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ABSTRACT 

 

Hudson Gordon Roth: Investigations Toward the Application of Organic Photoredox Catalysis to 

the Synthesis of Natural Products 

 (Under the direction of David A. Nicewicz) 

 

 While chemistry proceeding through radical intermediates has been known and studied 

for centuries, photoredox catalysis as a means of generating these species has only entered the 

forefront of synthetic organic chemistry within the past few decades. This approach has gained 

traction due to the use of visible light and generally mild conditions, making it compatible with a 

range of functional groups and late-stage functionalization. 

 Chapters 1 and 2 of this work focus on photoredox catalysis in general. The first chapter 

covers the basic principles of photoredox catalysis, giving special attention to acridinium ion 

dyes as photoredox catalysts; in addition, select applications of acridinium ion photoredox 

catalysis to the synthesis of natural products are discussed. The second chapter details the 

importance of electrochemical potentials in planning and conducting photoredox 

transformations. Our work on compiling a database of experimental and computational 

potentials, and a collaboration with Merck on the advantages of organic photoredox catalysis are 

presented. 

 Chapters 3 and 4 focus on our endeavors to apply acridinium ion photoredox catalysis to 

the synthesis of the natural products rubriflordilactone B and stemocurtisine. This work has 

culminated in a diastereoselective route to the left side of rubriflordilactone B and preliminary 

results for an approach to stemocurtisine. 
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CHAPTER 1: INTRODUCTION TO ACRIDINIUM ION PHOTOREDOX CATALYSIS 

 

1.1 Introduction 

Living organisms have relied on biochemical pathways involving electron transfers and 

radical intermediates for millennia. Two important examples of this are the electron transport 

chain and photosynthesis, both of which have enabled life as we know it to exist. Radical 

reactions are a powerful tool in synthesis, allowing one to access compounds that are difficult or 

impossible to form via polar mechanisms; however, these processes remain less studied than 

their polar counterparts. Open-shell intermediates can be generated a number of ways including 

heat, UV light, electrical currents, and strong oxidants/reductants. While such methods have 

allowed for a plethora of reactions to be developed, the safety, simplicity, and substrate 

compatibility of such systems can be problematic.1 

Within the past forty years, there has been a growing interest in using visible light, as 

opposed to UV light, to generate radicals. Though all organic molecules absorb UV light, only 

those with extended conjugation absorb visible light. Therefore, by utilizing a photocatalyst that 

absorbs in the visible region, one can selectively generate open-shell intermediates via an 

electron transfer between an organic substrate and the photoexcited catalyst. The majority of 

studies to date employ ruthenium(II)- or iridium(III)-based complexes as the catalyst, and often 

involve reduction of the metal center after photoexcitation; the resulting ruthenium(I) and 

iridium(II) species are potent reductants, and have been used to facilitate numerous 

transformations which are discussed in several reviews.2–6 
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Despite the utility of these complexes, ruthenium and iridium remain expensive, and this 

often limits their use, especially on industrial scale. As a result, there is a growing interest in 

developing organic photoredox catalysts that are able to facilitate the same, or better, chemistry. 

These species would be much cheaper to make and therefore more readily available to the 

synthetic community at large.7 

This chapter will provide an overview of photoredox catalysis by looking at 

photophysical properties, thermodynamics of electron transfer, and the use of acridinium ion 

dyes as photoredox catalysts. Finally, the use of acridinium ion-based photoredox reactions in 

natural product synthesis will be discussed. 

1.2 Fundamentals of Organic Photoredox Catalysis 

1.2.1 Photophysical Properties 

 Electron transfer (ET) involves movement of an electron from an electron donor to an 

electron acceptor. When this process is initiated by photoexcitation, it is termed photoinduced 

electron transfer (PET). Furthermore, when the photoexcited species is used catalytically, and the 

PET facilitates a productive reaction between organic molecules, the cumulative process is 

classified as photoredox catalysis. 

 In order for a photoredox reaction to be successful, an appropriate wavelength of light 

must be employed. Ideally, this would primarily be absorbed by the catalyst and not the other 

molecules present in the system in order to minimize undesired side reactions. When a 

photoredox catalyst absorbs a photon of light, an electron present in its HOMO is promoted to 

the LUMO, giving rise to two SOMOs of different energy (Scheme 1.1A). This state is referred 

to as the lowest-energy singlet excited statei (S1). From here, PET can occur in one of two ways. 

 
i While excitation to a molecular orbital higher in energy than the LUMO is possible, this situation will not be 

discussed here. 
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The first option is oxidation of the excited catalyst, in which the unpaired electron in the higher-

energy SOMO can be transferred to the LUMO of an electron-acceptor (Scheme 1.1B). 

Alternatively, reduction can take place, which involves transfer of an electron from a donor 

molecule into the vacancy present in the lower-energy SOMO of the catalyst (Scheme 1.1C). 

Scheme 1.1 Molecular Orbital Depiction of PET 

 

 While a PET ultimately results in productive chemistry, several other non-productive 

pathways may also occur after photoexcitation (Scheme 1.2). After excitation to the S1 state (a), 

vibrational relaxation (b) causes the lowest-energy vibrational state to be the most populated. 

From here, four processes may occur: PET, non-radiative decay (c), fluorescence (d) and 

intersystem crossing (e). Both fluorescence and non-radiative decay result in a ground state 

electronic configuration without an ET, but they differ in how the excited-state energy is 

dissipated. In fluorescence, the excited species releases the energy in the form a photon, often of 

a different wavelength than the one initially absorbed; in the case of non-radiative decay, the 

energy can be lost in several ways such as by collisions with solvent molecules. In the case of 

intersystem crossing, one of the unpaired electrons undergoes a spin-flip, this results in 

occupation of the lowest-energy triplet state (T1). From here, a process known as 
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phosphorescence (f) can occur, which involves the molecule returning to the ground state with 

release of a photon and a spin-flip. 

Scheme 1.2 Jablonski Diagram Showing Photophysical Processes of Organic Molecules 

 

 The length of time in which a molecule remains in the excited state is referred to as the 

excited-state lifetime (τ). In the case of species who primarily occupy the S1 state, τ is typically 

on the scale of 2-20 ns, while those that undergo intersystem crossing have much longer τ-values 

due to the electron-flip required for phosphorescence, giving lifetimes on the scale of μs to ms.7 

While there is a difference in terms of energy and lifetime between the S1 and T1 states, the 

general rule of thumb is that catalysts with longer τ-values will be more efficient photoredox 

catalysts as they stand a better chance of encountering an electron donor/acceptor before 

returning to the ground state via a non-productive pathway. 

1.2.2 Thermodynamics of Photoinduced Electron Transfer 

 The remainder of this chapter will focus on the use of acridinium ion dyes as photoredox 

catalysts, which behave as strong oxidants in the excited state. The thermodynamics of an ET 

event depends on the electrochemical redox potentials of the compounds involved. The free 

energy change for such a process can be calculated with a variation of the Nernst equation 

(Equation 1.1), where n is number of electrons transferredii, F is Faraday’s constant (23.061 kcal 

 
ii While more than one electron may be transferred during a single process, it will be assumed that n = 1 throughout 

this discussion 
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V-1 mol-1), Ered is the reduction potential of an electron-acceptor, and Eox is the oxidation 

potentialiii of an electron donor.7 

Equation 1.1 

ΔGET = -nFΔE = -nF[Ered(A/A
-∙
) - Eox(D+⋅/D)] 

 In the case of acridinium ion photoredox catalysis, the electron-acceptor is the acridinium 

ion and the electron-donor is the substrate. Since ET occurs with an excited-state catalyst, a 

revised equation (Equation 1.2) is utilized, which replaces Ered with *Ered, the excited-state 

reduction potential of the catalyst.8 

Equation 1.2 

ΔGPET = -nFΔE = -nF[*Ered(*A/A
-∙
) - Eox(D+⋅/D)] 

 The excited-state reduction potential of an acridinium ion is estimated from its ground-

state reduction potential and its excited state energy (E0,0) (Equation 3), which is itself estimated 

from the wavelength at which the normalized excitation and emission spectra of the species 

intersect. 

Equation 1.3 

*Ered = Ered - E0,0 

 Therefore, in order for a PET to be thermodynamically favorable (ΔGPET < 0), the 

excited-state reduction potential of the acridinium ion must be more positive than the ground-

state oxidation potential of the substrate. A small set of organic molecule oxidation potentials 

and excited-state reduction potentials of photoredox catalysts are compiled here (Figure 1.1).8 

 
iii While all electrochemical potentials are formally written as reductions, many organic molecules only undergo 

oxidation under normal circumstances, and hence the term oxidation potential is often used   
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Figure 1.1 Electrochemical Series of Photoredox Catalysts  

and Simple Organic Molecules (V vs SCE) – Oxidations 

 Based on this sampling of data, it is evident that the excited-state metal complexes are 

only capable of oxidizing very electron-rich species such as enamines and anilines. On the other 

hand, the acridinium ion catalyst shown can oxidize a variety of olefins and less electron-rich 

arenes in addition to the electron-rich substrates. Since the acridinium ion is such a potent 

excited-state oxidant, it is an attractive alternative for photoredox reactions where substrate 

oxidation is desired. 

 After reduction of the excited-state acridinium ion by an electron donor, the acridinium 

cation must be regenerated by a suitable reductant. Based on Equation 1.1, for this process to be 

exergonic (ΔGET < 0), the reduction potential of the catalyst must be more negative than that of 

the reductant. Another set of redox potentials, this time detailing organic molecule reduction 

potentials and ground-state reduction potentials of photoredox catalysts are compiled here 

(Figure 1.2).8 
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Figure 1.2 Electrochemical Series of Photoredox Catalysts and 

Simple Organic Molecules (V vs SCE) – Reductions 

 In this electrochemical series, it is clear that the acridinium ion is the weakest ground-

state reductant. Because of this, the acridinium ion catalyst is quite limited in terms of what 

reductants are capable of turning it over; as a result, radical species are often used to do this, but 

their reduction potentials cannot be measured directly with traditional methods, and therefore 

this data is not included here. 

1.2.3 Acridinium Cations as Photoredox Catalysts 

 While acridinium ions have been known for years, their susceptibility to nucleophilic 

attack at the 9-position (Scheme 1.3A) limited their use as catalysts.7 When Fukuzumi reported a 

9-mesityl-substituted acridinium ion that was more resistant to nucleophilic deactivation 

(Scheme 1.3B), these species quickly gained popularity as photoredox catalysts due to their high 

excited-state reduction potentials, which are typically greater than 2 V vs SCE.9 
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Scheme 1.3 Comparison of Nucleophilic Attack on Unsubstituted and 9-Mesitylacridinium Ions 

 

 Within the past decade, acridinium ions have been used to catalyzed a variety of 

transformations including anti-Markovnikov alkene functionalization, arene functionalization, 

decarboxylations, cycloadditions, and alkylations to name a few examples (Scheme 1.4).10–14 

Each of these transformations demonstrate the ability of acridinium ions to oxidize a variety of 

functional groups including alkenes, arenes, carboxylates, and amines. 

Scheme 1.4 Select Examples of Acridinium Ion Photoredox Transformations 

 

In addition to their compatibility with a broad range of functional groups, acridinium ions 

are attractive as photocatalysts due to their stability and tuneability. Introducing substituents on 

the acridinium ion core along with varying the substituents at the 9- and 10-positions can have 

profound impacts on their *Ered and τ-values (Table 1.1).15,16 
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Table 1.1 Impact of Substitution on Acridinium Ion Excited-State Reduction Potential and 

Lifetime 

 

Acridinium Ion *Ered (V vs SCE) τ (ns) 

1 2.18 6.40 

2 1.62 1.3, 8.9iv 

3 2.15 14.4 

4 2.14 20.7 

 

Unfortunately, many of the more complicated acridinium cations require multistep 

sequences that can be costly, slow, and inconsistent in terms of yield (Scheme 1.5A), which has 

limited their use by industry and the synthetic community at large. Recently, a more stream-lined 

route was reported by our lab (Scheme 1.5 B).16 

Scheme 1.5 Traditional and Novel Routes for Acridinium Ion Synthesis 

 

 This work circumvented many of the issues with the previous method by replacing the 

Friedel-Crafts cyclization and the aryl-Grignard addition steps with a one-pot lithiation, 1,2-

 
iv Some catalysts exhibit a non-linear excited-state lifetime, which may indicate the presence of a charge-transfer 

complex 
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addition sequence. Furthermore, a range of diverse acridinium ions could be accessed not only 

by varying substituents on the biaryl ether, but also the identity of the arenes in the methyl ester 

and aniline reagents. We anticipate this report will help make the use of these powerful catalysts 

more widespread, particularly in industry, where many of the ruthenium- and iridium-complexes 

would be too costly to even consider. 

1.3 Acridinium Ion Photoredox Catalysis in Total Synthesis 

 Heterocycles are important structural motifs in natural products and bioactive molecules; 

as a result, synthetic chemists are always interested in developing novel routes to make these 

motifs more efficiently. Providing a means to introduce a range of substituents at each position 

around the heterocycle is also greatly desired. 

 Acridinium cations have been utilized to access a wide range of heterocycles including 

cyclic ethers, cyclic amines, lactones, lactams, and aromatic heterocycles.11,17–21 Despite this, the 

application of these transformations to the synthesis of complex natural products is not well 

explored. This section will highlight a few select transformations and how they were utilized to 

access bioactive molecules. 

1.3.1 Polar Radical Crossover Cycloaddition 

 Our lab has published a number of anti-Markovnikov hydrofunctionalization reactions of 

olefins mediated by acridinium ion photoredox catalysis. When an allylic or propargylic 

nucleophile is utilized, heterocycles are formed via a process referred to as a polar radical 

crossover cycloaddition (PRCC). We have used this approach to synthesize highly substituted 

cyclic ethers and amines, lactones, and lactams.17,19–21 

 In a 2014 we reported PRCC conditions to access a variety of substituted  

γ-hydroxybutyrolactones. This reaction involves oxidation of the alkene (1) by the excited-state 
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acridinium ion and trapping of the resultant radical cation (2) by the unsaturated acid (3) to 

provide the more stable radical (4); the product (5) is then formed after a 5-exo-trig radical 

cyclization and a hydrogen-atom abstraction. The radical cyclization is under kinetic control as 

opposed to thermodynamic, resulting in only 5-exo-trig cyclization and no evidence for a 6-endo-

trig cyclization product. Lastly, the thiyl radical (6) formed from this abstraction is able to 

regenerate the catalyst (Scheme 1.6).20 

Scheme 1.6 Mechanism for γ-Butyrolactone Synthesis via a PRCC 

 

This work was found to be compatible with a variety of alkenes and both allylic and 

propargylic acids could be utilized. One challenge encountered by the lab during this work was 

how to synthesize α-methylene-γ-butyrolactones (7). Initial attempts with propiolic acid (8) 

proved ineffective, but switching to 3-trimethylsilylpropiolic acid (9) afforded products in good 

yields, likely by facilitating the radical cyclization step via stabilization of the resultant vinyl 

radical (Scheme 1.7A).20 Unfortunately, deprotection of these species proved problematic as only 

the Z-isomer could be effectively desilylated. Ultimately, we moved to Z-3-chloroacrylic acid 

and Z-3-bromoacrylic acid nucleophiles as the resultant β-halo-γ-butyrolactones (10) could 
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undergo base-induced elimination to give the desired α-methylene-γ-butyrolactones (Scheme 

1.7B). 

Scheme 1.7 Synthesis of α-Methylene-γ-butyrolactones 

 

Two simple natural products (±)-methylenolactocin and (±)-protolichesterinic acid were 

made using this strategy in 3 steps (Scheme 1.8). After the initial PRCC reaction, oxidation of 

the arene to a carboxylic acid followed by base-induced elimination gave the desired compounds 

in 16% and 37% overall yield, respectively 

Scheme 1.8 Synthesis of (±)-Methylenolactocin and (±)-Protolichesterinic Acid 
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1.3.2 Formal [3+2] Cycloaddition 

 Another class of heterocycles that have been synthesized with acridinium ion photoredox 

catalysis is substituted pyrroles. Work by the Xiao lab demonstrates the ability of 2H-azirines 

and electron-poor alkynes to participate in a formal [3+2] cycloaddition to form such 

compounds. The proposed mechanism involves oxidation of the azirine (11) by the excited-state 

acridinium ion to give a nitrogen-centered radical cation (12). This species is able to undergo 

ring opening togive a 2-azaallenyl radical cation (13) which can add into the electron-deficient 

alkyne (14). The resulting distonic radical cationv (15) can regenerate the catalyst to give a 

zwitterion (16) that undergoes a cyclization/aromatization process to give the product (17) 

(Scheme 1.9).22 

Scheme 1.9 Mechanism of the Formal [3+2] Cycloaddition 

 

 A variety of substituents were tolerated on the azirine ring and the alkyne partner could 

be terminal or disubstituted. In addition, decent regiomeric ratios were observed when 

unsymmetrical coupling partners were employed. To demonstrate the utility of this 

transformation, Xiao reported a formal synthesis of a HMG-CoA reductase inhibitor. The novel 

 
v A distonic radical cation is one in which the positive charge and radical character are not on adjacent atoms 
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transformation enabled them to access a highly-substituted pyrrole precursor (18) to the inhibitor 

in just two steps, as opposed to the five originally reported in 1991 (Scheme 1.10).22,23 

Scheme 1.10 Formal Synthesis of HMG-CoA Reductase Inhibitor 

 

1.3.3 α-Amino Alkyation 

 In addition to constructing heterocycles, acridinium ion photoredox catalysis has been 

utilized to functionalize these compounds. A report by our lab from 2018 details the alkylation of 

cyclic amines adjacent to the nitrogen.14 The mechanism for this process involves oxidation of 

the amine (19) by the excited-state acridinium ion; the resultant amine radical cation (20) 

undergoes deprotonation to give an α-amino radical (21) that can be trapped by a variety of 

Michael acceptors (22). Finally, the α-keto radical (23) formed in this sequence is capable of 

regenerating the catalyst (Scheme 1.11). 
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Scheme 1.11 Mechanism of α-Amino Alkylation 

 

 The reported conditions show that a variety of carbamate protecting groups and Michael 

acceptors were compatible. In addition, high diastereoselectivity favoring the syn-isomer was 

observed when enantiopure amines were employed. This allowed them to synthesize the natural 

product monomorine I in just three steps – α-aminoalkylation, Boc-deprotection, and reductive 

amination (Scheme 1.12). 

Scheme 1.12 Synthesis of Monomorine I 

 

1.3.4 Conclusions and Outlook 

 While the natural products synthesized via acridinium ion photoredox catalysis are not 

very structurally complex, these organic dyes are promising total synthesis based on the variety 

of heterocycles to which they enable access. 

One drawback of acridinium ion photoredox catalysis is the lack of enantioselective 

transformations in the literature; however, most reports demonstrate moderate to good 

diastereoselectivity, suggesting that these reactions could be used to access more complex 
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molecules if the absolute stereochemistry is set prior to the photoredox step. As a result, we 

believe acridinium ion photoredox catalysis will continue to grow as a powerful tool in the 

synthesis of natural products and bioactive molecules. 
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CHAPTER 2: EXPERIMENTAL AND CALCULATED ELECTROCHEMICAL 

POTENTIALS OF COMMON ORGANIC MOLECULES 

 

2.1 Introduction 

 As discussed in the previous chapter, the recent interest in photoredox catalysis has led to 

the development of many novel transformations.6,7 The success of this chemistry hinges on the 

thermodynamics of the associated electron transfers, which can be calculated if the 

electrochemical potentials of the catalyst and substrate are known (Equation 2.1). 

Equation 2.1 

ΔGET = -nFΔE = -nF[Ered(A/A
-∙
) - Eox(D+⋅/D)] 

While electrochemical data for photoredox catalysis is present in the literature,4,7,24 there 

is little information on the electrochemical potentials of organic molecules commonly employed 

as substrates. The reduction potential (E1/2) of a molecule can be easily measured using cyclic 

voltammetry, which involves passing a current through an unstirred solution of the analyte. 

Because the solution is not stirred, only the analyte molecule present at or near the surface of the 

working electrode participate in ET; if this process is truly reversible, the oxidized and reduced 

forms of the substrate will exist in dynamic equilibrium at the electrode surface and the observed 

current will be directly related to the ET (Equation 2.2). Alternatively, a simplified, but reliable, 

way to calculated E1/2 is to average the forward and reverse peak potentials present in the 

reversible cyclic voltammogram (CV) produced during the experiment.25 
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Equation 2.2 

E1/2 = -

RT ln (
[reduced]
[oxidized]

)

nF
 = -

ΔG1/2

nF
 

 A reversible CV has an oxidation and a reduction wave of equal magnitude, but opposite 

sign (Figure 2.1A). This ideal scenario is commonly observed for photoredox catalysts and as 

such their E1/2 values are readily obtained. One reason for the lack of electrochemical data for 

organic molecules is that these species often exhibit irreversible CVs, meaning that only an 

oxidation or a reduction wave is present (Figure 2.1B). The reason for this is due to the 

instability of the intermediate radical cations or anions, which decompose by a number of 

pathways faster than back-electron transfer with the electrode can occur (Scheme 2.1). 

 

Figure 2.1 Examples of a Reversible and Irreversible CV with the Relevant 

Electrochemical Potentials Labeled 

Scheme 2.1 Common Degradation Pathways for Organic Molecules that 

Prevent Back Electron Transfer in CV Experiments 

 

This decomposition causes the redox couple to not be in equilibrium at the electrode 

surface, and thus the current observed is not directly related to the rate of electron transfer. As a 

result, several mathematic corrections are required to determine the true E1/2 value for the 
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substrate, but this requires knowledge of the competing degradation pathways and their 

corresponding rate constants; examples of these calculations have been published by Savéant for 

thiophenoxides.26 While this would provide the most accurate understanding of an ET’s 

thermodynamics, the experimental setup and time required to collect data on transient species 

can make collecting the necessary data impractical. 

 Therefore, organic chemists often estimate the E1/2 value by measuring the half-peak 

potential (Ep/2) of the molecule, which is the voltage at half the peak maximum in the CV. This 

approach is somewhat debated in the literature, and the opponents of this tend to argue that peak 

potentials (Ep), the voltage at the peak maximum in the CV, should be used instead.27 However, 

we have found that these values tend to over-estimate E1/2 for simple organic molecules. As an 

example, for mesitylene we measured an Ep/2 of 2.07 V vs SCE and an Ep of 2.30 V vs SCE. A 

study by Farid allowed him to calculate the E1/2 of mesitylene as 2.05 V,28 indicating the Ep/2 

value we measured is much closer to the true electrochemical potential than the corresponding Ep 

value. Based on this example and other arguments in the literature, we advocate the Ep/2 values 

are sufficient for the purpose of an organic chemist to estimate ΔG for a given PET.29 

 In an effort to make Ep/2 values more available and used by organic chemists, we reported 

redox potentials for over 180 organic molecules, which were organized by functional group 

(Figure 2.2).8 Potentials that indicate an oxidation event have a positive value while those for a 

reduction are negative. 
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Figure 2.2 Electrochemical Series of Functional Groups  

Common in Organic Molecules (V vs SCE) 

Furthermore, the data was collected using a standard set of conditions to maintain internal 

consistency, and we sought to reduce the ambiguity of the potentials by reporting an 

experimental E1/2 value for a standard redox couple and the means by which we converted the 

values measured against Ag|AgCl to those reported against SCEvi.30,31 

2.2 Experimental Electrochemical Potentials 

 This section will detail the Ep/2 values collected for a variety of organic molecules and 

provide a brief description of the general trends observed. This will entail ranking molecules 

based on how easily they are oxidized – a compound with a less positive Ep/2 is more easily 

oxidized than one with a more positive Ep/2 – or reduced – a compound with a less negative Ep/2 

is more readily reduced than one with a more negative Ep/2. 

 
vi The Fc/Fc+ redox couple provided a E1/2 = +0.45 V vs Ag|AgCl. Converting this to versus SCE involving 

subtraction of 0.03 V, providing a value of +0.42 V vs SCE. 
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Aromatic hydrocarbons become increasingly harder to oxidize the closer they resembled 

benzene, naphthalene < mesitylene < o-xylene. Aliphatic alkynes are very difficult to oxidize due 

to the instability of the resultant vinyl radical cation, and as a result their Ep/2 values could not be 

measured; however, a few aromatic alkynes did measurable give oxidation potentials (Figure 

2.3). 

 

Figure 2.3 Electrochemical Series of Aromatic Hydrocarbons and Aryl Alkynes (V vs SCE) 

Olefins in less conjugated systems and with less substituents became increasingly harder 

to oxidize; terminal primary-substituted alkenes such as 1-octene exhibit Ep/2 values out of the 

measurable rangevii (Figure 2.4 and 2.5). 

 
vii For MeCN, the measurable range spans from -2.7 to +2.7 V vs Ag|AgCl 
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Figure 2.4 Electrochemical Series of Alkenes between +1.00 to +1.75 V (V vs SCE) 

 

Figure 2.5 Electrochemical Series of Alkenes between +1.75 and +2.50 V (V vs SCE) 

 Arenes and alkenes with oxygen, nitrogen, or sulfur-based substituents became easier to 

oxidize with increasing electron-donating ability, aniline < thiophenol < phenol (Figures 2.6 to 
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2.9). In addition, aromatic heterocycles exhibited the same general trend,  

indole < benzothiophene < benzofuran (Figure 2.10). 

 

Figure 2.6 Electrochemical Series of Phenols (V vs SCE) 

 

Figure 2.7 Electrochemical Series of Ethers (V vs SCE) 
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Figure 2.8 Electrochemical Series of Amines (V vs SCE) 

 

Figure 2.9 Electrochemical Series of Thiophenols and Aryl Disulfides (V vs SCE) 
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Figure 2.10 Electrochemical Series of Aromatic Heterocycles (V vs SCE) 

 Electrochemical potentials for a variety of alkyl and aryl halides were also collected. In 

both oxidations and reductions, the same trend was observed where iodides were the easiest to 

oxidize/reduce followed by bromides, and lastly chlorides (Figure 2.11). 

 

Figure 2.11 Electrochemical Series of Alkyl and Aryl Halides (V vs SCE) 

 Carbonyl-containing compounds were examined, and aldehydes/ketones were found to 

primarily undergo reductions, unless a very electron-donating substituent was present on an 

aromatic ring in the molecule (Figures 2.12 and 2.13). Imines and related species typically 
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experienced both oxidation and reduction potentials, suggesting they could serve as versatile 

substrates in photoredox transformations (Figure 2.14). 

 

Figure 2.12 Electrochemical Series of Aldehydes (V vs SCE) 

 

Figure 2.13 Electrochemical Series of Imines and Related Compounds (V vs SCE) 
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Figure 2.14 Electrochemical Series of Ketones (V vs SCE) 

 Several carboxylic acids and corresponding derivatives (esters, acid chlorides, 

anhydrides, nitriles, amides, sulfonyl chlorides) were also examined. Again, due to the electron-

withdrawing nature of these functional groups, reductions were often observed, except in the 

case of carboxylate salts and amides, both of which only underwent oxidation events (Figures 

2.15 to 2.17). 

 

Figure 2.15 Electrochemical Series of Amides and TBA Carboxylates (V vs SCE) 
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Figure 2.16 Electrochemical Series of Carboxylic Acids and Derivatives (V vs SCE) 

 

Figure 2.17 Electrochemical Series of Acyl and Sulfonyl Chlorides and Anhydrides (V vs SCE) 

 Lastly, electrochemical potentials for a few miscellaneous compounds were collected 

including a few common oxidants, various salts, silanes, and hypervalent iodines (Figures 2.18 

and 2.19). 
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Figure 2.18 Electrochemical Series of Inorganic Compounds, Aryl Silanes, and TBA Salts (V vs 

SCE) 

 

Figure 2.19 Electrochemical Series of Hypervalent Iodine Compounds, Nitrobenzene,  

and NCS (V vs SCE) 

2.3 Calculated Electrochemical Potentials 

While the previous section detailed a large amount of Ep/2 values, it is by no means a 

comprehensive list. Our goal is that this database will serve as a starting point for chemists 

looking to develop or utilize a photoredox transformation in a synthesis. However, we do realize 

that there may be functional groups or substrates of interest that we did not report, and that many 

scientists may not have access to an electrochemical setup to collect their own CV data. Due to 

this, we also sought to provide a computational method for calculating Ep/2 values as an alternate 

means of assessing an organic molecule’s viability in a given PET process. 

The majority of this computational work was done by Nathan Romero, and as a result 

only the key results will be discussed here. Our approach sought to evaluate a relatively simple 
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method of calculating electrochemical potentials with the goal of making these values more 

accessible to synthetic chemists. This involved calculating the difference in free energy 

(Equation 2.3) between the oxidized and reduced forms of a molecule (Scheme 2.2) and relating 

this to the redox potential by referencing an absolute potential for a standard electrode (Equation 

2.4).32 

Equation 2.3 

ΔG1/2
o, calc

 = G(reduced)
298

 - G(oxidized)
298

 

Scheme 2.2 Half Reactions for Oxidation and Reduction 

 

Equation 2.4 

E1/2
o, calc = -

ΔG1/2
o, calc

nF
 - E1/2

o, ref
 

 Redox potentials were calculated using B3LYP33,34 and M06-2X35 functionals, the split 

valence basis set 6-31+G(d,p)36,37, and the CPCM solvent continuum approach to account for 

solvation in MeCN.38,39 All calculations were done in Gaussian 0940, and structures were 

submitted to geometry optimization, with frequency calculations performed on the optimized 

structures both to verify that the geometries were true minima and to calculate free energies at 

298 K. The solution-phase energies were referenced to SCE by subtraction of 4.281 V (the 

absolute potential of SHE) and 0.141 V to convert from SHE to SCE in MeCN.32 
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 The values calculated using B3LYP and M06-2X were compared to the experimentally 

measured ones and R2 values of 0.96 and 0.97 were obtained, respectively (Figure 2.20). 

