 75 mL), dried with Na2SO4, filtered, and concentrated to afford 5-39 (4.1 g, 

quantitative) as a viscous yellow oil. 

Physical State: Yellow oil. 

1H NMR (500 MHz, CDCl3) δ 8.29 (s, 1H), 8.06 (s, 1H), 4.77 (dt, J = 8.7, 3.7 Hz, 1H), 4.34 (t, J 

= 8.9 Hz, 1H), 4.24 (dd, J = 9.0, 3.7 Hz, 1H), 2.48 – 2.39 (m, 1H), 2.37 (s, 3H), 0.89 (d, J = 7.3 

Hz, 3H), 0.79 (d, J = 7.1 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 155.3, 149.5, 148.9, 148.7, 117.8, 115.9, 62.9, 59.0, 27.6, 22.7, 

17.9, 14.3. 

IR (KBR) cm-1: 2961, 2925, 2874, 1759, 1589. 

HRMS (ESI) (m/z) calculated for C12H15N2O2Br [M+H]+: 299.0395, found at 299.0403. 

TLC (50% EtOAc:hexanes) Rf: 0.6 (UV) 

 

Homopropargyl alcohol 5-40 
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Experimental: Bromopyridine 5-39 (2.2 g, 7.38 mmol) was dissolved in triethylamine (18.45 mL) 

in a flame-dried 50 mL Schlenk flask. To this, 3-butyn-1-ol (0.69 mL, 9.59 mmol), PdCl2(PPh3)2 

(518 mg, 10 mol %), CuI (141 mg, 10 mol %) were added, then the flask was sealed and heated to 

90°C to stir for 16 hours. Upon completion, the reaction was filtered through a pad of Celite, rinsed 

with EtOAc (20 mL) and DCM (20 mL), concentrated, and purified with flash chromatography 

(silica gel, 75% EtOAc:hexanes) to afford pyridine 5-40 as a yellow oil (2.0 g, 94%). 

Physical State: Yellow oil. 

1H NMR (500 MHz, CDCl3) δ 8.25 (s, 1H), 8.00 (s, 1H), 4.82 (dt, J = 8.5, 3.7 Hz, 1H), 4.35 (t, J 

= 8.9 Hz, 1H), 4.26 (dd, J = 8.9, 3.6 Hz, 1H), 3.83 (t, J = 6.4 Hz, 2H), 2.73 (t, J = 6.4 Hz, 2H), 

2.47 – 2.41 (m, 1H), 2.40 (s, 3H), 2.10 (broad s, 1H), 0.91 (d, J = 7.1 Hz, 3H), 0.80 (d, J = 7.0 Hz, 

3H). 

13C NMR (126 MHz, CDCl3) δ 155.4, 151.1, 150.3, 149.3, 116.5, 114.3, 92.7, 77.9, 63.1, 61.3, 

59.1, 27.8, 24.1, 20.8, 18.0, 14.4. 

IR (KBr) cm-1 3458, 3433, 2092, 1642, 1483. 

HRMS (ESI) (m/z) calculated for C16H20N2O3 [M+Na]+: 311.1372, found at 311.1382. 

TLC (75% EtOAc:hexanes) Rf: 0.5 (UV, KMnO4) 

 

Aliphatic alcohol 5-41 
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Experimental: To a solution of alkyne 5-40 (300 mg, 1.04 mmol) in bench-grade EtOAc (5 mL) 

was added Pd/C (5 wt%, 212 mg, 0.1 mmol). The flask was purged with argon, the atmosphere 

exchanged with hydrogen, then fitted with a fresh hydrogen balloon. The reaction was allowed to 

stir overnight, at which point it was filtered through a short pad of celite, rinsed with EtOAc (10 

mL), and concentrated in vacuo, affording alcohol 5-41 (310 mg, quant) as a colorless oil that 

was used without further purification.  

Physical State: Colorless oil.  

1H NMR (500 MHz, CDCl3) δ 8.01 (s, 1H), 7.87 (s, 1H), 4.82 (dt, J = 8.8, 3.8 Hz, 1H), 4.34 (t, J 

= 8.9 Hz, 1H), 4.24 (dd, J = 8.9, 3.9 Hz, 1H), 3.66 (t, J = 6.0 Hz, 2H), 2.58 (d, J = 4.1 Hz, 2H), 

2.41 (dtd, J = 14.0, 7.0, 3.8 Hz, 1H), 2.31 (s, 3H), 1.65 – 1.59 (m, 4H), 0.92 – 0.88 (m, 3H), 0.80 

(d, J = 6.9 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 155.7, 148.7, 147.6, 147.2, 132.3, 115.7, 63.0, 62.6, 59.0, 32.5, 

29.9, 27.8, 26.3, 19.3, 18.00, 14.4. 

 

Chiral amino alcohol 5-43 

 

Experimental: Note: Ensure that the stir bar stirs adequately in sand bath before sealing shut. 

Pyridine 5-41 (1.3 g, 4.45 mmol) was dissolved in glacial acetic acid (34 mL) in the glass insert of 

a mid-sized steel bomb equipped with a stir bar, then Pd(OH)2/C (20 % w/w wet, 312 mg) was 
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added and the steel bomb sealed. The bomb was purged twice with H2, pressurized to 1740 psi 

(120 atm), sealed, then transferred to a sand bath where it was stirred at 40°C for 48 hours. The 

bomb was then depressurized and the suspension filtered through a pad of Celite, washed with 

EtOAc (150 mL) then MeOH (150 mL), and concentrated to yield remove excess acetic acid. 

The crude residue was transferred to a 50 mL round bottom, and dissolved in MeOH (4.5 mL), 

H2O (9 mL), and THF (9 mL). To this, LiOH·H2O (1.31 g, 7 mmol) was added in one portion, and 

the entire reaction mixture was heated to 80°C for 16 hours. Once complete, the reaction was 

cooled to room temperature and extracted with DCM (2 x 150 mL), the organic layers combined 

and concentrated. The crude residue was then taken up in DCM (50 mL) and washed with H2O (5 

x 20 mL) and brine (3 x 20 mL). The organic layer was dried with sodium sulfate, filtered, and 

concentrated to afford 5-43 (662 mg, 87%, two steps) as a pale-yellow oil. 

Physical State: Pale yellow oil. 

1H NMR (500 MHz, CDCl3) δ 3.60 (t, J = 6.6 Hz, 2H), 2.86 (ddd, J = 12.0, 8.4, 3.4 Hz, 1H), 

2.74 – 2.62 (m, 3H), 2.30 (br s, 2H), 1.89 – 1.80 (m, 1H), 1.61 – 1.48 (m, 4H), 1.44 – 1.34 (m, 

2H), 1.33 – 1.14 (m, 3H), 0.87 (d, J = 7.1 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 62.6, 48.0, 43.7, 39.8, 33.2, 32.4, 31.6, 27.9, 23.6, 15.1. 

 

Compound 5-69. 
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Note: The spectral ambiguity of the following intermediates due to rotamers and diastereomers 

makes tabulation extremely difficult. 1H NMR spectra will be included where possible. 

Experimental: To a solution of allylcarbamate 5-23 (90 mg, 0.13 mmol) in THF (0.22 mL) was 

added a solution of 9-BBN (0.5 M in THF, 0.37 mL, 0.185 mmol) at room temperature. After 

stirring for 4 h, the solution was treated with water (28 µL, 1.69 mmol, 13 equiv) and stirred for 

20 min. In a separate Schlenk flask was added bromoenone 5-6 (51 mg, 0.12 mmol), Cs2CO3 (86 

mg, 0.264 mmol), AsPh3 (15 mg, 0.05 mmol), and Pd(dppf)Cl2 (41 mg, 0.05 mmol), and the 

atmosphere purged via high-vacuum/argon cycles (4x) before addition of DMF (0.75 mL). The 

resulting mixture was then stirred for 15 min before the borane solution was added in one portion. 

