
ABSTRACT 

KALLIAT, SANJAY RAKESH. Synthesis and Biological Evaluation of Heterocyclic Scaffolds 

and Visible Light-Mediated Method Development to Access Bridged Scaffolds. (Under the 

direction of Dr. Joshua Pierce). 

 

The threat of bacteria developing resistance towards therapeutics has existed since the 

advent of antibiotics. To keep up with the need for innovation and new classes of antimicrobials, 

the Pierce lab has explored and continues to explore various heterocyclic scaffolds and derivatives. 

We have developed methods that enable swift access to certain scaffolds that allow for the studies 

and evaluations of libraries of these compounds. 

Chapter two explores the synthesis and biological evaluation of pyrrolidine-2,3-diones. 

Using the multicomponent reaction, we accessed a library of monomeric analogs of this scaffold 

with a variety of electronics. We report the exciting antimicrobial and antibiofilm activities of 

these analogs and note that the presence of a para-trifluoromethyl substituent on the N-aryl 

substitution of the scaffold proved to be advantageous in improving the biological profile of these 

analogs over previous generations. 

Chapter three describes our efforts to access synoxazolidinone C, a marine natural product 

isolated from Synoicum pulmonaria. We devised a model substrate to apply our synthetic 

methodology, featuring a multicomponent reaction to access the 4-oxazolidinone core and Parikh-

Doering oxidation-cyclization sequence to access the bicyclic core. Ultimately, our efforts to 

install the guanidine moiety were unsuccessful and the total synthesis of synoxazolidinone C 

remains unfulfilled for the time being. 

Chapter four expounds on the ‘escape from flatland’ approach to drug discovery, wherein 

flat rings of existing biologically relevant small molecules are replaced with fully saturated, three-

dimensional systems resulting in enhanced physiochemical properties. We envision contributing 



to this effort by leveraging spring-loaded scaffolds such as bicyclo[3.1.0]hexanes to access bridged 

bicyclo[3.2.1]octane scaffolds using photoredox chemistry. After numerous trials, we discovered 

that the topology of bicyclo[3.1.0]hexan-1-amines allows for rupture of the cyclopropane moiety 

furnishing bicyclo[3.2.1]octan-1-acetamides. The substrate scope, mechanism, and future studies 

are elaborated.  
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CHAPTER 1: INTRODUCTION 

1.1 Infectious Diseases and Antibiotics 

Infectious diseases have been around since ancient times as have their treatments. Around 

2000 years ago, mold from bread was used to treat open wounds in places like China, Egypt, 

Greece, and Serbia. While this was considered a traditional practice, the therapeutic effects were 

unknowingly attributable to antibiotics produced by microbes in the mold were responsible for the 

therapeutic effects.1 From ancient times up to the present day, the history of medicine can be 

divided into five periods: classic Western medicine (ancient times–15th century), traditional 

Western medicine (16th–18th century), early modern medicine (the 19th century), late modern 

medicine (1900–1980s), and exact medicine (1990s–present day).2 The late modern medicine era 

marked the beginning of modern antibiotics with the discovery of salvarsan (a synthetic arsenic-

based prodrug used as a therapeutic for syphilis; Figure 1, compound 1), prontosil (a sulfonamide 

used as a broad-spectrum antibiotic; 2), and penicillin (a β-lactam which largely superseded 

prontosil; 3). 

 

 

Figure 1. Structures of early antibiotics. 

The serendipitous discovery of penicillin in 1928 and its mass production and distribution in the 

1940s ushered in the Golden Age of Medicinal Chemistry.3,4 Figure 2 shows the abundance of 



   

2 

 

new antibiotics that were discovered from this time until the late 1960s, followed by a precipitous 

decline.  

 

Figure 2. Timeline of discovery of various classes of antibiotics. Adapted from reference 1.1  

1.2 Antimicrobial Resistance (AMR) 

As a result of this decline in the discovery of novel antibiotics and the overprescription of 

existing classes, bacteria developed antimicrobial resistance, resulting in decreased efficacy of 

these therapeutics. Moreover, resistance towards newer antibiotics has developed more quickly 

than towards older ones (Figure 3). Since the 1970s, the focus has shifted towards modifying 

existing antibiotics to produce successive generations, and while this approach has had its 

successes, it is imperative to develop novel classes of antibiotics to combat multidrug-resistant 

bacterial infections.1,4 
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Figure 3. Timeline of antibiotic introductions and development of antibiotic resistance. Adapted 

from reference 2.2  

Broadly, there are four mechanisms of antimicrobial resistance (Figure 4b): (1) restricting the 

access of antibiotics, such as by altering the structure of porins and reducing its functionality; (2) 

expelling antibiotics via drug efflux pumps; (3) inactivating the antimicrobial agent using enzymes 

encoded by chromosomal genes or plasmids, such as β-lactamases; (4) modification of the 

antimicrobial agent’s target, as is the case with vancomycin resistance by changing the 

vancomycin binding site from D-Ala-D-Ala to D-Ala-D-Lac.5  
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Figure 4. Summary of (a) mechanisms of action of antibacterial agents, and (b) antibacterial 

resistance. Adapted from reference 5.5  

1.2.1. Staphylococcus aureus 

S. aureus is a Gram-positive bacterium that is multidrug resistant and has been deemed by 

the Centers for Disease Control and Prevention (CDC) as a serious threat pathogen that 

necessitates continuous innovation for effective treatment.6,7 Due to its high gene plasticity, 

environmental adaptability, and production of a high number of virulence factors, it is particularly 

capable of developing AMR.8–10 Livestock and poultry are also affected by it.11 A case study 

conducted in a hospital in Vietnam from 2014 to 2021 highlighted the preponderance and rising 
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trend of AMR in S. aureus particularly against macrolide antibiotics such as erythromycin.12 The 

β-lactam antibiotic methicillin was discovered in 1960 and methicillin-resistant S. aureus (MRSA) 

emerged soon after (Figure 3) which posed significant challenges for treatment. The CDC report 

from 2019 recorded 10,000 deaths that could be attributed to MRSA while the global estimation 

is greater than 100,000. 6,13 These figures illustrate the significant threats posed by S. aureus and 

the need for novel treatments. 

The development of resistance is a mutation-associated defense mechanism that can be 

passed down to the next generation of bacteria via vertical transmission or acquired from other 

bacteria via horizontal transmission. This process is accelerated in environments shielded from the 

deleterious effects of antibiotics, such as within biofilms.14  

1.3 Biofilms 

Biofilms are surface-associated communities of bacteria encased in an extracellular matrix 

of polysaccharides, proteins, and DNA.15 Biofilms can form on biotic or abiotic surfaces and are 

a key virulence factor for numerous bacteria that can cause infections.16 Figure 5 shows an 

overview of the lifecycle of a bacterial biofilm. 

 

Figure 5. Lifecycle of a biofilm. Adapted from reference 15.15  

The development of a biofilm consists of three main stages: (1) attachment: initial adhesion of 

planktonic bacteria through a variety of mechanisms like electrostatic interactions or bacterial 
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appendages, for example, flagella; (2) biofilm maturation: formation and development of the 

extracellular matrix through production of extracellular polymeric substances (EPS), which leads 

to the development of various physical and chemical microenvironments; (3) dissemination: 

dispersal of the biofilm where cells leave the biofilm and regain some of the characteristics of 

planktonic bacteria.  

Apart from acting as a protective scaffold, the heterogeneity that a biofilm affords due to its 

microenvironments engenders competitive and synergistic social interactions. Furthermore, 

certain subpopulations can greatly slow down their metabolism, thereby developing a mechanism 

for tolerance. A tolerant population is characterized by a slow rate of killing when exposed to an 

antimicrobial agent due to this slow metabolism.17  It is important to note that antibacterial 

tolerance is different from antibacterial resistance; the latter involves genomic modification to 

overcome the effects of an antibiotic while the former involves outliving exposure to an antibiotic 

by slowing down essential bacterial processes.18 Therefore, bacterial biofilms pose a significant 

challenge in the pursuit of designing effective antibacterial treatments as compared to planktonic 

bacteria communities due to their additional resistance mechanisms.19 This is particularly true in 

the case of S. aureus; while the best method to treat biofilms is to prevent their formation in the 

first place, this is rarely feasible due to S. aureus readily developing resistance.20,21   

1.4 Pierce Lab Work  

In the Pierce lab, we are particularly interested in natural products from the marine world, 

both for the chemical challenge posed by their synthetic complexity and for their antimicrobial 

and potential antibiofilm properties. These include polycyclic guanidinium alkaloids like 

batzelladine D (Figure 6, compound 4) isolated from Caribbean sponge bataella sp.,22 spirocyclic 

γ-lactams such as ansalactam A (5) isolated from Streptomyces sp. strain found in marine 
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sediments,23 polypyrrole alkaloids like curvulamine (6) found from extracts of Curvularia sp. 

found in the gut of white croakers,24 to name a few. The focus of this work will be on our efforts 

to access, investigate, and improve promising biological activity of 5-membered heterocycles, 

namely 4-oxazolidinones and pyrrolidine-2,3-diones.25  

 

Figure 6. Representative marine natural products of interest in the Pierce lab.  

1.4.1. Chemoselective Multicomponent Reaction to Access Different Heterocyclic 

Cores  

The Pierce lab has developed a multicomponent reaction which can be modified to 

chemoselectively access different core scaffolds, namely 4-oxazolidinones and pyrrolidine-2,3-

diones, which is illustrated and summarized in Scheme 1. Multicomponent reaction affording 

different chemoselectivity..25 
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Scheme 1. Multicomponent reaction affording different chemoselectivity. 

The building blocks that constitute the multicomponent reaction are a pyruvic acid derivative, an 

amine (represented in Reynolds Red), and an aldehyde (represented in Bio-indigo). The 

chemoselectivity can be adjusted based on the group attached to the carbonyl (represented in 

Pyroman Flame orange) of the pyruvic acid derivative; a chloride results in the formation of a 4-

oxazolidinone scaffold, i.e., C-O selectivity, while an alkoxy would yield a pyrrolidine-2,3-dione 

scaffold, i.e., C-C selectivity. This effective method was used to access 4-oxazolidinone-

containing natural products like synoxazolidinone A (7) & B (8), and bioactive pyrrolidine-2,3-

diones such as 9. The multicomponent reactions were used extensively and will be described in 

the upcoming chapters. 
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CHAPTER 2: PYRROLIDINE-2,3-DIONES: OPTIMIZING A POTENTIAL 

ANTIMICROBIAL SCAFFOLD 

2.1 Introduction to Pyrrolidine-2,3-diones 

The first published instance of a natural product containing a pyrrolidine-2,3-dione 

(hereafter used interchangeably with ‘pyrrolidinedione’ unless otherwise specified) scaffold was 

in 1995 when phenopyrrozin (Figure 7, compound 10. Numbers on the structure indicates the 

numbering convention for the scaffold) was isolated from Penicillium sp.26 Additionally, 

phenopyrrozin and p-hydroxyphenopyrrozin (11) were isolated as secondary metabolites from 

marine fungus Chromocleista sp. in 2005.27 However, it was only in 2013 that any biological 

activity was reported for these compounds with low cytotoxicity (IC50 = 50–100 µg/mL) against a 

Gram-positive bacterium, Bacillus cereus.28 Leopolic acid A (12) is yet another pyrrolidinedione-

containing natural product isolated from Streptomyces sp. in a soil sample from the Crimean 

Mountains.29 It has shown moderate antimicrobial activity against Gram-positive bacteria with 

reported MIC values of 16 ɛg/mL against S. aureus and 32 ɛg/mL against M. hiemalis Apart from 

natural products, synthetic derivatives of pyrrolidine-2,3-diones have been reported and shown to 

have interesting activity such as a PBP3 inhibitor (13), HIV-1 inhibitor (14), and blood platelet 

inhibitors (15), amongst others.30,31 As a result, this scaffold presents a compelling opportunity for 

the development of potent antimicrobial agents. 
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Figure 7. Naturally occurring and synthetic, biologically relevant pyrrolidine-2,3-diones. 