 

 Figure 2.20 Plot of Experimental vs. Calculated Redox Potentials 

 While the overall correlation is good, there are a few exceptions worth noting. These 

typically fall into four general categories. First, compounds that have different tautomers of 

equal importance such as 2-mercaptobenzothiazole and related compounds (Scheme 2.3). 

Second, salts with a loose cation-anion pair such as TBACl, in which case adequate solvation of 

the anion is likely not accounted for in the computational method. Third, molecules that undergo 

hybridization change (commonly sp2 to sp3) during the redox event,  

γ-butyrolactone and trifluoroacetic anhydride are two examples. Fourth, species with relatively 

weak C-X bonds, such as benzoyl chloride, greatly favored fragmentation of the radical anion 

during computational modeling, giving potentials that deviated from those measured 

experimentally. 
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Scheme 2.3 Important Tautomers of 2-Mercaptobenzothiazole 

 

Despite these few exceptions, we are confident that the observed correlation between 

experimental and computational electrochemical potentials indicates one can easily obtain such a 

value for any organic molecule via either method and reliably use it to assess the 

thermodynamics of a PET. 

2.4 Acridinium Ions as Sustainable Photoredox Catalysts 

 The most recent interest in photoredox catalysis began roughly a decade ago with a report 

from the MacMillan lab on the asymmetric alkylation of aldehydes that employed Ru(bpy)3
2+ (1) 

as the catalyst.41 While 1 has since been used to mediate a variety of transformations, it has 

largely been supplanted by iridium complexes, such as [Ir(dF-CF3-ppy)2(dtbpy)]PF6 (2), due to 

their longer excited state lifetimes and wider redox windows.15 

 However, the low abundance of iridium in the earth’s crust (0.001 ppm)9 makes these 

complexes neither cost-effective, nor sustainable. Process-scale production of pharmaceuticals 

and agrochemicals is therefore unable to utilize these powerful transformations, and as a result 

there is an ongoing interest in developing organic photoredox catalysts that can mediate the same 

transformations.15 

 To this end, we collaborated with the research team led by Daniel DiRocco at Merck in 

Rahway, New Jersey, to investigate the ability of acridinium ions to replace 2 as the catalyst in 

the decarboxylative conjugate addition of Cbz-proline (3) into dimethyl maleate (4) (Scheme 

2.4), a transformation originally been reported by the MacMillan lab.42 
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Scheme 2.4 Decarboxylative Conjugate Addition Reported by MacMillan 

 

 A series of substituted acridinium ions were prepared and their electrochemical and 

photophysical properties investigated (Table 2.1). Catalyst design focused on making the 

acridinium ion core more electron-rich by adding methoxy groups at various positions around the 

tricyclic ring system. This sought to not only increase the catalyst’s resistance to nucleophilic 

deactivation, but also impart a more negative E1/2 value, which would be necessary for them to 

serve as adequate replacements for 2. 

Table 2.1 Electrochemical and Photophysical Properties of Photoredox Catalysts 

 

Catalyst *E1/2 (V vs SCE) E1/2 (V vs SCE) τ (ns) 

1 0.77 -1.33 1100 

2 1.21 -1.37 2300 

5 1.90 -0.57 466 

6 2.01 -0.71 407 

7 1.65 -0.82 414 

8 1.62 -0.84 412 
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The mechanism of this transformation (Scheme 2.5) involves oxidation of the conjugate 

base of 3 by the excited-state catalyst. After decarboxylation, the α-amino radical can add into 4 

to give an α-keto radical. This species has an estimated E1/2 of -0.60 V vs SCE42, therefore the 

catalyst must have a more negative E1/2 for the turnover step to be thermodynamically favorable. 

Lastly, protonation of the enolate affords product. 

Scheme 2.5 Mechanism of Decarboxylative Conjugate Addition 

 

Based on the data compiled in Table 2.1, all the acridinium ion catalysts screened in this 

work have E1/2 values less than -0.60 V, aside from 5. However, all of these species were able to 

effectively catalyze the transformation (Table 2.2). 

Table 2.2 Decarboxylative Conjugate Addition with Acridinium Ion Catalysts 

 

Catalyst % Yield 

5 66 

6 69 

7 86 

8 88 
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 While this work details only one transformation, it is still a promising result for those 

who are interested in utilizing an acridinium ion photoredox catalyst in place of the more 

expensive iridium complexes.15 

2.5 Conclusion 

 In summary, this chapter compiles our work on electrochemical and photophysical 

properties of common organic molecules and acridinium ion photoredox catalysts. Our intentions 

are not to downplay the importance and utility of the ruthenium- and iridium-based systems that 

have helped pave the way for photoredox catalysis in recent years, but to demonstrate the utility 

of the much-less explored acridinium ion catalysts and the potential they have to greatly expand 

the repertoire of reactions available to organic chemists. 

2.6 Associated Data 

Appendix A: Experimental Details and Electrochemical and Photophysical Data 
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CHAPTER 3: SYNTHETIC STUDIES TOWARD THE SYNTHESIS OF 

RUBRIFLORDILACTONE B 

 

3.1 Introduction 

3.1.1 Schisandraceae Natural Products 

 Plants belonging to the Schisandraceae family have been used in traditional Chinese 

medicine for centuries. To better study the biological properties of the natural products produced 

by these plants, Han-Dong Sun has spent a portion of his career isolating numerous 

bisnortriterpenoids from these plants.43–45 Schisandraceae natural products have been shown to 

exhibit beneficial pharmacological properties such as antihepatitis, antitumor, and anti-HIV-1 

activity. As a result, developing efficient syntheses of these molecules is of great interest in order 

to further study their bioactivity. 

 Most of the natural products isolated by Sun and coworkers are proposed to be 

biosynthetically derived from the triterpene cycloartane (1, Figure 3.1). A few examples of these 

include lancifodilactone A (2) from Schisandra lancifolia, micrandilactones B (3) and C (4) from 

Schisandra mircantha, and rubriflordilactones A (5) and B (6) from Schisandra rubriflora. All of 

these molecules share common structural motifs including a 5-5-7-6-5 ring system (rings 

ABCDE), which exhibits varying degrees of substitution and saturation, and an α-methyl 

butenolide (ring F) on the eastern half (Figure 3.2). 
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Figure 3.1 Cycloartane 

 

Figure 3.2 Bisnortriterpenoids Isolated by Sun 

 Even though the isolation of these five compounds was reported over a decade ago, only 

rubriflordilactones A and B have complete syntheses in the literature.46–49 Therefore, there is still 

a lot of synthetic work to be done in the area of schisandraceae natural products. 

3.1.2 Reported Efforts Toward Rubriflordilactone B 

 Since the isolation of rubriflordilactone Bviii (6, Figure 3.3) was reported in 200645, there 

have been a few partial syntheses and one complete route published in the literature.48,50,51 

  

 
viii The ring lettering system show in Figure 3.3 will be used throughout the remainder of this chapter 
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Figure 3.3 Rubriflordilactone B 

The first report by the Peng lab in 2015 details the construction of the eastern hemisphere 

of the natural product in just 5 steps (Scheme 3.1).51 

Scheme 3.1 Peng’s Synthesis of the Eastern Hemisphere of Rubriflordilactone B 

 

 Peng’s route begins by constructing vinyl iodide (7) from 2-indanol and  

1-methoxyallene; a radical cyclization using AIBN as the initiator gives the tricyclic product (8) 

as a 2:1 mixture of diastereomers. Demethylation and oxidation of the lactol to the corresponding 

lactone allows them to obtain more of the product with the correct stereochemistry by 

epimerization of the α-position in the γ-butyrolactone. Subsequent reduction of the lactone with 
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DIBAL, trapping of the lactol with acetic anhydride, and nucleophilic attack on this species by a 

siloxyfuran gives the target (9).ix 

 While this is a relatively short sequence to half of a complex natural product, it suffers 

from poor diastereoselectivity in the radical cyclization step. As the major diastereomer is 

undesired, an oxidation, epimerization, and reduction sequence is necessary to obtain more of the 

desired diastereomer. A preferable alternative would be a radical cyclization in the correct 

oxidation level to give the lactone, enabling immediate epimerization if poor diastereoselectivity 

was still observed. 

 Just a year later, Xie and coworkers disclosed a route to the left-hand side of 5.50 This 

leverages an intramolecular [2+2+2] cycloaddition of a triyne to form the D ring. Their route 

(Scheme 3.2) consists of eight linear steps. 

Scheme 3.2 Xie’s Synthesis of the Left Half of Rubriflordilactone B 

 

 
ix Throughout this dissertation, bold/hashed lines will be used to designate relative stereochemistry while 

bold/hashed wedges will be used for absolute stereochemistry 
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 The main drawback to Peng’s route is the undesired stereochemistry at the BC ring 

junction, resulting in an epimer (10) of the western hemisphere of 6. While several attempts were 

made to correct this, none of them were successful. However, if a solution were to be discovered, 

10 has the potential to be used in a complete synthesis as the alkene in ring E could be used to 

construct the remainder of the molecule. 

 That same year, Ang Li reported the first total synthesis of 6.48 The route is analogous to 

his lab’s work on the closely related rubriflordilactone A, which was reported just two years 

earlier.47 The western-portion (Scheme 3.3A) utilizes the same acetylation, intramolecular 

Claisen, cationic deoxygenation sequence to construct ring A. After synthesis of the eastern side 

(Scheme 3.3B), a Sonogashira coupling and a 6π-electrocyclization were used to link both halves 

of the molecule together and construct ring D (Scheme 3.3C). 
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Scheme 3.3 Ang Li’s Synthesis of Rubriflordilactone B 
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 Overall Li and coworkers accomplished an efficient and convergent route to 6, providing 

a benchmark for other synthetic chemists to improve upon. Li and coworkers, however, 

discovered that while their synthetic sample’s crystal structure matched that of the authentic 

sample isolated by Sun, the 1H NMR data did not. This prompted them to synthesize 23-epi-
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rubriflordilactone B (Figure 3.4), but this species did not match the original 1H NMR data 

either.48 

 

Figure 3.4 23-epi-Rubriflodilactone B 

Based on this result, Li proposed Sun isolated a mixture of two closely related 

diastereomers. The major species, which Li termed pseudo-rubriflordilactone B, was responsible 

for the 1H NMR data reported by Sun, while the minor diastereomer (6) crystallized and 

produced the x-ray crystal structure.48 Since the discrepancy between the characterization data 

reported by Li and Sun came to light in 2016, the stereochemistry of pseudo-rubriflordilactone B 

has been a topic of interest in the literature. 

3.1.3 Stereochemistry of Rubriflordilactone B 

 In an effort to solve the stereochemical mystery of pseudo-rubriflordilactone B, Kaufman 

and Sarotti conducted a computational NMR study.52 Based on Li’s proposal that Sun isolated a 

mixture of 2 diastereomers, and the similarity between Li’s and Sun’s 13C NMR data, their study 

focused on stereoisomers of 6 as opposed to constitutional isomers. 

Kaufman and Sarotti’s work employed DP4+ probability calculations to predict 1H NMR 

shifts of various stereoisomers of 6 and compared them to the experimental values obtained in 

Sun’s isolation paper. Since 6 contains eight stereocenters, a total of 128 different diastereomers 

are possible for pseudo-rubriflordilactone B (11, Figure 3.5). 
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Figure 3.5 Stereocenters in pseudo-Rubriflordilactone B 

In order to limit the number of isomers to consider, they first analyzed the ABC ring 

system in 6 and various other natural products in the Schisandraceae family that have the same 

configuration at the associated stereocenters. By comparing the 1H and 13C NMR shifts, they 

could confidently say that 11 and 6 have the same stereochemistry around this portion of the 

molecule – specifically 1R,5S,10R (Figure 3.6).52 

 

Figure 3.6 Remaining Stereocenters to Resolve in pseudo-Rubriflordilactone B 

 This analysis greatly reduced the number of possible diastereomers from 128 to 32. 

Furthermore, NOESY analysis revealed an interesting correlation between the β-proton in ring A 

and the α-methyl protons in ring G. In order for this to be possible, the EF ring junction would 

need to be syn, specifically with a 16R,17S configuration; in addition, the point of attachment 

between rings F and G would need to allow the methyl group in ring G to approach β-hydrogen 

in ring A, or a 22S configuration (Figure 3.7).52 
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Figure 3.7 Remaining Stereocenters to Resolve in pseudo-Rubriflordilactone B 

 At this point, only two stereocenters remained unknown, further reducing the possible 

diastereomers down to only four (Figure 3.8). 

 

Figure 3.8 Four Remaining Diastereomeric Possibilities 

 In order to decide which of these four isomers is the most likely structure of pseudo-

rubriflordilactone B, computational models of conformers in which the β-proton of ring A and 

the α-methyl group of ring G were within 5 Å of each other were constructed and the enthalpy 

relative to the global minimum conformation was calculated (Figure 3.9).52 
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Figure 3.9 Computational Models Reported by Kaufman and Sarotti 

 Based on this data, only one isomer exhibits a favorable change in enthalpy for this 

conformation (less than 2.5 kcal/mol above the global minimum), prompting Kaufman and 

Sarotti to propose a structure for 11 (Figure 3.10). These results suggest that only the 

stereochemistry at the EF ring junction differs between rubriflordilactone B and pseudo-

rubriflordilactone B. 

 

Figure 3.10 Comparison of Rubriflordilactone B (6) and pseudo-Rubriflordilactone B (11)  

 While an authentic sample of 11 would be required to verify their work, Kaufman and 

Sarotti have made a considerable contribution to this area by providing a target for organic 

chemists to synthesize in order to solve this stereochemical ambiguity. 
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3.2 Synthetic Strategy for Rubriflordilactone B 

 Our interest in 6 stems from one of the lab’s earliest publications detailing a PRCC 

between alkenes and unsaturated alcohols to form highly substituted tetrahydrofurans.17 The 

mechanism by which this transformation occurs (Scheme 3.4) involves oxidation of the alkene 

by the excited-state acridinium ion to give a radical cation that is trapped by an allylic alcohol in 

an anti-Markovnikov manner. The resulting radical is poised to undergo a 5-exo-trig cyclization 

to give an exo-cyclic radical that can abstract a hydrogen atom from phenylmalononitrile (PMN), 

affording product. The PMN radical is then able to oxidize the acridine radical back to the 

acridinium ion to close the catalytic cycle.17  

Scheme 3.4 Mechanism for Tetrahydrofuran Synthesis via a PRCC 

 

 During the development of this chemistry, the product formed between indene and allyl 

alcohol was found to be reminiscent of the DEF ring system in 6, with the reaction exhibiting a 

slight preference for the correct relative stereochemistry around the THF ring (Scheme 3.5). 

Since reporting this PRCC transformation back in 2013, we have sought to apply this chemistry 

to the synthesis of 6. 
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Scheme 3.5 PRCC Adduct of Indene and Allyl Alcohol and its  

Comparison to Rubriflordilactone B 

 

3.2.1 Initial Retrosynthetic Analysis 

Our initial retrosynthetic analysis of 6 was inspired not only by our PRCC chemistry, but 

also work that has been reported on other Schisandraceae natural products. We envisioned that 

ring A could be made in a manner analogous to Li’s work on rubriflordilactone A (Scheme 3.6A) 

47, or Chen and Yang’s investigations into micrandilactone A (Scheme 3.6B).53 Li’s route 

involves an intramolecular aldol condensation followed by a cationic deoxygenation, while Chen 

and Yang’s employs an interesting HWE, oxy-Michael, lactonization cascade. 
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Scheme 3.6 Reported Methods for A Ring Synthesis 

 

 Taking this precedent into account, we devised a retrosynthesis of 6 (Scheme 3.7) which 

constructs the A ring last from the α-hydroxylactone 12 using either of the previously discussed 

methods. Intermediate 12 would be prepared from diene 13 via a reductive cyclization and 

enolate oxidation. Compound 13 would be prepared from lactone 14 via a Lindlar reduction of 

the alkyne to give the Z-alkene and an exo-methylenation of the lactone using Eschenmoser’s 

salt. Lactone 14 would be synthesized from butenolide 15 and alkyne 16 via an asymmetric 

conjugate addition reaction. Finally, 16 would be made with a PRCC using indene 17 and allyl 

alcohol 18. 
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Scheme 3.7 Retrosynthetic Analysis of Rubriflordilactone B 

 

3.3 Synthesis of the Western Half of Rubriflordilactone B 

 Our first goal was to develop a model system for the western side of 6. To accomplish 

this, we proposed a retrosynthesis of α-hydroxylactone 19 (Scheme 3.8). 

Scheme 3.8 Retrosynthesis of Left Side Model System 

  



51 

 Starting from butenolide 15, a conjugate addition of o-bromophenylacetylene (22) 

followed by a Lindlar reduction would afford lactone 21. While a vinyl nucleophile could 

provide a more direct route to 21, using an acetylide instead was a strategic choice. First, it 

prevents chemoselectivity issues in the PRCC step, as alkynes are unreactive. Second, it allows 

for better control over the final alkene geometry as since vinyl nucleophiles can be susceptible to 

erosion of configurational purity. 

From lactone 21, an exo-methylenation sequence with Eschenmoser’s salt followed by 

alkylation and elimination of the β-trimethylammonium group would provide intermediate 20. 

Finally, an intramolecular reductive Heck cyclization to form the seven-membered ring and an 

enolate oxidation with O2 and triethyl phosphite would give the target compound 19.  

3.3.1 Conjugate Addition and Olefination 

 We initially attempted to synthesize 15 via a five-step route involving a HWE, 

saponification, isomerization, and esterification sequence to give methyl ester 23. However, 

attempts at converting this species to 15 with mCPBA and TFA were unsuccessful (Scheme 

3.9A). The second route consisted of methyl magnesium bromide addition into maleic anhydride 

followed by an acidic workup to achieve lactonization (Scheme 3.9B); while the first attempt at 

this afforded product in a 32% yield, the result was irreproducible. Fortunately, this approach 

could be slightly modified by first synthesizing the Diels-Alder adduct of maleic anhydride and 

furan (which is exclusively formed as the exo-isomer);54,55 reacting this species with methyl 

magnesium bromdie followed by an acidic workup and distillation consistently provides 17 in a 

57% yield over 2 steps (Scheme 3.9C).  
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Scheme 3.9 Synthesis of Butenolide Starting Material 

 

 With 15 in hand, we screened conditions for the conjugate addition reaction using 

phenylacetylene as the nucleophile. Unfortunately, numerous attempts with various metals were 

unsuccessful in affording the desired product (Scheme 3.10). 
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Scheme 3.10 Attempted at Conjugate Additions 

 

 These initial results led me to suspect two issues with this conjugate addition – poor 

electrophilicity of the butenolide and steric hindrance of the β-position due to the geminal 

dimethyl group at the γ-position. In order to overcome these problems, I synthesized  

α-phosphonate butenolide 24 (Scheme 3.11).56,57 Not only did I envision the additional electron-

withdrawing group at the α-position would help the conjugate addition, but also the phosphonate 

group would allow for introduction of the exo-methylene moiety via an HWE with 

formaldehyde. 
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Scheme 3.11 Synthesis of the α-Phosphonate Butenolide 

 

 Conjugate addition of o-bromophenylacetylene into 24 was found to work quite well at 

elevated temperatures58, suggesting that the increased electrophilicity of this species is partially 

responsible for achieving the desired reactivity. Lindlar reduction of the alkyne resulted in either 

no reduction or over-reduction to the alkane; however, a copper-mediated transfer hydrogenation 

process reported by the Lalic lab gave the desired Z-alkene in good yield.59 Lastly, an HWE with 

formaldehyde afforded the exo-methylene lactone 25 (Scheme 3.12) 

Scheme 3.12 Route to the α-Methylene-γ-butyrolactone 

 

3.3.2 Seven-Membered Ring Formation 

 Initial attempts at forming ring C consisted of a radical cyclization and an intramolecular 

reductive Heck coupling; however, product was not observed in either case. Radical cyclization 

resulted in isomerization of 25 to the corresponding butenolide (Scheme 3.13A), which likely 

resulted from fast 1,5-hydrogen atom abstraction after formation of the aryl radical. Reductive 
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Heck conditions only afforded conjugate reduction of 25 with sodium formate serving as the 

hydride source (Scheme 3.13B). 

Scheme 3.13 Attempts at a Reductive Cyclization to form the Cycloheptene 

 

 Based on these results, we opted to change the approach and first conducted a 

nucleophilic epoxidation on an analog of 25 to form spirocycle 26 (Scheme 3.14), we envisioned 

that an acid-mediated epoxide opening by the arene could form the desired seven-membered ring 

19 while also introducing the α-hydroxygroup required to construct ring A. 

Scheme 3.14 Nucleophilic Epoxidation 

 

 Unfortunately, after an extensive screen of Brønsted and Lewis acids (Table 3.1), the 

desired transformation was never observed. In the majority of cases no reaction occurred, but a 

few instances resulted in epoxide opening by either the conjugate base of the Brønsted acid or a 

ligand on the Lewis acid behaving as the nucleophile. 
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Table 3.1 Attempts at an Acid-Mediated Epoxide Opening 

 

Brønsted Acids Lewis Acids 

Acid Result Acid Result 

H3PO4 No reaction TiCl4 Epoxide opening 

Tf2NH Epoxide opening SnCl4 Epoxide opening 

TFA No reaction AlCl3 Epoxide opening 

CSA No reaction BF3·OEt2 Decomposition 

HBF4 No reaction Sc(OTf)3 No reaction 

pTsOH Epoxide opening La(OTf)3 Decomposition 

H2SO4 Decomposition Cu(OTf)2 No reaction 

TfOH Decomposition Ti(OiPr)4 No reaction 

HCO2H No reaction Sn(OTf)2 No reaction 

MeSO3H No reaction Al(OTf)3 No reaction 

HPF6 No reaction TrBF4 No reaction 

 

 At this point, I decided to investigate formation of ring C via an RCM from diene 27 

(Scheme 3.15A). Initially, we proposed 27 could be formed by conjugate addition of a vinyl 

cuprate into butenolide 15 followed by alkylation of the enolate with 2-vinylbenzylbromide. 

While the conjugate addition reactions did afford the desired product, a significant amount of 

competitive 1,2-addition was also observed (Scheme 3.15B). Due to this, we explored a route 

that would install the desired α-substituent prior to the conjugate addition, hoping that this would 

mitigate the undesired 1,2-addition. 
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Scheme 3.15 Initial Plan for Diene Synthesis 

 

 Based on the route for the synthesis of butenolide 15, we envisioned the tricyclic lactone 

derived from the furan-maleic anhydride Diels-Alder adduct could first be alkylated prior to a 

retro-Diels-Alder to provide an α-substituted butenolide (Scheme 3.16A). However, work by 

Cannone which reveals this species would not undergo alkylation, but the closely related 

compound derived from the cyclopentadiene-maleic anhydride Diels-Alder adduct would give 

product (Scheme 3.16B).60,61 This is proposed to be a result of the difference in Diels-Alder 

product selectivity. In the first case, furan’s aromaticity allows for thermodynamic control, 

giving only the exo-product, while with cyclopentadiene kinetic control dominates, giving the 

endo-product. The resulting tricyclic lactones after Grignard addition retain their configuration at 

the ring junction, and as a result only the endo-species is able to effectively undergo alkylation 

since the α-position in the exo-species is more sterically hindered. 
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Scheme 3.16 Difference in Diels-Alder Selectivity Impacts Enolate Alkylation 

 

 Based on this precedent, I synthesized Diels-Alder adduct 28 which could be converted to 

tricyclic lactone 29 via a Grignard addition, lactonization sequence. Alkylation of 29 with 2-

vinylbenzyl bromide (which was prepared in 3 steps from 2-bromobenzaldehyde) followed by a 

retro-Diels-Alder gave the desired α-functionalized butenolide 30. We were pleased to discover 

that conjugate addition of vinyl cuprate into 30 gave the desired diene 27 in good yield with 

minimal competitive 1,2-addition (Scheme 3.17). 

Scheme 3.17 Synthesis of the Diene for the Ring Closing Metathesis 
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 From here, two different routes could be envisioned for forming the target α-

hydroxylactone 19. Enolate oxidation could be conducted on diene 27 followed by the RCM 

(Scheme 3.18A), or 27 could be used in the RCM and the corresponding product in the enolate 

oxidation (Scheme 3.19B).x While both routes were successful, variations between GC retention 

times and 1H NMR chemical shifts indicated a different diastereomer was formed in each case. 

Scheme 3.18 Two Routes to Tricyclic α-Hydroxylactone 

 

 In order to determine the relative stereochemistry at the BC ring junction, x-ray 

crystallography analysis was performed on both diastereomers (Figure 3.11). In the first route, a 

trans-ring junction was formed. This is likely due to the enolate oxidation on diene 27 favoring 

an anti-relationship between the benzyl group at the α-carbon and the vinyl group at the β-

position. In the second route, the desired cis-ring junction was produced. In this case, pre-

formation of the 5-7 ring junction allows enolate oxidation to favor the more thermodynamically 

stable syn-ring junction exhibited in most fused 5-7 ring systems.62 

 
x The RCM catalysts differ as only the route to 19 is optimized, as the other route gives the undesired diastereomer.  
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Figure 3.11 Crystal Structures of α-Hydroxylactone Diastereomers 

3.3.3 Synthesis of the Terminal Lactone 

 After confirming 19 was constructed as the correct diastereomer, we turned to 

optimization of the enolate oxidation followed by synthesis of the A ring. 

 Initially, we hoped that scaling-up the enolate oxidation would improve the yield from 

49% due to the sensitivity of enolate chemistry on small scale; however, we were discouraged to 

find that the yield dropped by nearly half. After testing various conditions such as temperature 

and sequence of reagent addition, no major improvements to the yield were observed. Based on 

these results, it appears this transformation is sensitive to scale, as reactions conducted with less 

than 1 mmol of substrate give yields around 50%, while those employing larger amounts give an 

average yield of 25% (Table 3.2). 
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Table 3.2 Impact of Enolate Oxidation Scale on Yield 

 

Reaction Scale (mmol) % Yield 

1 0.508 48 

2 1.41 27 

3 1.87 24 

4 2.19 26 

5 0.727 49 

6xi 0.727 56 

 

 The mechanism of this reaction involves oxidation of the enolate by triplet oxygen to 

give an α-carbonyl radical, which can subsequently be trapped by oxygen to give a 

hydroperoxide that is reduced by the trialkyl phosphite. The main byproduct observed is 

dieneoate 32, which likely forms from the intermediate α-carbonyl radical by abstraction of the 

allylic hydrogen atom by oxygen (Scheme 3.19). Larger scale reactions may facilitate this 

process by either less-efficient oxygen flow or greater variations in temperature throughout the 

reaction medium. Due to this limitation, we turned to other oxidants that have been used in the 

synthesis of α-hydroxylactones.63 

Scheme 3.19 Mechanism of Dieneoate Formation 

 

 Initially, we proposed Davis’s oxaziridine64 could be used as the oxidant, but we 

discovered this species gave no improvement in yield (Scheme 3.20A). Furthermore, the less-

widely used molybdenum(VI) complexes MoOPH65 and MoOPD66 were prepared and used in 

 
xi Reaction run with P(OMe)3 instead of P(OEt)3 
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the transformation, but with no success in either instance (Scheme 3.20B). Based on these 

results, we opted to move ahead with synthesis of the A ring, accepting the yield that could be 

obtained with molecular O2 as the oxidant. 

Scheme 3.20 Attempts at Enolate Oxidation with Different Oxidants 

 

 First we sought to synthesis ring A via the HWE, oxy-Michael, lactonization cascade 

reported by Chen and Yang on their work with micrandilactone A.53 Reduction of 19 with 

DIBAL afforded the requisite lactol for this transformation, but we were discouraged to discover 

that attempting the reported cascade conditions resulted in formation of diene 33 (Scheme 3.21). 

Scheme 3.21 Initial Cascade Attempt Result 

 

 In an attempt to prevent the elimination reaction, we screened various reaction 

temperatures and base loadings, but found that any deviation from the conditions reported by 

Chen and Yang resulted in no reaction. Furthermore, attempting analogous cascades with either a 

Wittig salt67 or Meldrum’s acid68 were also unsuccessful (Scheme 3.22).  
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Scheme 3.22 Cascade Attempts with Wittig Salt and Meldrum’s Acid 

 

 Due to these unsuccessful attempts, we turned to the approach employed by Ang Li in 

rubriflordilactone A.46 Starting from 19, we were able to conduct acetylation of the α-hydroxy 

group followed by an intramolecular aldol reaction to give β-hydroxylactone 34 in good yield. 

Cationic deoxygenation of this species with BF3·OEt2 and Et3SiH resulted in a single product 

that we could not conclusively identify by 1H NMR (Scheme 3.23). 

Scheme 3.23 Initial Sequence for the Synthesis of Ring A 

 

 In an effort to determine the identity of the product, an alternate route to the same target 

was conducted (Scheme 3.24). From 34, dehydration to the butenolide with Martin’s sulfurane 

followed by conjugate reduction with L-selectride was carried out, resulting in a product that 

exhibited the same 1H NMR characterization as that formed in the cationic deoxygenation. 
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Scheme 3.24 Alternate Route to Ring A 

 

 While GC-MS data showed the isolated material to have the mass of the desired product, 

the 1H NMR data remained a mystery. The spectrum exhibited broadening of several signals, 

most noticeably a methyl group that initially appears to be non-existent without careful 

examination (Figure 3.12). Based on this, we hypothesized that the rigidity of the molecule 

caused conformational changes to be slow on the NMR time-scale, resulting in unusual 

anisotropic effects. 

 

Figure 3.12 1H NMR (pyridine-d5) of Product Formed in Both Routes 

In order solve this mystery, we collected 1H NMR data at 60 oC and observed increased 

resolution of the previously broad peaks (Figure 3.13). 
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Figure 3.13 1H NMR (pyridine-d5) of Product at 60 oC 

In addition, we obtained a crystal structure of the product (Figure 3.14) and were pleased 

to find that it had the correct relative stereochemistry around the ABC ring system, indicating we 

successfully developed a diastereoselective synthesis for the left half of 6. 