The reaction was heat to 80 °C, at which point the mixture turned black. After heating for 4 hours, 

the reaction was cooled to room temperature, diluted with Et2O (5 mL), and filtered through a plug 

of neutral alumina. Concentration in vacuo followed by purification via flash column 

chromatography (15% EtOAc in hexanes) afforded enone 5-69 (47 mg, 38%) as a 1:3.7:1 mixture 

of rotamers. 

Physical State: colorless oil.  

 

Tri-N-Boc 5-71 

 

 

Experimental: Enone 5-69 (45 mg, 0.044 mmol), K2HPO4 (25 mg, 0.0.145 mmol), 

Ir[dF(CF3)ppy]2(dtbbpy)PF6 (2.5 mg, 0.0022 mmol), and carboxylic acid 5-70 (28 mg, 0.0.13 

mmol) were added to a flame-dried ½-dram vial, followed by the addition of DMF (0.22 mL). 

Argon was bubbled through the mixture for 15 minutes, then the vial was sealed, and irradiated 
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with blue LED lights (2 x 24W) for 24 hours. Once complete, the mixture was diluted with EtOAc 

(3 mL) and washed with H2O (3 x 3 mL). The organic layer was dried with sodium sulfate, filtered, 

and concentrated. Purification by MPLC (100% hexanes to 100% EtOAc) afforded 5-71 as an 

indistinguishable mixture of diastereomers and rotamers (16 mg, 31%). 

Physical State: Colorless oil. 

 

Diol 5-72 

 

Experimental: Silyl ether 5-71 (16 mg, 0.014 mmol) was dissolved in THF (0.3 mL) in a 1-dram 

vial, and TBAF (1 M in THF, 0.112 mL, 0.112 mmol) added. The vial was sealed and heated to 

50 °C for 3 hours, with reaction progress monitored by ESI mass spec. Upon completion, the 

reaction was cooled to room temperature, diluted with H2O (2 mL), and extracted with EtOAc (3 

x 5 mL). The organic layers were combined, dried over sodium sulfate, filtered, and concentrated. 

Purification by column chromatography (80 % EtOAc in hexanes) afforded diol 5-72 (13.0 mg, 

quantitative) as a colorless oil. 

Physical State: White foam after azeotropically drying with benzene (3 x 2 mL). 

 

Tosylate 5-74 
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Experimental: Diol 5-72 (9.8 mg, 0.0128 mmol) was dissolved in CH2Cl2 (0.3 mL) and pyridine 

(5.48 μL, 0.067 mmol), followed by the addition of TsCl (4.88 mg 0.0256 mmol) and DMAP (0.8 

mg, 0.0064 mmol). The mixture was stirred until starting material had been consumed by TLC 

(3:5 hexanes:EtOAc), at which point the mixture was concentrated in vacuo and purified by 

column chromatography (3:5 hexanes:EtOAc), affording tosylate 5-74 (3.4 mg 28%) and 

recovered diol 5-72 (3.8 mg).  

Physical State: Colorless oil. 

 

Tricycle 5-75 

 

Experimental: Alcohol 5-74 (3.4 mg, 0.0036 mmol) was dissolved in DCM (0.3 mL), followed 

by the addition of Dess-Martin Periodinane (3.0 mg, 0.0072 mmol). The reaction was stirred for 

12 hours, at which point sat. aq. NaHCO3/Na2S2O3 (0.5 mL) was added. The aqueous layer was 

extracted with DCM (3 x 1 mL), dried over sodium sulfate, filtered, and concentrated. The crude 

residue was taken up in MeOH (1 mL), a scoop of Na2CO3 added, and the suspension stirred 

vigorously for 30 minutes, after which the mixture was filtered, concentrated, and taken on crude 

to the next step. Analysis by ESI-mass spec confirmed the formation of tricycle 5-74.  

 

Himeradine A (5-1) 



 

252 

 

 

Experimental: The crude tricycle 5-74 from the previous reaction was dissolved in ortho-

dichlorobenzene (0.18 mL) and cooled to 0 °C, at which point camphorsulfonic acid (12.5 mg, 

0.054 mmol) was added. The mixture was heated to 165 °C for 90 minutes, then cooled to room 

temperature and quenched by the addition of sat. aq. NaHCO3 (1 mL). The aqueous phase was 

extracted with CHCl3 (3 x 1 mL), dried over sodium sulfate, filtered, and concentrated to remove 

excess CHCl3. ESI mass spec confirmed the complete disappearance of tricycle 5-74 and exclusive 

observation of pyrrolidine 5-80. 

 To the pyrrolidine in the remaining o-DCB was added Et3N (5 μL, 0.036 mmol), followed 

by a solution of Ac2O (0.37 μL, 0.0036 mmol) in DCM (5 μL). The mixture was allowed to stir at 

room temperature for 1 hour, at which point it was concentrated in vacuo. Filtration through a plug 

of silica afforded trace amounts of Himeradine A, which was confirmed by high resolution ESI 

mass spec. 

HRMS: calculated for C29H45N3OH [M+H]+: 452.3650, found at 452.3641. 
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Chapter 6. Strategies Towards the 4,5-Spirocyclic Fragment of Phainanoid F 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.1 Abstract 

Our interest in the structure and bioactivity of phainanoid F led us to pursue the synthesis of 

the novel 4,5-spirocyclic fragment of the molecule. Herein, we describe lessons learned from 

several unsuccessful routes towards the western fragment due to unexpected carbocation 

rearrangements. Finally, we disclose the successful utilization of a photochemical Wolff ring 

contraction to rapidly construct the cyclobutane moiety.  
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6.2 Introduction 

Immunosuppressants are a class of drugs that suppress or reduce the strength of the body’s 

immune system. While a strong immune system is necessary to fight off common infections and 

diseases, under certain circumstances a strong immune system can turn on its host, resulting in a 

variety of autoimmune disorders including, but not limited to, rheumatoid arthritis, multiple 

sclerosis, lupus, Crohn’s disease, and ulcerative cholitis.136 Aside from autoimmune disorders, 

patients receiving organ transplants are often faced with complications from graft-versus-host 

disease, which occurs when a transplanted organ is rejected by the host’s immune system, and it 

begins to destroy the transplanted tissues.137  These complications can be life-threatening, but their 

effects can be mitigated through the use of immunosuppressant drugs, which help prevent the 

immune system from attacking itself or foreign transplant tissue. 

The World Health Organization currently has only two immunosuppressants on its list of 

essential medicines, cyclosporin and azathioprine (Figure 6-1), with cyclosporin being the only 

natural product. These two molecules are critical medicines not only because of their potency, but 

also because of their widespread commercial availability and low production cost. The wholesale 

cost of cyclosporin and azathioprine in the United States is roughly $173 and $35 per month, 

 

Figure 6-1: Common Immunosuppressants. 

 



 

260 

 

respectively. While these compounds have proven themselves incredibly beneficial on a global 

scale, there remains a need for other immunosuppressant therapeutics to increase the breadth and 

diversity of the immunosuppressant portfolio.  