2.2 Previous Pierce Group Research on Pyrrolidine-2,3-diones 

In the Pierce group, we have studied pyrrolidine-2,3-diones extensively, and due to the 

observed activity continued investigation is warranted. In the process of developing more bioactive 

oxazolidinone analogs, access to pyrrolidine-2,3-dione scaffolds was also found to be possible.32,33 

Further optimization led to establishing conditions for the multicomponent reaction that enabled 

easy access to this scaffold and is now extensively used to generate numerous analogs, including 

analogs derived from natural product leopolic acid A (12).34 We learned that although 12 and its 

analogs showed only moderate-to-low antimicrobial activity, modification of the 5-position of the 

scaffold to incorporate small-sized alkyl chains resulted in noteworthy antibiofilm activity. In 
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terms of synthetic pyrrolidinedione analogs, a preliminary SAR was developed by Cusumano and 

coworkers,35  which revealed the following trends: the presence of an electron-withdrawing group 

at the 4-position of the pyrrolidinedione scaffold  (Figure 8A, C, compounds 16–18), a free enol 

proton (17, 19), and a substituted nitrogen (20, 21) are beneficial in terms of a lower MIC value. 

All the compounds analyzed by Cusumano and coworkers were tested against other strains of 

Staphylococcus sp. too, however, only MRSA ATCC 33591 is discussed here. Although more 

active analogs such as 22 were observed, none of 16–23 were tested for antibiofilm activity. Nie 

and coworkers built on this work and tested their analogs (24–27) for antibiofilm activity against 

a typical biofilm-promoting strain of MSSA (ATCC 25923) as represented by the MBEC 

values.36  These pyrrolidinedione monomers, however, suffered from poor aqueous solubility 

thereby making it challenging to evaluate their biological profile. Valdes-Pena and coworkers 

addressed this issue by synthesizing pyrrolidinedione dimers with the two monomers connected 

by all-carbon or heteroatom-containing linkers (Figure 8B, 28–30).37  These compounds—which 

were tested against the two aforementioned strains of S. aureus and MSSA (ATCC 29213)—

showed enhanced aqueous solubility and antimicrobial activity, and significantly better antibiofilm 

activity. It is worth noting that FDA-approved antimicrobial therapeutics do not possess significant 

biofilm eradication capability resulting in high MBEC/MIC ratios;37 they would need to be used 

in combination with other antibiotics; otherwise, the working concentration for standalone 

antibiotics to eradicate biofilms would cause harmful side effects to the patient.38. The fact that 

multiple analogs such as 28–30 had low MBEC/MIC ratios was a notable achievement. We desired 

to continue exploration of this space and develop pyrrolidinedione monomers that allow for 

straightforward biological evaluation, possess significant antimicrobial and antibiofilm activities, 

and by extension, low MBEC/MIC ratios. 
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Figure 8. Representative pyrrolidine-2,3-diones previously synthesized in the Pierce lab. (A) 

Monomeric analogs (B) Dimeric analogs. (C) Summary of biological activity. 

2.3 Synthesis and Microbiological Evaluation of Pyrrolidine-2,3-dione Analogs 

2.3.1. Initial Screening of p-CF3 Pyrrolidine-2,3-dione Analogs 

Upon subjecting an aromatic aldehyde to Erlenmeyer-Plöchl reaction conditions, 

phenylpyruvic acid derivative 31 was prepared, which, upon methylation furnished pyruvate ester 
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32. Access to the pyrrolidinedione analogues was done using the multicomponent reaction in 

which a pyruvate, an amine, and an aldehyde react in DCM (Scheme 2). The substituent on the 

pyruvate made up the 4-position of the pyrrolidinedione scaffold, while the amine made up the 1-

position, and aldehyde the 5-position. Since it was previously determined that p-

trifluoromethylphenylpyruvates afforded the most active analogs, this building block remained 

constant. 

 

Scheme 2. General synthetic route to access p-CF3 pyrrolidinedione analogs (33). 

Initially, we explored diversification of the substituent in the 5-position of the 

pyrrolidinedione as this was the least-explored at the time (Figure 9). 
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Figure 9. Initial exploration of pyrrolidine-2,3-dione analogs. (A) Analogs synthesized. (B) 

Biological evaluation. 

Of this set of compounds, little to no antimicrobial activity was seen (33a–33e) for most of them, 

with moderate antibiofilm activity. However, it was curious that there was a marked improvement 

in activity of an analog (33f) due to the presence of a hydroxyl group in the benzylic position of 

the moiety that was furnished by the aldehyde in the multicomponent reaction compared to one 

without a benzylic hydroxyl group (33e). Following this observation, we sought to investigate the 

activity at that position by changing the amine involved in the multicomponent reaction to furnish 

a new set of analogs. 
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2.3.2. Synthesis of Mandelic Aldehyde 

The aldehyde required for this set of analogs was obtained from (R)-mandelic acid 

(Scheme 3); this chiral pool starting material was methylated (34), followed by silyl protection of 

the secondary alcohol. This intermediate (35) was subject to diisobutylaluminum hydride (DIBAL) 

reduction conditions to access the requisite aldehyde (36). This sequence was also used with (S)-

mandelic acid, i.e., the enantiomer, to obtain the corresponding aldehyde. 

 

Scheme 3. Initial route to access mandelic aldehyde 36. 

2.3.3. Exploration of Benzylic Hydroxyl Group of Pyrrolidinedione Analogs 

Compound 33g (Figure 10), which is a diastereomer of 33, turned out to be less active than 

33f. The lack of activity of 33h seems to indicate that a phenyl moiety is required for the aldehyde 

building block, and the MIC values of 33i compared to the other analogues containing a phenyl 

moiety furnished by the amine building block indicates that that is required for activity as well. 

Upon synthesizing and testing each of the halogens for antimicrobial activity, the pattern of turning 

on activity whereby the presence of a benzylic hydroxyl group acted as a switch for activity, 

persisted (Figure 10, 33i–33o). 
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Figure 10. Expanded library of pyrrolidine-2,3-dione analogs. (A) Analogs synthesized. (B) 

Biological evaluation. 

At this point, we turned to the Topliss Tree39 for guidelines on aromatic substitutions in 

pursuit of improving antimicrobial activity; while the m-bromo substituted analog (33p) was 

unremarkable, disubstituted 33q presented enhanced activity, and the best activity was displayed 

by 33r with MIC values of 2 µg/mL across all the S. aureus strains in our scope. These values 

represent the highest antimicrobial activity among standalone pyrrolidine-2,3-dione tested in our 

lab and are comparable to FDA-approved antibiotics such as linezolid.40 Curiously, the p-CF3 

substituent seemed to defy the trend displayed by the halogens as 33s showed striking activity, 

albeit slightly reduced as compared to its benzylic hydroxyl counterpart 33r. It is unknown why 

this deviation from the expected trend is observed with the p-CF3 substituent. A divergence in 
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trend compared to the bromo modifications was also observed for the disubstituted 33t, which was 

less active than 33r. As expected though, the analog possessing the inverse hydroxyl stereocenter 

(33u) followed the expected trend of reduced activity as was the case when the hydroxyl group 

was not benzylic (33v). Fathalla and coworkers41 observed modest antimicrobial activity with the 

presence of a methylene linker between N1 and an aryl group, as was the case for us with analog 

33w. It did not, however, surpass 33r as our lead analog, nor did tri-CF3 substitution 33x. We also 

observed that an electronically neutral aromatic ring (33y) was active compared to an aliphatic 

chain (33i), however, if the substituent at the para position is electronically activating (33z), it 

rendered the compound inactive as well. For mono-substitutions, the more electronically 

deactivating the substituent, the better. Efforts to make ortho-substituted N-aryl substituents were 

unsuccessful, likely due to the role of steric hindrance in the multicomponent reaction. 

In the process of developing this library, it was also observed that the yield for the 

multicomponent-TFA deprotection sequence of reactions proved to be higher in cases where a 

more nucleophilic amine was used. This is consistent with trends observed from previous work 

done in the Pierce lab. 

While we were able to elucidate certain trends for these pyrrolidinedione monomers in 

terms of antimicrobial activity, those for antibiofilm activity appear to be unclear. Although 33r 

was the most active analog in terms of antimicrobial activity, its antibiofilm activity was only 

modest as represented by its MBEC value of 64 µg/mL. Analogs 33s and 33v that contained a 

second trifluoromethyl group displayed MBEC values equal to 32 µg/mL as did 33l albeit sans the 

second trifluoromethyl substituent. The latter two also showed a notably low MBEC/MIC ratio of 

4 indicating that these compounds were able to eradicate bacterial biofilms at concentrations very 

close to the concentration at which they kill planktonic bacteria. 
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2.4 Summary and Future Work 

We have built a library of monomeric pyrrolidine-2,3-diones that illustrate certain trends 

in antimicrobial activity and contain analogs that possess significant antimicrobial and/or 

antibiofilm activity. The most potent analog, compound 33r, has remarkable MIC values of 2 

µg/mL against the 3 strains of S. aureus tested. For N-aryl substitutions on the pyrrolidine-2,3-

dione, the more electronically deactivating the substituent at the para position, the better the 

antimicrobial activity. For halogens, the presence of a chiral hydroxyl group at the benzylic 

position of the 5-substitution turned on activity. The antibiofilm activity is less predictable, 

however, but compounds 33s, 33v, and 33l all have MBEC values of 32 µg/mL with an 

MBEC/MIC ratio of 4, which is uncommon in most FDA-approved antimicrobials and represent 

the first monomeric pyrrolidinediones to do so. 

Fluorinated moieties are widely seen in drug design and development,42  and as per the 

trends seen in our pyrrolidinedione analogs, a pentafluorosulfanyl compound such as 33aa (Figure 

11) would be interesting to synthesize and test for activity. This moiety is seen as a bioisostere of 

trifluoromethyl groups43  with significantly higher electronegativity and 

lipophilicity.44,45 Additionally, substituting a different heteroatom at the benzylic position of the 

aldehyde moiety (33ab) would inform our analysis. Concurrently, other members of the Pierce 

group are working on different strategies to investigate the pyrrolidine-2,3-dione scaffolds, such 

as conjugating active analogs with vancomycin to improve antibiofilm activity, and in vivo testing 

of the same. 
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Figure 11. Potential pyrrolidine-2,3-dione analogs to investigate in future. 

2.5 Experimental Information 

2.5.1. General Information – Chemistry  

Dichloromethane (DCM) and tetrahydrofuran (THF) were purified using an alumina 

filtration system before use. Aldehydes were purchased from a commercial chemical company and 

used as received unless otherwise noted. Test reactions were monitored by TLC analysis (pre-

coated silica gel 60 F254 plates, 250 mm layer thickness) and visualization was accomplished with 

a 254 nm UV light and by staining with CAM solution (400 mL 10% sulfuric acid, 10 g ammonium 

molybdate and 4 g ammonium cerium sulfate) with heating. Test reactions were also monitored 

by LC-MS (2.6 mm C18 50 x 2.10 mm column) using electrospray ionization (ESI) and 

atmospheric pressure chemical ionization (APCI). A Biotage® flash chromatography system was 

used to purify all compounds. Infrared (IR) spectra were determined on a Bruker Alpha 

spectrometer. 1H and 13C NMR spectra were obtained on a 500, 600, or 700 MHz instrument in 

CDCl3 or as indicated. Chemical shifts were reported as observed in parts per million (ppm) with 

the residual solvent peak used as an internal standard (CDCl3 
1H NMR = 7.26 ppm, 13C NMR = 

77.16 ppm; CD3OD 1H NMR = 3.31, 4.87 ppm; DMSO-d6 
1H NMR = 2.50 ppm; TMS 1H NMR 

= 0 ppm, 13C NMR = 0 ppm). 1H NMR spectra were run at 500, 600, or 700 MHz and are tabulated 

as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, 

m = multiplet, brs = broad singlet, dt = doublet of triplet, tt = triplet of triplet), number of protons, 
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and coupling constant(s). 13C NMR spectra were run at 125, 150, or 176 MHz using a proton-

decoupled pulse sequence with a d1 of 1 second unless otherwise noted and are tabulated by 

observed peak. High resolution mass spectra (HRMS) were obtained on an ion trap mass 

spectrometer using heated electrospray ionization (HESI). 