 

Figure 3.14 Crystal Structure of Left Half of Rubriflordilactone B 

3.3.4 Diastereoselective Route to the Left Half of Rubriflordilactone B 

 Our final diastereoselective route to the left side of rubriflordilactone B consists of 11 

linear steps from maleic anhydride and an overall yield of 9% (Scheme 3.25). 
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Scheme 3.25 Diastereoselective Route to the Left Half of Rubrilfordilactone B 

 

3.4 Progress Toward the Synthesis of the Eastern Half of Rubriflordilactone B 

 Our initial approach to the right side of rubriflordilactone B comprised of a PRCC 

reaction (Scheme 3.26) between allylic alcohol 35 and indene, the former of which could be 

made via a vinylogous Mukaiyama aldol between a siloxyfuran and acrolein. 
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Scheme 3.26 Retrosynthesis for the Right Side of Rubriflordilactone B 

 

 We first investigated this approach and discovered that the PRCC between indene and 35 

afforded the eastern side of rubriflordilactone B, albeit in very low yield and with the undesired 

stereochemistryxii at the EF ring junction (Scheme 3.27).69 

Scheme 3.27 Initial PRCC Results 

 

In an effort to overcome this diastereoselectivity issue, we synthesized allylic alcohol 36, 

which was subsequently used in the PRCC. While the correct relative stereochemistry at the EF 

ring junction was now observed, the stereocenter bearing the methyl group was not (Scheme 

3.28).69 

Scheme 3.28 Attempt to Alter PRCC Diastereoselectivity 

 

 Due to the inherent challenges of trying to set four stereocenters in a single step, we 

slightly altered our approach and planned to conduct the PRCC with propargyl alcohol 37. This 

 
xii Though we will note this is the correct diastereomer for pseudo-rubriflordilactone B 
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would reduce the number of stereocenters involved to three, and we would be able to easily set 

the stereochemistry of the methyl group via a hydrogenation reaction, which should occur from 

the convex face of the molecule (Scheme 3.29). 

Scheme 3.29 Retrosynthesis Employing a Propargyl Alcohol in the PRCC 

 

3.4.1 Propargyl Alcohol Synthesis 

 We were able to synthesize 38 using a catalyst originally reported by the Carreira lab 

(Scheme 3.30).70,71 Unfortunately, the diastereoselectivity for this transformation was 

inconsistent with the reported work. 

Scheme 3.30 Synthesis of Propargyl Alcohol 

 

 In order to optimize this transformation, we first tested the impact of the silyl groups on 

the diastereomeric ratio (Table 3.3). Increasing the size of the silyl group on the siloxyfuran shut 

down the reaction, and any deviation from the TIPS group on the propargaldehyde resulted in 

worse diastereoselectivity. 
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Table 3.3 Impact of Silyl Group on Vinylogous Mukaiyama Aldol 

 

Trial [Si]1 Group [Si]2 Group d.r. 

1 TIPS TMS 4.5:1 

2 TIPS TBS NA – no reaction 

3 TMS TMS 1.1:1 

4 TES TMS 1.2:1 

5 TPS TMS 1.0:1 

 

Following this up with a solvent screen, we discovered that toluene provided the best 

diastereoselectivity (Table 3.4). 
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Table 3.4 Impact of Solvent on Vinylogous Mukaiyama Aldol 

 

Trial Solvent d.r. 

1 Et2O 6.3:1 

2 THF 1:9.2 

3 Dioxane 4.7:1 

4 DCM 1.0:1 

5 CHCl3 1.0:1 

6 DCE 2.3:1 

7 PhH 5.8:1 

8 PhMe 8.7:1 

9 PhCF3 2.6:1 

 

 Unfortunately, the second time we ran the reaction with these new conditions, the high 

d.r. previously obtained was not observed. Suspecting that the reaction is highly sensitive to 

moisture, extra care was taken to run the reaction in the absence of water, but in this case the 

reaction was completely shut down. 

Based on this observation, we wondered if water was in fact playing a critical role in the 

transformation, likely by producing a Brønsted acid in situ. After coming across a report by 

Kobayashi in which water was found to enhance the rate of a titanium-medial vinylogous 

Mukaiyama aldol (Scheme 3.31),72 we opted to test out the addition of water to our reaction. 
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Scheme 3.31 Rate Enhancement by Water Observed by Kabayashi 

 

 We were pleased to find that by adding a catalytic amount of water, we were able to 

consistently obtain high conversion and high diastereoselectivity for this transformation, which 

was maintained through removal of the TMS group with citric acid (Scheme 3.32). 

Scheme 3.32 Optimized Vinylogous Mukaiyama Aldol with Catalytic Water 

 

 At this point, we turned our attention to removing the TIPS group and were discouraged 

to discover that traditional TBAF conditions resulted in complete erosion of diastereoselectivity. 

Furthermore, attempts at buffering the reaction with acetic acid made little to no improvements 

(Table 3.5). 
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Table 3.5 Summary of Deprotection Conditions with TBAF 

 

Trial AcOH:TBAF Ratio d.r. 

1 1.1:1 2.5:1 

2 1.3:1 2.4:1 

3 1.5:1 2.6:1 

4 1.6:1 2.8:1 

5 1.7:1 1.1:1 

6 1.8:1 2.5:1 

7 2.0:1 2.2:1 

8 2.5:1 2.4:1 

 

 However, based on a report by Hernádez on the deprotection of sensitive TIPS-aryl 

acetylenes with AgF,73 we were able to accomplish this reaction in moderate yield with minimal 

impact on the diastereomeric ratio (Scheme 3.33). 

Scheme 3.33 Deprotection of TIPS-Acetylene 

 

3.4.2 Polar Radical Crossover Cycloaddition 

 With propargyl alcohol 37 in hand, I turned to developing conditions for the PRCC. Due 

to the lack of precedent with employing secondary propargyl alcohols in this reaction17, we 

initially attempted a PRCC with indene and 3-butyn-1-ol. After a hydrogen-atom donor screen 

(Table 3.6), we were confident enough to attempt the desired transformation with 37 as the 

nucleophile. 
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Table 3.6 Hydrogen Atom Donor Screen for PRCC with 3-Butyn-1-ol 

 

Trial H-atom donorxiii % Yieldxiv 

1 
 

41 

2 

 

30 

3 

 

18 

4 

 

15 

5 

 

10 

6 

 

29 

7 

 

12 

 

 Unfortunately, the best conditions for the reaction with 3-butyn-1-ol did not directly 

translate when 38 was used instead, as no product was observed. We subsequently screened a 

variety of conditions with variations in stoichiometry, solvent, hydrogen atom donor, and base, 

but unfortunately product was never observed (Table 3.7). 

  

 
xiii All hydrogen atom donors were used in stoichiometric quantities (1 equivalent) except for the benzenethiols, 

which were used with a 20 mol% loading 
xiv Yields with thiol hydrogen atom donors are GC-MS yields using 1,3-dimethoxybenzene as an internal standard 
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Table 3.7 PRCC Conditions Screened with Alcohol 37 

 

Trial H-donor 
Stoichiometry 

(indene:alcohol) 
Solvent Base 

1 a 1.5:1.0 DCM NA 

2 a 1.5:1.0 MeNO2 NA 

3 a 1.5:1.0 DCE 
15 mol%  

2,6-lutidine 

4 a 1.0:3.0 DCM 
15 mol%  

2,6-lutidine 

5 b 1.5:1.0 DCM NA 

6 b 1.5:1.0 DCM 
15 mol%  

2,6-lutidine 

7 b 1.5:1.0 MeNO2 NA 

8 b 1.0:1.5 DCE NA 

9 b 1.0:3.0 DCM NA 

10 b 1.0:5.0 DCM NA 

11 c 1.0:5.0 DCM NA 

12 d 1.0:1.5 DCM NA 

13 d 1.0:1.5 DCM 
15 mol%  

2,6-lutidine 

14 e 1.0:1.5 DCM NA 

15 e 1.0:1.5 DCM 
15 mol%  

2,6-lutidine 

16 f 1.0:1.5 DCM NA 

17 g 1.0:1.5 DCM NA 

18 h 1.0:1.5 DCM NA 

19 i 1.0:1.5 DCM NA 

20 j 1.0:1.5 DCE NA 
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 In addition, we also attempted the reaction prior to removal of the TIPS group, as it could 

help stabilize the vinyl radical formed after the 5-exo-trig cyclization (Table 3.8), but again not 

product was observed. 

Table 3.8 PRCC Conditions Screened with Silylated Alkyne 

 

Trial Thiol 
Stoichiometry 

(indene:alcohol) 

1 a 1.0:5.0 

2 a 1.5:1.0 

3 b 1.0:5.0 

4 b 1.5:1.0 

5 c 1.0:5.0 

6 c 1.5:1.0 

7 d 1.0:5.0 

8 d 1.5:1.0 

 

The main byproduct formed under the reaction conditions was the [2+2] homodimer of 

indene (Figure 3.15), which is unsurprising based on precedent from our laboratory.13 Due to the 

lack of reactivity with propargyl alcohol 37 as compared to 3-butyn-1-ol, we believe the 

bulkiness of the butenolide greatly limits the nucleophilicity of 37, allowing homodimerization 

to outcompete the desired transformation. As a result, we started to investigate smaller 

nucleophiles bearing functionality which we could use to introduce the butenolide after the 

PRCC. 
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Figure 3.15 [2+2] Homodimer of Indene 

 We first envisioned employing an α-silylallyl alcohol as the nucleophile since the silyl 

group could subsequently be oxidized with Fleming-Tamao conditions to give the corresponding 

lactol.74,75 This intermediate could then be used to introduce the butenolide (Scheme 3.34) 

according to the procedure reported by Li in his work on rubriflordilactone B.48 

Scheme 3.34 Proposed Route with α-Silylallyl Alcohols 

 

 When we attempted this reaction, we were surprised to discover that the conjugate 

addition adduct between acrolein and the conjugate base of phenyl malononitrile somehow 

formed in the reaction (Scheme 3.35). 

Scheme 3.35 Results from PRCC with α-Silylallyl Alcohols 

 

 In order to elucidate how this occurred, we obtained CVs of the three alcohols used and 

discovered they all exhibited surprisingly low Ep/2 values (Figure 3.16). Based on this data, we 

believe the α-silylalcohols are competitively oxidized over indene and the resultant radical cation 

is converted to acrolein by silyl group and hydrogen atom loss. As a result, we opted to once 

again alter our approach. 
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Figure 3.16 Ep/2 Values Obtained for α-Silylalcohols 

 We next proposed that a diol 39 could be used as the nucleophile in the PRCC. The 

resultant exo-cyclic allylic alcohol could be converted to the butenolide via esterification 

followed by an RCM (Scheme 3.36), an approach that has been used in the synthesis of other 

natural products.76,77 

Scheme 3.36 Proposed Route with Diol Nucleophile 

 

 Unfortunately, we once again observed formation of the conjugate addition adduct 

between acrolein and phenyl malononitrile (Scheme 3.37); in this case, we suspect the acrolein is 

formed via a retro-pinacol reaction, which may occur before or after nucleophilic attack on the 

indene radical cation. 

Scheme 3.37 Results from PRCC with Diol Nucleophile 
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 In an effort to avoid this, we mono-protected the diol with either a TBS- or acetyl group, 

but in these instances the PRCC reaction was completely inhibited. Therefore, we decided 1,5-

hexadiene-3-ol could be a suitable replacement as an allylic oxidation after the PRCC could be 

used to access the same precursor to the butenolide. We were pleased to find that the PRCC 

reaction gave product in a modest yield and poor diastereoselectivity (Scheme 3.38). 

Scheme 3.38 Results from PRCC with 1,5-Hexadiene-3-ol 

 

 Due to the poor diastereoselectivity, we attempted the PRCC with propargyl alcohol 40, 

but found that tetracycle 41 was the only product, likely forming via a second 5-exo-trig 

cyclization (Scheme 3.39). Based on the lack of success with the PRCC using indene, we 

decided it was time to revise our strategy. 

Scheme 3.39 Results from PRCC with Propargyl Alcohol 

 

3.4.3 Substituted Indene Synthesis 

 Hunter Ripberger’s contribution to this project focused on the synthesis of indene 17. We 

initially envisioned using the alkene portion of this species in the PRCC step and the alkyne 

moiety as a nucleophile in the conjugate addition (Scheme 3.40A). By the time Hunter 

graduated, we had demonstrated the application of an RCM to synthesize the left portion of 
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rubriflordilactone B. As a result, we opted to investigate the synthesis of indene 42, which would 

allow us to make the left side of the target in a similar manner (Scheme 3.40B). However, the 

presence of the vinyl group in 42 would prevent it from being a suitable electrophile in the 

PRCC step due to competitive oxidation. As a result, we devised a slightly different 

retrosynthesis for 6 that involved the PRCC and butenolide synthesis as the final two steps 

(Scheme 3.39C). 

Scheme 3.40 Altering the Retrosynthesis 

 

 One important thing to note about this plan is that intermediate 43 would likely not 

present the same issues as 42 in terms of competitive oxidation. This is because the favored 

conformation of ring C in rubriflordilactone B is such that the alkene present is not in 
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conjugation with the arene, meaning that it cannot be oxidized by the acridinium ion 

photocatalyst. 

 In order to synthesize 42, we began with a Friedel-Crafts acylation with  

2-chromanone to give 4-hydroxyindanone, which was been reported previously in the  

literature.78,79 We anticipated that the phenol moiety could be used as a directing group in an  

ortho-formylation method reported by Skattebøl80, but no reaction was observed, likely due to 

the presence of the electron-withdrawing ketone para to the position of interest (Scheme 3.41A). 

We subsequently made both the indanol and indene analogs via reduction and dehydration 

reactions, but found that both of these species were also unreactive under the reported conditions 

(Scheme 3.41B). 

Scheme 3.41 Attempt at an ortho-Directed Formylation 

 

 From here, we synthesized indene 44, again starting from 2-chromanone, in a sequence 

that required fairly little optimization (Scheme 3.42). The only step necessitating some work was 

the bromination, which required a very slow addition of NBS and running the reaction in the 

dark to limit overbromination of the arene.81 
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Scheme 3.42 Synthesis of Disubstituted Indene 

 

 We hypothesized that the bromide and the methoxy group in 44 would allow for 

orthogonal reactivity to introduce the required formyl and vinyl groups. Initial attempts at a 

traditional lithiation-formylation sequence resulted in no reaction (Scheme 3.43). Due to the 

formation of an aromatic ion upon deprotonation, the benzylic position in indene is relatively 

acidic with a pKa of 20.1 in DMSO.82 While the lithiation of aryl bromides is often facile, even in 

the presence of relatively acidic groups, we suspect that competitive deprotonation of the 

benzylic carbon may have been an issue due to the aromaticity that results from this process. 

Scheme 3.43 Attempted Lithiation-Formylation 

 

 Another way the aryl bromide and aryl ether groups can be differentiated is through 

cross-coupling. While aryl ethers are inert under traditional palladium-catalyzed reactions, they 

are competent electrophiles in nickel-catalyzed processes.83–85 Therefore, we envisioned a 

palladium-mediated formylation with the aryl bromide could be performed first followed by a 

nickel-mediated cross-coupling to introduce the vinyl group (Scheme 3.44). 

Scheme 3.44 Orthogonal Reactivity of Aryl Bromides and Aryl Ethers 

 



82 

 Unfortunately, the attempts we made at a palladium-catalyzed carbonylation based on 

reports by Beller86 and Zhu and Ji87 were unsuccessful (Scheme 3.45). 

Scheme 3.45 Attempts at a Palladium-Catalyzed Formylation 

 

 Due to the difficulty we were facing with synthesizing a substituted indene, along with 

the previously-discussed challenges with the PRCC reaction, we began to rethink our approach. 

Furthermore, some work by Xie revealed that a PRCC with advanced intermediate 43 was 

problematic, as their attempts to do so resulted in decomposition of this species (Scheme 3.46).88 

Scheme 3.46 PRCC Attempted by Xie 

 

3.5 Investigating a Decarboxylative Diels-Alder Reaction 

 Due to the challenges we faced with both the substituted indene synthesis and the PRCC 

with indene, we wondered if Ang Li’s approach to rubriflordilactone B could serve as an ideal 

starting point to rethink our approach. In his report, Li constructs ring D via an oxidative 

[2+2+2] electrocyclization, which also serves to link the two halves of the molecule together 

(Scheme 3.47).48 
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Scheme 3.47 Electrocyclization Employed by Ang Li 

 

  Based on this, we proposed another retrosynthesis of 6 which constructed the D ring via 

a decarboxylative Diels-Alder (Scheme 3.48).89,90 Pyrone 45 would be made in a manner 

analogous to that described previously by constructing ring C via an RCM from intermediate 47. 

Cyclopentene 46 could in turn be made from a PRCC employing cyclopentadiene as the 

electrophile. 

Scheme 3.48 Retrosynthesis with Decarboxylative Diels-Alder 
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3.5.1 Pyrone Synthesis 

 Starting again from tricyclic lactone 29, we performed a conjugate addition reaction with 

cinnamic acid-derived dieneone 48, thinking that the styrene moiety could be used as one of the 

alkene partners in the RCM. After ketal protection, retro-Diels-Alder, and conjugate addition, 

diene 49 was obtained (Scheme 3.49). However, traditional RCM conditions gave no reactivity, 

it is possible that moving to more active Schrock-type catalysts may facilitate this 

transformation,91 but we decided to alter our approach to avoid use of a protecting group. 

Scheme 3.49 Synthesis of Enone for RCM 

 

 We turned our attention to the Weinreb amide derived from acrylic acid, which we hoped 

could be used in the conjugate addition step with 29 and subsequently converted to an enone in 

the same step as the conjugate addition with vinyl cuprate (Scheme 3.50A). Unfortunately, 

conjugate addition with this amide only produced adduct 50, which likely forms via 

deprotonation of the Weinreb amide in situ to generate formaldehyde (Scheme 3.50B). 
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Scheme 3.50 Conjugate Addition with Acrylic Acid Weinreb Amide 

 

 Fortunately, using the β-bromo analog of the Weinreb amide gave the desired adduct, 

albeit in lower yield; while this reaction was slightly improved via an in situ Finklestein reaction, 

competitive elimination to the acrylamide was always observed. Following this reaction up with 

the retro-Diels-Alder, and conjugate addition steps gave 47, which when used in the RCM 

reaction provided the cycloheptenone 51 in modest yield (Scheme 3.51). 

Scheme 3.51 Synthesis of Cycloheptenone 

 

 With the successful synthesis of 51, we were fairly confident we could construct the 

desired pyrone in a manner analogous to that reported by Sieburth via formation of the silyl enol 

ether.92 While there were concerns with competitive reactivity at the lactone, previous work on 

the enolate oxidation step revealed the α-position of the lactone is deprotonated very slowly 
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below 0 oC, leading us to believe deprotonation of the α-position to the enone could outcompete 

this process. However, we wanted to first assess the decarboxylative Diels-Alder reaction with a 

model system and opted to make pyrone 52 following the route disclosed by Sieburth (Scheme 

3.52). 

Scheme 3.52 Synthesis of Pyrone for Decarboxylative Diels-Alder Model System 

 

3.5.2 Cyclopentene Synthesis 

 To synthesize cyclopentene 46, we began by screening PRCC conditions using  

1,3-cyclohexadiene. Our rational for this stems from cyclopentadiene’s tendency to 

homodimerize, and we hoped using 1,3-cyclohexadiene would help simplify the initial round of 

optimization. Furthermore, we used our PRCC method for the synthesis of γ-butyrolactones as a 

starting point,20 proposing that the greater nucleophilicity of carboxylic acids compared to 

alcohols may allow the desired reaction to compete with homodimerization. 

 Unfortunately, our initial attempt at this reaction resulted in no product formation; 

however, a simple change of solvent from DCM to MeNO2
17 gave product in trace yieldxv  

(Table 3.9). From here we conducted typical rounds of optimization looking at catalyst loading, 

hydrogen atom donor loading, and base loading, all giving marginal improvements to the yield 

(Table 3.10). 

 
xv Yields reported for optimization are 1H NMR yields using HMDSO as an internal standard, unless otherwise 

indicated 
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Table 3.9 Optimization of the PRCC with 1,3-Cyclohexadiene – Solvent 

 

Trial Solvent Concentration (M) % Yield 

1 DCM 0.10 0% 

2 MeNO2 0.10 <10% 

3 MeNO2 0.20 <10% 

4 MeNO2 0.40 <10% 

5 MeNO2 0.05 16% 

 

Table 3.10 Optimization of the PRCC with 1,3-Cyclohexadiene – Loading 

 

Trial X mol% 

catalyst 

Y mol% (PhS)2 Z mol% 2,6-

lutidine 

% Yield 

1 2.5 15 10 15% 

2 5.0 15 10 11% 

3 7.5 15 10 12% 

4 10.0 15 10 11% 

5 2.5 10 10 14% 

6 2.5 15 10 <10% 

7 2.5 20 10 <10% 

8 2.5 30 10 <10% 

9 2.5 10 10 11% 

10 2.5 10 20 13% 

11 2.5 10 50 <10% 

12 2.5 10 100 20% 

13 2.5 10 200 13% 

14 2.5 10 300 23% 

15 2.5 10 400 21% 
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In an effort to improve the reaction, we attempted slow addition of 1,3-cyclohexadiene. 

This would not only maintain a high nucleophile:electrophile ratio, but also limit 

photodimerization of the alkene.93 We were pleased to find that this doubled the reaction yield, 

leaving us confident enough to start running the desired reaction with cyclopentadiene (Table 

3.11). 

Table 3.11 Optimization of the PRCC with 1,3-Cyclohexadiene – Slow Addition 

 

Trial Portions of 1,3-cylcohexadiene % Yield 

1 1 24% 

2 2 33% 

3 4 45% 

4 8 43% 

5 8 47% (isolated) 

 

While switching out 1,3-cyclohexadiene for cyclopentadiene gave a large decrease in 

yield, we found that switching from 3-trimethylsilylpropiolic acid to  

3-tert-butyldimethylsilylpropiolic acid restored the yields typically observed when employing 

1,3-cyclohexadiene as the electrophile (Table 3.12). The larger TBS group likely mitigates a 

competitive Diels-Alder reaction between cyclopentadiene and the alkyne present in the 

propiolic acid. Furthermore, we found that increasing the nucleophile loading to five equivalents 

also improved the reaction. 
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Table 3.12 Optimization of the PRCC with Cyclpentadiene 

 

Trial SiR3 Identity X equiv. % Yield; E:Z ratio 

1 TMS 2 18%; 4.0:1 

2 TBS 2 40%; 1.7:1 

3 TBS 3 44%; 2.7:1 

4 TBS 4 48%; 5.9:1 

5 TBS 5 62%; 5.9:1 

6 TBS 5 63% (isolated); 4.8:1 

 

3.5.3 Attempts at a Decarboxylative Diels-Alder 

 At this point, we attempted a decarboxylative Diels-Alder using pyrone 52 and 

cyclopentene 53 with conventional heating, but observed no formation of product. Furthermore, 

adding a Lewis acid to help activate the pyrone proved ineffective (Table 3.13). 

Table 3.13 Attempt at Decarboxylative Diels-Alder with Conventional Heating 

 

Trial Solvent Temperature (oC) Lewis Acid 

1 xylenes 140 none 

2 o-dichlorobenzene 80 ZnCl2 

3 o-dichlorobenzene 100 ZnCl2 

4 o-dichlorobenzene 150 ZnCl2 

5 toluene 120 Sc(OTf)3 

 

 Based on some literature precedent, we then attempted to use a microwave reactor,94 but 

once again found no success with or without Lewis acid (Table 3.14). 
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Table 3.14 Attempted at Decarboxylative Diels-Alder with Microwave Heating 

 

Trial Temperature (oC) Power (W) Lewis acid 

1 150 150 none 

2 200 200 none 

3 250 250 none 

4 150 150 Sc(OTf)3 

5 200 200 Sc(OTf)3 

6 250 250 Sc(OTf)3 

 

 We questioned if the size of the TBS group on 53 could be impeding the reaction, we 

attempted to remove it via conjugate reduction95 and desilylation (Scheme 3.53). While the 

reduction of the exo-cyclic double bond went well, no silyl group removal occurred, likely due to 

this requiring build-up of negative charge beta to the carbonyl. However, we did attempt the 

decarboxylative Diels-Alder after the conjugate reduction using the conditions discussed above, 

but once again observed no reaction. 

Scheme 3.53 Conjugate Reduction and Desilylation Attempt with PRCC Product 

 

 At this point, we suspected the Diels-Alder reaction was disfavored electronically. We 

found some evidence for this in some work by Posner where they reported a pyrone Diels-Alder 

using unactivated alkenes.96 In order for their reaction to proceed, not only was a Lewis acid 

required, but the reaction needed to be run under high pressure. 
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 To address the electronic effects, we synthesized electron-poor pyrone 54. But once 

again, we observed no formation of product (Table 3.15); instead, we saw formation of pyrone 

52, likely via a zinc-assisted decarboxylation. 

Table 3.15 Attempt at Decarboxylative Diels-Alder with Electron-Poor Pyrone 

 

Trial Temperature (oC) 

1 80 

2 115 

3 150 

4 180 

 

 Our last attempt at this reaction was based on our lab’s work on a cation-radical Diels-

Alder.97 With the hydroxylated precursor to pyrone 52, we attempted this reaction with a few 

different photocatalysts, but observed no reaction in any case (Scheme 3.54). 

Scheme 3.54 Cation-Radical Diels-Alder Attempts 

 

3.6 Conclusion 

 To date, we have developed a diastereoselective route to the left half of the natural 

product rubriflordilactone B, which hinges on an RCM and enolate oxidation sequence to set the 

relative stereochemistry. Furthermore, we have shown that our PRCC chemistry shows some 
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promise for applications to natural product synthesis. While it is limited by the steric hindrance 

of the nucleophile, even very reactive electrophiles such as cyclopentadiene can be utilized with 

minimal side-reactivity. Overall, we feel the work presented here will be a great help in 

determining future directions undertaken by the lab towards the synthesis of this and other 

natural products. 

3.7 Associated Data 

Appendix B: Experimental Details and Characterization Data of Key Intermediates 
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CHAPTER 4: SYNTHETIC STUDIES TOWARD THE SYNTHESIS OF 

STEMOCURTISINE AND RELATED NATURAL PRODUCTS 

 

4.1 Introduction 

4.1.1 Stemonaceae Natural Products 

Natural products isolated from the Stemonaceae genus of plants found throughout Asia 

were reported as early as the 1960s.98 These molecules are collectively referred to as stemona 

alkaloids and are characterized by a pyrrolo[1,2-a]azepine nucleus (Figure 4.1). 

 

Figure 4.1 The Pyrrolo[1,2-a]azepine Nucleus of Stemona Alkaloids 

 The Stemonaceae plants are valued in Chinese and Japanese medicine and have been 

used as anthelmintics for pets and anticough agents for human patients.99 In addition, many of 

the isolated stemona alkaloids have exhibited antilarval effects, most notably towards mosquito 

larvae.100 Due to their bioactivity and interesting molecular structures, organic chemists have 

sought to synthesize and study these species since their initial isolation. 

To date, well over 40 stemona alkaloids have been isolated, and these are typically 

divided into 5 categories based on the substituents on the pyrrolo[1,2-a]azepine core. The 

corresponding parent compounds exhibit the simplest substituents associated with each subclass 

(Figure 4.2). 
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Figure 4.2 Five Parent Compounds of Stemona Alkaloids Subclasses 

 While there are reports of stemona alkaloids that do not fit cleanly into the above 

subclasses, they are labeled as miscellaneous since there are not enough similar compounds to 

warrant a new class. However, work by Pyne in the early 2000s resulted in the isolation of 

stemona alkaloids having an unprecedented pyrido[1,2-a]azapine core (Figure 4.3), suggesting 

these species may comprise a brand new family of these natural products.101,102 

 

Figure 4.3 Novel Pyrido[1,2-a]azapine Core 

 The first compound Pyne isolated from this new family was stemocuritisine (1), which 

contains a contiguous ABC ring system along with a butenolide off the C ring and an ether bridge 

connecting rings C and A (Figure 4.4). 

 

Figure 4.4 Structure of Stemocurtisine 

 As the more traditional pyrrolo[1,2-a]azepine stemona alkaloids have been known for 

decades, many of them have reported syntheses that are discussed in reviews.98,99 Due to the 
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interesting chemical architecture exhibited by stemocurtisine, and the lack of precedent for the 

synthesis of this subclass of stemona alkaloids, we began to investigate the possibility of 

approaching this molecule with organic photoredox catalysis. 

4.1.2 Reported Efforts Toward Stemocurtisine 

 While no completed syntheses of stemocurtisine have been reported, the Pyne lab has 

disclosed some preliminary work.103,104 Their first report in 2013 details a model system97, which 

helped inspire their 2015 publication that details a diastereoselective synthesis of the ABC ring 

system in 19 steps.98 To accomplish this, they first prepared lactam 2 from commercially 

available iodide 3, using an epoxide-opening step to set the relative stereochemistry (Scheme 

4.1). 

Scheme 4.1 Synthesis of Substituted Lactam 

 

 Lactam 2 was then carried on to construct the seven-membered ring present in 

stemocurtisine via an ene-yne RCM reaction to yield 4. 
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Scheme 4.2 Constructing the Seven-Membered Ring 

 

 Finally, the butenolide was prepared by a bromolactonization sequence to give tricyclic 

intermediate 5 as a mixture of diastereomers; fortunately, the undesired diastereomer could be 

epimerized at the γ-position of the butenolide with DBU. Reduction of the butenolide and TBS-

deprotection provided 6, which Pyne planned to use in a photochemical oxidative cyclization. 