In late 2015, six new compounds, phainanoids A-F, were isolated from Phyllanthus 

hainanensis, a shrub native only to the Hainan island of China (Figure 6-2).138 These new 

compounds featured a highly modified and unprecedented triterpenoid backbone, incorporating 

two unique motifs: a 3H-spiro[benzofuran-2,1′-cyclobutan]-3-one (highlighted in red) and a 1,6-

dioxaspiro[4.4]nonan-2-one (highlighted in blue). While the 5,5-dioxaspirocycle motif has been 

observed in natural products before, the 4,5-spirocycle has not been observed in nature. 

Additionally, given the bioactivity of the phainanoids compared to structurally related 

triterpenoids, the spirocyclic motifs arguably play an important role in their structure-activity 

relationships, and merit further synthetic investigation.  

Phainanoids A-F were discovered as a result of bioassay guided fractionation that screened 

for immunosuppressant activities, with subsequent extract fractionations tested against ConA-

induced proliferation of T-lymphocytes, and LPS-induced proliferation of B-lymphocytes, using 

cyclosporin as a positive control. Of the six molecules isolated, phainanoids C, D, and F were the 

 

Figure 6-2: phainanoids A-F. 
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most potent, with phainanoid F exhibiting a significant higher level of bioactive in cell assays than 

its family members. In these anti-proliferation assays, cyclosporin exhibited IC50 values of 14.21 

± 0.01 nM for T cells and <352.87 ± 0.01 nM for B cells, while phainanoid F had reported IC50 

values of 2.04 ± 0.01 nM and <1.6 ± 0.01 nM for T cells and B cells, respectively.138 When directly 

compared, these results indicate that phainanoid F is roughly 7 and 221 times more potent than 

cyclosporin. From a global-health prospective, the therapeutic potential of phainanoid analogues 

merit time spent investigating a potential semi- or total synthesis to evaluate its full biological 

potential.  

 

6.3 Triterpenoids: General Structural Features and Etymology 

A thorough literature search of compounds structurally related to phainanoid F revealed 

that a significant number of molecules have been isolated and characterized to date. Confusingly, 

there exists a variety of different names and classifications for many similar compounds. A review 

of the triterpenoids isolated in 2012 alone reported 761 unique triterpenoids. These 761 compounds 

fell under 18 subclasses of triterpenoids, which themselves were associated with 9 major classes 

of triterpenoids, derived from: 1) squalene; 2) lanostane; 3) dammarane; 4) lupine; 5) oleanane; 6) 

ursane; 7) hopane; 8) quassinoids; and 9) miscellaneous.   

A comprehensive introduction to the history and various classes of triterpenoids is well 

beyond the scope of this chapter. Instead, a very general introduction to terpenes, terpenoids, and 

a very broad overview of terpenoid biosynthesis will be presented, followed by our initial synthetic 

approaches towards the western fragment of phainanoid F. For those interested, the references 

herein will direct the reader towards a series of reviews and detailed studies regarding triterpenoid 

biosynthetic pathways, structural differences and classifications. 



 

262 

 

Phainanoid A-F belong to a large subset of molecules known as triterpenoids. Terpenes are 

most often classified based on the number of isoprene units within the molecule, with the prefix 

indicating the number of (C5H8)n subunits needed to build the molecule (Table 6-1). Broadly 

speaking, this is referred to as the isoprene rule, or C5 rule. While terpenes themselves are strictly 

hydrocarbons, i.e. only containing carbon and hydrogen, when enzymatically modified through 

oxidation or structural rearrangements to include heteroatoms such as oxygen, nitrogen, the 

molecules are then reclassified as “terpenoids.”  

Biosynthetically, terpenes and terpenoids are most commonly derived from the iterative 

reductive couplings of isopentenyl pyrophosphate and dimethylallyl pyrophosphate to afford 

Table 6-1: Terpene prefix nomenclature. 

 

Prefix Number of 

isoprene subunits 

Molecular 

Formula 

Hemi 1 C5H10 

Mono 2 C10H16 

Sesqui 3 C15H24 

Di 4 C20H32 

Sester 5 C25H40 

Tri 6 C30H48 

Sesquar 7 C35H56 

Tetrar 8 C40H64 

poly many (C5H10)n 
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squalene (C30H50). Squalene can then undergo an oxidation, followed by a variety of polyene 

cascade cyclization’s resulting in structures such as lanosterol, a precursor to sterols, or most 

relevant to this work, dammarenediol-II, a triterpene with a dammarane core (Scheme 6-1). 

 

6.3.1 Dammaranes, Cyclodammaranes, and Dichapetalins 

Dammaranes are a subset of triterpenoids arising from the enzymatic cyclization of 

squalene oxide with oxidosqualene cyclase called dammaranediol-II synthase, which affords 

dammaranediol-II. The official IUPAC number system is reported below. Shown in Figure 6-3 is 

the 13,30-cyclodammarane, which results from the formation of a fully-substituted cyclopropane 

that bridges the C and D-rings of the triterpene. The dichapetalin triterpenoid also features the 

13,30-cyclodammarane motif, as well as a 2-phenylpyran moiety appended to the A-ring. Of the 

various dichaptealins that have been isolated to date, dichapetalin M features a triterpene core 

whose B-ring oxidation states are identical to phainanoid F, as well as an almost identical 

oxaspirolactone appended to the D-ring.  While the phainanoids undoubtedly fall under the 

Scheme 6-1: General triterpenoid biosynthesis. 
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classification of 13,30-cyclodammaranes, the structural similarities between the phainanoids and 

the more complex dichapetalins suggest that the phainanoids may be best classified as a highly 

oxidized dichapetalins.  

Currently, there have been no proposed mechanisms for the biosynthesis of the 13,30-

cyclopropane moiety, nor for the incorporation of the 2-phenylpyran moiety in the dichapetalin 

family. There have however, been general investigations on the stability of the 13,30-

cyclodammarane systems, which is particularly useful from a synthetic perspective (Scheme 6-2). 

Treatment of cyclopropane 6-1 with catalytic p-TSA afforded a mixture of alkenes (6-2 and 6-3), 

presumably resulting from the protonation of the cyclopropane, and subsequent neutralization of 

the corresponding carbocation. The authors note that only trace amounts of 6-5 were observed, 

however a significant amount of the C12-13 alkene was isolated, with the remainder of the mass 

accounted for by a variety of spirocyclization products depending on the identity of the R group.139  

These studies suggest that if there were a total synthesis of the phainanoids to be attempted, it may 

be prudent to save the cyclopropane installation as one of the last synthetic transformations.  

 

 

 

Figure 6-3: Relevant triterpenoids. 
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6.4 Synthetic Approaches Towards the Western 4,5-spirocycle 

6.4.1 Triflate fragmentation spiroyclization 

Our initial idea for the synthesis of the western fragment (6-13) was inspired by a unique 

base-promoted phenol triflate fragmentation-cyclization reaction first described by Vetelino for 

the synthesis of benzofuran-3(2H)-one moieties (Scheme 6-3).140 Mechanistically, the authors 

Scheme 6-2: Lability of cyclopropanes under acidic conditions. 

 

 

 

 

 

Scheme 6-3: Proposed mechanism for triflate fragmentation-cyclization. 
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suggest that when treated with base, the aryl triflate (6-6) establishes an equilibrium between three 

species: itself, the acetophenone vinyl triflate (6-7), and anion 6-8.  Upon heating, this intermediate 

is prone to fragmentation either in a homolytic or heterolytic fashion to generate stabilized radical 

6-9, or zwitterions 6-10 and 6-11 that are stabilized through resonance. Either of these 

intermediates are then capable of converging to form benzofuranone 6-12 through their own 

respective intramolecular cyclization. 