2.5.2. Synthetic Procedures & Characterization Data 

Preparation of phenylpyruvate ester  

 
(Z)-2-Hydroxy-3-(4-(trifluoromethyl)phenyl)acrylic acid (31): 4-

(Trifluoromethyl)benzaldehyde (1.60 mL, 11.5 mmol), sodium acetate (1.05 g, 12.6 mmol), N-

acetylglycine (1.36 g, 11.5 mmol) and acetic anhydride (3.29 mL, 34.5  mmol) were added to a 25 

mL round bottom flask (RBF). The contents of the flask were stirred at 110 °C initially then 

brought down to 90 °C for 20 minutes, then brought to room temperature. The resulting solid is an 

azlactone intermediate and was broken up thoroughly and filtered with very cold ethanol. To the 

resulting residue was added 6 M HCl (50 mL) and refluxed for 18 hours at 110 °C, monitored by 

HPLC-MS. After allowing the reaction to come to room temperature, the precipitate was filtered 

with 1 M HCl. Acid 31 was obtained in 47% yield (1.26 g) as an off-white solid. Analytical data 

was consistent with data previously reported.46  
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Methyl (Z)-2-hydroxy-3-(4-(trifluoromethyl)phenyl)acrylate (32): To 31 (1.29 g, 5.48 mmol) 

dissolved in DMF (18.2 mL) was added iodomethane (1.72 mL, 27.4 mmol) and DBU (0.83 mL, 

5.48 mmol) and stirred for 4–5 hours, being monitored by TLC and/or HPLC-MS. Upon 

consumption of the starting material, the reaction was quenched with saturated ammonium 

chloride and the aqueous layer was extracted with diethyl ether. The combined organic layer was 

washed with deionized water and the resultant organic layer was dried with magnesium sulfate 

and solvent removed in vacuo. Ester 32 was obtained in a 78% yield (1.04 g) as a yellow solid. 

Analytical data was consistent with data previously reported.32 

Preparation of aldehyde 36 

 
The synthesis of each enantiomer of aldehyde 36 was done using the above route employed by 

Wolleb and coworkers.47 The spectral data of each intermediate is consistent with their data and 

any other precedent has been noted.  

 
Methyl (R)-2-hydroxy-2-phenylacetate (34a): To commercially available (R)-mandelic acid 

dissolved in methanol (1 M) was added thionyl chloride (1 equiv) while the reaction flask was 
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immersed in an ice bath. Upon consumption of the starting material, methanol was removed in 

vacuo, the crude was redissolved in DCM and aqueous workup was done with saturated sodium 

bicarbonate. The resultant organic layer was dried with sodium sulfate and solvent removed in 

vacuo. The product was taken forward without further purification. Following the procedure 

above, 34a was obtained in a yield of 2.76 g (86%) as a colorless oil: 

1H NMR (600 MHz, CDCl3) δ 7.44 – 7.41 (m, 2H), 7.39 – 7.36 (m, 2H), 7.36 – 7.31 (m, 1H), 5.18 

(s, 1H), 3.77 (s, 3H). 

Spectral data was consistent with previous data from Murayama and coworkers.48  

 

 

Methyl (S)-2-hydroxy-2-phenylacetate (34b): As per the previous procedure but starting with 

commercially available (S)-mandelic acid, 34b was obtained in a yield of 3.00 g (93%) as a 

colorless oil.  

1H NMR (500 MHz, CDCl3) δ 7.44 – 7.39 (m, 2H), 7.39 – 7.31 (m, 3H), 5.18 (s, 1H), 3.76 (s, 

3H). 

 

Methyl (R)-2-phenyl-2-((triethylsilyl)oxy)acetate  (35a): To the corresponding ester obtained in 

the previous step was added imidazole (1.7 equiv), chlorotriethylsilane (1.5 equiv), dissolved in 

DMF (0.86 M) and stirred at room temperature. Upon consumption of the starting material, the 
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reaction was quenched with saturated ammonium chloride and the aqueous layer was extracted 

with diethyl ether. The resulting organic layer was washed with deionized water and the resultant 

organic layer was dried and solvent removed in vacuo. Compound 35a was obtained in a yield of 

4.1469 g (84%) as a colorless oil.  

1H NMR (500 MHz, CDCl3) ŭ 7.49 – 7.45 (m, 2H), 7.36 – 7.32 (m, 2H), 7.31 – 7.29 (m, 1H), 5.24 

(s, 1H), 3.69 (s, 3H), 0.94 – 0.90 (m, 9H), 0.65 – 0.58 (m, 6H). 

13C NMR (126 MHz, CDCl3) ŭ 172.8, 139.3, 128.5, 128.3, 126.5, 74.3, 52.3, 6.8, 4.7. 

 

 

Methyl (S)-2-phenyl-2-((triethylsilyl)oxy)acetate (35b): As per the previous procedure, 35b was 

obtained in a yield of 1.47 g (86%) as a colorless oil.  

1H NMR (500 MHz, CDCl3) δ 7.48 (d, 2H), 7.34 (t, J = 7.3 Hz, 2H), 7.30 (d, J = 7.3 Hz, 1H), 5.24 

(s, 1H), 3.69 (s, 3H), 0.92 (t, J = 7.9 Hz, 9H), 0.65 – 0.58 (m, 6H). 

 

 

(R)-2-Phenyl-2-((triethylsilyl)oxy)acetaldehyde (36a): DIBAL (1 M in DCM, 1.2 equiv) was 

added dropwise to a solution of the ester obtained in the previous step (1.0 equiv) in DCM (0.48 

M) at -78 °C. The reaction mixture was stirred at this temperature until consumption of the starting 

material as monitored by TLC. It was quenched with saturated Rochelle salt solution, allowed to 
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warm to ambient temperature and stirred for another 2 hours. The phases were separated and the 

aqueous phase was extracted with DCM, and the resulting organic layer was dried with sodium 

sulfate and solvent removed in vacuo to get 36a in a yield of 1.11 g (88%) as a colorless oil. 

1H NMR (500 MHz, CDCl3) ŭ 9.52 (d, J = 2.2 Hz, 1H), 7.43 – 7.36 (m, 4H), 7.34 – 7.30 (m, 1H), 

5.00 (d, J = 2.2 Hz, 1H), 0.94 (t, J = 7.9 Hz, 9H), 0.63 (q, J = 7.9, 1.6 Hz, 6H). 

13C NMR (126 MHz, CDCl3) ŭ 199.8, 136.6, 128.9, 128.6, 126.4, 79.9, 6.7, 4.9. 

 

(S)-2-Phenyl-2-((triethylsilyl)oxy)acetaldehyde (36b): As per the previous procedure, 36b was 

obtained in a yield of 80.1 mg (10%) as a colorless oil.  

1H NMR (500 MHz, CDCl3) δ 9.52 (d, J = 2.2 Hz, 1H), 7.42 – 7.37 (m, 4H), 7.33 (d, J = 4.4 Hz, 

1H), 5.00 (d, J = 2.1 Hz, 1H), 0.94 (t, J = 7.9 Hz, 9H), 0.65 (q, J = 7.9, 1.4 Hz, 6H). 
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Preparation of 3-hydroxy-1,5-dihydro-2H-pyrrol-2-ones (pyrrolidine-2,3-dione 

analogs 33) 

 

General Procedure a: To a solution of methyl Ŭ-oxoester (1 equiv) in DCM (0.05 M) at 0 °C was 

added the respective aldehyde (1.1 equiv), followed by amine (1.1 equiv). The reaction was 

allowed to come to room temperature and stirred for 2–24 hours, being monitored by TLC and/or 
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HPLC-MS. Upon consumption of Ŭ-oxoester, solvent was removed in vacuo, or the suspension 

was filtrated when the product precipitated from solution. The crude products were then purified 

by flash column chromatography or trituration. 

General Procedure b: The purified product obtained from General Procedure a, was dissolved 

in a 1:1 (v/v) mixture DCM/TFA (0.05 M) and stirred at room temperature for 18–24 hours, while 

being monitored by TLC and/or HPLC-MS. Upon consumption of the starting material, solvent 

was removed in vacuo, and the crude products were then purified by flash column 

chromatography. 

General Procedure c: The purified product obtained from General Procedure a, was dissolved 

in THF (0.1 M) and placed in a 0 °C ice bath. TBAF (3.0 equiv) was added, and the reaction was 

stirred for 4–6 hours, while being monitored by TLC and/or HPLC-MS Upon consumption of the 

starting material, solvent was removed in vacuo, and the residue was re-dissolved in diethyl ether. 

The organic layer was washed multiple times with saturated ammonium chloride, the resultant 

organic layer was dried with sodium sulfate, and diethyl ether removed in vacuo. The crude 

products were then purified by flash column chromatography. 

All analogs possess multiplet signals associated with one or more trifluoromethyl (CF3) groups for 

their respective 13C NMR spectrum. A representative example with comprehensive reporting of 

all multiplet signals is shown for 33w (vide infra). However, for ease of comprehension and due 

to paucity of material of certain analogs, only the most prominent peak from each multiplet signal 

has been selected for the reported peaks for every other analog.  

All analogs are a mixture of diastereomers. 
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1-(4-Bromophenyl)-3-hydroxy-5-methyl-4-(4-(trifluoromethyl)phenyl)-1,5-dihydro-2H-

pyrrol-2-one (33a): According to General Procedure a, 33a was synthesized in a yield of 20 mg 

(23%) as a pale yellow solid.  

Rf = 0.58 (40% EtOAc in hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.80 (d, J = 8.1 Hz, 2H), 7.70 (d, J = 8.1 Hz, 2H), 7.59 (d, J = 8.7 

Hz, 2H), 7.51 (d, J = 8.6 Hz, 2H), 5.09 (q, J = 6.5 Hz, 1H), 1.38 (d, J = 6.5 Hz, 3H).  

13C NMR (151 MHz, CDCl3) δ 164.8, 142.4, 135.4, 134.5, 132.6, 129.7, 127.7, 125.9, 123.5, 

123.2, 121.7, 119.0, 54.5, 18.8. 

IR (Diamond-ATR, neat) ṽmax: 3215, 1657, 1489, 1428, 1375, 1319, 1288, 1163, 1116, 1066, 930, 

842, 820. 

HRMS (m/z): calculated for C18H13BrF3NO2 [M-H]- 409.9998, found 410.0009. 

 

 

1-(4-Bromophenyl)-5-cyclopropyl-3-hydroxy-4-(4-(trifluoromethyl)phenyl)-1,5-dihydro-

2H-pyrrol-2-one (33b): According to General Procedure a, 33b was synthesized in a yield of  

47.1 mg (74%) as a yellow solid.  
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Rf = 0.66 (40% EtOAc in hexanes) 

1H NMR (600 MHz, CDCl3) δ 7.82 (d, 2H), 7.68 (d, J = 8.2 Hz, 2H), 7.57 (d, 2H), 7.43 (d, 2H), 

5.04 (d, J = 7.3 Hz, 1H), 1.07 – 1.01 (m, 1H), 0.37 – 0.29 (m, 2H), 0.20 – 0.15 (m, 1H), 0.12 – 

0.07 (m, 1H).  