Scheme 4.3 Synthesizing the C Ring 

 

 Unfortunately, their attempts at a photochemical cyclization with hypervalent iodine 

PhI(OAC)2 resulted in opening of the A ring (Scheme 4.4A). Furthermore, reduction of the 

lactam to the cyclic amine did not facilitate this cyclization (Scheme 4.4B). 
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Scheme 4.4 Attempts at a Photochemical Oxidative Cyclization 

 

 While Pyne was able to successfully synthesize a rather advanced intermediate to 

stemocurtisine with high diastereoselectivity, the formation of the ether bridge proved 

challenging. In addition, his sequence is quite lengthy, prompting us to consider if photoredox 

chemistry could be used to streamline the synthesis of this natural product. 

4.2 Synthetic Approach to Stemocurtisine 

 Our initial approach to stemocurtisine hinged on unpublished work involving an 

acridinium ion and cobaloxime105 dual catalytic system that we have used to dehydrogenate a 

number of simple organic molecules. Cobaloximes as dehydrogenation catalysts have been 

studied for quite some time, and more details on this chemistry can be found in several papers 

and reviews.106,107 

 The most relevant example of this chemistry to stemocurtisine is the dehydrogenation of 

protected piperidine 7 to the correspond enamine 8 (Scheme 4.5A)xvi. In addition, our lab has 

shown the Cbz-variant of 8 to be compatible with our anti-Markovnikov hydrofunctionalization 

chemistry, specifically in regards to the addition of carboxylic acids (Scheme 4.5B).108 

  

 
xvi This experiment was performed by Dr. Alex White during his time as a postdoc in the lab 
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Scheme 4.5 Precedent for Dehydrogenation and Hydrofunctionalization 

 

 Based on this precedent, we began to consider the possibility of an organic photoredox 

cascade process involving dehydrogenation and anti-Markovnikov hydrofunctionalization to 

construct the ABC ring system of stemocurtisine from butenolide 9 (Scheme 4.6). 

Scheme 4.6 Proposed Organic Photoredox Cascade 

 

 Following this process, we envisioned lactam reduction109 and olefination of the C ring110 

would give 1 (Scheme 4.7). 

Scheme 4.7 Synthesis of Stemocurtisine from Cascade Product 
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4.2.1 Attempting the Organic Photoredox Cascade 

We first attempted to synthesize 9  via a vinylogous Mukaiyama Michael addition111 with 

butenolide 10 and acrylamide 11, but no product was observed (Scheme 4.8A). In addition, 

employing the lithium enolate  of 10 (Scheme 4.8B) or replacing 11 with the analogous 

thioamide112 (Scheme 4.8C) or methyl acrylate (Scheme 4.8D) did not yield product either. 

Scheme 4.8 Attempts at Synthesizing the Photoredox Cascade Precursor 

 

 Fortunately, we found that alkylation of butenolide 10 with β-bromoamide 12 and 

subsequent γ-oxygenation with molecular O2
113 gave 9 in modest yield (Scheme 4.9). 

Scheme 4.9 Synthesis of the Photoredox Cascade Precursor 

 

 With 9 in hand, we attempted the best conditions developed in the lab for the 

dehydrogenation of 7 (Scheme 4.10). Interestingly, only spirocycle 13 was observed, which is 

likely the result of amide hydrolysis to the corresponding carboxylic acid followed by 
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intramolecular esterification. Based on this outcome, and the lack of optimization for the 

dehydrogenation conditions at the time this experiment was run, we decided to take a different 

approach to stemocurtisine. 

Scheme 4.10 Photoredox Cascade Results 

 

4.3 Synthetic Approach to seco-Stemocurtisine 

 After the isolation of stemocurtisine in 2003, Pyne continued to work identifying novel 

stemona alkaloids. One that is closely related to stemocurtisine, which will be referred to as 

seco-stemocurtisine (14), was reported by his lab in 2013 (Figure 4.5). 

 

Figure 4.5 Structure of 6-Hydroxy-5,6-seco-stemocurtisine 

Not only is 14 an easier synthetic target due to the absence of the ether bridge, it could 

likely be converted to 1 via an oxidation, reductive-amination sequence (Scheme 4.11). Based on 

these two factors, we began to investigate a route to 14 utilizing the chemistry developed in our 

lab. 
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Scheme 4.11 Proposed Synthesis of Stemocurtisine from seco-Stemocurtisine 

 

4.3.1 Attempt at a PRCC 

 Since the B ring in 14 is a substituted tetrahydrofuran, we proposed a PRCC reaction 

between γ-hydroxybutenolide 15 and protected enamine 16 could be used to access tricyclic 

intermediate 17. This species would provide 14 after olefination of the lactone110 and 

deprotection of the alcohol and enamine (Scheme 4.12) 

Scheme 4.12 Proposed Synthesis of seco-Stemocurtisine via a PRCC 

 

 We began working on this by synthesizing 16 from δ-valerolactam in three steps (Scheme 

4.13A). Next, we synthesized 15 from butenolide 10, also in 3 steps (Scheme 4.13B). 
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Scheme 4.13 Synthesis of Protected Enamine and γ-Hydroxybutenolide 

 

 Attempts at the PRCC reaction between 15 and 16 did not yield promising results (Table 

4.1). 1H NMR data collected of isolates from flash chromatography suggested either desilylation 

of the alcohol or conjugate addition of the thiophenol radical generated from diphenyl disulfide 

into the butenolide. While there are more conditions that can be explored for this reaction, such 

as using a bulkier hydrogen-atom donor to prevent conjugate addition or altering the alcohol 

protecting group, the steric environment surrounding the γ-hydroxy group on 15 is likely to limit 

its nucleophilicity. 

Table 4.1 Conditions Employed for PRCC Attempts 

 

Trial Equiv. 15 Equiv. 16 

1 1.0 1.0 

2 1.5 1.0 

3 2.0 1.0 

4 1.0 2.0 
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4.3.2 Application of α-Amino Alkylation 

 In addition to screening more PRCC conditions, we have undertaken another approach to 

access 14, which is currently being investigated by Susanna Liang. This route is based on a more 

recent publication from the lab detailing the α-amino alkylation of protected amines.14 We 

envision that butenolide 18 could be used to construct 17 via an intramolecular variant of this 

chemistry. Compound 18 could in turn be made from a silver-mediated alkoxylation of 

γ-bromobutenolide 19 using protected amino alcohol 20 as the nucleophile (Scheme 4.14). This 

type of alkylation is common in carbohydrate chemistry and has been used on both tertiary 

halides and with very bulky nucleophiles.114,115 

Scheme 4.14 Proposed Synthesis of seco-Stemocurtisine via Intramolecular α-Amino Alkylation 

 

 We are currently working on the synthesis of butenolide 21 as a model system for 

assessing the α-amino alkylation step by either an alkylation (Scheme 4.15A) or acetal 

formation116,117 (Scheme 4.15B). We envision that we will see success with this approach to 

synthesize 14 in the near future. 
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Scheme 4.15 Synthesis of α-Amino Alkylation Model System 

 

4.4 Conclusion 

 While our work on the synthesis of stemocurtisine and seco-stemocurtisine is still in its 

infancy, we envision that the α-amino alkylation approach will be successful in accessing these 

molecules. 

4.5 Associated Data 

Appendix C: Experimental Details and Characterization Data of Key Intermediates 

4.6 Acknowledgements 

I would like thank Susanna Liang for her help and contributions to this preliminary work on 

stemocurtisine and seco-stemocurtisine.  



105 

APPENDIX A: EXPERIMENTAL DETAILS AND ELECTROCHEMICAL AND 

PHOTOCHEMICAL DATA 

 

A.1 Electrochemical Measurements 

A.1.1 General Information 

 Commercially available substrates were purchased from Sigma-Aldrich or Fisher 

Scientific and used without further purification. Acetonitrile was purified by passing through 

activated alumina under nitrogen prior to use. Cyclic amines, aldehydes, and ketones used to 

prepare substrates were distilled prior to use. 

 Imines, hydrazones, oximes, enamines, and carboxylate salts were prepared in 

accordance to literature procedures, and the spectral data obtained matched reported values.8 

A.1.2 Cyclic Voltammetry 

 Cyclic voltammograms were obtained with a Pine WaveNow Potentiostat. Samples were 

prepared with 0.05 mmol of substrate and 5 mL of 0.1 M tetra-n-butylammonium 

hexafluorophosphate in dry, degassed acetonitrile. Measurements employed a glassy carbon 

working electrode, platinum wire counter electrode, 3.5 M KCl silver-silver chloride reference 

electrode, and a scan rate of 100 mV/s. Reductions were measured by scanning potentials in the 

negative direction and oxidations in the positive direction; the glassy carbon electrode was 

polished between scans. Data was analyzed in MATLAB by subtracting a background current 

prior to identifying the maximum current and determining the potential at half this value (Ep/2). 

The obtained value was originally referenced to Ag|AgCl and converted to SCE by subtracting 

0.03 V. 

 Representative CVs are compiled here to showcase the features present in each set of 

functional groups for which data was obtained. 
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Figure A.1 Cyclic Voltammogram of Mesitylene 

 

Figure A.2 Cyclic Voltammogram of Phenylacetylene 

 

Figure A.3 Cyclic Voltammogram of 2-Methyl-2-butene 
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Figure A.4 Cyclic Voltammogram of trans-β-methylstyrene 

 

Figure A.5 Cyclic Voltammogram of Carbon tetrachloride 

 

Figure A.6 Cyclic Voltammogram of Ethyl bromoacetate 
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Figure A.7 Cyclic Voltammogram of 1-Chloro-4-iodobenzene (oxidation) 

 

Figure A.8 Cyclic Voltammogram of 1-Chloro-4-iodobenzene (reduction) 

 

Figure A.9 Cyclic Voltammogram of Phenol 
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Figure A.10 Cyclic Voltammogram of o-Dimethylbenzene 

 

Figure A.11 Cyclic Voltammogram of 1,4-Dioxane 

 

Figure A.12 Cyclic Voltammogram of 3,4-Dihydro-2H-pyran 
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Figure A.13 Cyclic Voltammogram of 2-Naphthalenethiol 

 

Figure A.14 Cyclic Voltammogram of p-Methoxyphenyldisulfide 

 

Figure A.15 Cyclic Voltammogram of Aniline 
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Figure A.16 Cyclic Voltammogram of Triethylamine 

 

Figure A.17 Cyclic Voltammogram of 1-Morpholinocyclohexene 

 

Figure A.18 Cyclic Voltammogram of Furan 
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Figure A.19 Cyclic Voltammogram of 5-Methoxyindole 

 

Figure A.20 Cyclic Voltammogram of Quinoline 

 

Figure A.21 Cyclic Voltammogram of 4-Chlorobenzaldehyde 
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Figure A.22 Cyclic Voltammogram of (E)-N-Benzylidene-3-methoxyaniline (oxidation) 

 

Figure A.23 Cyclic Voltammogram of (E)-N-benzylidene-3-methoxyaniline (reduction) 

 

Figure A.24 Cyclic Voltammogram of Acetophenone 
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Figure A.25 Cyclic Voltammogram of Tetra-n-butylammonium acetate 

 

Figure A.26 Cyclic Voltammogram of Methyl benzoate 

 

Figure A.27 Cyclic Voltammogram of N,N-Dimethylformamide 
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Figure A.28 Cyclic Voltammogram of Phthalic anhydride 

 

Figure A.29 Cyclic Voltammogram of Benzoyl chloride 

 

Figure A.30 Cyclic Voltammogram of p-Dicyanobenzene 

-1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4

-6

-4

-2

0

x 10
-5

Potential (V)

C
u

rr
e

n
t 

(A
)

E
p/2

 = -1.31 V vs. Ag/AgCl 

 	(-1.34 vs. SCE)

-1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4
-4

-3

-2

-1

0

x 10
-5

Potential (V)

C
u

rr
e

n
t 

(A
)

E
p/2

 = -1.17 V vs. Ag/AgCl 

 	(-1.20 vs. SCE)

-2 -1.5 -1 -0.5

-8

-6

-4

-2

0

2

4

x 10
-5

Potential (V)

C
u

rr
e

n
t 

(A
)

E
p/2

 = -1.61 V vs. Ag/AgCl 

 	(-1.64 vs. SCE)



116 

 

Figure A.31 Cyclic Voltammogram of p-Toluenesulfonyl chloride 

 

Figure A.32 Cyclic Voltammogram of Tetra-n-butylammonium bromide 

 

Figure A.33 Cyclic Voltammogram of Ferrocene 
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A.2 Photophysical Measurements 

A.2.1 General Information 

 Acridinium ion catalysts were prepared at Merck & Co. in Rahway, New Jersey and sent 

to the Nicewicz lab for electrochemical and photophysical data. Details on their preparation can 

be found in the original literature report.15 

A.2.2 Experimental Procedures and Data 

Samples for photophysical measurements were prepared in a nitrogen-filled glovebox 

using spectrophotometric grade DCE, which was freshly distilled from P2O5. Stock solutions of 

the substrates were diluted to a concentration of 15 μM and a total volume of 4 mL before being 

transferred to a 4 mL quartz cell and sealed with a PTFE-lined screw cap. The solvent 

absorbance background was subtracted from the reported spectra. Emission spectra (1 nm step 

size, 5 nm bandwidth) are fully corrected for the spectral response of the instrument. Time 

resolved emission measurements were made by the time-correlated single photon counting 

(TCSPC) capability of the same instrument (FLS920) with pulsed excitation light (444.2 nm, 

typical pulse width = 95 ps) generated by an Edinburgh EPL-445 ps pulsed laser diode operating 

at a repetition rate of 5 MHz. The lifetime of fluorescence was determined by reconvolution fit 

with the instrument response function using the Edinburgh FS900 software. Fluorescence decay 

fit satisfactorily according to the function It = A0e
-t/τ or It = A1e

-t/τ1 + A2e
-t/τ2, where two τ-values 

are reported in the latter case. 

Excited state reduction potentials (*E1/2) were calculated by subtracting the ground-state 

reduction potential (E1/2), obtained by cyclic voltammetry, from the excitation energy (E0,0). E0,0 

is determined by calculating the energy of the wavelength at which the substrate’s UV-Vis 

absorption and emission spectra overlap. 
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 Data (CVs, absorption/emission spectra, and fluorescence decay data) are compiled 

below for the four methoxy-substituted acridinium ions investigated.  

 

 
 

Figure A.34 Cyclic Voltammogram of Catalyst 5 

 

Figure A.35 Absorption and Emission Spectra of Catalyst 5 



119 

 

Figure A.36 Fluorescence Decay Data of Catalyst 5 

 

 
 

Figure A.37 Cyclic Voltammogram of Catalyst 6 
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Figure A.38 Absorption and Emission Spectra of Catalyst 6 

 

Figure A.39 Fluorescence Decay Data of Catalyst 6 
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Figure A.40 Cyclic Voltammogram of Catalyst 7 

 

Figure A.41 Absorption and Emission Spectra of Catalyst 7 
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Figure A.42 Fluorescence Decay Data of Catalyst 7 

 

 
 

Figure A.43 Cyclic Voltammogram of Catalyst 8 
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Figure A.44 Absorption and Emission Spectra of Catalyst 8 

 

Figure A.45 Fluorescence Decay Data of Catalyst 8 
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APPENDIX B: EXPERIMENTAL DETAILS AND CHARACTERIZATION DATA OF 

KEY INTERMEDIATES 

 

B.1 General Information 

 Reactions were run under nitrogen and anhydrous conditions unless otherwise stated. 

Commercially available reagents were purchased from Sigma-Aldrich, Acros, Alfa Aesar, 

Oakwood Chemical, VWR, or Fisher Scientific and purified using reported methods as 

needed.118 Solvents were dried by passing through activated alumina prior to use; the exceptions 

to this include DIPA, which was distilled from KOH, and THF, which was distilled from LAH. 

 Reactions were monitored by TLC using silica plates from VWR, and UV light or 

KMnO4 stain as a method of visualization. Flash chromatography was conducted with 40-63 μm 

(230-400 mesh) silica from Silicycle. 

 NMR spectroscopy was recorded using Bruker 400 MHz or Bruker Advance III 600 

Cryoprobe (1H NMR at 600 MHz, 13C NMR at 151 MHz, and 31P at 243 MHz). Solvent 

resonances were used as an internal standard: CDCl3 (7.26 ppm for 1H and 77.0 ppm for 13C), 

DMSO-d6 (2.50 ppm for 1H and 39.0 for 13C), or pyridine-d5 (7.21, 7.58, 8.73 ppm for 1H and 

123.3, 135.3, 149.7 ppm for 13C). Chemical shifts are reported in ppm and coupling constants in 

Hz. Crystal structure data was obtained with a Bruker Smart Apex II crystal x-ray diffractometer. 
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B.2 Experimental Details 

B.2.1 Synthesis of the Western Half of Rubriflordilactone B 

Scheme B.1 Synthesis of 1-4  

 

Synthesis of 1 NaH (1.98 g, 49.5 mmol, 1.1 equiv; 60% dispersion in mineral oil) was added to a 

flame-dried RBF and rinsed with dry hexanes (3x) before it was suspended in THF (113 mL) and 

cooled to 0 oC. Triethylphosphonoacetate (9.80 mL, 49.5 mmol, 1.1 equiv) was added and the 

contents were stirred for 30 min before freshly distilled isobutyraldehyde (4.20 mL, 45.0 mmol, 

1 equiv) was added. After stirring for 16 hr and warming to room temperature, the reaction was 

quenched with sat. aq. NH4Cl and the aqueous layer extracted with Et2O 3x and the combined 

organic layers washed with brine and dried over MgSO4. Filtration and concentration gave the 

product as a colorless liquid (6.37 g, >99%). 1H NMR (400 MHz, Chloroform-d) δ 6.93 (dd, J = 

15.7, 6.6 Hz, 1H), 5.75 (dd, J = 15.7, 1.4 Hz, 1H), 4.17 (q, J = 7.1 Hz, 3H), 2.44 (hd, J = 6.7, 1.7 

Hz, 1H), 1.27 (t, J = 7.1 Hz, 4H), 1.05 (s, 3H), 1.04 (s, 3H). 

Synthesis of 2 KOH (7.92 g, 120 mmol, 2 equiv) was dissolved in a 1:1 mixture of H2O:EtOH 

(30 mL of each) before 1 (8.53 g, 60 mmol, 1 equiv) was added. After stirring for 16 hr, the 

reaction was acidified with 2 N HCl and extracted with Et2O. The combined organic layers were 

washed with brine and dried over MgSO4. Filtration and concentration gave a colorless oil (6.40 

g, 93%). 1H NMR (400 MHz, Chloroform-d) δ 11.90 (s, 1H), 7.05 (dd, J = 15.7, 6.6 Hz, 1H), 

5.76 (dd, J = 15.7, 1.4 Hz, 1H), 2.47 (dqd, J = 13.5, 6.7, 1.2 Hz, 1H), 1.07 (s, 3H), 1.05 (s, 3H). 
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Synthesis of 3 KOH (3.99 g, 71.0 mmol, 14.2 equiv) was dissolved in H2O (12 mL), then 2 (601 

μL, 5.00 mmol, 1 equiv) was added dropwise. The contents were heated to reflux for 48 hr; after 

cooling to RT, the reaction was acidified with 2 N HCl and extracted with DCM (3x); the 

organic layers were dried over MgSO4, filtered, and concentrated to give a yellow liquid (490 

mg, 86%). 1H NMR (400 MHz, Chloroform-d) δ 10.79 (s, 1H), 5.29 (ddt, J = 7.2, 4.3, 1.4 Hz, 

1H), 3.08 (d, J = 7.2 Hz, 2H), 1.75 (s, 3H), 1.64 (s, 3H). 

Synthesis of 4 K2CO3 (726 mg, 5.25 mmol, 1.1 equiv) was suspended in DMF (3.2 mL) before 3 

(600 μL, 5.00 mmol, 1 equiv) was added. After 15 min, MeI (450 μL, 7.25 mmol, 1.45 equiv) 

was added and the solution stirred for 16 hr. The contents were diluted with Et2O, washed with 

water (5x) (to remove DMF) and brine (1x). The organic layers were dried over MgSO4, filtered, 

and concentrated to a yellow oil (556 mg, 87%). 1H NMR (400 MHz, Chloroform-d) δ 5.29 (ddt, 

J = 7.2, 5.8, 1.4 Hz, 1H), 3.67 (s, 3H), 3.03 (d, J = 7.2 Hz, 2H), 1.74 (s, 3H), 1.63 (s, 3H). 

Scheme B.2 Synthesis of 5 

 

Synthesis of 5 MeMgBr (3.0 M, 3.3 mL, 10 mmol, 2 equiv) was added to a flame-dried RBF, 

diluted with Et2O (5 mL), and cooled to 0 oC before maleic anhydride (490 mg, 5.00 mmol, 1 

equiv) was added as a solution in Et2O (6 mL). After 3 hr, the mixture was acidified with 2 N 

HCl and extracted with Et2O. The combined organic layers were washed with 1 N HCl, brine, 

and dried over MgSO4. Filtration and concentration gave a pale purple oil which contained 

product with trace impurities (178 mg, approx. 32%). 1H NMR (400 MHz, Chloroform-d) δ 7.39 

(d, J = 5.6 Hz, 1H), 5.97 (d, J = 5.6 Hz, 1H), 1.48 (s, 6H). 
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Scheme B.3 Synthesis of 6 and 5 

 

Synthesis of 6 Maleic anhydride (1.00 g, 10.2 mmol, 1 equiv) was added to an RBF and cooled 

to 0 oC before furan (4.40 mL, 61.2 mmol, 6 equiv) was added dropwise in the dark. After 

stirring for 16 hr, the resultant white solid was filtered and washed with chilled hexanes (1.49 g, 

88%). 1H NMR (400 MHz, Chloroform-d) δ 6.58 (s, 2H), 5.46 (s, 2H), 3.18 (s, 2H). 

Synthesis of 5 In a flame-dried RBF, 6 (10.6 g, 63.8 mmol, 1 equiv) was suspended in Et2O (180 

mL) and cooled to 0 oC before MeMgBr (3.0 M, 64 mL, 191 mmol, 3 equiv) was added 

dropwise. During the addition, the reaction may clump up into a viscous material, but over time 

it will loosen up and stir. After stirring for 16 hr, the mixture was acidified with 2 N HCl and 

stirred for 30 min before it was extracted with EtOAc. The organic layers were washed with 2 N 

HCl, sat. aq. NaHCO3, brine, and dried over MgSO4. Filtration and concentration afforded an 

orange oil which was immediately distilled to obtain 5 as a pale-yellow liquid (4.08 g, 57%, 2 

steps). 1H NMR (400 MHz, Chloroform-d) δ 7.39 (d, J = 5.6 Hz, 1H), 5.97 (d, J = 5.6 Hz, 1H), 

1.48 (s, 6H). 

Scheme B.4 Synthesis of 7-9 
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Synthesis of 7 To a flame-dried RBF was added triethylphosphonoacetate (39.6 mL, 200 mmol, 

1 equiv), isobutyraldehyde (101 mL, 1.12 mol, 5.6 equiv), acetic acid (6.00 mL, 104 mmol, 0.52 

equiv), piperidine (1.40 mL, 14.0 mmol, 0.07 equiv), and PhMe (400 mL). The contents were 

heated to reflux with a Dean-Stark trap for 4 days, then cooled to RT, concentrated, and purified 

by column chromatography with 40% EtOAc/hexanes to give a yellow oil (49.9 g, 90%; small 

amount of alkene isomer present). 1H NMR (600 MHz, Chloroform-d) δ 6.86 (dd, J = 23.1, 10.2 

Hz, 1H), 4.28 – 4.19 (m, 3H), 4.18 – 4.04 (m, 5H), 3.03 (dddd, J = 13.1, 8.7, 6.6, 3.3 Hz, 1H), 

1.30 (td, J = 7.1, 4.9 Hz, 12H), 1.05 (dd, J = 6.6, 3.9 Hz, 8H). 

Synthesis of 8 To a dry flask was added NBS (41.5 g, 233.1 mmol, 1.3 equiv), CCl4 (268 mL), 

and 7 (49.9 g, 179 mmol, 1 equiv). After adding BPO (434 mg, 1.79 mmol, 10 mol%), the 

contents were heated to reflux for 5 hr. After cooling to RT, the precipitate formed was filtered 

off and washed with chilled CCl4. The filtrate was then washed with water (2x), sat. aq. NaS2O3 

(1x), brine (1x), and dried over MgSO4. Filtration and concentration gave an orange oil (19.4 g, 

67%). 1H NMR (400 MHz, Chloroform-d) δ 6.92 (d, J = 24.9 Hz, 1H), 4.27 (q, J = 8.5, 7.1 Hz, 

3H), 4.20 – 4.05 (m, 5H), 1.94 (s, 7H), 1.39 – 1.25 (m, 12H). 

Synthesis of 9 Combined 8 (16.8 g, 47.0 mmol, 1 equiv), AgOAc (7.84 g, 47.0 mmol, 1 equiv), 

and AcOH (70 mL) in a flask and refluxed the suspension for 6 hr. The contents were cooled to 

RT and concentrated. The residue was taken up in DCM and washed with water (2x) and brine 

(1x). Drying over Na2SO4, filtration, and concentration gave an oil which was purified by 

chromatography using EtOAc as the eluent to give a light-yellow oil, which solidified to a pale-

yellow solid upon standing (4.82 g, 41%). 1H NMR (600 MHz, Chloroform-d) δ 8.00 (d, J = 9.5 

Hz, 1H), 4.28 – 4.15 (m, 4H), 1.50 (s, 6H), 1.34 (t, J = 7.1 Hz, 6H). 
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Scheme B.5 Synthesis of 10-11 

 

Synthesis of 10 Within an RBF, CBr4 (7.30 g, 22.0 mmol, 2 equiv) and Ph3P (11.5 g, 44.0 mmol, 

4 equiv) were combined and taken up in DCM (50 mL) at 0 oC. After this solution stirred for 30 

min, 2-bromobenzaldehyde (2.04 g, 11.0 mmol, 1 equiv) was added as a solution in DCM (1 

mL). The contents were stirred for 2 hr, then quenched with water. The aqueous layer was 

extracted with DCM (3x), and the combined organic layers were washed with brine, dried over 

MgSO4, filtered, and concentrated. The residue was purified by chromatography with hexanes as 

the eluent to give a yellow oil (3.16 g, 84%). 1H NMR (400 MHz, Chloroform-d) δ 7.59 (d, J = 

8.0 Hz, 2H), 7.51 (s, 1H), 7.34 (t, J = 7.5 Hz, 1H), 7.21 (t, J = 7.7 Hz, 1H). 

Synthesis of 11 To a flame dried RBF filled with nitrogen was added DIPA (2.00 mL, 14.5 

mmol, 3 equiv) and THF (37 mL). After cooling the solution to -78 oC, n-BuLi (1.6 M, 9.0 mL 

15 mmol, 3 equiv) was added dropwise. To this freshly made LDA was added a solution of 10 

(1.65 g, 4.83 mmol, 1 equiv) in THF (12 mL). After stirring the solution for 2 hrs, the reaction 

was quenched with sat. aq. NH4Cl and the aqueous layer extracted with DCM. The combined 

organic layers were dried over MgSO4, filtered, and concentrated. The residual oil was purified 

by chromatography with hexanes as the eluent to give the product as an orange oil (600 mg, 

68%). 1H NMR (400 MHz, Chloroform-d) δ 7.56 (ddd, J = 24.9, 7.8, 1.3 Hz, 2H), 7.31 – 7.24 

(m, 1H), 7.20 (td, J = 7.8, 1.7 Hz, 1H), 3.38 (s, 1H). 
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Scheme B.6 Synthesis of 12-14 

 

Synthesis of 12 To a dry flask under nitrogen was added 11 (500 μL, 4.00 mmol, 2.2 equiv) and 

PhMe (2.5 mL). To this solution was added ZnEt2 (1.5 M, 2.4 mL, 3.6 mmol, 2 equiv) and the 

contents were heated to 70 oC for 1.5 hr. At this point, a solution of 9 (451 mg, 1.80 mmol, 1 

equiv) in PhMe (22 mL) was added and the reaction stirred at 70 oC for another 16 hr. After 

cooling to RT, the reaction was quenched with sat. aq. NH4Cl and the aqueous layer extracted 

with EtOAc. The combined organic layers were washed with brine, dried over Na2SO4, filtered, 

and concentrated. Purification of the residue by chromatography with 40% EtOAc/hexanes → 

100% EtOAc gave the product as a pale yellow solid (611 mg, 79%). 1H NMR (400 MHz, 

Chloroform-d) δ 7.61 – 7.56 (m, 1H), 7.43 (dd, J = 7.7, 1.6 Hz, 1H), 7.30 – 7.24 (m, 2H), 7.19 

(td, J = 7.8, 1.6 Hz, 1H), 4.39 – 4.28 (m, 2H), 4.24 (p, J = 7.3 Hz, 2H), 3.72 (dd, J = 16.3, 11.5 

Hz, 1H), 3.41 (dd, J = 22.6, 11.5 Hz, 1H), 1.63 (s, 3H), 1.57 (s, 3H), 1.36 (dt, J = 11.6, 7.1 Hz, 

6H). 13C NMR (151 MHz, Chloroform-d) δ 169.14, 133.47, 132.59, 129.94, 127.21, 125.69, 

124.49, 88.90, 88.89, 85.48, 85.40, 83.86, 77.16, 64.14, 64.10, 63.12, 63.08, 46.55, 45.55, 41.32, 

41.30, 27.32, 24.49, 16.57, 16.53, 16.49. 31P NMR (243 MHz, Chloroform-d) δ 18.90. HRMS 

calculated (M+Na): 451.0280; found: 451.0280. 



131 

Synthesis of 13 Inside a nitrogen-filled glovebox, IPrCuCl (26.3 mg, 54 μmol, 4 mol%) and 

KOt-Bu (7.5 mg, 67 μmol, 5 mol%) were combined in a flask and suspended in PhMe (300 μL). 