This approach was very attractive, due to what we believed was the relative ease of 

accessing the aryl triflate precursor (Scheme 6-4). Triflate 6-14 would be prepared by the addition 

of a lithium ortho-phenolate dianion into Weinreb amide 6-15, followed by triflation. Weinreb 

amide 6-15 would arise from the elimination of the tertiary silyl ether in 6-16, which would in turn 

arise from a known formal [2+2] cycloaddition.  

To begin the sequence, ketone 6-17 was transformed into the thermodynamic enoxysilane 

(6-18) using Et3N and NaI in 85% yield (Scheme 6-5). The triflimide catalyzed formal [2+2] 

cycloaddition between enoxysilane 6-18 and methyl acrylate (6-19) afforded the desired cis-fused 

cyclobutane (6-16) in 82% yield, as an inconsequential mixture of diastereomers. At this point, 

several conditions were screened to deprotect the TBS-protected alcohol; however, none of the 

conditions were successful. Unsurprisingly, the alcohol rapidly underwent a retro-aldol, affording 

1,5-ketoester 6-21 as the only product consistently isolated. Several attempts at an E1cB 

Scheme 6-4: Triflate fragmentation-cyclization inspired retrosynthetic approach. 
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elimination were also attempted, however only starting material or decomposition was observed.  

As the desired alkene was unable to be installed at this point, the silyl ether was left intact with the 

hopes of removing it towards the end of the route.  

With this in mind, ester 6-16 was cleanly converted into Weinreb amide 6-22 in 75% yield 

(Scheme 6-5). Treatment of the ortho-bromophenol with two equivalents of nBuLi formed the 

ortho-lithiumphenolate dianion, which when added into 6-22 cleanly provided phenol 6-23 in 75% 

yield. Triflation of the resulting phenol was an unexpectedly difficult reaction. After screening 

several sets of conditions, exposure of phenol 6-23 to triflic anhydride in the presence of pyridine 

afforded aryl triflate 6-24 in 79% yield. With 6-24 in hand, the reported literature conditions for 

Scheme 6-5: Bicyclo[4.2.0]octane Synthesis and Attempted Silyl Ether Deprotection. 

 

 

 

 

 

Scheme 6-6: Attempted Triflate Fragmentation-Cyclization. 
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the cyclization were attempted.140 Unfortunately, none of the conditions afforded the desired 

spirocycle (6-25). Instead, the free phenol (6-23) was often recovered, as well as diketone 6-26, 

corresponding to deprotection of the TBS group followed by retro-aldol reaction. At this point, it 

was postulated that the steric bulk of the axial-TBS group may have been preventing the 

cyclization from occurring. To circumvent this, a third route was devised that sought to remove 

the problematic tertiary alcohol prior to the cyclization event (Scheme 6-7).  We envisioned that 

by reducing the ester in 6-16, the tendency of the 4,6-ring system to undergo a retro-aldol reaction 

would be suppressed. Subsequent mono-protection of 6-28 would facilitate the selective 

elimination of the tertiary alcohol to install the desired alkene. A functional group manipulation 

sequence would eventually lead back to the aryl triflate (6-14), where the triflate fragmentation 

could again be attempted. While this sequence included a large number of functional-group 

manipulations, we believed that it would be a robust approach to validate the key spirocyclization 

event. 

Reduction of the ester 6-16 using Red-Al proceeded in quantitative yields on multi-gram 

scale (Scheme 6-8). Silyl-deprotection with TBAF required forcing conditions and extended 

reaction times, but eventually afforded the desired diol 6-28 in 84% on gram scale, as a convenient 

Scheme 6-7: Revised retrosynthesis to mitigate retro-aldol. 
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non-volatile crystalline solid, despite its low molecular weight. Selective silyl protection of the 

primary alcohol afforded multi-gram quantities of 6-29 in quantitative yields.  

With tertiary alcohol 6-29 in hand, a variety of standard dehydration conditions were 

screened for the direct elimination to form 6-27, including POCl3/pyridine, Tf2O/pyridine, 

SOCl2/pyridine, and Ac2O/Et3N. Unfortunately, none of these conditions performed the desired 

elimination. To our surprise, these conditions induced a cyclobutyl-cyclopropylcarbinyl cation 

rearrangement, forming spirocyclopropane 6-30 as the major product as observed by the 

characteristic upfield cyclopropane methylene shifts in the 1H NMR.  A proposed mechanism for 

this rearrangement is straightforward (Scheme 6-9). Activation of the tertiary alcohol as a leaving 

Scheme 6-9: Mechanism of cyclopropylcarbinyl carbocation rearrangement. 

 

 

 

 

Scheme 6-8: Unexpected cyclopropylcarbinyl carbocation rearrangement. 
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group (6-31) induces carbocation formation (6-32), which is in equilibrium between the cyclobutyl 

cation, and the rearranged cyclopropylcarbinyl cation (6-33). Based on the product distribution, it 

appears as if formation of the cyclopropylcarbinyl carbocation is more favored, and elimination of 

a neighboring proton forms the final vinylcyclopropane intermediate (6-30). 

This result was unexpected, however a thorough literature search revealed that this cationic 

cyclobutanol ring contraction is known, and has been used to form spirocyclopropanes on steroidal 

cores,141 as well as small bicyclic molecules with nearly the exact same ring system as we were 

investigating.142 This form of ring contractions was also noted to occur in the synthesis towards an 

illudane natural product (Scheme 6-10).143 This unavoidable rearrangement indicated that this 

route would not be fruitful, so other options were explored.  

 With standard dehydration conditions rendered ineffective for the synthesis of 6-27, we 

thought that a concerted pericyclic Ei mechanism may be used to afford the desired alkene. Ideally, 

this would prevent the formation of the carbocation, thereby suppressing the undesired ring 

contraction. While many conditions exist to induce a syn-elimination of a variety of functional 

groups (Cope elimination, sulfoxide/selenoxide pyrolysis), this ring system was limited to those 

that could adapted to eliminate the previously installed tertiary alcohol. As a result, the options 

available for the elimination were limited to the Chugaev reaction, an ester/acetate pyrolysis, or a 

concerted dehydration using either Burgess reagent or Martin sulfurane.   

Scheme 6-10: Literature precedent for the observed carbocation rearrangement. 
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When looking at the mechanism of an Ei on xanthate 6-37 or 6-38, one quickly notices that 

two syn-protons, Ha (6-40) and Hb (6-39) are present (Scheme 6-11). In theory, the Ei elimination 

could eliminate either Ha or Hb to afford isomeric products 6-41 and 6-27. Despite this, we thought 

that cyclohexene 6-27 would be more favored than cyclobutene 6-41 for several reasons. First, 

while Ei eliminations proceeding through four and five-membered transition states require 

coplanarity for all atoms involved, Ei eliminations with six-membered transition state do not.144 

This suggests that even if a statistical mixture of products were obtained, the desired cyclohexene 

would be favored. Second, a comparison of the ring-strain involved in a cyclobutane versus and 

cyclobutene reveals that a cyclobutene incurs roughly 4 kcal/mol more ring strain, presumably due 

to the induced planarity, which causes steric interactions and torsional strain between ortho-

substituents.145   

 Given the reported ease of forming a xanthate ester, we chose to attempt the Chugaev 

elimination first (Scheme 6-11). Initial attempts at a syn-elimination began with the formation of 

xanthate ester 6-37 and 6-38, which would be suitable precursors for a Chugaev elimination. 

Unfortunately, despite trying a variety of conditions to produce the desired xanthate derivative, 

only unreacted starting material or decomposition was observed. Given that decomposition was 

observed at slightly elevated temperatures, the acetate pyrolysis was deemed to be unviable, as 

Scheme 6-11: Potential Regiochemical Outcomes of an Ei elimination. 
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temperatures in excess of 300 °C are commonly needed to eliminate tertiary alcohols. In light of 

this concern, we turned our attention towards other dehydrating agents (Figure 6-4).  