13C NMR (151 MHz, CDCl3) δ 165.6, 143.2, 136.0, 135.3, 132.5, 129.8, 128.1, 125.6, 125.4, 

123.3, 120.4, 119.8, 77.4, 77.2, 76.9, 60.9, 13.8, 12.7, 9.3, 4.7, 2.3. 

IR (Diamond-ATR, neat) ṽmax: 3127, 3010, 2922, 1653, 1491, 1364, 1319, 1161, 1118, 1105, 

1059, 824.   

HRMS (m/z): calculated for C20H15BrF3NO2 [M-H]- 436.0155, found 436.0165. 

 

 

1-(4-Bromophenyl)-5-(chloromethyl)-3-hydroxy-4-(4-(trifluoromethyl)phenyl)-1,5-dihydro-

2H-pyrrol-2-one (33c): According to General Procedure a, 33c was synthesized in a yield of 

12.9 mg (21%) as a brown solid.  

Rf = 0.60 (40% EtOAc in hexanes) 

1H NMR (600 MHz, CDCl3) δ 7.77 (d, J = 8.2 Hz, 2H), 7.71 (d, J = 8.2 Hz, 2H), 7.61 (d, 2H), 

7.42 (d, 2H), 4.46 (t, J = 7.8, 6.3, 1.7 Hz, 1H), 3.90 – 3.85 (m, 1H), 3.73 – 3.70 (m, 1H).  

13C NMR (151 MHz, CDCl3) δ 165.8, 144.7, 134.2, 133.9, 132.9, 130.0, 127.5, 126.1, 125.2, 

123.1, 120.4, 117.1, 58.6, 43.8. 
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IR (Diamond-ATR, neat) ṽmax: 3191, 2967, 2900, 1685, 1491, 1428, 1385, 1318, 1109, 1062, 

1006, 818, 766, 708. 

HRMS (m/z): calculated for C18H12BrClF3NO2 [M-H]- 443.9608, found 443.9619. 

 

 

1-(4-Bromophenyl)-3-hydroxy-5-(thiophen-2-yl)-4-(4-(trifluoromethyl)phenyl)-1,5-dihydro-

2H-pyrrol-2-one (33d): According to General Procedure a, 33d was synthesized in a yield of 

42.6 mg (39%) as a yellow solid.  

Rf = 0.55 (40% EtOAc in hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.78 (d, J = 8.2 Hz, 2H), 7.58 (d, J = 8.3 Hz, 2H), 7.48 (d, J = 8.8 

Hz, 2H), 7.34 (d, J = 8.8 Hz, 2H), 7.18 – 7.16 (m, 1H), 7.09 (dd, J = 3.6, 1.2 Hz, 1H), 6.83 (dd, J 

= 5.1, 3.5 Hz, 1H), 6.22 (s, 1H).  

13C NMR (151 MHz, CDCl3) δ 165.1, 143.3, 139.1, 134.9, 134.3, 132.4, 129.8, 128.8, 127.6, 

127.1, 126.9, 125.6, 125.1, 125.0, 120.1, 120.0, 59.2. 

IR (Diamond-ATR, neat) ṽmax: 3276, 3114, 1683, 1489, 1372, 1323, 1284, 1167, 1116, 1073, 846, 

824.  

HRMS (m/z): calculated for C21H13BrF3NO2S [M-H]- 477.9719, found 477.9733. 
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5-Benzyl-1-(4-bromophenyl)-3-hydroxy-4-(4-(trifluoromethyl)phenyl)-1,5-dihydro-2H-

pyrrol-2-one (33e): According to General Procedure a, 33e was synthesized in a yield of 7.5 mg 

(4%) as a light-yellow solid.  

Rf = 0.60 (40% EtOAc in hexanes) 

1H NMR (500 MHz, CDCl3) ŭ 7.80 (d, J = 8.2 Hz, 2H), 7.75 (d, J = 8.2 Hz, 2H), 7.62 (d, 2H), 

7.53 (d, 2H), 7.12 (t, J = 7.4 Hz, 1H), 7.05 (t, J = 7.5 Hz, 2H), 6.44 (d, 2H), 5.43 (t, 1H), 3.23 (dd, 

J = 14.3, 4.5 Hz, 1H), 3.12 (dd, J = 14.3, 3.3 Hz, 1H).  

13C NMR (151 MHz, CDCl3) ŭ 164.9, 143.2, 135.6, 134.9, 133.0, 132.6, 129.8, 129.7, 128.0, 

127.7, 127.3, 126.1, 124.5, 123.2, 118.7, 118.6, 57.7, 35.6. 

IR (Diamond-ATR, neat) ṽmax: 3282, 3112, 3027, 2930, 1677, 1491, 1426, 1385, 1318, 1284, 

1129, 1111, 1070, 822, 699.  

HRMS (m/z): calculated for C24H16BrF3NO2 [M-H]- 486.0311, found 486.0325. 

 

 



   

31 

 

1-(4-Bromophenyl)-3-hydroxy-5-((R)-hydroxy(phenyl)methyl)-4-(4-

(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one (33f): According to General 

Procedure b, 33f was synthesized in a yield of 26 mg (10% over 2 steps) as a yellow oil.  

Rf = 0.58 (40% EtOAc in hexanes) 

1H NMR (600 MHz, CDCl3) ŭ 7.91 (d, J = 8.2 Hz, 2H), 7.72 (d, J = 8.2 Hz, 2H), 7.47 (d, J = 8.7 

Hz, 2H), 7.39 (d, J = 8.8 Hz, 2H), 7.19 (dd, J = 8.1, 6.3 Hz, 1H), 7.13 (d, J = 7.8 Hz, 2H), 6.81 (d, 

J = 7.3 Hz, 2H), 5.61 (d, J = 2.6 Hz, 1H), 5.18 (d, J = 2.6 Hz, 1H). 

13C NMR (151 MHz, CDCl3) ŭ 165.1, 143.7, 138.1, 135.7, 135.1, 132.4, 129.7, 128.6, 128.4, 

128.2, 126.0, 125.5, 125.1, 124.9, 124.0, 119.0, 73.7, 62.7. 

IR (Diamond-ATR, neat) ṽmax: 3196, 2989, 2920, 2764, 1683, 1674, 1489, 1321, 1165, 1111, 

1064, 1014, 824, 699.  

HRMS (m/z): calculated for C24H16BrF3NO3 [M-H]- 502.0260, found 502.0280. 

 

 

1-(4-Bromophenyl)-3-hydroxy-5-((S)-hydroxy(phenyl)methyl)-4-(4-

(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one (33g): According to General 

Procedure b, 33g was synthesized in a yield of 7 mg (15% over 2 steps) as a yellow oil.  

Rf = 0.58 (40% EtOAc in hexanes) 
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1H NMR (600 MHz, CDCl3) ŭ 7.91 (d, J = 8.0 Hz, 2H), 7.72 (d, J = 8.1 Hz, 2H), 7.47 (d, J = 8.3 

Hz, 2H), 7.38 (d, J = 8.3 Hz, 2H), 7.18 (t, J = 6.9 Hz, 1H), 7.14 – 7.10 (m, 2H), 6.81 (d, J = 7.4 

Hz, 2H), 5.61 – 5.59 (m, 1H), 5.17 (s, 1H).  

13C NMR (151 MHz, CDCl3) ŭ 166.6, 140.9, 138.1, 135.7, 135.1, 132.4, 129.6, 128.6, 128.4, 

128.2, 126.0, 125.5, 124.9, 124.2, 124.0, 119.0, 73.7, 62.8. 

IR (Diamond-ATR, neat) ṽmax: 3178, 2922, 2848, 1670, 1491, 1431, 1379, 1319, 1163, 1118, 

1066, 1006, 932, 827, 768, 701, 663. 

HRMS (m/z): calculated for C24H16BrF3NO3 [M-H]- 502.0260, found 502.0274. 

 

 

 

1-(4-Bromophenyl)-5-((S)-1,2-dihydroxyethyl)-3-hydroxy-4-(4-(trifluoromethyl)phenyl)-

1,5-dihydro-2H-pyrrol-2-one (33h): Using commercially available (R)-(+)-2,2-dimethyl-1,3-
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dioxolane-4-carboxaldehyde in General Procedure b, 33h was synthesized (via a modified 

intermediate as shown above) in a yield of 38 mg (44% over 2 steps) as a pale yellow solid. 

Rf = 0.21 (40% EtOAc in hexanes) 

1H NMR (600 MHz, CDCl3) ŭ 7.86 (d, J = 8.1 Hz, 2H), 7.71 (d, J = 8.4 Hz, 2H), 7.61 (d, J = 8.3 

Hz, 2H), 7.41 (d, J = 8.3 Hz, 2H), 5.38 (s, 1H), 4.27 (t, J = 7.7 Hz, 1H), 3.98 (d, J = 6.6 Hz, 2H). 

13C NMR (151 MHz, CDCl3) ŭ 165.9, 144.1, 135.2, 133.9, 133.1, 130.8, 128.1, 126.0, 125.5, 

124.8, 121.1, 118.2, 68.8, 67.7, 60.4. 

IR (Diamond-ATR, neat) ṽmax: 3245, 2952, 2924, 2853, 1670, 1491, 1321, 1161, 1113, 1064, 

1012, 848, 829, 731.  

HRMS (m/z): calculated for C19H14BrF3NO4 [M-H]- 456.0053, found 456.0054. 

 

 

1-Hexyl-3-hydroxy-5-((R)-hydroxy(phenyl)methyl)-4-(4-(trifluoromethyl)phenyl)-1,5-

dihydro-2H-pyrrol-2-one (33i): According to General Procedure b, 33i was synthesized in a 

yield of 17 mg (35% over 2 steps) as a yellow oil.  

Rf = 0.43 (40% EtOAc in hexanes) 

1H NMR (600 MHz, CDCl3) ŭ 7.84 (d, J = 8.2 Hz, 2H), 7.68 (d, J = 8.1 Hz, 2H), 7.41 (d, J = 7.3 

Hz, 2H), 7.37 (t, J = 7.6 Hz, 2H), 7.30 (t, J = 7.3 Hz, 1H), 5.14 (s, 1H), 4.95 (s, 1H), 3.70 – 3.64 
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(m, 1H), 2.66 – 2.60 (m, 1H), 1.26 – 1.23 (m, 2H), 1.20 – 1.14 (m, 2H), 1.08 – 1.02 (m, 2H), 0.94 

– 0.86 (m, 2H), 0.82 (t, J = 7.3 Hz, 3H). 

13C NMR (151 MHz, CDCl3) ŭ 167.9, 144.9, 140.4, 135.1, 129.5, 128.7, 128.1, 127.9, 125.7, 

125.3, 123.3, 118.6, 72.2, 62.7, 42.5, 31.4, 27.9, 26.4, 22.6, 14.1. 

IR (Diamond-ATR, neat) ṽmax: 3189, 2954, 2924, 2857, 1662, 1653, 1321, 1163, 1118, 1109, 

1066, 1014, 714.  

HRMS (m/z): calculated for C24H25F3NO3 [M-H]- 432.1781, found 432.1792. 

 

 

1-(4-Fluorophenyl)-3-hydroxy-5-((R)-hydroxy(phenyl)methyl)-4-(4-

(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one (33j): According to General 

Procedure c, 33j was synthesized in a yield of 3.1 mg (12% over 2 steps) as a white solid.  