The flask was sealed before removing from the glovebox and placed under a positive pressure of 

nitrogen. After stirring for 15 min, PMHS (280 μL, 4.00 mmol, 3 equiv) was added along with 

12 (577 mg, 1.34 mmol, 1 equiv) dissolved in PhMe (1.5 mL); after an additional 5 minutes had 

elapsed, t-amyl alcohol (370 μL, 3.35 mmol, 2.5 equiv) was added. The solution was heated to 

45 oC and stirred for 16 hr. After cooling to RT, the contents were eluted through a silica plug 

with EtOAc and concentrated. The residue was purified by chromatography with 60% 

EtOAc/hexanes to give a yellow oil (470 mg, 82%). 1H NMR (400 MHz, Chloroform-d) δ 7.65 – 

7.56 (m, 2H), 7.37 – 7.30 (m, 1H), 7.16 (td, J = 7.9, 1.5 Hz, 1H), 6.69 (d, J = 11.3 Hz, 1H), 5.62 

(t, J = 10.9 Hz, 1H), 4.37 – 4.25 (m, 2H), 4.25 – 4.15 (m, 2H), 3.71 (dt, J = 15.9, 11.1 Hz, 1H), 

3.15 (dd, J = 23.3, 11.6 Hz, 1H), 1.36 (d, J = 7.1 Hz, 6H), 1.30 (s, 3H), 1.14 (s, 3H). 13C NMR 

(151 MHz, CDCl3) δ 169.90, 136.54, 134.08, 132.61, 130.38, 129.29, 128.18, 128.18, 127.63, 

123.84, 86.63, 86.53, 77.16, 63.93, 63.89, 62.70, 62.66, 45.93, 45.64, 45.63, 44.93, 26.74, 22.66, 

16.61, 16.57, 16.50, 16.46. 31P NMR (243 MHz, CDCl3) δ 19.91. HRMS calculated (M+Na): 

453.0437; found: 453.0433. 

Synthesis of 14 Within a flask, 13 (810 mg, 1.90 mmol, 1 equiv) and K2CO3 (790 mg, 5.70 

mmol, 3 equiv) were combined and cooled to 0 oC, then aqueous formaldehyde (37 wt%, 1.1 

mL, 13 mmol, 7 equiv) was added. The contents were stirred for 30 min before diluting the 

mixture with water and extracting it with EtOAc. The combined organic layers were washed 

with brine, dried over MgSO4, filtered, and concentrated. The residue was purified by 

chromatography with 20% EtOAc/hexanes to give a white solid (393 mg, 67%). 1H NMR (600 

MHz, Chloroform-d) δ 7.61 (d, J = 8.0 Hz, 1H), 7.29 (t, J = 7.5 Hz, 1H), 7.21 – 7.15 (m, 2H), 
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6.84 (d, J = 11.2 Hz, 1H), 6.27 (d, J = 3.4 Hz, 1H), 5.69 – 5.63 (m, 1H), 5.62 (d, J = 3.0 Hz, 1H), 

3.67 (dt, J = 10.1, 3.2 Hz, 1H), 1.32 (s, 6H). 13C NMR (151 MHz, CDCl3) δ 169.23, 139.94, 

136.62, 135.22, 132.96, 129.72, 129.49, 127.48, 127.07, 123.87, 122.35, 85.07, 77.16, 49.84, 

27.31, 24.09. HRMS calculated (M+Na): 329.0148; found: 329.0147. 

Scheme B.7 Synthesis of 15-18 

 

Synthesis of 15 Made analogously to 12 on a 5 mmol scale to give a yellow oil (1.45 g, 83%). 

1H NMR (600 MHz, Chloroform-d) δ 7.42 – 7.38 (m, 2H), 7.33 (t, J = 7.6 Hz, 3H), 4.38 – 4.27 

(m, 2H), 4.23 (ddt, J = 10.4, 7.0, 3.1 Hz, 2H), 3.67 (dd, J = 16.2, 11.5 Hz, 1H), 3.37 (dd, J = 

22.7, 11.5 Hz, 1H), 1.61 (s, 3H), 1.51 (s, 3H), 1.37 (t, J = 7.1 Hz, 3H), 1.34 (t, J = 7.0 Hz, 3H). 

Synthesis of 16 Made analogously to 13 on a 1.67 mmol scale to give a white solid (484 mg, 

82%). 1H NMR (400 MHz, Chloroform-d) δ 7.43 – 7.32 (m, 3H), 7.26 (s, 2H), 6.75 (d, J = 11.5 

Hz, 1H), 5.51 (t, J = 11.1 Hz, 1H), 4.28 – 4.18 (m, 2H), 4.13 (ddd, J = 14.5, 7.1, 2.7 Hz, 2H), 

3.94 (dt, J = 15.8, 11.0 Hz, 1H), 3.11 (dd, J = 23.5, 11.4 Hz, 1H), 1.36 – 1.19 (m, 10H). 

Synthesis of 17 Made analogously to 14 on a 2.30 mmol scale to give a yellow oil (269 mg, 

51%). 1H NMR (400 MHz, Chloroform-d) δ 7.38 – 7.27 (m, 3H), 7.25 – 7.20 (m, 2H), 6.90 (d, J 

= 11.5 Hz, 1H), 6.28 (d, J = 3.4 Hz, 1H), 5.60 – 5.48 (m, 2H), 3.96 (dt, J = 10.0, 2.9 Hz, 1H), 

1.37 (s, 3H), 1.32 (s, 3H). 
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Synthesis of 18 In a dry RBF, 17 (227 mg, 1.00 mmol, 1 equiv) was dissolved in PhMe (91 mL) 

and cooled to 0 oC before TBHP (400 μL, 1.95 mmol, 1.95 equiv) and Triton B (152 μL, 330 

μmol mmol, 0.33 equiv) were added. After 1 hr, the contents were quenched with sat. aq. NH4Cl 

and extracted with EtOAc (3x). The combined organic layers were dried over Na2SO4, filtered, 

and concentrated. The obtained residue was purified by chromatography with 20% 

EtOAc/hexanes to obtain a pale-orange solid (109 mg, 45%). 1H NMR (600 MHz, Chloroform-

d) δ 7.35 (t, J = 7.4 Hz, 2H), 7.29 (t, J = 7.4 Hz, 1H), 7.25 (s, 2H), 6.89 (d, J = 11.5 Hz, 1H), 

5.46 (t, J = 11.1 Hz, 1H), 3.77 (d, J = 10.7 Hz, 1H), 3.15 (d, J = 6.1 Hz, 1H), 3.11 (d, J = 6.1 Hz, 

1H), 1.46 (s, 3H), 1.39 (s, 3H). 

Scheme B.8 Synthesis of 19 

 

Synthesis of 19 CuI (27.6 mg, 145 μmol, 0.58 equiv) was suspended in THF (810 μL) and 

cooled to -78 oC. Vinyl magnesium bromide (1.0 M, 750 μL, 750 μmol, 3 equiv) was added and 

contents stirred for 30 min before adding 5 (27.0 μL, 250 μmol, 1 equiv) as a solution in THF 

(930 μL). After 1 hr, the reaction was quenched with sat. aq. NH4Cl, extracted with Et2O (3x), 

and the combined organic layers were washed with brine and dried over MgSO4. Filtration and 

concentration gave a residue which was purified by chromatography with 30% EtOAc/hexanes 

to give a yellow oil (11 mg, 31%). 1H NMR (600 MHz, Chloroform-d) δ 5.70 (ddd, J = 16.9, 

10.4, 8.0 Hz, 1H), 5.18 – 5.13 (m, 2H), 2.86 (dt, J = 11.3, 8.1 Hz, 1H), 2.61 (dd, J = 17.5, 8.2 Hz, 

1H), 2.54 (dd, J = 17.5, 11.3 Hz, 1H), 1.42 (s, 3H), 1.21 (s, 3H). 
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Scheme B.9 Synthesis of 20-21 

 

Synthesis of 20 Maleic anhydride (24.5 g, 250 mmol, 1 equiv) was dissolved in CHCl3 (147 mL) 

and cooled to 0 oC. In the dark, dicyclopentadiene was cracked and a portion (23.5 mL, 280 

mmol, 1.1 equiv) was slowly added to the reaction vessel. The contents were stirred for 5 hrs, 

then concentrated down to a white solid. Recrystallization of the crude product from MeOH 

afforded colorless crystals (34.6 g, 84%). 1H NMR (400 MHz, Chloroform-d) δ 6.34 (s, 3H), 

6.34 (d, J = 3.9 Hz, 2H), 3.65 – 3.49 (m, 10H), 1.81 (dt, J = 9.0, 1.7 Hz, 3H), 1.61 (s, 1H). 

Synthesis of 21 In a dry flask, 20 (20.0 g, 122 mmol, 1 equiv) was dissolved in Et2O (349 mL) 

and cooled to 0 oC before MeMgBr (3.0 M, 120 mL, 365 mmol, 3 eq) was added dropwise. The 

mixture was stirred for 16 hr and gradually warmed to room temperature. The contents were then 

cooled back to 0 oC before they were acidified with 2 N HCl. After stirring for 1 hr, the contents 

were extracted with EtOAc 3x and the combined organic layers were washed with 2 N HCl, sat. 

aq. NaHCO3, brine, then dried over MgSO4, filtered, and concentrated down to a light-yellow oil, 

which solidifies upon sitting (19.8 g, 91%). 1H NMR (400 MHz, Chloroform-d) δ 6.23 (d, J = 

8.3 Hz, 2H), 3.46 (dd, J = 8.8, 5.1 Hz, 1H), 3.27 (ddt, J = 5.1, 2.7, 1.4 Hz, 1H), 3.07 – 2.98 (m, 

1H), 2.72 (dd, J = 8.8, 3.7 Hz, 1H), 1.62 (dt, J = 8.4, 1.6 Hz, 1H), 1.42 (s, 1H), 1.37 (s, 3H), 1.35 

(s, 3H). 13C NMR (151 MHz, CDCl3) δ 177.55, 136.09, 134.42, 84.13, 77.16, 52.79, 49.08, 

45.37, 45.31, 32.48, 23.77. HRMS calculated (M+Na): 201.0886; found: 201.0886. 

Scheme B.10 Synthesis of 22-24 
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Synthesis of 22 To a dry flask was added 2-bromobenzaldehyde (1.75 mL, 15.0 mmol, 1 equiv), 

triethylamine (6.20 mL, 45.0 mmol, 3 equiv), and iPrOH (150 mL). After sparging the solution 

with nitrogen for 1 hr, it solution was cannulated into a dry 2-neck flask fitted with a reflux 

condenser containing Pd(dppf)Cl2 (1.10 g, 1.50 mmol, 10 mol%) and potassium 

vinyltrifluoroborate (4.02 g, 30.0 mmol, 2 equiv). The solution was then heated to reflux for 16 

hr. The following day, the contents were cooled to room temperature and concentrated. The 

resultant residue was filtered through a silica plug with 4:1 hexanes:ether and the filtrate was 

concentrated to a red oil (1.61 g, 81%). 1H NMR (600 MHz, Chloroform-d) δ 10.30 (s, 1H), 7.84 

(d, J = 7.6 Hz, 1H), 7.60 – 7.56 (m, 2H), 7.56 – 7.51 (m, 1H), 7.47 – 7.42 (m, 1H), 5.71 (d, J = 

17.4 Hz, 1H), 5.52 (d, J = 11.0 Hz, 1H). 

Synthesis of 23 To a dry flask was added NaBH4 (461 mg, 12.2 mmol, 1 equiv) and THF (24 

mL). To this suspension was slowly added a solution of 22 (1.61 g, 12.2 mmol, 1 equiv) in THF 

(12 mL). After 1.5 hr, the reaction was quenched with 2 N HCl and extracted with DCM 3x. The 

combined organic layers were washed with brine then dried over MgSO4. Filtration and 

concentration afforded an orange oil (1.56 g, 95%). 1H NMR (600 MHz, Chloroform-d) δ 7.57 – 

7.52 (m, 1H), 7.36 (dd, J = 7.2, 1.3 Hz, 1H), 7.33 – 7.26 (m, 2H), 7.06 (dd, J = 17.4, 11.0 Hz, 

1H), 5.71 (dd, J = 17.4, 1.2 Hz, 1H), 5.37 (dd, J = 11.0, 1.2 Hz, 1H), 4.76 (d, J = 4.0 Hz, 2H), 

1.67 (s, 1H). 

Synthesis of 24 In a flask, 23 (4.07 g, 30.3 mmol, 1 equiv) was dissolved in DCM (152 mL) and 

cooled to 0 oC. Triphenylphosphine (9.55 g, 36.4 mmol, 1.2 equiv) was added in one portion and 

the contents were stirred for 10 min, NBS (6.48 g, 36.4 mmol, 1.2 equiv) was then added in 5 

portions over 5 min. After an additional 1 hr of stirring, the reaction was concentrated and 

purified by chromatography with 10% EtOAc/hexanes to give a yellow oil (4.92 g, 82%). 1H 
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NMR (400 MHz, Chloroform-d) δ 7.52 (d, J = 7.9 Hz, 1H), 7.35 – 7.28 (m, 2H), 7.27 – 7.21 (m, 

1H), 7.10 (dd, J = 17.3, 11.0 Hz, 1H), 5.76 (dd, J = 17.3, 1.2 Hz, 1H), 5.44 (dd, J = 11.0, 1.2 Hz, 

1H), 4.57 (s, 2H). 

Scheme B.11 Synthesis of 25-27 

 

Synthesis of 25 To a dry flask was added DIPA (1.00 mL, 7.10 mmol, 1.2 equiv) and THF (10 

mL). After cooling this solution to -78 oC, n-BuLi (2.5 M soln, 2.6 mL, 6.5 mmol, 1.1 equiv) was 

added dropwise. The contents were stirred for 15 min before a solution 21 (1.05 g, 5.90 mmol, 1 

equiv) in THF (2 mL) was added. After another 30 min of stirring, 24 (1.40 g, 7.1 mmol, 1.2 

equiv) was added. After 3 hrs at -78 oC, the solution was quenched with sat. aq. NH4Cl and the 

aqueous layer extracted with EtOAc (3x). The combined organic layers were washed with brine, 

dried over MgSO4, filtered, and concentrated down to an off-white solid (1.56 g, 90%). 1H NMR 

(400 MHz, Chloroform-d) δ 7.53 (d, J = 7.6 Hz, 1H), 7.24 (d, J = 5.3 Hz, 3H), 7.17 – 7.07 (m, 

1H), 6.35 – 6.23 (m, 2H), 5.69 (d, J = 17.3 Hz, 1H), 5.38 (d, J = 10.9 Hz, 1H), 3.51 (d, J = 14.1 

Hz, 1H), 3.24 (s, 1H), 2.99 (s, 2H), 2.65 (d, J = 3.7 Hz, 1H), 1.62 (d, J = 8.7 Hz, 1H), 1.50 (d, J = 

8.7 Hz, 1H), 1.26 (s, 3H), 0.55 (s, 3H). 13C NMR (151 MHz, CDCl3) δ 179.80, 137.61, 137.38, 

135.84, 135.63, 135.23, 131.76, 128.46, 127.64, 126.59, 116.74, 83.60, 77.16, 63.13, 53.40, 

53.00, 51.27, 46.76, 38.96, 30.25, 24.75. HRMS calculated (M+Na): 317.1512; found: 317.1511. 
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Synthesis of 26 A solution of 25 (1.52 g, 5.40 mmol, 1 eq) in o-dichlorobenzene (38 mL) was 

sparged with nitrogen for 1 hr before it was heated to reflux (180 oC) for 16 hr. After cooling the 

contents to room temperature, they were filtered through a silica plug using hexanes (to remove 

solvent) followed by ethyl acetate. The ethyl acetate filtrate was concentrated down, affording a 

yellow oil (1.09 g, 88%). 1H NMR (400 MHz, Chloroform-d) δ 7.57 – 7.50 (m, 1H), 7.31 – 7.22 

(m, 3H), 7.21 – 7.15 (m, 1H), 6.79 (dd, J = 17.3, 11.0 Hz, 1H), 6.55 (t, J = 1.8 Hz, 1H), 5.64 (dd, 

J = 17.3, 1.0 Hz, 1H), 5.28 (dd, J = 11.0, 1.0 Hz, 1H), 3.61 (d, J = 1.6 Hz, 2H), 1.38 (s, 6H). 13C 

NMR (151 MHz, CDCl3) δ 172.79, 155.06, 136.82, 134.90, 134.25, 131.97, 130.38, 128.19, 

127.48, 126.15, 116.27, 84.81, 77.16, 29.41, 25.63. HRMS calculated (M+Na): 251.1042; found: 

251.1042. 

Synthesis of 27 A suspension of CuI (1.36 g, 7.16 mmol, 1.5 equiv) in THF (48 mL) was cooled 

to -78 oC before vinyl magnesiumbromide (1.0 M, 14 mL, 14 mmol, 3 equiv) was added. After 

stirring for 10 min, dimethylsulfide (351 μL, 4.77 mmol, 1 equiv) was added to the solution. 

Once 90 min had passed, a solution of 26 (1.09 g, 4.77 mmol, 1 equiv) in THF (48 mL) was 

added via cannula. The solution was then warmed to -45 oC and stirred for 5 hr before quenching 

it with sat. aq. NH4Cl. The aqueous layer was extracted with EtOAc (3x) and the combined 

organic layers were washed with brine and dried over MgSO4. Filtration and concentration 

followed by chromatography with 10% acetone/hexanes gave a yellow oil (765 mg, 65%). 1H 

NMR (400 MHz, Chloroform-d) δ 7.47 – 7.41 (m, 1H), 7.24 – 7.12 (m, 3H), 6.98 (dd, J = 17.3, 

10.9 Hz, 1H), 5.64 (dd, J = 17.3, 1.3 Hz, 1H), 5.43 – 5.33 (m, 1H), 5.31 (dd, J = 10.9, 1.4 Hz, 

1H), 4.95 (d, J = 3.9 Hz, 1H), 4.92 (s, 1H), 3.35 (dd, J = 13.9, 5.2 Hz, 1H), 2.93 – 2.84 (m, 1H), 

2.80 (dd, J = 13.9, 7.7 Hz, 1H), 2.54 (dd, J = 11.6, 8.9 Hz, 1H), 1.37 (s, 3H), 1.18 (s, 3H). 13C 

NMR (151 MHz, CDCl3) δ 176.73, 136.84, 135.66, 134.63, 133.40, 131.02, 127.61, 127.02, 
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125.80, 119.15, 116.08, 84.35, 77.16, 56.70, 45.56, 32.66, 26.93, 22.68. HRMS calculated 

(M+Na): 279.1355; found: 279.1354. 

Scheme B.12 Synthesis of 28-29 

 

Synthesis of 28 A solution of 27 (205 mg, 800 μmol, 1 equiv) in THF (2.4 mL) was cooled to -

78 oC before KHMDS (0.5 M, 2.1 mL, 1.1 mmol, 1.3 equiv) was added. After stirring this 

mixture for 30 min at -78 oC and 1 hr at 0 oC, triethylphosphite (275 μL, 1.6 mmol, 2 equiv) was 

added and the nitrogen atmosphere replaced with oxygen at -78 oC. After 3.5 hr, the mixture was 

quenched with sat. aq. NH4Cl and extracted with EtOAc (4x). The combined organic layers were 

washed with brine, dried over MgSO4 and concentrated to a yellow oil (61 mg, 28%). 1H NMR 

(600 MHz, Chloroform-d) δ 7.51 (d, J = 7.7 Hz, 1H), 7.31 (d, J = 7.5 Hz, 1H), 7.26 – 7.19 (m, 

2H), 7.04 (dd, J = 17.3, 10.9 Hz, 1H), 5.87 (dt, J = 17.2, 9.9 Hz, 1H), 5.65 (d, J = 17.3 Hz, 1H), 

5.32 (d, J = 10.9 Hz, 1H), 5.22 (dd, J = 10.2, 1.4 Hz, 1H), 5.11 (dd, J = 17.3, 1.6 Hz, 1H), 3.16 

(d, J = 3.2 Hz, 1H), 2.52 (d, J = 9.5 Hz, 1H), 2.30 (s, 1H), 1.38 (s, 3H), 1.26 (s, 3H). 13C NMR 

(151 MHz, CDCl3) δ 177.17, 138.18, 135.38, 131.98, 131.88, 130.08, 127.96, 127.71, 126.20, 

121.19, 116.48, 86.41, 78.82, 77.16, 56.85, 39.00, 27.54, 24.26. HRMS calculated (M+Na): 

295.1305; found: 295.1303. 

Synthesis of 29 Dissolved 28 (61.0 mg, 223 μmol, 1 equiv) in DCM (46 mL) and sparged the 

solution with nitrogen for 1 hr before adding Grubb’s G1 catalyst (9.20 mg, 11.2 μmol, 5 mol%). 

The solution was refluxed for 16 hr, then cooled to RT and eluted through a silica plug with 

DCM. The filtrate was concentrated and purified by chromatography with15% acetone/hexanes 

to give a white solid (19.0 mg, 35%). 1H NMR (600 MHz, Chloroform-d) δ 7.26 – 7.21 (m, 4H), 
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6.59 (d, J = 14.9 Hz, 1H), 5.58 (d, J = 14.3 Hz, 1H), 3.60 (d, J = 17.2 Hz, 1H), 3.41 (d, J = 17.2 

Hz, 1H), 3.14 (s, 1H), 2.34 (s, 1H), 1.60 (s, 3H), 1.54 (s, 3H). 13C NMR (151 MHz, CDCl3) δ 

175.17, 134.44, 134.38, 133.91, 133.01, 132.37, 128.71, 127.28, 120.37, 85.18, 77.16, 73.31, 

56.44, 44.75, 28.61, 23.49. HRMS calculated (M+Na): 267.0992; found: 267.0990. 

Scheme B.13 Synthesis of 30-31 

 

Synthesis of 30 Dissolved 28 (100 mg, 390 μmol, 1 equiv) in DCM (32 mL) and sparged the 

solution with nitrogen for 1 hr before heating to reflux. Once reflux was achieved, a solution of 

Hoveyda-Grubbs G2 catalyst (12.2 mg, 19.5 μmol, 5 mol%) in DCM (2 mL) was added. After 4 

hr, the contents were cooled to RT, filtered through a silica plug with DCM and the filtrate 

concentrated. The resultant residue was purified via chromatography with 10% acetone/hexanes 

to obtain a light pink oil (74 mg, 83%). 1H NMR (600 MHz, Chloroform-d) δ 7.24 – 7.14 (m, 

4H), 6.45 (d, J = 12.3 Hz, 1H), 5.64 (d, J = 12.1 Hz, 1H), 3.52 (d, J = 16.3 Hz, 1H), 3.15 (dt, J = 

16.3, 5.7 Hz, 1H), 3.05 (d, J = 6.4 Hz, 2H), 1.56 (s, 3H), 1.32 (s, 3H). 13C NMR (151 MHz, 

CDCl3) δ 175.98, 136.99, 134.38, 134.31, 133.76, 130.96, 128.15, 126.98, 124.19, 83.78, 77.16, 

55.24, 42.22, 36.41, 27.30, 21.63. HRMS calculated (M+Na): 251.1042; found: 251.1042. 

Synthesis of 31 KHMDS (0.5 M, 1.9 mL, 945 μmol, 1.3 equiv) was added to a dry flask and 

cooled to -78 oC before adding a solution of 30 (166 mg, 727 μmol, 1 equiv) in THF (2.2 mL). 

After stirring the solution for 30 min at -78oC and 30 min at 0 oC, trimethyl phosphite (172 μL, 

1.45 mmol, 2 equiv) and the nitrogen atmosphere replaced with O2 at -78 oC. After stirring the 

mixture for 30 min, it was quenched with sat. aq. NH4Cl and extracted aqueous with EtOAc (4x). 

The combined organic layers were washed with brine and dried over MgSO4. Filtration and 
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concentration gave a residue which was purified via column chromatography with 15% 

aceton/hexanes to give a white solid (100 mg, 56%). 1H NMR (400 MHz, Chloroform-d) δ 7.32 

(dd, J = 8.4, 3.8 Hz, 1H), 7.27 (d, J = 4.3 Hz, 3H), 6.71 (dd, J = 12.4, 2.4 Hz, 1H), 5.75 (dd, J = 

12.4, 3.6 Hz, 1H), 3.15 (s, 2H), 3.05 (s, 1H), 2.33 (s, 1H), 1.64 (s, 3H), 1.42 (s, 3H). 13C NMR 

(151 MHz, CDCl3) δ 178.27, 135.38, 133.64, 131.75, 131.28, 130.76, 127.97, 127.72, 125.00, 

84.21, 78.60, 77.16, 56.94, 42.13, 29.85, 25.49. HRMS calculated (M+Na): 267.0992; found: 

267.0990. 

Scheme B.14 Synthesis of 32 

 

Synthesis of 32 A solution of 31 (141 mg, 577 μmol, 1 equiv) in DCM (3.9 mL) was cooled to 

-78 oC before adding DIBAL (1.0 M, 1.4 mL, 1.4 mmol, 2.5 equiv). After stirring the mixture for 

2 hr, it was quenched with 2 N HCl at -78 oC and extracted with EtOAc (3x). The combined 

organic layers were washed with brine, dried over Na2SO4, filtered, and concentrated. The 

obtained residue purified with 40% EtOAc/hexanes to give a white solid (100 mg, 70%). 1H 

NMR (600 MHz, Chloroform-d) δ 7.31 – 7.27 (m, 1H), 7.23 (d, J = 17.5 Hz, 3H), 6.61 (dd, J = 

12.4, 2.2 Hz, 1H), 5.73 (dd, J = 12.4, 3.9 Hz, 1H), 5.05 (d, J = 6.2 Hz, 1H), 3.63 (d, J = 6.3 Hz, 

1H), 3.10 (d, J = 13.9 Hz, 1H), 2.92 (d, J = 13.9 Hz, 1H), 2.78 (s, 1H), 2.26 (s, 1H), 1.51 (s, 3H), 

1.22 (s, 3H). 13C NMR (151 MHz, CDCl3) δ 135.96, 134.78, 131.27, 130.50, 129.93, 127.55, 

127.53, 127.36, 101.14, 82.87, 82.07, 77.16, 58.92, 42.89, 31.48, 25.81. HRMS calculated 

(M+Na): 269.1148; found: 269.1147. 
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Scheme B.15 Synthesis of 33-35 

 

Synthesis of 33 Dissolved 31 (115 mg, 471 μmol, 1 equiv) and DMAP (34.5 mg, 282 μmol, 0.6 

equiv) in DCM (4.7 mL) and cooled to 0 oC before adding Ac2O (133 μL, 1.41 mmol, 3 equiv) 

and TEA (650 μL, 4.71 mmol, 10 equiv). After 2 hr, the contents were quenched with sat. aq. 

NH4Cl and extracted with EtOAc (3x). The combined organic layers were washed with brine and 

dried over Na2SO4. Filtration and concentration gave a residue that was by chromatography with 

10% acetone/hexanes to yield a white solid (120 mg, 89%). 1H NMR (600 MHz, Chloroform-d) 

δ 7.33 – 7.21 (m, 4H), 6.68 (dd, J = 12.5, 2.4 Hz, 1H), 5.67 (dd, J = 12.5, 3.8 Hz, 1H), 3.62 – 

3.50 (m, 1H), 3.28 (d, J = 14.0 Hz, 1H), 3.10 (d, J = 13.9 Hz, 1H), 1.89 (s, 3H), 1.68 (s, 3H), 

1.42 (s, 3H). 13C NMR (151 MHz, CDCl3) δ 174.15, 170.27, 134.98, 133.98, 131.50, 130.94, 

130.16, 127.78, 127.34, 124.86, 84.41, 83.82, 77.16, 52.09, 40.93, 29.42, 26.27, 21.02. HRMS 

calculated (M+Na) 309.1097; found: 309.1096. 

Synthesis of 34 A solution of 33 (93.0 mg, 325 μmol, 1 equiv) in THF (11.2 mL) was cooled to  

-78 oC before LiHMDS (1.0 M, 810 μL, 810 μmol, 2.5 equiv) was added slowly. After 1 hr, the 

mixture was quenched with sat. aq. NH4Cl and extracted with EtOAc (3x). The organic layers 

were washed with brine, dried over Na2SO4, filtered, and concentrated to give a residue which 

was purified by chromatography with 15% acetone/hexanes to yield a white solid (75.0 mg, 

81%). 1H NMR (600 MHz, Chloroform-d) δ 7.28 (d, J = 8.9 Hz, 1H), 7.19 (dq, J = 16.7, 7.5 Hz, 
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3H), 6.68 (dd, J = 12.0, 2.8 Hz, 1H), 5.76 (dd, J = 12.0, 3.1 Hz, 1H), 3.23 (d, J = 14.2 Hz, 1H), 

3.07 – 2.99 (m, 2H), 2.97 – 2.89 (m, 2H), 2.74 (s, 1H), 1.42 (s, 3H), 1.40 (s, 3H). 13C NMR (151 

MHz, CDCl3) δ 172.31, 135.75, 134.51, 131.27, 131.09, 129.18, 127.66, 127.19, 126.34, 107.96, 

104.82, 86.40, 77.16, 58.57, 43.50, 39.58, 29.92, 26.43. HRMS calculated (M+Na): 309.1097; 

found 309.1095. 

Synthesis of 35 A mixture of 34 (53 mg, 185 μmol, 1 equiv), DCM (1 mL), and Et3SiH (440 μL, 

2.78 mmol, 15 equiv) was prepared the addition of BF3·OEt2 (293 μL, 2.31 mmol, 12.5 equiv). 

The contents were heated to 35 oC for 16 hr, then cooled to RT and quenched with sat. aq. 