 When comparing the practicality of Burgess reagent (6-42) and Martin Sulfurane (6-43), it 

becomes immediately apparent that at almost $90/gram, Martin Sulfurane is cost prohibitive on 

scale. Furthermore, it is also extremely sensitive to moisture, and requires handling and prolonged 

storage in a glove box. Further literature reading on the mechanism of the Martin Sulfurane reagent 

revealed that it often proceeds through a tight-ion-pair for the elimination of secondary alcohols, 

and proceeds exclusively through a carbocation for the elimination of tertiary alcohols. As the 

spirocyclopropane formation occurs through carbocation intermediates, we ruled out Martin 

Sulfurane as a promising option for the elimination. This indicated that the Burgess reagent was 

the best hope for the elimination. While the Burgess reagent has also been theorized to proceed 

through tight-ion pairing with tertiary alcohols, the availability of it in the department merited one 

elimination attempt. Unfortunately, upon treatment of alcohol 6-29 with Burgess reagent, only the 

rearranged spirocyclopropane was observed, and none of the desired elimination. With the failure 

of the second route to afford the desired western fragment, a final retrosynthesis was devised that 

utilized a completely different synthetic approach than the first two routes.  

 

Figure 6-4: Common dehydrating agents. 
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6.4.2 Wolff Rearrangement  

 For our final retrosynthesis, we envisioned forming the requisite spirocycle through a 

nucleophilic aromatic substitution of tertiary alcohol 6-44 onto a pendant aryl fluoride (Scheme 6-

12). The aryl fluoride would be installed through a organolithium or Grignard addition into 

morpholine amide 6-45. The cyclobutane would arise from a photochemical Wolff ring-

contraction of an α-diazo ketone, which could be formed from enone 6-46. Enone 6-46 can be 

prepared by the addition of propargyl alcohol into 2-methylcyclohexanone, followed by an acid-

promoted Nazarov cyclization.146   

 Treatment of propargyl alcohol (6-47) with two equivalents of nBuLi forms the lithiate 

dianion, which when added to ketone 6-17 affords the 1,2-addition product in 72% yield as an 

inconsequential mixture of diastereomers (Scheme 6-13). Treatment of the resulting 

diastereomeric mixture of diols with 1:1 MeOH:H2SO4 at 0 °C facilitates an alkyne hydration and 

cationic Nazarov cyclization, forming racemic enone 6-49 as the major product in 28% yield. The 

low yields for this transformation and the remainder of the sequence are attributed to the volatility 

of each intermediate, which made their purification and isolation quite challenging. Subjecting 

Scheme 6-12: Wolff-Rearrangement approach towards western fragment. 
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enone 6-49 to a modified Regitz or Danheiser147 procedure for diazo transfer afforded α-

diazoketone 6-51 as a crystalline yellow solid in 50% yield over 2 steps.  

 The key reaction in this sequence was the photochemical Wolff ring contraction of diazo 

6-51, which would afford the bicyclo[4.2.0]octane ring system with the cyclohexene already 

installed in the correct position (Scheme 6-14). Literature reports for similar ring contractions 

regularly report the use of high pressure mercury lamps;148 however, as such an apparatus was not 

immediately available, a simple UVB reptile lamp was used instead. Diazo 6-51 was transferred 

to a quartz test tube, where it was dissolved in methanol and treated with Et3N, or a 

THF/morpholine mixture. Upon exposure to UV light, 6-51 spontaneously underwent a Wolff 

rearrangement through intermediate ketene 6-52, which could be trapped by either methanol or 

morpholine to afford ester 6-52 or amide 6-45, both in roughly 30% yields. Ester 6-53 was found 

to be quite volatile, which led to significant product loss upon workup and isolation. Fortunately, 

morpholine amide 6-45 resulted in a slightly less volatile intermediate. 

Scheme 6-13: Synthesis of α-diazoketone precursor. 

 

 

 

 

Scheme 6-14: Successful trapping of Wolff ketene intermediate. 
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 The last three steps in the sequence involved an aryl lithium addition into morpholine 

amide 6-45, followed by α-oxidation and base-promoted SNAr, which would afford the fully 

elaborated western fragment of phainanoid F. Unfortunately, due to commitments with other 

projects and lack of material at the forefront, my efforts towards the western fragment were halted 

after synthesizing amide 6-45. Since then, the aryl lithium addition was successfully accomplished 

by Alex Burtea, who has since taken over the project and made significant headway. He has also 

developed an enantioselective route utilizing a derivative of the Wieland-Miescher ketone, and as 

of today has successfully synthesized advanced enone 6-57, which will be carried forward to finish 

the western fragment (Scheme 6-15).  

 

6.5 Alternatives to the Total Synthesis of Phainanoid F 

 When browsing through the literature associated with the cyclodammarane, 13,30-

cyclodammarane, and dichapetalin family of triterpenoids, one notices fairly quickly that the 

majority of the isolated compounds exhibited a wide array of bioactivity. Those that are most 

potent often include various moieties appended to the triterpenoid core, such as the 2-phenylpyrano 

group in the dichapetalins, or a series of oxidized lactones or spirocycles appended to the D-ring 

of the triterpenoid core.  

Scheme 6-15: Asymmetric synthesis of western fragment. 
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 Looking more closely at the oxidation states of phainanoids A-F, the key structural 

differences are the presence or lack of an alcohol on the B ring, and presence or lack of a 

functionalized tertiary alcohol on the 5,5-dioxaspirolactone. This begs the question: how important 

is the presence of a unique 13,30-cyclodammarane core compared to the presence of the 

spirocyclic moieties? If the functional groups attached to the triterpenoid core are responsible for 

its immunosuppressant activity, then the possibility of a semi-synthesis utilizing a commercially 

available steroid core becomes extremely attractive.  

 In Baran’s 2008 synthesis of cortistatin, he began with prednisone (6-59) and performed a 

three-step sequence to install a protected carbonyl on the C ring (6-60, Scheme 6-16). This is 

particularly attractive for several reasons, mainly the availability of using a very inexpensive chiral 

pool reagent as a starting point, and the precedence to selectively manipulate all three carbonyls 

on the steroid. Given that the selective allylic oxidation of the B-ring of steroid derivatives is well 

Scheme 6-17: Utilizing Prednisone as a scaffold for phainanoid derivatives. 

 

 

 

Scheme 6-16: Baran’s initial synthetic manipulation of Prednisone. 
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known, it is quite conceivable that with the chemistry described in this chapter, prednisone could 

be functionalized to a molecule that looks strikingly similar to phainanoid F, without the need to 

synthesize the entire triterpenoid core (Scheme 6-17). Whether or not this approach would be 

fruitful in terms of its synthetic feasibility and the potential immunosuppressant activities of the 

resulting derivatives, it is an attractive alternative for rapidly accessing phainanoid-like derivates 

to explore their biological potential.  