Rf = 0.50 (40% EtOAc in hexanes) 

1H NMR (600 MHz, CDCl3) ŭ 7.92 (d, J = 8.2 Hz, 2H), 7.73 (d, J = 8.2 Hz, 2H), 7.42 (dd, J = 9.0, 

4.7 Hz, 2H), 7.18 – 7.15 (m, 1H), 7.12 (dd, J = 8.2, 6.5 Hz, 2H), 7.05 – 7.00 (m, 2H), 6.84 (d, J = 

7.2 Hz, 2H), 5.60 (d, J = 2.5 Hz, 1H), 5.17 (d, J = 2.5 Hz, 1H). 

13C NMR (176 MHz, CDCl3) ŭ 165.6, 159.8, 144.0, 138.4, 135.1, 132.5, 129.7, 128.4, 128.1, 

128.1, 125.9, 125.8, 125.6, 125.0, 118.7, 116.0, 73.4, 63.6. 

IR (Diamond-ATR, neat) ṽmax: 3220, 2991, 2920, 2851, 1670, 1508, 1321, 1230, 1157, 1113, 

1064, 1014, 833, 703.  
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HRMS (m/z): calculated for C24H16F4NO3 [M-H]- 442.1061, found 442.1070. 

 

 

5-benzyl-1-(4-fluorophenyl)-3-hydroxy-4-(4-(trifluoromethyl)phenyl)-1,5-dihydro-2H-

pyrrol-2-one (33k): According to General Procedure a, 33k was synthesized in a yield of 6.2 

mg (5%) as a yellow solid. 

Rf = 0.10 (20% EtOAc in hexanes) 

1H NMR (600 MHz, CDCl3) ŭ 7.79 (d, J = 8.2 Hz, 2H), 7.74 (d, J = 8.2 Hz, 2H), 7.57 (dd, J = 9.0, 

4.7 Hz, 2H), 7.20 (t, J = 8.5 Hz, 2H), 7.12 (t, J = 7.4 Hz, 1H), 7.05 (t, J = 7.5 Hz, 2H), 6.46 (d, J 

= 7.2 Hz, 2H), 5.43 (t, J = 3.9 Hz, 1H), 3.20 (dd, J = 14.3, 4.5 Hz, 1H), 3.12 (dd, J = 14.3, 3.4 Hz, 

1H). 

13C NMR (176 MHz, CDCl3) ŭ 164.9, 159.6, 143.3, 135.0, 133.2, 132.6, 129.9, 129.7, 128.0, 

127.7, 127.3, 126.1, 124.9, 123.7, 118.5, 116.5, 58.2, 35.7. 

IR (Diamond-ATR, neat) ṽmax: 2922, 2855, 1670, 1506, 1387, 1319, 1230, 1163, 1111, 1066, 

1014, 932, 827, 745, 701, 663. 

HRMS (m/z): calculated for C24H18F4NO2 [M+H] + 428.1268, found 428.1276. 
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1-(4-Chlorophenyl)-3-hydroxy-5-((R)-hydroxy(phenyl)methyl)-4-(4-

(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one (33l): According to General 

Procedure b, 33l was synthesized in a yield of 7.6 mg (22% over 2 steps) as a yellow oil.  

Rf = 0.27 (40% EtOAc in hexanes) 

1H NMR (600 MHz, CDCl3) ŭ 7.91 (d, J = 8.1 Hz, 2H), 7.72 (d, J = 8.1 Hz, 2H), 7.48 – 7.45 (m, 

2H), 7.34 (d, J = 8.4 Hz, 2H), 7.19 (t, J = 7.4 Hz, 1H), 7.13 (t, J = 7.5 Hz, 2H), 6.80 (d, J = 7.5 Hz, 

2H), 5.62 (d, J = 2.6 Hz, 1H), 5.18 (t, J = 2.9 Hz, 1H). 

13C NMR (176 MHz, CDCl3) ŭ 165.1, 143.7, 138.1, 135.2, 135.1, 131.2, 129.7, 129.4, 128.6, 

128.3, 128.1, 126.1, 126.0, 125.5, 123.8, 118.6, 73.7, 62.9. 

IR (Diamond-ATR, neat) ṽmax: 3228, 3006, 2920, 2851, 1696, 1685, 1493, 1379, 1321, 1165, 

1113, 1092, 1064, 1012, 827, 723, 701. 

HRMS (m/z): calculated for C24H16ClF3NO3 [M-H]- 458.0765, found 458.0778. 
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5-benzyl-1-(4-chlorophenyl)-3-hydroxy-4-(4-(trifluoromethyl)phenyl)-1,5-dihydro-2H-

pyrrol-2-one (33m): According to General Procedure a, 33m was synthesized in a yield of 9.7 

mg (8%) as a yellow solid. 

Rf = 0.18 (20% EtOAc in hexanes) 

1H NMR (600 MHz, CDCl3) ŭ 7.80 (d, J = 8.2 Hz, 2H), 7.75 (d, J = 8.2 Hz, 2H), 7.59 (d, J = 8.8 

Hz, 2H), 7.47 (d, J = 8.8 Hz, 2H), 7.13 (t, J = 7.4 Hz, 1H), 7.05 (t, J = 7.5 Hz, 2H), 6.44 (d, J = 

6.8 Hz, 2H), 5.44 (t, J = 3.9 Hz, 1H), 3.23 (dd, J = 14.2, 4.5 Hz, 1H), 3.13 (dd, J = 14.3, 3.3 Hz, 

1H). 

13C NMR (151 MHz, CDCl3) ŭ 165.1, 143.4, 135.1, 134.9, 133.1, 131.0, 129.7, 129.3, 129.3, 

128.0, 127.7, 127.3, 126.1, 125.0, 123.0, 118.8, 57.9, 35.6. 

IR (Diamond-ATR, neat) ṽmax: 2922, 2855, 1670, 1491, 1387, 1319, 1282, 1200, 1163, 1111, 

1066, 1014, 932, 820, 753, 701. 

HRMS (m/z): calculated for C24H18ClF3NO2 [M+H] + 444.0973, found 444.0981. 

 

 

3-Hydroxy-5-((R)-hydroxy(phenyl)methyl)-1-(4-iodophenyl)-4-(4-(trifluoromethyl)phenyl)-

1,5-dihydro-2H-pyrrol-2-one (33n): According to General Procedure b, 33n was synthesized 

in a yield of 23 mg (21% over 2 steps) as a yellow oil.  

Rf = 0.50 (40% EtOAc in hexanes) 
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1H NMR (600 MHz, CDCl3) ŭ 7.92 (d, J = 8.0 Hz, 2H), 7.72 (d, J = 8.1 Hz, 2H), 7.59 (d, J = 8.1 

Hz, 2H), 7.21 – 7.15 (m, 3H), 7.11 (t, J = 7.6 Hz, 2H), 6.81 (d, J = 7.2 Hz, 2H), 5.56 (d, J = 2.4 

Hz, 1H), 5.14 (s, 1H). 

13C NMR (151 MHz, CDCl3) ŭ 165.6, 144.1, 138.2, 136.3, 135.1, 129.7, 128.5, 128.2, 127.9, 

125.8, 125.5, 125.2, 125.1, 124.6, 118.9, 90.1, 73.5, 63.0. 

IR (Diamond-ATR, neat) ṽmax: 3207, 2920, 2762, 1670, 1487, 1381, 1321, 1165, 1109, 1062, 

1005, 822, 721, 699.  

HRMS (m/z): calculated for C24H167F3INO3 [M-H]- 550.0122, found 550.0135. 

 

 

5-Benzyl-3-hydroxy-1-(4-iodophenyl)-4-(4-(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-

2-one (33o): According to General Procedure a, 33o was synthesized in a yield of 2.8 mg (2%) 

as a yellow solid. 

Rf = 0.24 (20% EtOAc in hexanes) 

1H NMR (600 MHz, CDCl3) δ 7.80 (d, J = 8.9 Hz, 4H), 7.74 (d, J = 8.3 Hz, 2H), 7.41 (d, J = 8.4 

Hz, 2H), 7.12 (t, J = 7.3 Hz, 1H), 7.04 (t, J = 7.5 Hz, 2H), 6.44 (d, J = 7.4 Hz, 1H), 5.42 (t, J = 3.9 

Hz, 1H), 3.22 (dd, J = 14.5, 4.6 Hz, 1H), 3.11 (dd, J = 14.2, 3.3 Hz, 1H). 

13C NMR (151 MHz, CDCl3) δ 165.0, 143.3, 138.6, 136.3, 134.9, 133.0, 129.8, 129.7, 128.0, 

127.7, 127.3, 126.1, 125.0, 123.4, 118.7, 89.6, 57.6, 35.6. 
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IR (Diamond-ATR, neat) ṽmax: 2922, 2848, 1662, 1483, 1379, 1319, 1282, 1163, 1118, 1066, 

1006, 924, 813, 753, 701. 

HRMS (m/z): calculated for C24H18F3INO2 [M+H] + 536.0329, found 536.0334. 

 

 

1-(3-Bromophenyl)-3-hydroxy-5-((R)-hydroxy(phenyl)methyl)-4-(4-

(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one (33p): According to General 

Procedure b, 33p was synthesized in a yield of 30 mg (14% over 2 steps) as a dark yellow oil.  

Rf = 0.10 (20% EtOAc in hexanes) 

1H NMR (700 MHz, CDCl3) δ 7.93 (d, J = 8.1 Hz, 2H), 7.73 (d, J = 8.2 Hz, 2H), 7.58 (t, J = 2.0 

Hz, 1H), 7.48 (dd, J = 7.6, 2.0 Hz, 1H), 7.30 (dd, J = 7.8, 2.5 Hz, 1H), 7.22 (t, J = 8.0 Hz, 1H), 

7.17 (t, J = 6.8 Hz, 1H), 7.13 (t, J = 7.4 Hz, 2H), 6.85 (d, J = 7.7 Hz, 2H), 5.60 (d, J = 2.6 Hz, 1H), 

5.20 (d, J = 2.3 Hz, 1H). 

13C NMR (176 MHz, CDCl3) ŭ 165.3, 143.6, 138.1, 137.9, 134.6, 130.5, 129.2, 128.9, 128.6, 

128.5, 128.2, 126.0, 125.8, 125.6, 125.5, 122.9, 121.3, 118.8, 73.5, 62.9. 

IR (Diamond-ATR, neat) ṽmax: 3350, 2922, 2855, 1677, 1588, 1476, 1379, 1319, 1163, 1111, 

1059, 1014, 850, 768, 723, 678. 

HRMS (m/z): calculated for C24H18BrF3NO3 [M+H] + 504.0416, found 504.0413. 
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1-(3,4-diBromophenyl)-3-hydroxy-5-((R)-hydroxy(phenyl)methyl)-4-(4-

(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one (33q): According to General 

Procedure b, 33q was synthesized in a yield of 17 mg (29% over 2 steps) as a pale yellow oil.  

Rf = 0.55 (40% EtOAc in hexanes) 

1H NMR (600 MHz, CDCl3) ŭ 7.93 (d, J = 8.1 Hz, 2H), 7.74 (d, J = 8.2 Hz, 2H), 7.57 (d, J = 2.8 

Hz, 1H), 7.50 (d, J = 8.6 Hz, 1H), 7.30 (dd, J = 8.6, 2.5 Hz, 1H), 7.17 (d, J = 7.2 Hz, 1H), 7.13 (t, 

J = 7.3 Hz, 1H), 6.88 (d, J = 7.1 Hz, 2H), 5.53 (d, J = 2.3 Hz, 1H), 5.17 (s, 1H). 

13C NMR (151 MHz, CDCl3) ŭ 165.6, 143.8, 138.2, 136.6, 134.7, 133.7, 129.9, 128.4, 128.3, 

127.7, 125.9, 125.7, 125.6, 125.0, 123.2, 123.1, 121.5, 119.0, 73.2, 63.4. 