NaHCO3. The aqueous layer was extracted with DCM (3x) and the combined organic layers 

were washed with brine, dried over Na2SO4, filtered, and concentrated. The obtained residue was 

purified with chromatography using 10% acetone/hexanes to give a colorless oil, which 

solidified upon standing (19.0 mg, 38%). 1H NMR (600 MHz, Pyridine-d5) δ 7.32 (dq, J = 7.7, 

4.3 Hz, 1H), 7.25 (d, J = 18.6 Hz, 4H), 6.72 (dd, J = 12.1, 2.0 Hz, 1H), 5.78 (dd, J = 12.1, 4.4 

Hz, 1H), 4.42 (d, J = 6.0 Hz, 1H), 3.23 – 3.12 (m, 2H), 3.04 (d, J = 13.7 Hz, 1H), 2.97 (s, 1H), 

2.83 (d, J = 18.3 Hz, 1H), 1.38 (s, 3H), 1.07 (s, 3H). 13C NMR (151 MHz, Pyridine-d5) δ 175.11, 

150.35, 137.33, 135.08, 131.72, 131.53, 130.10, 128.21, 128.01, 103.24, 85.55, 79.91, 60.70, 

41.96, 36.43, 30.40, 29.09, 22.74. HRMS calculated (M+Na): 293.1148; found 293.1146. 

Scheme B.16 Synthesis of 36 and 35 

 

Synthesis of 36 A solution of 34 (98.3 mg, 343 μmol, 1 equiv) in DCM (11.5 mL) was prepared 

and cooled to 0 oC before the addition of Martin’s sulfurane (346 mg, 515 μmol, 1.5 equiv). 
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After 1 hr, the reaction was quenched with sat. aq. NH4Cl and extracted with EtOAc (3x). The 

combined organic layers were washed with brine, dried over Na2SO4, filtered, and concentrated. 

The resultant residue was purified with chromatography using 30% EtOAc/hexanes to obtain a 

white solid (76.0 mg, 83%). 1H NMR (600 MHz, Chloroform-d) δ 7.28 (d, J = 6.7 Hz, 1H), 7.24 

– 7.19 (m, 2H), 7.16 (d, J = 7.4 Hz, 1H), 6.70 (dd, J = 12.3, 1.9 Hz, 1H), 5.61 (dd, J = 12.3, 3.8 

Hz, 1H), 5.02 (s, 1H), 3.44 (d, J = 13.7 Hz, 1H), 2.94 – 2.85 (m, 2H), 1.65 (s, 3H), 1.61 (s, 3H). 

13C NMR (151 MHz, CDCl3) δ 187.42, 173.79, 135.24, 134.16, 132.45, 131.33, 131.05, 128.34, 

127.42, 123.22, 102.19, 87.89, 87.01, 77.16, 54.02, 44.19, 31.35, 25.98. HRMS calculated 

(M+Na): 291.0992; found: 291.0989. 

Synthesis of 35 A solution of 34 (70.0 mg, 261 μmol, 1 equiv) in THF (4.7 mL) was cooled to -

78 oC before adding L-selectride (1.0 M, 780 μL, 780 μmol, 3 equiv). After 15 min, the reaction 

was quenched with sat. aq. NH4Cl, extracted with EtOAc (3x). The combined organic layers 

were washed with brine, dried over Na2SO4, filtered, and concentrated. Purification of the 

obtained residue with chromatography using 30% EtOAc/hexanes gave a white solid (53.0 mg, 

75%). 1H NMR (600 MHz, Pyridine-d5) δ 7.32 (dq, J = 7.7, 4.3 Hz, 1H), 7.25 (d, J = 18.6 Hz, 

4H), 6.72 (dd, J = 12.1, 2.0 Hz, 1H), 5.78 (dd, J = 12.1, 4.4 Hz, 1H), 4.42 (d, J = 6.0 Hz, 1H), 

3.23 – 3.12 (m, 2H), 3.04 (d, J = 13.7 Hz, 1H), 2.97 (s, 1H), 2.83 (d, J = 18.3 Hz, 1H), 1.38 (s, 

3H), 1.07 (s, 3H). 13C NMR (151 MHz, Pyr) δ 175.11, 150.35, 137.33, 135.08, 131.72, 131.53, 

130.10, 128.21, 128.01, 103.24, 85.55, 79.91, 60.70, 41.96, 36.43, 30.40, 29.09, 22.74. HRMS 

calculated (M+Na): 293.1148; found 293.1146. 
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B.2.2 Progress Toward the Synthesis of the Eastern Half of Rubriflordilactone B 

Scheme B.17 Synthesis of 37 

 

Synthesis of 37 A solution of TIPS-acetylene (3.40 mL, 15.0 mmol, 1 equiv) and THF (25 mL). 

was cooled to 0 oC before n-BuLi (1.6 M, 10 mL, 16 mmol, 1.1 equiv) was added dropwise; after 

stirring for 1 hr, DMF (2.20 mL, 30.0 mmol, 2 equiv) was added to the solution. After 1.5 hrs, 

the contents were poured into a 1:1 mixture of 10% KH2PO4:Et2O (82 mL) and stirred 

vigorously for 30 min before transferring to a separatory funnel. The aqueous layer was extracted 

with Et2O (3x) and the combined organic layers were washed with water and brine. The 

combined organic layers were dried over MgSO4 and concentrated down to an oil which was 

filtered through a silica plug with DCM, and the filtrate concentrated to a pale-yellow oil (2.96 g, 

94%). 1H NMR (400 MHz, Chloroform-d) δ 9.20 (s, 1H), 1.11 (s, 22H). 

Scheme B.18 Synthesis of 38-41 

 

Synthesis of 38 To a flame-dried flask containing methanol (180 mL) cooled to -20 oC was 

slowly added citraconic anhydride (25.0 g, 223 mmol, 1 equiv) via an addition funnel. After 

stirring for 45 min, dicyclohexylamine (49.0 mL, 245 mmol, 1.1 equiv) was added dropwise via 

a separate addition funnel. The cooling bath was removed and the solution stirred for an 
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additional 2 hr at room temperature before being concentrated. The resultant off-white solid was 

suspended in ethyl acetate (156 mL) and stirred vigorously for 1 hr before filtering off the solid 

and washing it with additional ethyl acetate (62.3 g, 86%). 

Synthesis of 39 Within a dry flask, 38 (62.3 g, 191 mmol, 1 equiv) was dissolved in DCM (144 

mL) and cooled to 0 oC. Isobutyl chloroformate (27.3 mL, 211 mmol, 1.1 equiv) was added 

dropwise and the solution was allowed to stir for 3 hr and gradually warm to room temperature, 

during which time a very thick slurry formed. The following day, THF (182 mL) was added and 

the flask was placed in the freezer for an hour before the solid was filtered off and washed with 

additional THF while keeping the filtrate at 0 oC. The filtrate was used directly in the next 

reaction. 

Synthesis of 40 To the cooled filtrate containing 39 (approx. 191 mmol) was added NaBH4 (14.5 

g, 382 mmol, 2 equiv) as a solution in water (29 mL). This addition must be done very slowly, as 

there is a brief induction period before hydrogen gas begins to form. Once all the NaBH4 was 

added, the mixture was stirred for an additional 2 hr. The contents were filtered, concentrated, 

suspended in Et2O, and filtered again. The filtrate was dried over MgSO4, filtered, and 

concentrated once again to a pale-yellow oil. Distillation of this material afforded a 

clear/colorless oil (14.2 g, 76% over 2 steps). 1H NMR (400 MHz, Chloroform-d) δ 7.13 (q, J = 

1.6 Hz, 1H), 4.75 (p, J = 2.1 Hz, 2H), 1.93 (q, J = 2.1 Hz, 3H). 

Synthesis of 41 To a flame-dried flask was added 40 (2.60 mL, 30.0 mmol, 1 equiv), TEA (5.00 

mL, 36.0 mmol, 1.2 equiv) and DCM (60 mL). After cooling the solution to 0 oC, TMSOTf (5.42 

mL, 30.0 mmol, 1 equiv) was added and the contents stirred at 0 oC for 60 min and room 

temperature for 30 min before diluting with pentanes (120 mL). Contents were transferred to a 

separatory funnel and washed with pH 7 aq. phosphate buffer (60 mL), 0.5 M aq. CuSO4 (60 
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mL) and brine (2x) (60 mL). The organic layer was dried over Na2SO4, filtered, and concentrated 

at 200 mbar and room temperature; distillation of the obtained residue afforded a clear and 

colorless liquid (3.32 g, 65%). 1H NMR (400 MHz, Chloroform-d) δ 6.76 (d, J = 2.2 Hz, 1H), 

6.10 (d, J = 2.1 Hz, 1H), 1.82 (s, 3H), 0.27 (s, 9H). 

Scheme B.19 Synthesis of 42-45 

 

Synthesis of 42 To a dry flask was added 4-tert-butylphenol (15.0 g, 100 mmol, 1 equiv), MgCl2 

(14.3 g, 150 mmol, 1.5 equiv), TEA (53.0 mL, 380 mmol, 3.8 equiv), paraformaldehyde (20.4 g, 

680 mmol, 6.8 equiv) and MeCN (500 mL). The mixture was was heated to reflux for 3 hr, then 

cooled to room temperature and quenched with 2 N HCl. The aqueous layer was extracted with 

Et2O, dried over MgSO4, and concentrated down to a yellow oil (15.9 g, 89%). 1H NMR (400 

MHz, Chloroform-d) δ 10.86 (s, 1H), 9.89 (s, 1H), 7.58 (dd, J = 8.7, 2.5 Hz, 1H), 7.51 (d, J = 2.5 

Hz, 1H), 6.94 (d, J = 8.7 Hz, 1H), 1.33 (s, 10H). 

Synthesis of 43 NaOAc (6.70 g, 81.1 mmol, 1.83 equiv) and 42 (7.90 g, 44.3 mmol, 1 equiv) 

were taken up in AcOH (193 mL) before a mixture of Br2 (2.30 mL, 44.3 mmol, 1 equiv) and 

AcOH (75 mL) was added dropwise via addition funnel. Once the addition was complete, the 

contents were heated to 50 oC for 16 hr. After cooling the contents to room temperature, the 

AcOH was removed under vacuum and the residue diluted with water and extracted with DCM. 
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The organic layers were combined, washed with sat. aq. Na2S2O3, sat. aq. NaHCO3, brine, and 

dried over MgSO4. Filtration and concentration gave an oil which was purified using 

chromatography with 25% EtOAc/hexanes, yielding a tan solid (10.1 g, 89%). 1H NMR (400 

MHz, Chloroform-d) δ 11.41 (s, 1H), 9.85 (s, 1H), 7.81 (d, J = 2.3 Hz, 1H), 7.51 (d, J = 2.3 Hz, 

1H), 1.33 (s, 10H). 

Synthesis of 44 Combined 43 (517 mg, 2.00 mmol, 1.2 equiv) and (R)-NOBIN (485 mg, 1.70 

mmol, 1 equiv) in EtOH (6 mL) and heated the mixture at reflux for 16 hr. After cooling the 

mixture to room temperature, it was concentrated, and the resultant residue purified with 

chromatography using 20% EtOAc/hexanes to give a bright orange solid (581 mg, 65%). 1H 

NMR (600 MHz, Chloroform-d) δ 12.50 (s, 1H), 8.57 (s, 1H), 8.12 (d, J = 8.8 Hz, 1H), 7.98 (d, J 

= 8.2 Hz, 1H), 7.93 (d, J = 8.9 Hz, 1H), 7.86 (d, J = 8.1 Hz, 1H), 7.61 (d, J = 8.8 Hz, 1H), 7.51 

(s, 2H), 7.35 (d, J = 8.8 Hz, 3H), 7.32 – 7.27 (m, 1H), 7.22 – 7.18 (m, 1H), 7.15 (s, 1H), 6.97 (d, 

J = 8.4 Hz, 1H), 4.86 (s, 1H), 1.24 (s, 9H). 

Synthesis of 45 To a dry Schlenk flask was added 44 (116 mg, 220 μmol, 2.2 equiv), PhMe 

(13.2 mL) and Ti(Oi-Pr)4 (29.6 μL, 100 μmol, 1 equiv). After stirring the contents for 1 hr, a 

solution of 3,5-di-tert-butylsalicylic acid (50.8 mg, 200 μmol, 2 equiv) in PhMe (4.2 mL) was 

added. Once another hour had elapsed, the contents were dried under vacuum and used directly 

in the synthesis of 46. 
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Scheme B.20 Synthesis of 46-48 

 

Synthesis of 46 Complex 45 (approx. 100 μmol, 1 mol%) was dissolved in PhMe (46 mL) and 

cooled to 0 oC before 37 (2.36 mL, 10.0 mmol, 1 equiv), 41 (2.16 mL, 12.0 mmol, 1.2 equiv), 

and water (18.0 μL, 1.00 mmol, 10 mol%) were added. The contents were stirred overnight at 0 

oC, then quenched with 10% aq. NaHCO3. The aqueous layer was extracted with Et2O (3x) and 

the combined organic layers were dried over MgSO4, filtered, and concentrated. The orange oil 

obtained was eluted through a silica plug with DCM, and the filtrate concentrated down to a 

yellow oil which was immediately used to make 47. 

Synthesis of 47 Crude 46 (approx. 10.0 mmol, 1 equiv) was dissolved in MeOH (10 mL) and 

stirred with citric acid (2.11 g, 11.0 mmol, 1.1 equiv) for 10 min before it was diluted with water 

and extracted with Et2O (3x). The combined organic layers were washed with water and brine, 

then dried over MgSO4 and filtered. The solvent was removed in vacuo and the residual oil 

purified by chromatography using 15% EtOAc/hexanes to obtain a yellow oil (1.81g, 59% over 2 

steps, 9.7:1 d.r.). 1H NMR (400 MHz, Chloroform-d) δ 7.11 (s, 1H), 4.96 (d, J = 4.7 Hz, 1H), 

4.52 (t, J = 5.2 Hz, 1H), 2.25 (d, J = 4.7 Hz, 1H), 1.96 (s, 3H), 1.06 (s, 21H). 

Synthesis of 48 Within a flask, 47 (1.81 g, 5.87 mmol, 1 equiv) was dissolved in MeOH (58.7 

mL) and stirred with AgF (1.12 g, 8.80 mmol, 1.5 equiv) in the dark for 2 hrs. The contents were 

quenched with 2 N HCl and stirred for 10 min before pouring into a separatory funnel. The 
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aqueous layer was extracted with EtOAc (3x) and the combined organic layers were washed with 

brine and dried over Na2SO4. Filtration and concentration gave an oil that was purified by 

chromatography with 40% EtOAc/hexanes to yield a yellow oil (0.420 g, 47%, 15:1 d.r.). 1H 

NMR (400 MHz, Chloroform-d) δ 7.13 (p, J = 1.5 Hz, 1H), 5.00 – 4.94 (m, 1H), 4.45 (d, J = 5.8 

Hz, 1H), 2.58 (s, 1H), 1.97 (t, J = 1.8 Hz, 3H). 

Scheme B.21 Synthesis of 49-50 

 

Synthesis of 49 Malononitrile (4.90 g, 73.6 mmol, 2 equiv) was dissolved in DMSO (100 mL) 

and sparged with N2 for 1 hr. This solution was then cannulated into a separate flask containing 

K2CO3 (20.3 g, 147 mmol, 4 equiv) and CuI (700 mg, 3.70 mmol, 10 mol%). Lastly, iodobenzne 

(4.10 mL, 36.8 mmol, 1 equiv) was added before the contents were heated to 120 oC for 16 hr. 

After cooling to RT, the mixture was quenched with 2 N HCl, and extracted with Et2O (3x). The 

combined organic layers were washed with water (5x) and brine (3x), then dried over MgSO4, 

filtered, and concentrated down to a white solid (3.35 g, 64%). 1H NMR (400 MHz, Chloroform-

d) δ 7.51 (s, 5H), 5.07 (s, 1H). 

Synthesis of 50 To a dry 2-dram vial was added 9-mesityl-10-phenylacridin-10-ium 

tetrafluoroborate (11.5 mg, 25.0 μmol, 2.5 mol%), 49 (85.0 mg, 1.00 mmol, 2 equiv), indene 

(58.0 μL, 500 μmol, 1 equiv), 3-butyn-2-ol (200 μL, 2.50 mmol, 5 equiv), and DCM (1 mL). The 

vial was sealed with a septum cap and electrical tape, then the solution was sparged with N2 for 

15 min before it was irradiated with 450 nm LEDs for 5 days. The reaction was concentrated and 

purified by chromatography with 30% Et2O/hexanes to obtain a purple oil (41%, 1.3:1 d.r.). 1H 
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NMR (600 MHz, Chloroform-d) δ 7.36 – 7.28 (m, 2H), 7.28 – 7.18 (m, 8H), 5.33 (d, J = 2.2 Hz, 

1H), 5.30 (d, J = 2.1 Hz, 1H), 4.98 – 4.93 (m, 2H), 4.93 – 4.88 (m, 1H), 4.49 (td, J = 6.2, 4.2 Hz, 

1H), 4.42 – 4.35 (m, 1H), 4.18 (d, J = 5.5 Hz, 1H), 4.14 (d, J = 4.9 Hz, 1H), 3.22 (dd, J = 17.3, 

5.7 Hz, 1H), 3.16 – 3.08 (m, 3H), 1.30 (d, J = 6.3 Hz, 4H), 1.14 (d, J = 6.3 Hz, 3H). 

Scheme B.22 Synthesis of 51-53 

 

Synthesis of 51 Combined allyl alcohol (1.36 mL, 20.0 mmol, 1 equiv) and THF (50 mL) in a 

flask and cooled to -78 oC. To this solution was added n-BuLi (2.5 M, 8.6 mL, 22 mmol, 1.1 

equiv) contents were stirred for 1 hr before adding TMSCl (2.54 mL, 20.0 mmol, 1 equiv). After 

another 1.5 hr, t-BuLi (1.7 M, 16 mL, 27 mmol, 1.36 equiv) was added and solution was stirred 

for 1.5 hr before it was quenched with sat. aq. NH4Cl. The aqueous layer was extracted with 

Et2O, and the combined organic layers were washed with water (4x), brine (3x), then dried over 

MgSO4. Filtration and concentration afforded a colorless liquid (1.49 g, 57%). 1H NMR (400 

MHz, Chloroform-d) δ 6.01 (ddd, J = 16.5, 10.7, 5.3 Hz, 1H), 5.05 (d, J = 17.2 Hz, 1H), 4.97 (d, 

J = 10.7 Hz, 1H), 4.00 (s, 1H), 1.49 (s, 1H), 0.04 (s, 9H). 

Synthesis of 52 Made analogously to 51 on same scale but using DMPSCl (3.60 mL, 21.6 mmol, 

1.1 equiv) in place of TMSCl. Product was purified by chromatography with 20% Et2O/hexanes 

to give a pale-yellow oil (1.61 g, 42%). 1H NMR (600 MHz, Chloroform-d) δ 7.58 (dd, J = 7.6, 

1.8 Hz, 2H), 7.47 – 7.34 (m, 3H), 6.01 (ddd, J = 17.1, 10.7, 5.2 Hz, 1H), 5.07 (dt, J = 17.2, 1.8 

Hz, 1H), 5.01 (dt, J = 10.7, 1.7 Hz, 1H), 4.32 – 4.12 (m, 1H), 1.31 (s, 1H), 0.35 (d, J = 10.3 Hz, 

6H). 

Synthesis of 53 Made analogously to 51 on a 15 mmol scale using BDMSCl (2.94 mL, 16.2 

mmol, 1.1 equiv) in place of TMSCl. Product was purified by chromatography with 20% 
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Et2O/hexanes to give a light-yellow oil (2.36 g, 76%). 1H NMR (400 MHz, Chloroform-d) δ 7.28 

– 7.17 (m, 2H), 7.11 – 7.01 (m, 3H), 6.02 (ddd, J = 16.3, 10.7, 5.2 Hz, 1H), 5.11 (d, J = 17.2 Hz, 

1H), 5.03 (d, J = 10.7 Hz, 1H), 4.12 – 4.01 (m, 1H), 2.21 (q, J = 13.7 Hz, 2H), 1.32 (s, 1H), 0.02 

(d, J = 10.3 Hz, 6H). 

Scheme B.23 Synthesis of 54-56 

 

Synthesis of 54 Acrolein (6.67 mL, 100 mmol, 1 equiv) and Zn dust (13.1 g, 207 mmol, 2.07 

equiv) were added to a biphasic mixture of THF (250 mL) and sat. aq. NH4Cl (150 mL). After 

stirring for 16 hr, the contents were filtered through celite with DCM and the filtrate was washed 

with water, brine, then dried over Na2SO4. Filtration and concentration afforded a golden oil (3.3 

g, 58%). 1H NMR (400 MHz, Chloroform-d) δ 5.92 – 5.80 (m, 2H), 5.35 (dd, J = 17.2, 6.7 Hz, 

2H), 5.29 – 5.20 (m, 2H), 4.20 (d, J = 4.7 Hz, 1H), 4.06 – 3.93 (m, 1H), 2.74 (s, 1H), 2.53 (s, 

1H). 

Synthesis of 55 A mixture of 54 (1.15 g, 10.1 mmol, 1 equiv) in DCM (51 mL) was prepared 

and cooled to 0 oC before adding imidazole (1.03 g, 15.1 mmol, 1.5 equiv) and TBSCl (1.52 g, 

10.1 mmol, 1 equiv). After stirring for 16 hr and warming to RT, the contents were quenched 

with water and extracted with DCM. The combined organic layers were washed with 2 N HCl 

and brine, then dried over Na2SO4. Filtration, concentration, and purification of the residue by 

chromatography with 10% acetone/hexanes gave a colorless liquid (656 mg, 28%). 1H NMR 

(400 MHz, Chloroform-d) δ 5.91 – 5.72 (m, 3H), 5.36 – 5.29 (m, 1H), 5.28 (s, 1H), 5.20 (dd, J = 
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10.6, 5.3 Hz, 4H), 4.17 – 4.10 (m, 1H), 4.07 (q, J = 4.3 Hz, 1H), 3.96 (dt, J = 11.0, 5.6 Hz, 1H), 

2.53 (d, J = 4.5 Hz, 1H), 2.27 (d, J = 4.3 Hz, 1H), 0.91 (s, 17H), 0.07 (d, J = 10.9 Hz, 11H). 

Synthesis of 56 Combined 54 (1.11 g, 9.72 mmol, 1 equiv), CeCl3·7H2O (362 mg, 972 μmol, 10 

mol%), Ac2O (10.6 mL, 112 mmol, 11.5 equiv) and DCM (49 mL) in a flask and let stir for 16 

hr. The mixture was then quenched with water and the organic layer was washed with sat. aq. 

NaHCO3 and brine. After drying the organic layers over Na2SO4, they were concentrated and the 

obtained residue was purified by chromatography using 20% EtOAc/hexanes to obtain a 

colorless liquid (685 mg, 45%). 1H NMR (400 MHz, Chloroform-d) δ 5.91 – 5.76 (m, 5H), 5.41 

– 5.20 (m, 12H), 4.32 – 4.25 (m, 1H), 4.22 (t, J = 5.5 Hz, 1H), 2.11 (s, 9H). 

Scheme B.24 Synthesis of 57-58 

 

Synthesis of 57 Acrolein (2.00 mL, 30.0 mmol, 1 equiv) was added to a mixture of allyl 

Grignard (1.0 M, 25 mL, 25 mmol, 0.83 equiv) and THF (50 mL). The solution was stirred for 

16 hr, then quenched with 2 N HCl, and extracted with Et2O. The combined organic layers were 

washed with brine and dried over MgSO4. Filtration, concentration, and distillation of the residue 

gave a colorless liquid (1.33 g, 54%). 1H NMR (400 MHz, Chloroform-d) δ 5.93 – 5.71 (m, 2H), 

5.23 (d, J = 17.2 Hz, 1H), 5.18 – 5.04 (m, 3H), 4.15 (q, J = 5.7 Hz, 1H), 3.72 (t, J = 5.5 Hz, 3H), 

2.29 (tq, J = 14.0, 7.3, 6.6 Hz, 2H), 2.03 (s, 2H), 1.83 (s, 3H). 
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Synthesis of 58 To a dry 2-dram vial was added 9-mesityl-2,7-dimethyl-10-phenylacridin-10-

ium tetrafluoroborate (4.6 mg, 10 μmol, 5 mol%), 49 (28.4 mg, 400 μmol, 2 equiv), indene (23.0 

μL, 200 μmol, 1 equiv), 57 (63.3 μL, 1 mmol, 5 equiv), and DCM (400 μL). The vial was sealed 

with a septum cap and electrical tape, before the solution was sparged with N2 for 15 min. After 

irradiating the mixture with 450 nm LEDs for 5 days, it was concentrated and purified by 

chromatography with 5% Et2O/hexanes to obtain a colorless liquid (21 mg, 49%, 1.5:1 d.r.). 1H 

NMR (600 MHz, Chloroform-d) δ 7.25 – 7.09 (m, 6H), 5.90 – 5.74 (m, 2H), 8.52 – 0.37 (m, 

52H), 5.14 – 4.97 (m, 4H), 4.80 (td, J = 6.7, 1.8 Hz, 1H), 3.83 – 3.78 (m, 1H), 3.53 (td, J = 7.8, 

4.6 Hz, 1H), 3.34 (t, J = 6.2 Hz, 1H), 3.29 – 3.25 (m, 1H), 3.20 (dd, J = 11.3, 6.8 Hz, 1H), 3.16 

(d, J = 6.6 Hz, 1H), 3.10 (d, J = 1.5 Hz, 1H), 3.09 – 3.05 (m, 1H), 2.39 (dd, J = 15.5, 4.1 Hz, 

1H), 2.25 – 2.11 (m, 3H), 1.87 (dt, J = 13.5, 6.8 Hz, 1H), 1.25 (d, J = 6.8 Hz, 3H), 1.06 (d, J = 

7.0 Hz, 3H). 

Scheme B.25 Synthesis of 59-62 

 

Synthesis of 59 n-BuLi (2.5 M, 44 mL, 110 mmol, 2.2 equiv) was added to a solution of 

propargyl alcohol (2.91 mL, 50.0 mmol, 1 equiv) in THF (168 mL) at -78 oC and the contents 

were stirred for 30 min before adding TMSCl (14.3 mL, 112.5 mmol, 2.25 equiv). The mixture 

was stirred for 16 hr and allowed to warm to RT before it was quenched with 2 N HCl and then 

neutralized with sat. aq. NaHCO3. The aqueous layer was extracted with Et2O, and the combined 

organic layers were washed with water, brine, and dried over MgSO4. Filtration and 

concentration gave a residue which was purified with 15% EtOAc/hexanes to obtain a yellow 
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liquid (4.65 g, 73%). 1H NMR (400 MHz, Chloroform-d) δ 4.27 (d, J = 5.6 Hz, 2H), 1.63 (d, J = 

13.0 Hz, 1H), 0.18 (s, 8H). 

Synthesis of 60 A suspension of 59 (2.00 g, 15.6 mmol, 1 equiv), DCM (59 mL), celite (6.83 g), 

and 4 Å sieves (5.84 g) was prepared then cooled to 0 oC before the addition of PCC (6.10 g, 

28.2 mmol, 1.8 equiv). After stirring for 16 hr, the mixture was filtered through silica with DCM 

and the filtrate concentrated to obtain a yellow liquid (1.89 g, 96%). 1H NMR (400 MHz, 

Chloroform-d) δ 9.16 (s, 1H), 0.26 (s, 9H). 

Synthesis of 61 Allyl Grignard (1.0 M, 17 mL, 17 mmol, 1.3 equiv) was added to a solution of 

60 (1.66 g, 13.2 mmol, 1 equiv) in Et2O (66 mL) cooled to -78 oC. The solution was warmed to 0 

oC and stirred for 15 min before warming to RT. After 1 hr of stirring at RT, the reaction was 

quenched with sat. aq. NH4Cl and the aqueous layer was extracted with Et2O. The combined 

organic layers were washed with brine, dried over MgSO4, filtered, and concentrated to a pale-

yellow liquid (2.10 g, 95%). 1H NMR (400 MHz, Chloroform-d) δ 5.96 – 5.80 (m, 1H), 5.27 – 

5.07 (m, 2H), 4.41 (q, J = 6.0 Hz, 1H), 2.47 (t, J = 6.5 Hz, 2H), 1.90 (d, J = 6.0 Hz, 1H), 0.17 (s, 

9H). 

Synthesis of 62 A suspension of 61 (2.10 g, 12.5 mmol, 1 equiv) and K2CO3 (2.08 g, 15.0 mmol, 

1.25 equiv) in MeOH (25 mL) was stirred for 30 min before it was diluted with Et2O and 

transferred to a separatory funnel. The organic layer was washed with water and brine, dried over 

MgSO4, filtered, and concentrated. The crude residue was purified with 20% Et2O/hexanes to 

obtain a pale-yellow liquid (217 mg, 18%). 1H NMR (400 MHz, Chloroform-d) δ 6.03 – 5.77 (m, 

1H), 5.30 – 5.13 (m, 2H), 4.52 – 4.36 (m, 1H), 2.56 – 2.41 (m, 3H), 2.05 – 1.89 (m, 1H). 
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Scheme B.26 Synthesis of 63-65 

 

Synthesis of 63 Dihydrocoumarin (12.7 mL, 100 mmol, 1 equiv) was added to a molten mixture 

of AlCl3 (73.6 g, 552 mmol, 5.5 equiv) and NaCl (18.9 g, 324 mmol, 3.25 equiv) at 150 oC 

before increasing the temperature of the mixture to 180 oC. After 1 hr, the contents were cooled 

to RT and poured into a mixture of ice and conc. HCl. After stirring overnight, the precipitated 

product was filtered off washed with water and ethanol (9.47 g, 64%). 1H NMR (400 MHz, 

DMSO-d6) δ 9.94 (s, 1H), 7.24 (t, J = 7.6 Hz, 1H), 7.07 (dd, J = 18.1, 7.6 Hz, 2H), 3.08 – 2.76 

(m, 2H), 2.66 – 2.53 (m, 2H). 