 

6.6 Experimental Section 

6.6.1 General Information 

All glassware was flame- or oven-dried and cooled under argon unless otherwise stated. All 

reactions and solutions were conducted under argon unless otherwise stated. All commercially 

available reagents were used as received, unless otherwise stated. Toluene (PhMe), 

tetrahydrofuran (THF), dimethylformamide (DMF), diethyl ether (Et2O), acetonitrile (MeCN), 

benzene (C6H6), and dichloromethane (CH2Cl2) were passed through two 4 × 36 inch columns of 

anhydrous neutral alumina A-2 (8 × 14 mesh, LaRoche Chemicals; activated under a flow of Ar 

350 °C for 12 hours to remove H2O according to the procedure described by Grubbs.28 

Diisopropylamine (DIPA), 1,3-Dimethyl-3,4,5,6-tetrahydro-2-pyrimidinone (DMPU) were 

distilled from CaH2 prior to use. All reactions involving LiDBB were conducted with glass stir 

bars. Thin layer chromatography (TLC) was performed with Millipore 60 F254 glass-backed silica 

gel plates and visualized using potassium permanganate, ceric ammonium molybdate 

(CAM/Hanessians stain) or vanillin stains. Flash column chromatography was performed 

according to the method by Still, Kahn, and Mitra29 using Millipore Geduran Silica 60 (40-63 µm), 

or by MPLC using a CombiFlash Isco automated purification system. 
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6.6.2 Instrumentation 

All data collected at ambient temperature unless noted. 1H NMR spectra were taken at 500 or 

600 MHz, calibrated using residual NMR solvent or TMS and interpreted on the δ scale. Peak 

abbreviations are listed: s = singlet, d = doublet, t = triplet, q = quartet, pent = pentet, dd = doublet 

of doublets, ddd = doublet of doublet of doublets dt = doublet of triplets, ddt = doublet of doublet 

of triplets, dq = doublet of quartets, m = multiplet, app = apparent, br = broad. 13C NMR spectra 

were taken at 125 MHz, calibrated using the NMR solvent, and interpreted on the δ scale. Some 

samples were analyzed above and below room temperature to minimize line broadening due to 

rotamers. Infrared spectra were recorded on NaCl plates. High resolution mass spectrometry was 

performed using ESI-TOF. 

 

6.6.3 Procedures and Characterizations 

 

Ester 6-16 

 

Experimental: A 250 mL round-bottom fitted with an internal temperature probe was charged 

with enoxysilane 6-18 (4.98 g, 22.0 mmol) followed by DCM (100 mL) at room temperature, and 

the mixture cooled down to -78 °C. As the mixture was cooling down, methyl acrylate (1.80 mL, 

20.0 mmol) was added. Once the mixture reached -78 °C, triflimide (56 mg, 0.2 mmol) as a freshly 

prepared solution in toluene (2.5 mL, 80 mM) was added dropwise over 30 minutes, keeping the 

internal temperature between -76 °C to -78 °C. Once the addition was complete, the reaction was 

allowed to stir for 30 minutes, after which sat. aq. NaHCO3 (100 mL) was added. The slurry was 
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warmed to room temperature, where it was transferred to a separatory funnel, and the aqueous 

layer extracted with Et2O (2 x 100 mL). The organic layers were combined, dried over MgSO4, 

filtered, and concentrated. The crude oil was purified by chromatography (50:1 hexane:EtOAc) to 

provide the desired ester 6-16 (5.1 g, 82%) as a colorless oil. The spectral data of product were 

identical to those reported.149 

 

Alcohol 6-16a 

 

Experimental: To a solution of ester 6-16 (2.0g, 6.4 mmol) in toluene (25 mL) at 0 °C was added 

Red-Al (>60 wt % in PhMe, 5.3 mL, 16 mmol), and stirred for 2 hours. Upon completion, sat. aq. 

Rochelle’s salt (10 mL) was added dropwise and allowed to stir for 30 minutes, at which point the 

mixture was diluted with H2O (20 mL) transferred to a separatory funnel, and extracted with 

EtOAc (3 x 50 mL). The organic layers were combined, dried with Na2SO4, filtered, and 

concentrated, affording alcohol 6-16a (1.8g, 99%) that required no further purification. The 

spectral data matched those reported in the literature.142  

Physical State: Clear, colorless oil. 

1H NMR (500 MHz, CDCl3) δ 3.84 (dd, J = 10.7, 5.7 Hz, 1H), 3.62 (dd, J = 10.6, 8.4 Hz, 1H), 

2.52 (ddd, J = 18.3, 8.6, 5.8 Hz, 1H), 1.71 – 1.60 (m, 2H), 1.60 – 1.45 (m, 4H), 1.39 – 1.29 (m, 

3H), 1.29 – 1.24 (m, 2H), 1.09 (s, 3H), 0.89 (s, 9H), 0.11 (s, J = 4.9 Hz, 3H), 0.08 (s, 3H). 

13C NMR (125 MHz, CDCl3) δ 63.5, 46.5, 33.7, 31.1, 29.3, 26.0 (3C), 24.7, 21.6, 20.0, 18.5, 

15.4, -2.5, -2.7. 
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Enoxysilane 6-18 

 

Experimental: To a flame-dried 200 mL 2-necked round bottom flask was added 2-

methylcyclohexanone (5.0g, 44.6 mmol), Et3N (7.46 mL, 53.52 mmol), TBSCl (8.06 g, 53.52 

mmol) at room temperature. To this, a solution of NaI (8.02g, 53.52 mmol) in CH3CN (45 mL) 

was added dropwise at room temperature over 30 minutes. The resulting solution was stirred for 

18 hours. The reaction was quenched by the addition of sat. aq. NaHCO3 (50 mL), and the aqueous 

layer extracted with hexanes (3 x 50 mL). The organic layers were combined, dried over Na2SO4, 

filtered, and concentrated to afford a pale-yellow oil, which was purified by chromatography 

(100% hexanes) to afford the desired enoxysilane 6-18 as a colorless oil (8.6 g, 85%). The spectral 

data matched those reported in the literature.150 

 

Weinreb Amide 6-22 

 

Experimental: A solution of ester 6-16 (1.0 g, 3.2 mmol) and Me(MeO)N·HCl (1.25 g, 12.8 

mmol) were dissolved in THF (20 mL) and cooled to -78 °C. Once cool, iPr-MgCl (2.0M in THF, 

9.6 mL, 19.2 mmol) was added dropwise. The resulting mixture was slowly warmed to room 

temperature and stirred for 24 hours. Once complete, the reaction was quenched by the slow 

addition of H2O (20 mL). The mixture was transferred to a separatory funnel, and the aqueous 

layer extracted with EtOAc (2 x 50 mL). The organic layers were combined, dried over MgSO4, 
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filtered, and concentrated to afford a crude oil. Purification by chromatography (9:1 hexanes: 

EtOAc) afforded Weinreb amide 6-22 (822 mg, 75%) and recovered ester 6-16 (280 mg, 25%).  

1H NMR (600 MHz, CDCl3) δ 3.64 (s, 3H), 3.17 (s, 3H), 1.89 (app s, 1H), 1.76 (app d, J = 14.9 

Hz, 2H), 1.57 – 1.45 (m, 2H), 1.45 – 1.31 (m, 3H), 1.31 – 1.15 (m, 4H), 1.11 (s, 3H), 0.88 (s, 

9H), 0.10 (s, 3H), 0.05 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 171.2, 78.0, 61.0, 60.4, 33.3, 31.9, 26.2, 26.0 (3 CH3’s), 25.1, 

21.8, 21.1, 20.5, 18.5, 14.2. (Si-CH3’s not observed). 

 

Phenol 6-23 

 

Experimental: To a solution of nBuLi (2.06 M, 1.17 mL, 2.4 mmol) in Et2O (4 mL) at 0 °C was 

added ortho-bromophenol (135.6 μL, 1.2 mmol) dropwise, then slowly warmed to room 

temperature stirred for two hours before cooling down to -78 °C. Once cool, a solution of Weinreb 

amide 6-22 in Et2O (1 mL) was added dropwise over ten minutes. The resulting mixture was 

transferred to a 0 °C ice bath, and stirred for 2 hours. The reaction was quenched by the addition 

of sat. aq. NH4Cl (5 mL), and the aqueous layer extracted with EtOAc (3 x 10 mL). The organic 

layers were combined, dried with Na2SO4, filtered, and concentrated to afford a crude oil. 