IR (Diamond-ATR, neat) ṽmax: 3200, 3001, 2919, 2851, 1683, 1675, 1467, 1321, 1165, 1109, 

1064, 1014, 846, 805, 697.  

HRMS (m/z): calculated for C24H15Br2F3NO3 [M-H]- 579.9365, found 579.9375. 
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3-Hydroxy-5-((R)-hydroxy(phenyl)methyl)-1,4-bis(4-(trifluoromethyl)phenyl)-1,5-dihydro-

2H-pyrrol-2-one (33r): According to General Procedure b, 33r was synthesized in a yield of 9 

mg (13% over 2 steps) as a reddish brown solid.  

Rf = 0.57 (40% EtOAc in hexanes) 

1H NMR (600 MHz, CDCl3) ŭ 7.93 (d, J = 8.2 Hz, 2H), 7.74 (d, J = 8.2 Hz, 2H), 7.61 (q, J = 8.9 

Hz, 4H), 7.19 – 7.15 (m, 1H), 7.11 (dd, J = 8.3, 6.9 Hz, 2H), 6.80 (d, J = 7.3 Hz, 2H), 5.68 (d, J = 

2.6 Hz, 1H), 5.20 (t, J = 2.9 Hz, 1H). 

13C NMR (176 MHz, CDCl3) ŭ 165.4, 143.6, 139.7, 138.1, 134.9, 129.7, 128.6, 128.4, 128.2, 

127.9, 127.3, 126.4, 125.9, 125.6, 125.1, 122.2, 118.9, 73.5, 62.7. 

IR (Diamond-ATR, neat) ṽmax: 3201, 2922, 2848, 1677, 1610, 1431, 1379, 1319, 1163, 1111, 

1066, 1014, 932, 842, 768, 716, 656. 

HRMS (m/z): calculated for C25H16F6NO3 [M-H]- 492.1029, found 492.1041. 

 

 

5-Benzyl-3-hydroxy-1,4-bis(4-(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one (33s): 

According to General Procedure a, 33s was synthesized in a yield of 8 mg (4%) as a light-yellow 

solid.  

Rf = 0.63 (40% EtOAc in hexanes) 
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1H NMR (500 MHz, CDCl3) δ 7.82 (d, J = 8.1 Hz, 2H), 7.78 – 7.74 (m, 6H), 7.13 (t, J = 7.4 Hz, 

1H), 7.05 (t, J = 6.9 Hz, 2H), 6.43 (d, J = 6.9 Hz, 1H), 5.51 (dd, J = 4.4, 3.3 Hz, 1H), 3.27 (dd, J 

= 14.3, 4.4 Hz, 1H), 3.14 (dd, J = 14.2, 3.3 Hz, 1H). 

13C NMR (151 MHz, CDCl3) ŭ 165.3, 143.2, 139.6, 134.7, 132.9, 129.9, 129.6, 129.4, 128.1, 

127.8, 127.4, 126.8, 126.1, 125.6, 125.0, 121.2, 119.2, 57.7, 35.6. 

IR (Diamond-ATR, neat) ṽmax: 3219, 2926, 2853, 1668, 1614, 1319, 1288, 1163, 1109, 1068, 

1014, 833, 699.  

HRMS (m/z): calculated for C25H16F6NO2 [M-H]- 476.1080, found 476.1090. 

 

 

1-(3,4-Bis(trifluoromethyl)phenyl)-3-hydroxy-5-((R)-hydroxy(phenyl)methyl)-4-(4-

(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one (33t): According to General 

Procedure b, 33t was synthesized in a yield of 2 mg (2% over 2 steps) as a light-yellow oil. 

Rf = 0.18 (20% EtOAc in hexanes) 

1H NMR (600 MHz, CDCl3) δ 8.18 (s, 1H), 8.07 (d, 1H), 7.92 (d, J = 8.7 Hz, 1H), 7.81 (d, J = 8.1 

Hz, 2H), 7.72 (d, J = 8.2 Hz, 2H), 7.23 (d, J = 7.4 Hz, 1H), 7.16 (t, J = 7.6 Hz, 2H), 6.74 – 6.72 

(m, 2H), 5.81 (d, J = 2.2 Hz, 1H), 5.28 (d, J = 2.1 Hz, 1H). 

13C NMR (151 MHz, CDCl3) δ 166.2, 141.1, 136.3, 134.4, 131.8, 130.2, 128.8, 128.8, 128.6, 

128.0, 127.8, 126.0, 125.9, 125.5, 125.4, 125.3, 124.8, 123.8, 122.2, 118.8, 75.5, 62.5. 
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IR (Diamond-ATR, neat) ṽmax: 3314, 2922, 2848, 1677, 1461, 1379, 1319, 1163, 1111, 1066, 

1014, 842. 

HRMS (m/z): calculated for C26H15F9NO3 [M-H]- 560.0914, found 560.0915. 

 

 

3-Hydroxy-5-((S)-hydroxy(phenyl)methyl)-1,4-bis(4-(trifluoromethyl)phenyl)-1,5-dihydro-

2H-pyrrol-2-one (33u): According to General Procedure b, 33u was synthesized in a yield of 

11 mg (15% over 2 steps) as a light-yellow oil.  

Rf = 0.61 (40% EtOAc in hexanes) 

1H NMR (600 MHz, CDCl3) ŭ 7.93 (d, J = 8.0 Hz, 2H), 7.73 (d, J = 8.1 Hz, 3H), 7.52 (s, 4H), 

7.16 – 7.11 (m, 1H), 7.08 (t, J = 7.5 Hz, 2H), 6.82 (d, J = 7.6 Hz, 2H), 5.64 (d, J = 2.4 Hz, 1H), 

5.16 (d, J = 2.3 Hz, 1H). 

13C NMR (151 MHz, CDCl3) ŭ 165.8, 143.9, 139.6, 138.2, 134.9, 129.9, 128.6, 128.5, 128.3, 

128.2, 126.3, 125.7, 125.6, 125.1, 124.9, 122.6, 119.3, 73.3, 63.1. 

IR (Diamond-ATR, neat) ṽmax: 3217, 2993, 2920, 2769, 1675, 1612, 1383, 1319, 1163, 1116, 

1107, 1064, 1014, 849.  

HRMS (m/z): calculated for C25H18F6NO3 [M+H] + 494.1185, found 494.1189. 
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3-Hydroxy-5-((R)-1-hydroxy-2-phenylethyl)-1,4-bis(4-(trifluoromethyl)phenyl)-1,5-

dihydro-2H-pyrrol-2-one (33v): According to General Procedure b, 33v was synthesized in a 

yield of 16 mg (16% over 2 steps) as a light-yellow oil.  

Rf = 0.43 (40% EtOAc in hexanes) 

1H NMR (600 MHz, CDCl3) ŭ 7.95 (d, J = 8.1 Hz, 2H), 7.76 – 7.74 (m, 2H), 7.74 – 7.73 (m, 1H), 

7.71 (d, J = 8.0 Hz, 2H), 7.24 – 7.17 (m, 4H), 6.86 (dd, J = 7.9, 1.6 Hz, 2H), 5.50 (d, J = 2.1 Hz, 

1H), 4.21 (dtd, J = 9.2, 4.5, 2.0 Hz, 1H), 2.56 (dd, J = 13.9, 4.3 Hz, 1H), 2.39 (dd, J = 13.9, 9.3 

Hz, 1H). 

13C NMR (151 MHz, CDCl3) ŭ 165.6, 143.3, 139.7, 136.7, 134.8, 130.2, 129.1, 129.0, 128.7, 

128.1, 127.2, 126.9, 125.6, 124.9, 124.7, 122.9, 119.7, 72.6, 62.0, 39.1. 

IR (Diamond-ATR, neat) ṽmax: 3222, 2995, 2920, 2755, 1675, 1612, 1319, 1165, 1107, 1062, 

1014, 842, 699.  

HRMS (m/z): calculated for C26H20F6NO3 [M+H] + 508.1342, found 508.1346. 
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3-hydroxy-5-((R)-hydroxy(phenyl)methyl)-1-(4-(trifluoromethyl)benzyl)-4-(4-

(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one (33w): According to General 

Procedure b, 33w was synthesized in a yield of 18 mg (17% over 2 steps) as a light-yellow oil.  

Rf = 0.36 (40% EtOAc in hexanes) 

1H NMR (700 MHz, CDCl3) ŭ 7.78 (d, J = 8.1 Hz, 2H), 7.66 (d, J = 8.2 Hz, 2H), 7.43 (d, J = 7.8 

Hz, 2H), 7.40 – 7.36 (m, 5H), 6.73 (d, J = 7.9 Hz, 2H), 5.17 (d, J = 15.5 Hz, 1H), 5.13 (s, 1H), 

4.71 (s, 1H), 3.74 (d, J = 15.5 Hz, 1H). 

13C NMR (176 MHz, CDCl3) ŭ 168.6, 144.4, 140.5, 140.2, 134.5, 130.1 (q, J = 32.5 Hz), 129.8 

(q, J = 32.5 Hz), 129.1, 128.2, 128.2, 127.9, 125.8 (q, J = 3.6 Hz), 125.7 (q, J = 3.6 Hz), 125.4, 

124.1 (q, J = 272.4 Hz), 124.1 (q, J = 271.5 Hz), 119.8, 72.1, 62.5, 45.6. 

IR (Diamond-ATR, neat) ṽmax: 3166, 2920, 2786, 1668, 1616, 1450, 1319, 1163, 1109, 1064, 

1016, 850, 716.  

HRMS (m/z): calculated for C26H20F6NO3 [M+H] + 508.1342, found 508.1346. 
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3-Hydroxy-5-(hydroxy(4-(trifluoromethyl)phenyl)methyl)-1,4-bis(4-

(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one (33x): According to General 

Procedure c, 33x was synthesized in a yield of 1 mg (2% over 2 steps) as a white solid.  

Rf = 0.52 (40% EtOAc in hexanes) 

1H NMR (600 MHz, CDCl3) δ 7.92 (d, J = 8.1 Hz, 2H), 7.76 (d, J = 8.2 Hz, 2H), 7.58 – 7.52 (m, 

5H), 7.35 (d, J = 8.1 Hz, 2H), 6.99 (d, J = 8.0 Hz, 2H), 5.67 (d, J = 2.2 Hz, 1H), 5.25 (s, 1H).  

IR (Diamond-ATR, neat) ṽmax: 3272, 2922, 2855, 1677, 1610, 1431, 1379, 1319, 1223, 1163, 

1111, 1066, 1014, 932, 842, 753, 716, 663. 

HRMS (m/z): calculated for C26H15F9NO3 [M-H]- 560.0903, found 560.0911. 

 

 

3-Hydroxy-5-((R)-hydroxy(phenyl)methyl)-1-phenyl-4-(4-(trifluoromethyl)phenyl)-1,5-

dihydro-2H-pyrrol-2-one (33y): According to General Procedure b, 33y was synthesized in a 

yield of 12 mg (25% over 2 steps) as a light-yellow solid.  

Rf = 0.42 (40% EtOAc in hexanes) 
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1H NMR (600 MHz, CDCl3) δ 7.92 (d, J = 8.0 Hz, 2H), 7.70 (d, J = 7.8 Hz, 2H), 7.46 (d, J = 7.8 

Hz, 2H), 7.32 (t, J = 7.5 Hz, 2H), 7.16 (t, J = 7.3 Hz, 1H), 7.12 – 7.10 (m, 1H), 7.09 – 7.06 (m, 

2H), 6.81 (d, J = 7.7 Hz, 2H), 5.62 (s, 1H), 5.14 (s, 1H).  

13C NMR (151 MHz, CDCl3) δ 165.4, 144.0, 138.2, 136.5, 135.4, 129.4, 129.4, 128.6, 128.2, 

128.0, 126.0, 126.0, 125.4, 125.1, 122.8, 118.8, 73.9, 62.9. 