Synthesis of 64 NaBH4 (730 mg, 19.3 mmol, 2.2 equiv) was added to a suspension of 63 (1.30 g, 

8.77 mmol, 1 equiv) in MeOH (30 mL) at 0 oC. After stirring this mixture for 3 hr, it was 

concentrated and the obtained residue was diluted with 2 N HCl. The aqueous layer was 

extracted with Et2O and the combined organic layers were washed with water, brine, and dried 

over MgSO4. Filtration and concentration gave a tan solid (1.23 g, 93%). 1H NMR (600 MHz, 

Chloroform-d) δ 7.14 – 7.06 (m, 2H), 6.96 (d, J = 7.4 Hz, 1H), 6.74 (d, J = 7.9 Hz, 1H), 5.22 (d, 

J = 5.1 Hz, 1H), 3.01 (ddd, J = 15.6, 8.6, 4.7 Hz, 1H), 2.74 (dt, J = 15.4, 7.3 Hz, 1H), 2.47 (td, J 

= 13.1, 6.2 Hz, 1H), 2.11 (d, J = 5.6 Hz, 1H), 1.95 (td, J = 13.7, 5.6 Hz, 1H). 

Synthesis of 65 A mixture of 64 (2.60 g, 17.3 mmol, 1 equiv), MgSO4 (2.08 g, 17.3 mmol, 1 

equiv), pTsOH·H2O (362 mg, 1.90 mmol, 11 mol%), and dioxane (260 mL) was heated to 80 oC 

for 2 hr then cooled to RT and quenched with sat. aq. NaHCO3. The dioxane was removed in 

vacuo and the aqueous layer was extracted with Et2O. The combined organic layers were washed 

with brine and dried over MgSO4. Concentration and purification of the residue by 
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chromatography with 30% Et2O/hexanes gave a white solid (1.42 g, 62%). 1H NMR (400 MHz, 

Chloroform-d) δ 7.19 (t, J = 7.7 Hz, 1H), 7.04 (d, J = 7.4 Hz, 1H), 6.90 – 6.85 (m, 1H), 6.67 (d, J 

= 7.9 Hz, 1H), 6.60 – 6.54 (m, 1H), 3.36 (s, 2H). 

Scheme B.27 Synthesis of 66-69 

 

Synthesis of 66 A solution of 63 (4.55 g, 30.7 mmol, 1.1 equiv), DCM (290 mL) and DIPA (5.6 

mL, 39.9 mmol, 1.3 equiv) was prepared before a solution of NBS (4.93 g, 27.7 mmol, 1 equiv) 

in DCM (290 mL) was added over the course of 4 hr in the dark. The mixture was stirred for 12 

hr, then quenched with 2 N HCl. The organic layer was washed with water and brine then dried 

over MgSO4. Filtration and concentration gave a residue that was purified by chromatography 

with 60% EtOAc/hexanes to obtain a tan solid (5.75 g, 82%). 1H NMR (400 MHz, Chloroform-

d) δ 8.78 (s, 1H), 7.31 (d, J = 8.1 Hz, 1H), 6.95 (d, J = 8.1 Hz, 1H), 2.98 – 2.90 (m, 2H), 2.49 (d, 

J = 11.6 Hz, 3H). 

Synthesis of 67 A mixture of 66 (6.34 g, 27.9 mmol, 1 equiv), acetone (121 mL), K2CO3 (4.63 g, 

33.5 mmol, 1.2 equiv), and MeI (1.80 mL, 27.9 mmol, 1 equiv) was heated to reflux for 16 hr. 

After cooling to RT, the acetone was removed in vacuo. The resultant residue was taken up in 

water and extracted with DCM. The combined organic layers were dried over MgSO4, filtered, 

and concentrated to a tan solid (6.32 g, 94%). 1H NMR (400 MHz, Chloroform-d) δ 7.57 (d, J = 

8.1 Hz, 1H), 7.40 – 7.29 (m, 1H), 3.95 (s, 3H), 3.26 – 3.16 (m, 2H), 2.74 – 2.67 (m, 2H). 
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Synthesis of 68 NaBH4 (550 mg, 14.1 mmol, 1.1 equiv) was added to a solution of 67 (3.08 g, 

12.8 mmol, 1 equiv) in MeOH (44 mL) cooled to 0 oC. After stirring for 3 hr, the mixture was 

concentrated and the residue diluted with 2 N HCl, then extracted with Et2O. The combined 

organic layers were washed with water, brine, and dried over MgSO4 Filtration and 

concentration gave a tan solid which was recrystallized from toluene to afford a white solid (1.98 

g, 64%). 1H NMR (400 MHz, Chloroform-d) δ 7.43 (d, J = 7.9 Hz, 1H), 7.04 (d, J = 7.9 Hz, 1H), 

5.20 (q, J = 6.3 Hz, 1H), 3.86 (s, 3H), 3.15 (dd, J = 14.9, 9.9 Hz, 1H), 2.88 (t, J = 15.5 Hz, 1H), 

2.62 – 2.44 (m, 1H), 2.02 – 1.92 (m, 1H), 1.76 (d, J = 6.7 Hz, 1H). 

Synthesis of 69 A suspension of 68 (3.70 g, 15.2 mmol, 1 equiv), PhMe (34 mL), and 

pTsOH·H2O (318 mg, 1.67 mmol, 10 mol%) was heated to 80 oC for 1 hr. After cooling to RT 

and quenching with sat. aq. NaHCO3, the organic layer was washed with brine and dried over 

Na2SO4. Filtration and concentration gave a residue that was purified by chromatography with 

5% Et2O/hexanes to obtain a pale-yellow liquid (2.44 g, 71%). 1H NMR (400 MHz, Chloroform-

d) δ 7.46 (d, J = 7.9 Hz, 1H), 7.02 (d, J = 7.9 Hz, 1H), 6.90 – 6.79 (m, 1H), 6.55 (d, J = 5.3 Hz, 

1H), 3.97 (s, 3H), 3.51 (s, 2H). 

B.2.3 Investigating a Decarboxylative Diels-Alder Reaction 

Scheme B.28 Synthesis of 70-71 

 

Synthesis of 70 CDI (7.78 g, 48.0 mmol, 1.2 equiv) was added to a solution of cinnamic acid 

(5.93 g, 40.0 mmol, 1 equiv) in DCM (400 mL) at 0 oC. After 30 min, N,O-

dimethylhydroxylamine hydrochloride (9.75 g, 100 mmol, 2.5 equiv) was added and the mixture 

was stirred for another 16 hr. The contents were quenched with water and the organic layer was 
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washed with 2 N HCl, water, and brine, then dried over MgSO4, filtered, and concentrated. The 

crude residue was purified by chromatography with 40% EtOAc/hexanes to give a colorless oil 

(4.92 g, 64%). 1H NMR (400 MHz, Chloroform-d) δ 7.74 (d, J = 15.8 Hz, 1H), 7.63 – 7.52 (m, 

2H), 7.38 (d, J = 7.2 Hz, 3H), 7.04 (d, J = 15.8 Hz, 1H), 3.77 (s, 3H), 3.31 (s, 3H). 

Synthesis of 71 Vinyl Grignard (0.7 M, 73 mL, 51 mmol, 1 equiv) was added to a solution of 70 

(4.91 g, 25.7 mmol, 1 equiv) in THF (172 mL) at -78 oC. After 4 hr, the solution was quenched 

with sat. aq. NH4Cl and extracted with DCM. The combined organic layers were dried over 

Na2SO4, filtered, and concentrated. The crude residue was purified with 40% EtOAc/hexanes to 

give a yellow oil (1.23 g, 30%). 1H NMR (400 MHz, Chloroform-d) δ 7.68 (d, J = 16.0 Hz, 1H), 

7.58 (d, J = 5.9 Hz, 2H), 7.51 – 7.36 (m, 3H), 7.01 (d, J = 16.0 Hz, 1H), 6.72 (dd, J = 17.4, 10.6 

Hz, 1H), 6.39 (d, J = 17.4 Hz, 1H), 5.89 (d, J = 10.6 Hz, 1H). 

Scheme B.29 Synthesis of 72-75 

 

Synthesis of 72 A solution of LDA was prepared by adding n-BuLi (2.5 M, 3.0 mL, 7.6 mmol, 

0.98 equiv) to a solution of DIPA (1.10 mL, 7.69 mmol, 0.99 equiv) in THF (6 mL) at -78 oC. 

After 15 min, a solution of 21 (1.38 g, 7.77 mmol, 1 equiv) in THF (10 mL) was added to the 

fresh LDA. After another 30 min, the contents were warmed to 0 oC and 71 (1.23 g, 7.77 mmol, 

1 equiv) was added as a solution in THF (10 mL). After 2 hr, the mixture was quenched with sat. 

aq. NH4Cl and extracted with EtOAc. The combined organic layers were washed with brine and 
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dried over MgSO4, filtered, and concentrated. The crude residue was purified with 

chromatography using 20% EtOAc/hexanes to obtain a colorless oil (865 mg, 33%). 1H NMR 

(600 MHz, Chloroform-d) δ 7.62 (d, J = 16.3 Hz, 1H), 7.59 – 7.51 (m, 2H), 7.43 – 7.37 (m, 3H), 

6.77 (d, J = 16.2 Hz, 1H), 6.29 (d, J = 5.7 Hz, 1H), 6.24 (dd, J = 9.6, 6.5 Hz, 3H), 3.46 (dd, J = 

8.8, 5.1 Hz, 1H), 3.36 – 3.24 (m, 2H), 3.07 – 2.99 (m, 2H), 2.93 (s, 1H), 2.72 (d, J = 3.8 Hz, 1H), 

2.52 – 2.41 (m, 2H), 2.19 – 2.09 (m, 1H), 1.48 (s, 3H), 1.36 (s, 3H). 

Synthesis of 73 A solution of 72 (865 mg, 2.57 mmol, 1 equiv), ethylene glycol (719 μL, 12.9 

mmol, 5 equiv), pTsOH·H2O (48.9 mg, 257 μmol, 10 mol%), trimethoxymethane (560 μL, 5.14 

mmol, 2 equiv) and PhMe (64 mL) were refluxed under Dean-Stark conditions for 36 hr. There 

mixture was cooled to RT, quenched with sat. aq. NaHCO3 and extracted with EtOAc. The 

combined organic layers were washed with brine and dried over MgSO4 then filtered and 

concentrated. The crude residue was purified with chromatography using 15% acetone/hexanes 

to give a yellow oil (810 mg, 83%). 1H NMR (400 MHz, Chloroform-d) δ 7.39 (d, J = 11.0 Hz, 

2H), 7.32 (t, J = 7.4 Hz, 2H), 6.69 (d, J = 16.0 Hz, 1H), 6.24 (s, 6H), 6.09 (d, J = 16.0 Hz, 1H), 

3.99 (d, J = 5.0 Hz, 2H), 3.95 (d, J = 4.8 Hz, 2H), 3.46 (dd, J = 8.8, 5.1 Hz, 2H), 3.27 (d, J = 3.3 

Hz, 3H), 3.03 (s, 3H), 2.72 (dd, J = 8.8, 3.7 Hz, 3H), 1.37 (s, 6H), 1.36 (s, 6H). 

Synthesis of 74 A solution of 73 (810 mg, 2.13 mmol, 1 equiv) in o-dichlorobenzene (18.5 mL) 

was heated to reflux for 18 hr. After cooling to RT, the contents were filtered through a pad of 

silica with hexanes and then EtOAc. The EtOAc filtrate was concentrated and the residue 

purified residue by chromatography with 10% acetone/hexanes to give a pale-yellow oil (300 

mg, 42%). 1H NMR (600 MHz, Chloroform-d) δ 7.39 (d, J = 9.1 Hz, 2H), 7.32 (t, J = 7.6 Hz, 

2H), 7.26 (s, 2H), 6.93 (t, J = 1.6 Hz, 1H), 6.71 (d, J = 16.0 Hz, 1H), 6.10 (d, J = 16.0 Hz, 1H), 

4.04 – 3.89 (m, 4H), 2.43 (d, J = 17.6 Hz, 2H), 2.06 (d, J = 16.2 Hz, 2H), 1.42 (s, 6H). 
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Synthesis of 75 Vinyl Grignard (1.0 M, 5.7 mL, 5.7 mmol, 6 equiv) was added to a suspension 

of CuI (545 mg, 2.86 mmol, 3 equiv) in THF (13.6 mL) and cooled to -78 oC. After 10 min, 

DMS (140 μL, 1.91 mmol, 2 equiv) was added and the reaction stirred for 90 min before 74 (300 

mg, 954 μmol, 1 equiv) was added as a solution in THF (6.4 mL). The mixture was warmed to  

-45 oC and quenched with sat. aq. NH4Cl after an additional 2 hr. The aqueous layer was 

extracted with EtOAc, and the combined organic layers were washed with brine and dried over 

MgSO4. Filtration, concentration, and purification of residue with 20% EtOAc/hexanes gave a 

pale-yellow oil (166 mg, 51%). 1H NMR (400 MHz, Chloroform-d) δ 7.39 (d, J = 7.3 Hz, 2H), 

7.32 (d, J = 14.9 Hz, 2H), 6.68 (d, J = 16.0 Hz, 1H), 6.08 (d, J = 16.0 Hz, 1H), 5.69 (dd, J = 

26.4, 9.5 Hz, 1H), 5.27 – 5.18 (m, 2H), 3.96 (dd, J = 16.4, 6.9 Hz, 4H), 2.63 (d, J = 5.7 Hz, 1H), 

2.57 – 2.47 (m, 1H), 1.95 – 1.84 (m, 1H), 1.77 – 1.65 (m, 1H), 1.39 (s, 3H), 1.24 (s, 3H). 

Scheme B.30 Synthesis of 76-77 

 

Synthesis of 76 N,O-Dimethylhydroxylamine hydrochloride (1.25 g, 12.8 mmol, 1 equiv) and 

NaHCO3 (2.15 g, 25.6 mmol, 2.2 equiv) were stirred in DCM (40 mL) for 30 min before cooling 

to 0 oC and adding acryloyl chloride (1.05 mL, 12.8 mmol, 1 equiv). After 1.5 hr, MgSO4 was 

added to dry the reaction. The solids present were filtered off and the filtrate was concentrated to 

a pale-yellow liquid (606 mg, 41%). 1H NMR (400 MHz, Chloroform-d) δ 6.72 (dd, J = 17.1, 

10.4 Hz, 1H), 6.42 (dd, J = 17.1, 2.0 Hz, 1H), 5.74 (dd, J = 10.4, 2.0 Hz, 1H), 3.70 (s, 3H), 3.25 

(s, 3H). 
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Synthesis of 77 LDA was freshly prepared at -78 oC using DIPA (1.80 mL, 12.3 mmol, 1.2 

equiv), n-BuLi (2.5 M, 4.5 mL, 11 mmol, 1.1 equiv) and THF (10 mL). A solution of 21 (1.83 g, 

10.3 mmol, 1 equiv) in THF (11 mL) was added and the contents stirred for 30 min before 

adding a solution of 76 (1.30 g, 11.3 mmol, 1.1 equiv) in THF (14 mL). The mixture was stirred 

for 5 hr, then quenched with sat. aq. NH4Cl and extracted with EtOAc. The combined organic 

layers were washed with brine, dried over MgSO4, filtered, and concentrated. The crude residue 

was purified by chromatography with 20% EtOAc/hexanes to obtain a yellow oil. 1H NMR (400 

MHz, Chloroform-d) δ 6.36 (dd, J = 5.6, 2.8 Hz, 1H), 6.27 (dd, J = 5.7, 3.2 Hz, 1H), 4.06 (d, J = 

11.7 Hz, 1H), 3.85 (d, J = 11.7 Hz, 1H), 3.10 (s, 1H), 2.99 – 2.92 (m, 1H), 2.72 (d, J = 3.8 Hz, 

1H), 1.76 (d, J = 8.9 Hz, 1H), 1.69 – 1.64 (m, 1H), 1.51 (s, 3H), 1.38 (s, 3H), 0.87 (td, J = 7.5, 

7.0, 3.2 Hz, 2H). 

Scheme B.31 Synthesis of 78-79 

 

Synthesis of 78 3-Bromopropanoic acid (4.59 g, 30.0 mmol, 1 equiv), CBr4 (10.9 g, 33.0 mmol, 

1.1 equiv), N,O-dimethylhydroxylamine hydrochloride (3.22 g, 33.0 mmol, 1.1 equiv), and 

pyridine (2.67 mL, 33.0 mmol, 1.1 equiv) were dissolved in DCM (75 mL). Triphenylphosphine 

(8.66 g, 33.0 mmol, 1.1 equiv) was added to the mixture over 10 min. After 20 min of stirring, 

the contents were diluted with 150 mL of a 1:1 mixture of EtOAc:hexanes and filtered. The 

filtrate was concentrated, and the residue purified by chromatography with 40% EtOAc/hexanes 

to obtain a colorless liquid (4.67 g, 79%). 1H NMR (400 MHz, Chloroform-d) δ 3.71 (s, 3H), 

3.63 (t, J = 7.0 Hz, 2H), 3.20 (s, 3H), 3.04 (t, J = 6.8 Hz, 2H). 
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Synthesis of 79 NaI (3.81 g, 25.4 mmol, 2 equiv) and 78 (2.49 g, 12.7 mmol, 1 equiv) were 

dissolved in acetone (35 mL) and stirred for 16 hr. The mixture was then filtered and 

concentrated. The residue was dissolved in EtOAc and washed with water and dried over 

Na2SO4. Filtration and concentration gave an orange oil (2.42 g, 78%). 1H NMR (400 MHz, 

Chloroform-d) δ 3.70 (s, 3H), 3.37 (t, J = 7.2 Hz, 2H), 3.20 (s, 3H), 3.09 (t, J = 7.1 Hz, 2H). 

Scheme B.32 Synthesis of 80-83 

 

Synthesis of 80 LDA was freshly prepared at -78 oC using DIPA (1.40 mL, 9.96 mmol, 1.2 

equiv), n-BuLi (2.5 M, 3.7 mL, 9.1 mmol, 1.1 equiv) and THF (14 mL). A solution of 21 (1.48 g, 

8.30 mmol, 1 equiv) in THF (2 mL) was added to the LDA and the contents were stirred for 30 

min. A solution of 79 (2.42 g, 9.96 mmol, 1.2 equiv) in THF (2 mL) was then added and the 

cooling bath was removed. The contents were stirred at RT for 36 hr then quenched with sat. aq. 

NH4Cl and extracted with EtOAc. The combined organic layers were washed with brine, dried 

over MgSO4, filtered, and concentrated. The crude residue was purified by chromatography with 

40% EtOAc/hexanes to obtain a colorless oil (798 mg, 33%). 1H NMR (400 MHz, Chloroform-

d) δ 6.29 (s, 1H), 6.25 – 6.17 (m, 1H), 3.72 (s, 3H), 3.19 (s, 3H), 3.01 (s, 2H), 2.93 (s, 1H), 2.80 

– 2.66 (m, 1H), 2.50 – 2.36 (m, 2H), 2.11 (d, J = 10.7 Hz, 1H), 1.65 (d, J = 1.7 Hz, 2H), 1.46 (s, 

3H), 1.34 (s, 3H). 
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Synthesis of 81 Dissolved 80 (1.03 g, 3.51 mmol, 1 equiv) in o-dichlorobenzene (10 mL) and the 

contents were heated to reflux for 18 hr. After cooling to RT, the mixture was filtered through a 

plug of silica with hexanes and then EtOAc. The ethyl acetate filtrate was concentrated down to 

an orange oil (592 mg, 74%). 1H NMR (400 MHz, Chloroform-d) δ 7.05 (s, 1H), 3.68 (s, 3H), 

3.17 (s, 3H), 2.70 (d, J = 6.9 Hz, 2H), 2.61 (t, J = 7.2 Hz, 2H), 1.44 (s, 6H). 

Synthesis of 82 Vinyl Grignard (1.0 M, 16 mL, 16 mmol, 6 equiv) was added to a suspension of 

CuI (1.49 g, 7.81 mmol, 3 equiv) in THF (37 mL) cooled to -78 oC. After 10 min, DMS (383 μL, 

5.21 mmol, 2 equiv) was added and contents were stirred for 90 min before 81 (592 mg, 2.60 

mmol, 1 equiv) was added as a solution in THF (17 mL). The mixture was warmed to -45 oC and 

stirred for 2 hr at which point is was quenched with sat. aq. NH4Cl. The aqueous layer was 

extracted with EtOAc, and the combined organic layers were washed with brine, dried over 

MgSO4, filtered, and concentrated. The crude residue was purified by chromatography with 20% 

acetone/hexanes to give a yellow oil (287 mg, 50%). 1H NMR (400 MHz, Chloroform-d) δ 6.43 

– 6.17 (m, 2H), 5.85 (d, J = 10.1 Hz, 1H), 5.70 (dd, J = 26.4, 9.4 Hz, 1H), 5.32 – 5.21 (m, 2H), 

3.01 – 2.87 (m, 2H), 2.69 – 2.55 (m, 1H), 2.52 – 2.41 (m, 1H), 2.03 – 1.77 (m, 2H), 1.41 (s, 3H), 

1.24 (s, 2H). 

Synthesis of 83 Compound 82 was dissolved in DCM (50 mL) and sparged with N2 for 45 min 

before a solution of Hoveyda-Grubbs Generation II catalyst (21.0 mg, 33.5 μmol, 5 mol%) was 

added as a solution in DCM (1 mL). The contents were heated to reflux for 14 hr, then cooled to 

RT and concentrated. The crude residue was purified by chromatography using 20% 

acetone/hexanes to give a pale red solid (55.0 mg, 42%). 1H NMR (600 MHz, Chloroform-d) δ 6.45 

(dd, J = 11.7, 2.3 Hz, 1H), 6.21 (dd, J = 11.7, 3.1 Hz, 1H), 3.05 – 3.00 (m, 1H), 2.83 – 2.71 (m, 2H), 2.71 

– 2.62 (m, 1H), 2.37 – 2.30 (m, 1H), 1.96 – 1.87 (m, 1H), 1.59 (s, 3H), 1.35 (s, 3H). 
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Scheme B.33 Synthesis of 84-87 

 

Synthesis of 84 LDA was freshly prepared by adding n-BuLi (2.5 M, 8.8 mL, 22 mmol, 1.1 

equiv) to a solution of DIPA (3.36 mL, 24.0 mmol, 1.2 equiv) in THF (48 mL) at -78 oC. After 

15 min, cycloheptanone (2.36 mL, 20.0 mmol, 1 equiv) was added as a solution in THF (20 mL). 

After another 30 min, a solution of TMSCl (2.79 mL, 22.0 mmol, 1.1 equiv) in THF (22 mL) 

was added. Once 3 hr had elapsed, the mixture was diluted with pentanes and washed with pH 7 

aq. phosphate buffer, 0.5 M aq. CuSO4, and brine. The organic layer was dried over Na2SO4, 

filtered, and concentrated to a yellow oil (3.21 g, 87%). 1H NMR (400 MHz, Chloroform-d) δ 

5.02 (t, J = 6.6 Hz, 1H), 2.26 – 2.18 (m, 2H), 2.02 – 1.94 (m, 2H), 1.68 (p, J = 6.0, 5.4 Hz, 2H), 

1.54 (dp, J = 17.0, 5.9 Hz, 4H), 0.16 (s, 9H). 

Synthesis of 85 Dissolved 84 (3.21 g, 17.4 mmol, 1 equiv) in THF (40 mL) and cooled to -20 oC 

before adding malonyl dichloride (847 μL, 8.7 mmol, 0.5 equiv). After stirring for 16 hr, the 

mixture was quenched with water and extracted with EtOAc. The combined organic layers were 

washed with brine, dried over Na2SO4, filtered, and concentrated to an oil which was triturated 

with EtOAc/hexanes. The resultant solid was recrystallized from dioxane to obtain a light brown 

solid (1.2 g, 38%). 1H NMR (600 MHz, Chloroform-d) δ 10.89 (s, 1H), 3.50 (s, 2H), 2.57 – 2.38 

(m, 2H), 2.38 – 2.25 (m, 2H), 1.61 (p, J = 6.0 Hz, 2H), 1.46 (dt, J = 11.4, 4.6 Hz, 2H), 1.37 (p, J 

= 5.9 Hz, 2H). 
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Synthesis of 86 Combined 85 (903 mg, 5.01 mmol, 1 equiv), TEA (820 μL, 5.91 mmol, 1.18 

equiv), and DCM (30 mL) in a flask then added Tf2O (974 μL, 5.76 mmol, 1.15 equiv) to the 

solution. After the contents stirred for 45 min, they were quenched with sat. aq. NH4Cl and the 

aqueous layer was extracted with DCM. The combined organic layers were dried over Na2SO4, 

filtered, and concentrated. The crude residue was purified by chromatography with 10% 

acetone/hexanes to give an orange oil (1.18 g, 75%). 1H NMR (400 MHz, Chloroform-d) δ 6.15 

(s, 1H), 2.83 – 2.77 (m, 2H), 2.59 – 2.49 (m, 2H), 1.89 – 1.79 (m, 2H), 1.71 (p, J = 6.1 Hz, 2H), 

1.65 (q, J = 5.6 Hz, 2H). 

Synthesis of 87 Combined 86 (1.18 g, 3.78 mmol, 1 equiv), Pd(PPh3)4 (873 mg, 756 μmol, 20 

mol%), Et3SiH (1.21 mL, 7.56 mmol, 2 equiv) and DMF (25 mL) and heated the mixture to 60 

oC for 2 hr. The contents were then cooled to RT, diluted with water, and extracted with EtOAc. 

The combined organic layers were washed with water, dried over MgSO4, filtered, and 

concentrated. The crude residue was purified with 50% EtOAc/hexanes to give a yellow oil (550 

mg, 89%). 1H NMR (600 MHz, Chloroform-d) δ 7.15 (d, J = 9.3 Hz, 1H), 6.08 (d, J = 9.3 Hz, 

1H), 2.74 – 2.66 (m, 2H), 2.50 – 2.43 (m, 2H), 1.81 (p, J = 5.9 Hz, 2H), 1.67 (p, J = 6.0 Hz, 2H), 

1.62 (p, J = 5.9 Hz, 2H). 

Scheme B.34 Synthesis of 88-89 

 



166 

Synthesis of 88 To MeMgBr (3.0 M, 21 mL, 63 mmol, 1.3 equiv) in a dry flask at 0 oC was 

added a solution of trimethylsilylacetylene (6.90 mL, 50.0 mmol, 1 equiv) in THF (38 mL). After 

stirring for 1 hr at room temperature, the suspension was cooled to -20 oC and CO2 was bubbled 

through at this temperature for 30 min and then 2 hrs at room temperature. The mixture was 

quenched with 2 N HCl at 0 oC and extracted with hexanes. The combined organic layers were 

washed with brine and dried over MgSO4. Filtration and concentration gave a yellow oil (5.80 g, 

82%). 1H NMR (400 MHz, Chloroform-d) δ 10.33 (bs, 1H), 0.26 (s, 9H). 

Synthesis of 89 The following procedure was repeated 3x to setup a total of 4 identical reactions. 

To a flame-dried 2-dram vial was added 9-mesityl-2,7-dimethyl-10-phenylacridin-10-ium 

tetrafluoroborate (3.7 mg, 7.5 μmol, 2.5 mol%), (PhS)2 (9.8 mg, 45 μmol, 15 mol%), 88 (90.0 

μL, 600 μmol, 2 equiv), 2,6-lutidine (70.0 μL, 600 μmol, 2 equiv), and MeNO2 (6 mL). The 

solution was sparged with nitrogen for 10 min before placing it under irradiation (Kessil 455 nm 

LEDs) for 48 hrs. During the reaction time, 1,3-cyclohexadiene was added in 8 equal portions of 

3.60 μL (total 28.6 μL, 300 μmol, 1 equiv) – 4 during the first 24 hrs and 4 during the second 24 

hrs. The solutions were combined, concentrated down, and purified by chromatography with 

10% Et2O/hexanes to give a yellow oil (125 mg, 47%, 1:1 E:Z). 1H NMR (400 MHz, 

Chloroform-d) δ 6.84 (d, J = 1.5 Hz, 1H), 6.35 (d, J = 2.0 Hz, 1H), 5.93 – 5.84 (m, 2H), 5.55 (d, 

J = 13.7 Hz, 1H), 5.36 (d, J = 10.1 Hz, 1H), 4.80 – 4.70 (m, 2H), 3.57 (d, J = 5.4 Hz, 1H), 3.42 

(s, 1H), 2.30 (s, 1H), 2.20 (s, 2H), 2.07 – 1.92 (m, 4H), 1.83 (d, J = 8.9 Hz, 1H), 1.72 (d, J = 14.0 

Hz, 1H), 0.23 (s, 8H), 0.21 (s, 9H). 
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Scheme B.35 Synthesis of 90-91 

 

Synthesis of 90 To a dry flask was added tert-butyldimethylsilylacetylene (2.66 mL, 14.3 mmol, 

1 equiv) and THF (100 mL). After cooling to 0 oC, n-BuLi (2.5 M, 7.4 mL, 19 mmol, 1.3 equiv) 

was added and the solution was stirred for 1 hr before CO2 was bubbled through the reaction for 

3 hrs at room temperature. The mixture was quenched with 2 N HCl and the aqueous layer 

extracted with Et2O. The combined organic layers were washed with brine, dried over MgSO4, 

filtered, and concentrated down to a yellow oil (2.61 g, 99%). 1H NMR (600 MHz, Chloroform-

d) δ 0.97 (s, 9H), 0.19 (s, 6H). 

Synthesis of 91 Made analogously to 89 with the following reagents: 1,3-cyclpentadiene (24.4 

μL, 300 μmol, 1 equiv), 90 (276 mg, 1.50 mmol, 5 equiv),  

9-mesityl-2,7-dimethyl-10-phenylacridin-10-ium tetrafluoroborate (3.7 mg, 7.5 μL, 2.5 mol%), 

(PhS)2 (9.8 mg, 45 μmol, 15 mol%), 2,6-lutidine (70.0 uL, 600 μmol, 2 equiv), and MeNO2 (6 

mL). Product was purified by chromatography with 10% Et2O/hexanes; both isomers were 

obtained as light brown oils (collective mass of 190 mg, 67%). Z-Isomer (33.0 mg) 1H NMR 

(400 MHz, Chloroform-d) δ 6.50 (s, 1H), 5.76 (dd, J = 5.5, 2.5 Hz, 1H), 5.54 (dd, J = 5.5, 2.5 

Hz, 1H), 5.09 (t, J = 6.1 Hz, 1H), 3.96 (dd, J = 4.0, 2.1 Hz, 1H), 2.82 – 2.66 (m, 3H), 0.93 (s, 

17H), 0.20 (d, J = 10.4 Hz, 8H). E-isomer (157 mg) 1H NMR (400 MHz, Chloroform-d) δ 6.92 
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(d, J = 1.8 Hz, 1H), 5.82 – 5.77 (m, 1H), 5.52 (d, J = 7.9 Hz, 1H), 5.05 (t, J = 5.6 Hz, 1H), 4.06 

(d, J = 5.8 Hz, 1H), 2.85 – 2.69 (m, 2H), 0.94 (s, 9H), 0.20 (s, 6H). 