Purification by chromatography (9:1 hexanes:EtOAc) afforded phenol 6-23 (280 mg, 75%) as 

colorless crystals, as well as recovered Weinreb amide (20 mg, 6%).  

Physical State: Colorless crystals. 
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1H NMR (600 MHz, CDCl3) δ 12.46 (s, 1H), 8.17 (dd, J = 8.0, 1.5 Hz, 1H), 7.44 (t, J = 8.5 Hz, 

1H), 6.94 (t, J = 6.9 Hz, 1H), 6.85 (t, J = 7.6 Hz, 1H), 3.97 – 3.88 (m, 1H), 2.17 (t, J = 10.6 Hz, 

1H), 1.66 – 1.60 (m, 1H), 1.49 – 1.44 (m, 1H), 1.42 – 1.34 (m, 1H), 1.31 – 1.24 (m, 1H), 1.23 (s, 

3H), 1.01 (s, 9H), 0.21 (s, 3H), 0.00 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 207.4, 162.4, 136.1, 132.2, 120.2, 118.6, 118.0, 78.0, 54.3, 41.0, 

33.0, 32.3, 26.3, 25.8, 23.9, 21.8, 20.8, 18.9, -1.7, -2.1. 

 

Aryl Triflate 6-24 

 

Experimental: Phenol 6-23 (100 mg, 0.267 mmol) was dissolved in DCM (1.4 mL) and cooled 

to -78 °C. Once cool, pyridine (108 μL, 1.34 mmol) was added, followed by a solution of Tf2O 

(54 μL, 0.32 mmol) in DCM (0.88 mL) over 30 minutes. After the addition was complete, the 

reaction was warmed to ambient temperature and stirred for two hours, at which point sat. aq. 

NH4Cl (2 mL) was added. The organic layer was extracted with DCM (2 x 5 mL), the organic 

layers combined, dried over Na2SO4, filtered, and concentrated to afford corresponding aryl triflate 

6-24 (104 mg, 79%) as a colorless oil.  

Physical State: Colorless oil. 

1H NMR (500 MHz, CDCl3) δ 8.08 (d, J = 7.7 Hz, 1H), 7.57 (td, J = 8.2, 1.7 Hz, 1H), 7.45 (t, J 

= 7.1 Hz, 1H), 7.29 (d, J = 8.2 Hz, 1H), 3.85 (dd, J = 10.0, 8.5 Hz, 1H), 2.07 (t, J = 10.6 Hz, 1H), 

1.74 – 1.67 (m, 1H), 1.65 – 1.57 (m, 2H), 1.51 – 1.43 (m, 1H), 1.43 – 1.36 (m, 2H), 1.29 – 1.20 

(m, 2H), 1.18 (s, 3H), 0.92 (s, 9H), 0.16 (s, 3H), -0.07 (s, 3H). 
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13C NMR (126 MHz, CDCl3) δ 199.9, 146.9, 133.5, 132.2, 131.8, 128.5, 122.8, 120.0, 117.5, 

79.9, 55.9, 41.1, 33.1, 32.1, 26.2, 25.5, 25.0, 21.8, 20.7, 18.8, -2.1, -2.6. 

 

Diol 6-28 

 

Experimental: To a solution of silyl ether 6-16a (1.8g, 6.33 mmol) in THF (10 mL) at 0 °C was 

added TBAF (1M in THF, 19 mL, 19 mmol) dropwise. Once the addition was complete, the 

mixture was warmed to room temperature and stirred for 48 hours, followed by heating to reflux 

for an additional 48 hours. Upon completion, the reaction was cooled to room temperature, diluted 

with EtOAc (50 mL), and washed successively with H2O (30 mL) and brine (30 mL). The organic 

layers were back-extracted with EtOAc (50 mL), the organic layers combined, dried with MgSO4, 

filtered, and concentrated, affording a pale-yellow oil. Purification by chromatography (gradient 

1:1 hexanes:EtOAc to 100% EtOAc) afforded diol 6-28 as a white solid (905 mg, 84%).   

Physical State: White solid. 

1H NMR (500 MHz, CDCl3) δ 3.74 (dd, J = 10.9, 8.7 Hz, 1H), 3.60 (dd, J = 11.0, 6.0 Hz, 1H), 

2.51 – 2.41 (m, 1H), 2.10 (br s, 1H), 1.95 (br s, 1H), 1.79 – 1.67 (m, 2H), 1.61 – 1.53 (m, 2H), 

1.41 – 1.34 (m, 2H), 1.34 – 1.26 (m, 2H), 1.25 – 1.18 (m, 2H), 1.15 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 74.5, 62.8, 47.1, 40.4, 33.5, 30.4, 27.4, 23.6, 22.1, 20.2. 

 

Silyl alcohol 6-29 
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Experimental: To a solution of diol 6-28 (905 mg, 5.32 mmol) dissolved in DCM (25 mL) at 0 °C 

was added Et3N (1.12 mL, 7.98 mmol), TBDPSCl (1.75 g, 6.38 mmol), then DMAP (194 mg, 1.6 

mmol). The mixture was allowed to warm to room temperature, and stir until the starting material 

was consumed by TLC. Upon completion, sat. aq. NH4Cl (15 mL) was added, and the aqueous 

layer extracted with EtOAc (2 x 20 mL). The organic layers were combined, dried with Na2SO4, 

filtered, and concentrated to afford a pale yellow oil. Purification by chromatography (gradient 1:1 

EtOAc to 100% EtOAc) afforded primary silyl ether 6-29 as a colorless oil (2.3g, quantitative).  

Physical State: Clear, colorless oil. 

1H NMR (500 MHz, CDCl3) δ 7.74 – 7.64 (m, 4H), 7.46 – 7.35 (m, 6H), 3.76 (dd, J = 10.5, 7.9 

Hz, 1H), 3.65 (dd, J = 10.5, 6.2 Hz, 1H), 2.47 (dt, J = 16.5, 8.4 Hz, 1H), 1.80 – 1.72 (m, 1H), 

1.66 (d, J = 14.5 Hz, 1H), 1.63 – 1.54 (m, 2H), 1.54 – 1.48 (m, 1H), 1.38 – 1.19 (m, 7H), 1.14 (s, 

3H), 1.05 (s, 9H). 

13C NMR (126 MHz, CDCl3) δ 135.7, 135.7, 135.0, 134.0, 129.8, 129.7, 127.8, 127.8, 74.5, 

63.8, 46.9, 40.3, 33.6, 31.1, 27.6, 27.0, 26.7, 23.8, 22.2, 20.4, 19.3. 

 

Spirocyclopropane 6-30 

 

Experimental: To a solution of alcohol 6-29 (200 mg, 0.49 mmol) in DCM (5 mL) at 0 °C was 

added pyridine (119 μL, 1.47 mmol), followed by SOCl2 (71.5 μL, 0.98 mmol). The mixture was 

stirred for 10 minutes, then quenched by the addition of sat. aq. NaHCO3 (5 mL). The aqueous 

layer was extracted with EtOAc (2 x 15 mL), the organic layers combined, dried with Na2SO4, 



 

285 

 

filtered, and concentrated to afford a yellow oil. Purification by chromatography (9:1 

hexanes:EtOAc) afforded cyclopropane 6-30 as a colorless oil (63 mg, 33%).  