IR (Diamond-ATR, neat) ṽmax: 3168, 2989, 2920, 2784, 1668, 1321, 1288, 1165, 1111, 1064, 

1016, 839, 718, 690, 673.  

HRMS (m/z): calculated for C24H17F3NO3 [M-H]- 424.1155, found 424.1164. 

 

 

3-Hydroxy-5-((R)-hydroxy(phenyl)methyl)-1-(4-methoxyphenyl)-4-(4-

(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one (33z): According to General 

Procedure b, 33z was synthesized in a yield of 17 mg (46% over 2 steps) as a pale yellow solid.  

Rf = 0.29 (40% EtOAc in hexanes) 

1H NMR (600 MHz, CDCl3) ŭ 7.92 (d, J = 8.0 Hz, 2H), 7.71 (d, J = 8.0 Hz, 2H), 7.39 (d, J = 8.4 

Hz, 2H), 7.18 – 7.09 (m, 3H), 6.88 (d, J = 8.5 Hz, 2H), 6.84 (d, J = 7.4 Hz, 2H), 5.58 (d, J = 2.6 

Hz, 1H), 5.15 (s, 1H), 3.82 (s, 3H).  

13C NMR (151 MHz, CDCl3) ŭ 165.4, 157.7, 144.2, 138.4, 135.5, 129.6, 129.4, 128.5, 128.1, 

128.0, 125.9, 125.4, 125.2, 124.7, 118.5, 114.6, 73.8, 63.5, 55.7. 
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IR (Diamond-ATR, neat) ṽmax: 2987, 2917, 2758, 1662, 1510, 1321, 1299, 1247, 1165, 1107, 

1064, 1031, 1016, 829, 725.  

HRMS (m/z): calculated for C25H19F3NO4 [M-H]- 454.1261, found 454.1271. 

2.5.3. General Information – Microbiology 

Methicillin-resistant and methicillin-susceptible Staphylococcus aureus (MRSA and 

MSSA respectively) strains were obtained from the laboratory of Dr. Christian Melander (formerly 

of North Carolina State University) (ATCC 33591) and Dr. Jessica Gilbertie (ATCC 25923, ATCC 

29213). Bacteria were kept in frozen stocks on glycerol at -80 °C until use. Bacteria were streaked 

onto tryptic-soy agar for colony isolation. Mueller-Hinton broth (MHB, 211443-BD) and D-

glucose (CAS: 492-62-6) were purchased from Fisher Scientific. Tryptic soy agar (TSA, cat. # 

22091) and linezolid (cat. # P70014) were purchased from Sigma-Aldrich, and vancomycin HCl 

(cat. # BP29581) was purchased from Fisher Scientific. All assays were run in quadruplets. All 

compounds were dissolved in molecular biology grade DMSO as 10 mM stock solutions. Optical 

densities were measured using a Thermo Scientific Genesys 20 spectrophotometer. Data for 

MBEC and MIC assays were collected using a BioTek ELx808 Microplate Reader and/or by visual 

assessment.  

Broth Microdilution Method for Determination of Minimum Inhibitory 

Concentrations (MICs) 

As prescribed by the Clinical and Laboratory Standards Institute (CLSI) M07-A8, Vol. 29 

(2) MSSA (ATCC 25923) and MRSA (ATCC 33591) was grown in MHB for 6–8 h; this culture 

was used to inoculate fresh MHB (5 x 105 CFU/mL). The resulting bacterial suspension was 

aliquoted (0.5 mL) into 1.5 mL Eppendorf tubes and the compound to be tested was added from a 

10 mM DMSO stock to achieve the desired initial starting concentration (typically 128 ɛg/mL). 
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Linezolid (from a 10 mM DMSO stock) or vancomycin (from a 10 mM DMSO stock) was used 

as a positive control. Inoculated media with no added compound served as the negative control. 

The MIC was determined by micro broth dilution following the CLSI guidelines. The MIC was 

defined as the lowest concentration of antimicrobial agent with no visible growth. The plate was 

sealed and incubated under stationary conditions at 37 °C. After 16 h, MIC values were recorded 

as the lowest concentration of compound at which no visible growth of bacteria was observed, 

and/or when no growth was detected using a BioTek ELx808 Microplate Reader. 

Determination of Minimum Biofilm Eradication Concentrations (MBECs) Using 

Calgary Biofilm Device (CBD) on MSSA (ATCC 25923) Biofilms 

Biofilm eradication experiments49  were performed using MSSA (ATCC 25923) and the 

Calgary Biofilm Device (CBD, Innovotech, product code: 19111) to determine MBEC values for 

various compounds of interest. The Calgary device is a 96-well plate with a lid containing 96 pegs 

that sit in the media contained in the bottom well. Biofilms are grown on the vertical pegs prior to 

treatment. The established biofilms can be transferred to a new 96-well plate for MBEC testing. 

For the MBEC assay, an overnight culture of MSSA (ATCC 25923) was adjusted to 0.5 McFarland 

in MHB. The 0.5 McFarland solution was diluted by a factor of 10 with fresh MHB (1x107 

CFU/mL) and supplemented with 45% glucose solution (Corning, product number: 25-037-Cl) to 

a final concentration of 0.05% glucose by volume. The CBD was inoculated with 165 ɛL of the 

prepared bacterial suspension and incubated at 37 °C under microaerophilic conditions with 

shaking at 110 RPM for 24 hours to establish biofilms. The CBD lid containing the established 

biofilms on individual pegs was removed, washed three times with 1X PBS and transferred to 

another 96-well plate containing serial dilutions of the test compounds, i.e., a “challenge plate” 

and incubated at 37 °C under microaerophilic conditions with shaking at 110 RPM for 24 hours. 
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The CBD lid was then removed from the challenge plate, washed three times with PBS 1X to 

remove any residual treatment compound and placed into a new 96-well base plate containing 165 

ɛL of fresh MHB. The plate was then sonicated for 20 minutes to disperse the remaining biofilms 

on the pegs into the fresh MHB in the base well. After sonication, the plate was incubated for 24 

hours at 37 °C under microaerophilic conditions. MBEC values were determined as the lowest test 

concentration that resulted in no observed visual growth in the sonicated fluid confirmed by 

absorbance at 600 nm using a BioTek ELx808 Microplate Reader.  
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CHAPTER 3: EFFORTS TOWARDS THE SYNTHESIS OF SYNOXAZOLIDINONE C 

3.1 Introduction to Synoxazolidinones 

The first oxazolidinone-based antibiotic available commercially was linezolid (Figure 12, 

compound 37) and was found to be remarkably active against Gram-positive pathogens such as S. 

aureus, E. faecalis, and Streptococcus sp.40 It functions by inhibiting protein synthesis by binding 

to the 50S subunit of the bacterial ribosome, thereby preventing downstream interface with the 

30S subunit and 70S initiation complex.40 However, shortly after the approval of linezolid in 2000, 

drug-resistant strains began to appear which necessitated new generations of analogs. Tedizolid 

(38) is an example of a newer-generation 2-oxazolidinone analog which has been used for the 

treatment of skin infections by susceptible bacteria such as the ones mentioned previously.50 

 

Figure 12. Antibiotics containing a 2-oxazolidinone core. 

If past trends are an indication of how quickly resistant strains can emerge, further innovation is 

warranted. The Pierce lab has been exploring natural products that are isosteres of 2-

oxazolidinones, i.e., 4-oxazolidinone cores, namely synoxazolidinones A (7) & B (8) (Figure 13) 

and the total syntheses of these have been published as well.46 These compounds are natural 

products isolated from Synoicum pulmonaria, a sun-Arctic ascidian off the coast of Norway.51 In 

addition to both synoxazolidinone A & B containing the 4-oxazolidinone motif and a stereocenter 

in their core scaffolds, synoxazolidinone A possesses an additional stereocenter due to the presence 

of a chloro substituent in its guanidine tail-like motif. 
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3.1.1. Antimicrobial Activity of Synoxazolidinones A & B and its Derivatives 

The Pierce lab has also shown notable activity for oxazolidinones derived from nature as 

well as their derivatives.46,52 Furthermore, SAR studies were done to identify key motifs in 5-

benzylidene-4-oxazolidinones that are required for biological activity.53 In terms of antimicrobial 

activity, natural products synoxazolidinone A and B show MIC values of 10 and 30 µg/mL against 

MRSA respectively (Table 1).51,54 Tadesse and coworkers also showed that hydrolysis of the 

oxazolidinone core results in loss of activity confirming that the oxazolidinone scaffold is the 

pharmacophore of these compounds.51 Work published by the Pierce group has shown that 

analogues (39, 40) of synoxazolidinone A and B could be engineered to have as good and even 

better antimicrobial activity against MSSA (ATCC 29213), MRSA (ATCC 33591), and A. 

baumanii (ATCC 19606) (Table 1).46  
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Figure 13. Naturally occurring and synthetic oxazolidinones with relevant biological activity. 

Table 1. Summary of antimicrobial activity of relevant oxazolidinones. 

Compound 7 8 39 40 

MSSA (ATCC 29213) µg/mL 12.5 30 10 25 

MRSA (ATCC 33591) µg/mL 20 30 20 20 

A. baumanii (ATCC 19606) µg/mL 100 >100 80 50 

 



   

54 

 

3.1.2. Antibiofilm Activity of Synoxazolidinones A & B and its Derivatives 

With respect to antibiofilm activity, the presence of an electron-withdrawing substituent 

on the benzylidene moiety and the presence of a dichloromethylene functionality in the 

oxazolidinone tail improves the antibiofilm property, as measured by % biofilm inhibition and % 

biofilm dispersion (Table 2, compounds 39, 41).53 Further studies in the antibiofilm space showed 

that it may be beneficial to use oxazolidinone derivatives as adjuvants to enhance antibiofilm 

activity. Analogs 42 and 43 are not inactive against biofilms as seen from their high MBEC value, 

however, when used in conjunction with doxycycline, a known antibiotic, the MBEC value shows 

tremendous improvement and goes down to 16 µg/mL. It also marks an improvement from the 

MBEC value of doxycycline when used by itself which is 128–256 µg/mL for MSSA (ATCC 

25923). It is hypothesized that the reduction in MBEC value is because the oxazolidinone promotes 

the release of bacteria from the biofilm matrix, after which the planktonic bacteria are killed by 

the oxazolidinone and doxycycline in solution.  

Table 2. Summary of antibiofilm activity of relevant oxazolidinones against MSSA (ATCC 

25923). 

Compound 7 39 41 42 43 

% biofilm inhibition (5 µM) 36 89 51 8 25 

% biofilm inhibition (40 µM) 62 N/A N/A 69 71 

% biofilm dispersion (5 µM) 32 59 14 2 4 

% biofilm dispersion (40 µM) 9.9 87 26 42 63 

MBEC (µg/mL) N/A N/A N/A 256 256 

MBEC of doxycycline with 8 µg/mL 

compound (µg/mL) 

N/A N/A N/A 16 16 

 

3.2 Synoxazolidinone C 

A third compound in the family of synoxazolidinone natural products is synoxazolidinone 

C (44, Figure 14).54 Unlike synoxazolidinones A & B, synoxazolidinone C is bicyclic due to the 
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presence of a pyrrolidine ring and giving rise to another stereocenter for a total of three 

stereocenters. In addition to showing equally good antimicrobial activity as synoxazolidinone A, 

synoxazolidinone C shows antimicrobial activity against a wider array of bacteria as well as 

moderate anticancer and antifouling properties against marine bacteria, microalgae, and 

barnacles.54,55 It is worth noting, however, that although synoxazolidinone C shows IC50 values of 

30 µM against A2058, MCF-7, and HT-29 cell lines, its cytotoxicity also extends to non-cancerous 

cell lines like MRC-5, i.e., lung fibroblast cells. Given its greater structural complexity and broader 

biological activity, we sought to complete the total synthesis of synoxazolidinone C as well as 

biological testing using previously known information to inform our pursuit of more bioactive 

analogs. 