Scheme B.36 Synthesis of 92 

 

Synthesis of 92 IPrCuCl (77.5 mg, 159 μmol, 10 mol%) and NaOt-Bu (15.3 mg, 159 μmol, 10 

mol%) were stirred in PhMe (8 mL) for 10 min before adding Ph2SiH2 (390 μL, 2.12 mmol, 1.3 

equiv). Another 5 min of stirring, more Ph2SiH2 (780 μL, 4.24 mmol, 2.6 equiv) and PhMe (8 

mL) were added followed by a solution of 91 (398 mg, 1.59 mmol, 1 equiv), t-BuOH (608 μL, 

6.36 mmol, 4 equiv), and PhMe (8 mL). The contents were stirred overnight at room 

temperature, then diluted with water and EtOAc. The aqueous layer was extracted with EtOAc, 

and the combined organic layers washed with brine and dried over MgSO4. Filtration and 

concentration gave a residue that was purified by chromatography using 20% Et2O/hexanes to 

give a pale-yellow oil (143 mg, 35%). 1H NMR (400 MHz, Chloroform-d) δ 5.84 (d, J = 7.8 Hz, 

1H), 5.66 – 5.60 (m, 1H), 4.98 (t, J = 4.7 Hz, 1H), 3.57 – 3.49 (m, 1H), 2.70 (d, J = 4.7 Hz, 3H), 

1.25 (dd, J = 15.1, 3.6 Hz, 1H), 0.92 (s, 9H), 0.68 (dd, J = 15.1, 11.7 Hz, 1H), 0.05 (s, 6H). 

Scheme B.37 Synthesis of 93 

 

Synthesis of 93 LDA was freshly prepared at -78 oC with DIPA (1.62 mL, 11.6 mmol, 1.3 

equiv), THF (23 mL) and n-BuLi (2.5 M, 4.3 mL, 10.7 mmol, 1.2 equiv). A solution of 

cycloheptanone (1.05 mL, 8.92 mmol, 1 equiv) in THF (9 mL) was added and the mixture stirred 

for 30 min before the addition of diethyl 2-(ethoxymethylene)malonate (2.16 mL, 10.7 mmol, 1.2 
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equiv). After stirring for 16 hr, the solution was quenched with 2 N HCl and extracted with Et2O. 

The combined organic layers were washed with brine, dried over MgSO4, filtered, and 

concentrated to give a residue that was purified with 40% EtOAc/hexanes to obtain a peach-

colored oil (1.74 g, 83%). 1H NMR (400 MHz, Chloroform-d) δ 8.05 (s, 1H), 4.34 (q, J = 7.1 Hz, 

2H), 2.82 – 2.70 (m, 2H), 2.61 – 2.49 (m, 2H), 1.82 (p, J = 6.0 Hz, 2H), 1.73 – 1.58 (m, 4H), 

1.36 (t, J = 7.1 Hz, 3H). 

B.3 Characterization Data 

 This section contains NMR and crystallography data (as relevant) for compounds 5-14 

and 20-36, which are associated with our final diastereoselective route to the ABCD ring system 

of rubriflordilactone B. As compounds 5-11, 20, 22-24 are known, only 1H NMR data is 

presented. 

B.3.1 NMR Spectra 

 

Figure B.1 1H NMR Spectrum of 5 
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Figure B.2 1H NMR Spectrum of 6 

 

Figure B.3 1H NMR Spectrum of 7 
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Figure B.4 1H NMR Spectrum of 8 

 

Figure B.5 1H NMR Spectrum of 9 
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Figure B.6 1H NMR Spectrum of 10 

 

Figure B.7 1H NMR Spectrum of 11 
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Figure B.8 1H NMR Spectrum of 12 

 

Figure B.9 13C NMR Spectrum of 12 
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Figure B.10 31P NMR Spectrum of 12 

 

Figure B.11 1H NMR Spectrum of 13 
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Figure B.12 13C NMR Spectrum of 13 

 

Figure B.13 31P NMR Spectrum of 13 
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Figure B.14 1H NMR Spectrum of 14 

 

Figure B.15 13C NMR Spectrum of 14 



177 

 

Figure B.16 1H NMR Spectrum of 20 

 

Figure B.17 1H NMR Spectrum of 21 
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Figure B.18 13C NMR Spectrum of 21 

 

Figure B.19 1H NMR Spectrum of 22 
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Figure B.20 1H NMR Spectrum of 23 

 

Figure B.21 1H NMR Spectrum of 24 
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Figure B.22 1H NM Spectrum of 25 

 

Figure B.23 13C NMR Spectrum of 25 
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Figure B.24 1H NMR Spectrum of 26 

 

Figure B.25 13C NMR Spectrum of 26 
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Figure B.26 1H NMR Spectrum of 27 

 

Figure B.27 13C NMR Spectrum of 27 
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Figure B.28 1H NMR Spectrum of 28 

 

Figure B.29 13C NMR Spectrum of 28 
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Figure B.30 1H NMR Spectrum of 29 

 

Figure B.31 13C NMR Spectrum of 29 



185 

 

Figure B.32 1H NMR Spectrum of 30 

 

Figure B.33 13C NMR Spectrum of 30 
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Figure B.34 1H NMR Spectrum of 31 

 

Figure B.35 13C NMR Spectrum of 31 
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Figure B.36 1H NMR Spectrum of 32 

 

Figure B.37 13C NMR Spectrum of 32 
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Figure B.38 1H NMR Spectrum of 33 

 

Figure B.39 13C NMR Spectrum of 33 
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Figure B.40 1H NMR Spectrum of 34 

 

Figure B.41 13C NMR Spectrum of 34 
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Figure B.42 1H NMR Spectrum (CDCl3) of 35 

 

Figure B.43 1H NMR Spectrum (pyridine-d5) of 35 
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Figure B.44 1H NMR Spectrum (pyridine-d5, 60 oC) of 35 

 

Figure B.45 13C NMR Spectrum (pyridine-d5) of 35 



192 

 

Figure B.46 13C NMR Spectrum (pyridine-d5, 60 oC) of 35 

 

Figure B.47 1H NMR Spectrum of 36 
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Figure B.48 13C NMR Spectrum of 36 
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B.3.2 Crystallographic Information 

Table B.1 Crystal Data for 29 

Empirical formula  C15 H16 O3 

Formula weight  244.28 

Crystal color, shape, size  colorless block fragment, 0.355 x 0.241 x 0.130 

mm3 

Temperature  100 K 

Wavelength  1.54178 Å 

Crystal system, space group  Monoclinic, P21/c 

Unit cell dimensions a = 9.2174(11) Å α = 90°. 

 b = 14.5768(16) Å β = 111.790(7)°. 

 c = 10.2658(11) Å γ = 90°. 

Volume 1280.8(3) Å3 

Z 4 

Density (calculated) 1.267 Mg/m3 

Absorption coefficient 0.709 mm-1 

F(000) 520 

 

Data collection 

Diffractometer Bruker Apex Kappa Duo, Bruker 

Theta range for data collection 5.55 to 66.62°. 

Index ranges -9<=h<=10, -17<=k<=17, -11<=l<=12 

Reflections collected 8237 

Independent reflections 2208 [R(int) = 0.0425] 

Observed Reflections 1809 

Completeness to theta = 66.613° 97.7 %  

 

Solution and Refinement 

Absorption correction Numerical from crystal shape 

Max. and min. transmission 0.913 and 0.787 

Solution olex2.solve 

Refinement method Full-matrix least-squares on F2 

Weighting scheme w = [σ2Fo2 + (0.0553P)2 + 0.2887P], where  

 P = (Fo2 + 2Fc2)/3  

Data / restraints / parameters 2208 / 0 / 169 

Goodness-of-fit on F2 1.073 

Final R indices [I > 2\σ(I)] R1 = 0.0424, wR2 = 0.1058 

R indices (all data) R1 = 0.0528, wR2 = 0.1113 

Largest diff. peak and hole 0.200 and -0.229 e.Å-3 
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Table B.2 Crystal Data for 31 

Empirical formula  C15 H16 O3 

Formula weight  244.28 

Crystal color, shape, size  colorless block fragment, 0.225 x 0.176 x 0.066 

mm3 

Temperature  100 K 

Wavelength  1.54178 Å 

Crystal system, space group  Orthorhombic, Pbca 

Unit cell dimensions a = 6.1481(4) Å α = 90°. 

 b = 14.3278(9) Å β = 90°. 

 c = 27.0063(16) Å γ = 90°. 

Volume 2379.0(3) Å3 

Z 8 

Density (calculated) 1.364 Mg/m3 

Absorption coefficient 0.764 mm-1 

F(000) 1040 

 

Data collection 

Diffractometer Bruker Apex Kappa Duo, Bruker 

Theta range for data collection 3.27 to 66.63°. 

Index ranges -7<=h<=7, -17<=k<=17, -30<=l<=32 

Reflections collected 16710 

Independent reflections 2102 [R(int) = 0.0345] 

Observed Reflections 1934 

Completeness to theta = 66.620° 99.8 %  

 

Solution and Refinement 

Absorption correction Numerical from crystal shape 

Max. and min. transmission 0.951 and 0.847 

Solution olex2.solve 

Refinement method Full-matrix least-squares on F2 

Weighting scheme w = [σ2Fo2 + (0.0377P)2 + 1.2361P], where 

 P = (Fo2 + 2FC2)/3 

Data / restraints / parameters 2102 / 0 / 169 

Goodness-of-fit on F2 1.079 

Final R indices [I > 2\σ(I)] R1 = 0.0339, wR2 = 0.0824 

R indices (all data) R1 = 0.0367, wR2 = 0.0844 

Largest diff. peak and hole 0.291 and -0.236 e.Å-3 
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Table B.3 Crystal Data for 35 

Empirical formula  C17 H18 O3 

Formula weight  270.33 

Crystal color, shape, size  colorless block fragment, 0.400 x 0.400 x 0.400 

mm3 

Temperature  150 K 

Wavelength  1.54178 Å 

Crystal system, space group  Orthorhombic, Pbca 

Unit cell dimensions a = 14.5037(3) Å α = 90°. 

 b = 9.3162(2) Å β = 90°. 

 c = 20.2982(4) Å γ = 90°. 

Volume 2742.68(10) Å3 

Z 8 

Density (calculated) 1.309 Mg/m3 

Absorption coefficient 0.715 mm-1 

F(000) 1152 

 

Data collection 

Diffractometer Bruker Apex Kappa Duo, Bruker 

Theta range for data collection 4.356 to 72.343°. 

Index ranges -17<=h<=17, -11<=k<=11, -25<=l<=24 

Reflections collected 22492 

Independent reflections 2712 [R(int) = 0.020] 

Observed Reflections 2693 

Completeness to theta = 72.343° 99.9 %  

 

Solution and Refinement 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.75 and 0.75 

Solution Charge-Flipping methods 

Refinement method Full-matrix least-squares on F2 

Weighting scheme w = [σ2Fo2+ AP2+ BP]-1, with  

 P = (Fo2+ 2 Fc2)/3, A = 0.052, B = 1.290 

Data / restraints / parameters 2702 / 0 / 235 

Goodness-of-fit on F2 1.0313 

Final R indices [I > 2\σ(I)] R1 = 0.0389, wR2 = 0.0955 

R indices (all data) R1 = 0.0389, wR2 = 0.0955 

Largest diff. peak and hole 0.31 and -0.25 e.Å-3 
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APPENDIX C: EXPERIMENTAL DETAILS AND CHARACTERIZATION OF KEY 

INTERMEDIATES 

C.1 General Information 

Reactions were run under nitrogen and anhydrous conditions unless otherwise stated. 

Commercially available reagents were purchased from Sigma-Aldrich, Acros, Alfa Aesar, 

Oakwood Chemical, VWR, or Fisher Scientific and purified using reported methods as 

needed.118 Solvents were dried by passing through activated alumina prior to use; the exceptions 

to this include DIPA, which was distilled from KOH, and THF, which was distilled from LAH. 

 Reactions were monitored by TLC using silica plates from VWR, and UV light or 

KMnO4 stain as a method of visualization. Flash chromatography was conducted with 40-63 μm 

(230-400 mesh) silica from Silicycle. 

 Compounds where characterized primarily by NMR spectroscopy using Bruker 400 MHz 

or 600 MHz spectrometers and CDCl3 as the solvent. 

C.2 Experimental Details 

C.2.1 Attempting the Organic Photoredox Cascade 

Scheme C.1 Synthesis of 1-3 

 

Synthesis of 1 To a flame-dried flask containing methanol (180 mL) at -20 oC was slowly added 

citraconic anhydride (25.0 g, 223 mmol, 1 equiv) via an addition funnel. After stirring for 45 

min, dicyclohexylamine (49.0 mL, 245 mmol, 1.1 equiv) was added dropwise via a separate 
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addition funnel. The cooling bath was removed and the solution stirred for an additional 2 hr at 

room temperature before concentration in vacuo. The resultant off-white solid was suspended in 

ethyl acetate (156 mL) and stirred vigorously for 1 hr before it was filtered off and washed with 

additional ethyl acetate (62.3 g, 86%). 

Synthesis of 2 Isobutyl chloroformate (27.3 mL, 211 mmol, 1.1 equiv) was added dropwise to a 

solution of 1 (62.3 g, 191 mmol, 1 equiv) in DCM (144 mL) cooled to 0 oC. The contents were 

allowed to stir for 3 hr and gradually warm to room temperature, during which time a thick slurry 

formed; the contents were stored in the freezer overnight and the following day THF (182 mL) 

was added and the flask returned to the freezer for an additional hour before the solids present 

were filtered off and washed with additional THF while keeping the filtrate at 0 oC. The filtrate 

was used directly in the next reaction. 

Synthesis of 3 NaBH4 (14.5 g, 382 mmol, 2 equiv) as a solution in water (29 mL) was added to 

the cooled filtrate containing 2 (approx. 191 mmol). This addition must be done very slowly, as 

there is a brief induction period before hydrogen gas begins to form. Once all the NaBH4 was 

added, the mixture was stirred for an additional 2 hr. The contents were filtered, concentrated, 

suspended in Et2O, and filtered again. The filtrate was dried over MgSO4, filtered, and 

concentrated again to a pale-yellow oil. Distillation afforded a colorless oil (14.2 g, 76% over 2 

steps). 1H NMR (400 MHz, Chloroform-d) δ 7.13 (q, J = 1.6 Hz, 1H), 4.75 (p, J = 2.1 Hz, 2H), 

1.93 (q, J = 2.1 Hz, 3H). 
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Scheme C.2 Synthesis of 4-5 

 

Synthesis of 4 Acryloyl chloride (3.26 mL, 40.0 mmol, 1 equiv) was added to a suspension of 

K3PO4 (10.6 g, 50.0 mmol, 1.25 equiv) in THF (80 mL) cooled to 0 oC. After the addition of 

piperidine (4.00 mL, 40.0 mmol, 1 equiv) to this mixture, the contents were stirred for 1 hr 

before they were poured into water and extracted with EtOAc. The combined organic layers 

were washed with 2 N HCl, water, brine, and dried over MgSO4. Filtration and concentration 

afforded a yellow oil (3.51 g, 63%). 1H NMR (400 MHz, Chloroform-d) δ 6.57 (dd, J = 16.8, 

10.6 Hz, 1H), 6.23 (d, J = 16.8 Hz, 1H), 5.64 (d, J = 12.6 Hz, 1H), 3.61 (d, J = 5.2 Hz, 2H), 3.49 

(d, J = 5.2 Hz, 2H), 1.65 (d, J = 17.6 Hz, 2H), 1.60 – 1.47 (m, 4H). 

Synthesis of 5 Lawesson’s reagent (1.60 g, 3.95 mmol, 0.5 equiv) was added to a solution of 4 

(978 μL, 7.18 mmol, 1 equiv) in PhMe (24 mL). The contents were heated to 80 oC for 3 hr, then 

cooled to RT, concentrated, and purified by chromatography with 20% EtOAc/hexanes to obtain 

a yellow oil (155 mg, 14%). 1H NMR (400 MHz, Chloroform-d) δ 6.70 (dd, J = 16.8, 10.9 Hz, 

1H), 6.00 (dd, J = 16.8, 1.5 Hz, 1H), 5.50 (dd, J = 10.9, 1.5 Hz, 1H), 4.26 (s, 3H), 3.79 – 3.66 

(m, 2H), 1.79 – 1.65 (m, 4H). 

Scheme C.3 Synthesis of 6-8 
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Synthesis of 6 Combined 3-bromopropanoic acid (4.59 g, 30.0 mmol, 1 equiv), CBr4 (10.9 g, 

33.0 mmol, 1.1 equiv), and DCM (75 mL) in a flask then added pyridine (2.67 mL, 33 mmol, 1.1 

equiv) followed by piperidine (2.96 mL, 30.0 mmol, 1 equiv). Contents were cooled to 0 oC 

before adding Ph3P (8.66 g, 30.0 mmol, 1 equiv) in 5 portions over 5 min. After 10 min, the 

reaction was concentrated and purified by chromatography with 80% Et2O/hexanes to obtain a 

light-yellow oil (3.49 g, 53%). 1H NMR (600 MHz, Chloroform-d) δ 3.65 (t, J = 7.3 Hz, 2H), 

3.59 – 3.52 (m, 2H), 3.42 – 3.34 (m, 2H), 2.90 (t, J = 7.3 Hz, 2H), 1.64 (q, J = 6.2, 5.8 Hz, 2H), 

1.56 (dp, J = 17.1, 5.7 Hz, 4H). 

Synthesis of 7 Prepared a solution of LDA at -78 oC using DIPA (779 μL, 5.56 mmol, 1.2 

equiv), n-BuLi (2.5 M, 2.0 mL, 5.1 mmol, 1.1 equiv) and THF (8 mL). Added a solution of 3 

(402 μL, 4.63 mmol, 1 equiv) in THF (2 mL) to the LDA and let stir for 30 min before adding a 

solution of 6 (1.22 g, 5.56 mmol, 1.2 equiv) in THF (2 mL). The cooling bath was removed and 

the contents stirred for 16 hr at RT. The mixture was quenched with sat. aq. NH4Cl, extracted 

with EtOAc, and the combined organic layers were washed with brine and dried over Na2SO4, 

filtered, then concentrated. Purification of the residue by chromatography with EtOAc as the 

eluent gave a colorless oil (278 mg, 25%). 1H NMR (600 MHz, Chloroform-d) δ 7.07 (s, 1H), 

5.01 (ddd, J = 7.1, 3.3, 1.7 Hz, 1H), 3.54 (tq, J = 13.1, 6.6, 5.2 Hz, 2H), 3.38 (t, J = 5.5 Hz, 2H), 

2.57 – 2.48 (m, 1H), 2.48 – 2.39 (m, 1H), 2.27 (dtd, J = 14.9, 7.5, 3.5 Hz, 1H), 1.91 (t, J = 1.6 

Hz, 3H), 1.73 (td, J = 14.5, 6.4 Hz, 1H), 1.64 (q, J = 5.8 Hz, 2H), 1.58 – 1.49 (m, 4H). 

Synthesis of 8 Sparged a solution of 7 (278 mg, 1.17 mmol, 1 equiv) and DBU (212 μL, 1.41 

mmol, 1.2 equiv) in MeCN (23 mL) with O2 for 4 hr. Contents were concentrated and the residue 

purified by chromatography with EtOAc to obtain a colorless oil (70 mg, 24%). 1H NMR (600 

MHz, Chloroform-d) δ 10.25 (s, 1H), 6.92 (s, 1H), 3.55 (t, J = 5.5 Hz, 2H), 3.40 (t, J = 5.5 Hz, 
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2H), 2.63 – 2.52 (m, 1H), 2.47 – 2.40 (m, 1H), 2.34 (hept, J = 7.6, 7.2 Hz, 2H), 1.95 (d, J = 1.6 

Hz, 3H), 1.65 (p, J = 5.6 Hz, 2H), 1.55 (dq, J = 16.2, 5.6 Hz, 4H).  

Scheme C.4 Synthesis of 9 

 

Synthesis of 9 Added 8 (25.3 mg, 100 μmol, 1 equiv), acridinium ion (2.8 mg, 5.0 μmol, 5 

mol%), cobaloxime (2.2 mg, 5.0 μmol, 5 mol%), a solution of dichloroacetic acid in MeCN (5.0 

μM, 1.0 mL, 5.0 μmol, 5 mol%) and an aq. solution of LiNO3 (2.0 M, 100 μL, 200 μmol, 2 

equiv) to a 2-dram vial. The solution was sparged with argon for 15 min then irradiated with 450 

nm LEDs for 24 hr. The aqueous layer was then extracted with DCM and the combined organic 

layers were washed with NaHCO3 then concentrated. Crude residue was analyzed by NMR 

without purification. 1H NMR (400 MHz, Chloroform-d) δ 6.85 (d, J = 1.6 Hz, 1H), 2.94 (ddd, J 

= 17.7, 11.0, 9.3 Hz, 1H), 2.68 (ddd, J = 17.7, 9.0, 2.0 Hz, 1H), 2.59 – 2.39 (m, 2H), 2.00 (d, J = 

1.6 Hz, 3H). 

C.2.2 Attempt at a PRCC 

Scheme C.5 Synthesis of 10-11 

 

Synthesis of 10 n-BuLi (2.5 M, 3.9 mL, 9.8 mmol, 0.97 equiv) was added to a solution of 

δ-valerolactam (1.00 g, 10.1 mmol, 1 equiv) in THF (124 mL) cooled to -78 oC. Let mixture stir 

for 10 min before adding Boc2O (3.50 mL, 15.1 mmol, 1.5 equiv). After 1 hr, the reaction was 
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quenched with sat. aq. NH4Cl and the aqueous layer was extracted with EtOAc. The combined 

organic layers were washed with brine, dried over MgSO4, filtered, and then concentrated. The 

obtained residue was taken up in DCM (33 mL) and stirred with imidazole (409 mg, 6.00 mmol, 

0.6 equiv) and for 45 min to destroy excess Boc2O. The mixture was then washed with 2 N HCl, 

water, and brine, then dried over MgSO4. Filtration and concentration gave a light-yellow oil 

(1.64 g, 82%). 1H NMR (600 MHz, Chloroform-d) δ 3.67 (t, J = 5.7 Hz, 2H), 2.53 (t, J = 6.4 Hz, 

2H), 1.84 (d, J = 6.5 Hz, 4H), 1.54 (s, 9H). 

Synthesis of 11 LiEt3BH (1.0 M, 5.5 mL, 5.5 mmol, 1.1 equiv) was added to a solution of 10 

(1.00 g, 5.02 mmol, 1 equiv) in PhMe (10 mL) cooled to -78 oC. After stirring for 40 min, 

DMAP (6.1 mg, 50 μmol, 10 mol%), DIPEA (5.00 mL, 28.6 mmol, 5.7 equiv) and trifluoroacetic 

anhydride (849 μL, 6.02, 1.2 equiv) were added to the solution. Contents were stirred for another 

16 hr, then quenched with 2 N HCl. The aqueous layer was extracted with EtOAc, and the 

combined organic layers were washed with brine and dried over MgSO4. Filtration and 

concentration gave a crude oil that was purified by chromatography with 0 → 10% 

EtOAc/hexanes to give a yellow oil (511 mg, 56%). 1H NMR (400 MHz, Chloroform-d) δ 6.71 

(d, J = 8.3 Hz, 1H), 4.79 (d, J = 8.2 Hz, 1H), 3.55 (d, J = 5.3 Hz, 2H), 2.02 (d, J = 5.8 Hz, 2H), 

1.85 – 1.73 (m, 2H), 1.48 (s, 9H). 

Scheme C.6 Synthesis of 12-15 

 

Synthesis of 12 Added TIPSOTf (8.29 mL, 30.6 mmol, 1 equiv) to a solution of 3 (2.65 mL, 

30.6 mmol, 1 equiv) and TEA (5.10 mL, 36.7 mmol, 1.1 equiv) in DCM (60 mL) at 0 oC. After 
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stirring for 60 min at 0 oC and 30 min at RT, the contents were diluted with pentanes and washed 

with pH 7 aq. phosphate buffer, 0.5 M aq. CuSO4, and brine, then dried over Na2SO4. Filtration 

and concentration gave a colorless liquid (7.66 g, 98%). 1H NMR (400 MHz, Chloroform-d) δ 

6.73 (d, J = 2.1 Hz, 1H), 6.10 (d, J = 2.1 Hz, 1H), 1.84 (s, 3H), 1.24 (dq, J = 14.0, 7.4, 6.9 Hz, 

3H), 1.09 (d, J = 7.3 Hz, 18H). 

Synthesis of 13 Combined 3-bromo-1-propanol (2.19 mL, 25.0 mmol, 1 equiv), imidazole (1.70 

g, 25.0 mmol, 1 equiv) and TIPSCl (5.30 mL, 25.0 mmol, 1 equiv) in DCM (50 mL) and let the 

mixture stir for 16 hr at RT before quenching it with water. The aqueous layer was extracted with 

DCM and the combined organic layers were washed with brine and dried over MgSO4. Filtration 

and concentration gave a colorless oil (6.92 g, 94%). 1H NMR (600 MHz, Chloroform-d) δ 3.81 

(t, J = 5.7 Hz, 2H), 3.56 (t, J = 6.5 Hz, 2H), 2.05 (p, J = 6.1 Hz, 2H), 1.06 (d, J = 6.2 Hz, 21H). 

Synthesis of 14 s-BuLi (1.4 M, 5.1 mL, 7.1 mmol, 1 equiv) was added to a solution of 12 (1.10 

mL, 3.93 mmol, 1 equiv) and TMEDA (1.10 mL, 7.07 mmol, 1.8 equiv) in THF (20 mL) cooled 

to 0 oC. After stirring for 2 hr, 13 (1.28 g, 4.32 mmol, 1.1 equiv) was added and the mixture was 

stirred for another 16 hr at RT before it was quenched with 2:1 water:sat. aq. NaHCO3. The 

aqueous layers were extracted with Et2O and the combined organic layers were washed with 0.5 

M aq. CuSO4 and brine, then dried over MgSO4. Filtration and concentration gave an orange oil 

(1.00 g, 54%). 1H NMR (600 MHz, Chloroform-d) δ 5.68 (s, 1H), 3.82 (t, J = 5.7 Hz, 1H), 3.69 

(t, J = 6.3 Hz, 2H), 3.56 (t, J = 6.5 Hz, 1H), 2.53 (t, J = 7.5 Hz, 2H), 2.06 (p, J = 6.1 Hz, 1H), 

1.79 (s, 3H), 1.28 – 1.17 (m, 6H), 1.12 – 1.00 (m, 36H). 

Synthesis of 15 mCPBA (260 mg, 1.07 mmol, 1 equiv) was added to a solution of 14 (500 mg, 

1.07 mmol, 1 equiv) in DCM (11 mL). After stirring for 1 hr, the solution was quenched with sat. 

aq. Na2S2O3 and stirred for 10 min. The aqueous layer was extracted with DCM, then the 
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combined organic layers were washed with sat. aq. NaHCO3 and brine, then dried over Na2SO4. 

Filtration and concentration gave a crude oil that was purified by chromatography with 10% 

Et2O/hexanes to obtain a colorless oil (154 mg, 44%). 1H NMR (400 MHz, Chloroform-d) δ 6.20 

– 6.11 (m, 1H), 3.82 (t, J = 5.7 Hz, 1H), 3.69 (t, J = 6.2 Hz, 2H), 3.55 (t, J = 6.5 Hz, 1H), 2.60 (t, 

J = 7.4 Hz, 2H), 2.09 – 2.04 (m, 1H), 2.04 – 1.98 (m, 3H), 1.84 (p, J = 6.8 Hz, 2H), 1.36 (td, J = 

15.4, 14.9, 7.8 Hz, 6H), 1.15 – 0.99 (m, 36H). 

C.2.3 Application of α-Amino Alkylation 

Scheme C.7 Synthesis of 16-17 

 

Synthesis of 16 Combined 3 (1.35 g, 13.8 mmol, 1 equiv), BPO (333 mg, 1.38 mmol, 10 mol%), 

NBS (2.57 g, 14.4 mmol, 1.05 equiv) and CCl4 (60 mL), then heated the solution to reflux for 1 

hr. After cooling to RT, solids were filtered off and the filtrate was washed with sat. aq. Na2S2O3, 

water, and brine, then dried over MgSO4. Filtration and concentration gave a yellow oil. Used 

without purification. 

Synthesis of 17 NaBH4 (190 mg, 5.02 mmol, 1 equiv) was added to a solution of N-Boc-3-

piperidine (1.00 g, 5.02 mmol, 1 equiv) in MeOH (20 mL) cooled to 0 oC. After stirring for 16 

hr, the contents were quenched with sat. aq. NH4Cl and extracted with EtOAc. The combined 

organic layers were washed with brine, dried over Na2SO4, filtered, and concentrated to a 

colorless oil (979 mg, 97%). 1H NMR (400 MHz, Chloroform-d) δ 3.73 (d, J = 10.3 Hz, 2H), 
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3.52 (s, 1H), 3.10 (dt, J = 22.1, 9.9 Hz, 2H), 1.88 (s, 1H), 1.76 (d, J = 19.3 Hz, 1H), 1.45 (s, 

11H). 
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