Physical State: Clear, colorless oil. 

1H NMR (500 MHz, CDCl3) δ 7.76 – 7.68 (m, 4H), 7.49 – 7.36 (m, 6H), 5.51 (dd, J = 4.9, 3.6 

Hz, 1H), 3.83 (dd, J = 11.1, 6.3 Hz, 1H), 3.72 (dd, J = 11.2, 7.9 Hz, 1H), 2.08 (dd, J = 5.0, 3.0 

Hz, 1H), 1.94 (s, 1H), 1.82 – 1.75 (m, 1H), 1.70 – 1.64 (m, 2H), 1.59 – 1.54 (m, 1H), 1.48 – 1.45 

(m, 1H), 1.44 – 1.41 (m, 1H), 1.41 – 1.37 (m, 4H), 1.08 (s, 9H), 0.92 (dd, J = 9.0, 4.8 Hz, 1H), 

0.16 (dd, J = 5.8, 5.0 Hz, 1H). 

13C NMR (126 MHz, CDCl3) δ 136.3, 135.8, 135.8, 134.2, 129.7, 129.6, 127.7, 122.9, 64.3, 

38.8, 29.5, 27.0, 27.0 (3C), 26.1, 25.2, 23.7, 22.7, 19.4, 18.5, 16.1, 14.4. 

 

Morpholine Amide 6-45 

 

Experimental: The α-diazoketone 6-51 (150 mg, 0.85 mmol) was dissolved in THF (4 mL) in a 

quartz test tube, and morpholine (0.37 mL, 4.26 mmol) added. The test tube was sealed with a 

rubber septum, and irradiated with a Zilla® 20 Watt Desert 50 fluorescent lightbulb placed 4.5” 

away from the quartz tube. After stirring for 16 hours, the reaction was transferred to a round-

bottom flask, and concentrated under reduced pressure to afford amide 6-45 (61 mg, 31% yield) 

as a 1.5:1 mixture of diastereomers. 

Physical State: Pale yellow oil.  
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1H NMR: The volatility of the product, mixture of diastereomers, and challenge separating the 

product from the excess morpholine made spectroscopic tabulations very challenging. Crude 1H 

and 13C spectra have been included as evidence of product formation. 

 

 

Diol 6-48 

 

Experimental: Propargyl alcohol (8.42 mL, 144.7 mmol) was added to a one-liter round bottom 

containing THF (383 mL), and the subsequent mixture cooled to -78 °C. Once cool, nBuLi (2.0 

M, 154 mL, 308.7 mmol) was added via cannula, and the resulting slurry stirred vigorously for 3 

hours. After 3 hours, a solution of ketone 6-17 (10.0 g, 96.5 mmol) in THF (100 mL) was added 

to the solution via cannula. The resulting solution was stirred at -78 °C for 1 hr, then warmed to 

room temperature and stirred for 30 minutes. Upon completion, the reaction was quenched by the 

addition of sat. aq. NH4Cl (100 mL), and the aqueous layer extracted successively with EtOAc (3 

x 250 mL). The organic layers were combined, dried over Na2SO4, filtered, and concentrated to 

afford a crude oil. Purification by chromatography afforded diol 6-48 (11.64 g, 72%) as an 

inconsequential mixture of diastereomers. The spectral data matched those reported in the 

literature.  

 

Enone 6-49 
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Experimental: Diol 6-48 (350 mg, 2.08 mmol) was dissolved in wet MeOH (3 mL) and cooled to 

0 °C. Once cool, concentrated H2SO4 (3 mL) was added dropwise over 15 minutes. The resulting 

brown/black solution was allowed to stir at 0 °C for 3 hours, then was diluted with Et2O (20 mL), 

and quenched 0 °C by the addition of sat. aq. NaHCO3 dropwise until no gas evolution was 

observed. The aqueous layer was extracted with Et2O (3 x 50 mL), the organic layers combined 

and dried over MgSO4, filtered, and concentrated to afford a yellow oil. Purification by 

chromatography (7:1 hexanes:EtOAc) afforded enone 6-49 (87 mg, 28%) as a pale-yellow oil. The 

spectral data matched those reported in the literature.  

 

Diazoketone 6-51 

 

Experimental: To a solution of NaHMDS (1.6 mL, 1M in THF) cooled to -78 °C was added enone 

6-49 (260 mg, 1.73 mmol) in THF (1 mL). The mixture was allowed to stir for 30 minutes, 

followed by the addition of trifluoroethyl trifluoroacetate (536 μL, 4 mmol) rapidly in one portion. 

The reaction was transferred to an ice bath, and stirred until starting material had been consumed 

by TLC (1:1 hexane:EtOAc). Upon completion, the reaction was quenched by the addition of 1N 

HCl (2 mL). The aqueous layer was extracted with Et2O (3 x 15 mL), the organic layers combined, 

dried over Na2SO4, filtered, and concentrated, affording a crude oil which was used without further 

purification. 
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 The crude formylation product was dissolved in DCM (3 mL), cooled to 0 °C, at which 

point Et3N (0.485 mL, 3.46 mmol) and p-ABSA (457 mg, 1.90 mmol) were added. The resulting 

solution was warmed to room temperature, and allowed to stir overnight, or until starting material 

had been consumed by TLC. Upon completion, the reaction mixture concentrated, and purified 

directly by column chromatography (1:1 hexane:EtOAc), affording α-diazoketone 6-51 (152 mg, 

50% over two steps). 

Physical State: Thin, needle-like yellow crystals. 

1H NMR (500 MHz, CDCl3) δ 6.46 (t, J = 3.7 Hz, 1H), 2.82 – 2.75 (m, 2H), 2.32 (ddd, J = 5.8, 

3.9, 1.6 Hz, 0.4H), 2.28 (ddd, J = 5.8, 3.9, 1.8 Hz, 0.6H), 2.21 – 2.11 (m, 1H), 1.87 (dt, J = 12.5, 

3.4 Hz, 1H), 1.81 – 1.68 (m, 2H), 1.41 (td, J = 12.7, 4.7 Hz, 1H), 1.20 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 190.0, 144.9, 128.8, 38.7, 37.4, 34.9, 27.0, 24.7, 18.5 

 

Cyclobutane 6-53 

 

Experimental: The α-diazoketone 6-51 (47 mg, 0.27 mmol) was dissolved in MeOH (3 mL), and 

Et3N (37 μL, 0.27 mmol) in a quartz test tube. The test tube was sealed with a rubber septum, and 

irradiated with a Zilla® 20 Watt Desert 50 fluorescent lightbulb placed 4.5” away from the quartz 

tube. After stirring for 16 hours, the reaction was transferred to a round-bottom flask, and 

concentrated under reduced pressure to afford the desired cyclobutane 6-53 as a volatile crude oil 

as an inseparable 4:1 mixture of diastereomers.  
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1H NMR (500 MHz, CDCl3) δ 5.44 (dd, J = 5.9, 3.0 Hz, 1H), 4.00 (tdd, J = 8.7, 6.2, 2.8 Hz, 

1H), 3.71 (s, 3H), 2.08 – 2.02 (m, 3H), 2.02 – 1.94 (m, 1H), 1.72 – 1.65 (m, 1H), 1.61 – 1.56 (m, 

2H), 1.34 – 1.29 (m, 1H), 1.28 (s, 1H), 1.25 (s, 3H). 

13C NMR (125 MHz, CDCl3) δ 173.05, 142.00, 114.92, 51.65, 46.62, 37.89, 34.75, 24.56, 23.44, 

18.98. 
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