3.3 Efforts Towards the Synthesis of Synoxazolidinone C Model Substrate  

To date, there is no known total synthesis of synoxazolidinone C. The initial goal was to 

access the bicyclic scaffold of synoxazolidinone C. Therefore, we pursued the synthesis of model 

substrate 45. Dr. Shymanska, formerly of the Pierce group, published the total syntheses of 

synoxazolidinones A & B, and we intended to adopt the same key multicomponent reaction step 

to access the oxazolidinone core.46 

 

Figure 14. Structures of synoxazolidinone C and model substrate 45. 
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In preparation for the multicomponent key step, the aldehyde fragment can be prepared by 

opening γ-butyrolactone under basic conditions to furnish 46 (Scheme 4). The primary alcohol 

was then silyl protected using tert-butyldiphenylchlorosilane, followed by reduction of the ester 

47 using lithium aluminum hydride to furnish the primary alcohol 48, which was then oxidized to 

aldehyde 49 using Swern oxidation (Scheme 4, top). While this route was high yielding, it had 

issues with scalability as isolation of 47 via column chromatography used copious amounts of 

solvent. To circumvent this issue, we tried starting with a different starting material: 1,4-butanediol 

(50, Scheme 4, bottom). We were able to protect only one of the primary alcohols by using the 

diol in excess (3 equiv) along with 1 equivalent of TBDPSCl and 1.5 equivalents of TEA, which 

gave 48 in quantitative yield. This mono-protected alcohol was then oxidized by Swern oxidation.  

 

 

Scheme 4. Synthesis and optimization of aldehyde fragment 49. 



   

57 

 

To prepare the pyruvic acid derivative, 3,5-dibromo-4-methoxybenzaldehyde was 

methylated (51), followed by the Erlenmeyer-Plöchl reaction and acid hydrolysis to obtain the 

phenyl pyruvic acid derivative 52 (Scheme 5). The multicomponent reaction to access the 

oxazolidinone core was done under strict anhydrous conditions; aldehyde 49 and 2,4-

dimethoxybenzylamine were stirred together at 0 °C to form the resulting imine, which was then 

added to the acid chloride (53) that was formed when 84 was reacted with oxalyl chloride and a 

catalytic amount of DMF. After stirring at room temperature overnight, this reaction yielded the 

oxazolidinone 54 which was isolable by column chromatography. The silyl and DMB groups were 

deprotected by reacting with TFA to give 55. Oxidation of the primary alcohol in 55 proved to be 

non-trivial; none of IBX, DMP, Swern, nor PCC oxidation conditions worked, and degradation 

was observed with Jones oxidation. The only reaction that caused oxidation to take place was the 

Parikh-Doering oxidation, which yielded the bicyclic imide 56. This structure was verified by X-

ray crystallography (Figure 15). To install the guanidine moiety pursuant to access the model 

substrate, we envisioned reducing the imide to a hemiaminal followed by substitution. We were 

able to do the reduction to the hemiaminal 57 using DIBAL. 
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Scheme 5. Access to the synoxazolidinone core via the multicomponent reaction. 
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Figure 15. X-ray structure of 56. 

However, efforts to guanidinylate proved unsuccessful (Scheme 6). Neither stirring 57 

with guanidine hydrochloride nor trisBoc guanidine yielded the desired substitution. We also 

attempted a Mitsunobu reaction with trisBoc guanidine but that was unsuccessful as well. At 

present, we do not have a viable approach to install this moiety. 

 

Scheme 6. Efforts to install the guanidine moiety on the synoxazolidinone C model substrate. 
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To understand the oddities of the reactions after formation of the oxazolidinone scaffold, 

we orthogonally deprotected the two protecting groups on the scaffold, DMB and TBDPS, to 

assess their influence on subsequent reactions (Scheme 7). After selectively deprotecting the 

TBDPS group using TBAF, the oxidation of 58 using DMP proved to be facile and high yielding. 

Attempts to deprotect the DMB group using TFA, however, resulted in degradation of 59. 

Alternatively, selectively protecting the free nitrogen of the oxazolidinone in 55 with a Boc group 

(60), followed by DMP oxidation (61) was also facile and high yielding. In this case, the Boc group 

was deprotected after treatment with TFA and what resulted was two inseparable compounds – 

aldehyde 62 and hemiaminal 57 – that are in equilibrium. Notably, the absence of a protecting 

group on the nitrogen of the oxazolidinone seemed to greatly affect the oxidation of the primary 

alcohol. Furthermore, while orthogonal protection and deprotection may add to the step count of 

the synthetic route, the conversion to products is easier and, due to the equilibrium of 62 and 57, 

may even negate the need for reduction of 56.   
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Scheme 7. Efforts to optimize synthetic route to hemiaminal 57 after the multicomponent 

reaction. 

Originally, the idea was to incorporate the synthetic route developed to access the model 

substrate for the natural product. Scheme 8 shows the synthesis of the α-chloro aldehyde 63 which 

was then successfully used in the multicomponent reaction to access the oxazolidinone scaffold 

64. Progress towards the synthesis of the natural product was paused at this stage as efforts were 

redirected to the model substrate. 
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Scheme 8. Synthesis of α-chloro aldehyde and its utilization in the multicomponent reaction. 

3.4 Future Work 

Due to difficult ies in installing the guanidine moiety and the more pressing need to pursue 

other projects, the total synthesis of synoxazolidinone C remains incomplete for the time being. 

We anticipate that the findings and experimentation done in this work will be a useful platform to 

build on for future pursuits of this synthesis.  

3.5 Experimental Information 

3.5.1. General Considerations 

See Section 2.5.1. 
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3.5.2. Synthetic Procedures 

 

3,5-Dibromo-4-methoxybenzaldehyde (51): 3,5-Dibromo-4-hydroxybenzaldehyde (6.15 g) was 

dissolved in DMF (0.24 M) and was added iodomethane (2.25 equiv) and potassium carbonate (2 

equiv) and stirred for 4–5 hours at 55 °C, being monitored by TLC. Upon consumption of the 

starting material, the reaction was cooled to room temperature, quenched with deionized water, 

and vacuum filtered with copious amounts of water into a flask containing saturated ammonium 

chloride. Dried the resulting solid under vacuum, and 51 was obtained in 6.23 g (99%) yield as a 

white powder.  

1H NMR (500 MHz, CDCl3) δ 9.86 (s, 1H), 8.03 (s, 2H), 3.97 (s, 3H). 

 

 

(Z)-3-(3,5-diBromo-4-methoxyphenyl)-2-hydroxyacrylic acid (52): According to the procedure 

described in Section 2.5.2, 52 was synthesized in a yield of 5.16 g (70%) as a cream-colored solid.  

1H NMR (500 MHz, DMSO-d6) δ 9.76 (s, 1H), 8.06 (s, 2H), 6.35 (s, 1H), 3.80 (s, 3H). 

LRMS (ESI+APCI) m/z 392.0 [M+ACN+H]+. 
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Methyl 4-hydroxybutanoate (46): To methanol (0.2 M) and triethylamine (155 mmol) was added 

γ-butyrolactone (25.8 mmol) and refluxed at 65 °C for 16 hours. Methanol was removed in vacuo 

and the resultant mixture was treated with hexanes and removed in vacuo. Compound 46 was 

obtained as an orange oil in 2.22 g (77%) yield. 

1H NMR (500 MHz, CDCl3) δ 3.66 (dd, J = 5.2, 2.4 Hz, 5H), 2.42 (dt, J = 7.1, 3.5 Hz, 2H), 1.86 

(td, J = 6.7, 3.0 Hz, 2H). 

 

 

Methyl 4-((tert-butyldiphenylsilyl)oxy)butanoate (47): To 46 (17.46 mmol) was added 

imidazole (52.4 mmol), TBDPSCl (22.7 mmol), dissolved in DCM (0.5 M) and stirred for 18 

hours. The reaction was quenched with water and the aqueous layer was extracted with DCM. The 

combined organic layer was dried with sodium sulfate, and the solvent was removed in vacuo. The 

crude mixture was purified by flash chromatography to yield colorless, viscous oil 47 in 6.1761 g 

(99%) yield. 

1H NMR (500 MHz, CDCl3) δ 7.67 – 7.64 (m, 4H), 7.45 – 7.36 (m, 6H), 3.69 (t, J = 6.0 Hz, 2H), 

3.66 (s, 3H), 2.46 (t, J = 7.5 Hz, 2H), 1.93 – 1.85 (m, 2H), 1.05 (s, 9H). 
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4-((tert-Butyldiphenylsilyl)oxy)butan-1-ol (48): To 1,4-butanediol (7.45 mmol) was added 

triethylamine (11.2 mmol), dissolved in DCM (0.5 M), and tert-butyldiphenylchlorosilane (7.45 

mmol). The reaction mixture was stirred until starting material was consumed, and following basic 

aqueous workup, 48 was obtained as a colorless oil in 2.44 g (quantitative) yield. 

1H NMR (500 MHz, CDCl3) δ 7.69 – 7.66 (m, 4H), 7.46 – 7.34 (m, 6H), 3.70 (t, J = 5.7 Hz, 2H), 

3.67 (t, J = 6.0 Hz, 2H), 1.73 – 1.62 (m, 4H), 1.07 (d, J = 7.1 Hz, 9H). 

 

 

4-((tert-Butyldiphenylsilyl)oxy)butanal (49): To oxalyl chloride (11.1 mmol) dissolved in DCM 

(0.1 M) was added DMSO (22.2 mmol) while immersed in a -78 °C bath. After stirring for 1 hour, 

48 was charged to the reaction mixture and stirred for 1 hour, after which triethylamine (46.2 

mmol) was added and stirred until the starting material was consumed. Following aqueous workup 

and drying the resultant organic layer, solvent was removed in vacuo to afford 49 as a colorless 

oil, 2.73 g, 90% yield. 

1H NMR (500 MHz, CDCl3) δ 9.79 (t, J = 1.7 Hz, 1H), 7.65 (dd, J = 8.0, 1.6 Hz, 4H), 7.46 – 7.34 

(m, 6H), 3.69 (t, J = 6.0 Hz, 2H), 2.55 (td, J = 7.2, 1.7 Hz, 2H), 1.89 (tt, J = 7.2, 6.0 Hz, 2H), 1.04 

(s, 9H). 
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4-((tert-Butyldiphenylsilyl)oxy)-2-chlorobutanal (63): To 49 (0.770 mmol) was added L-

proline (0.847 mmol) and DCM (0.5 M) while immersed in an ice bath. NCS (1.00 mmol) was 

added and the reaction was stirred at room temperature for 3 hours. Following isolation via flash 

chromatography, 63 was obtained in 76 mg (27%) yield. 

1H NMR (500 MHz, CDCl3) δ 9.61 (d, J = 2.1 Hz, 1H), 7.67 – 7.64 (m, 4H), 7.44 – 7.37 (m, 6H), 

4.53 (ddd, J = 7.5, 5.0, 2.1 Hz, 1H), 3.85 (td, J = 5.5, 2.0 Hz, 2H), 2.08 – 2.00 (m, 2H), 1.04 (s, 

9H). 

Preparation of 4-Oxazolidinones  

 

General Procedure: To an RBF was added 3 Å molecular sieves, aldehyde (1.5 equiv), THF (0.5 

M) and the amine (1 equiv) at -10 °C and stirred for 3 hours. To a separate RBF was added 

phenylpyruvic acid derivative (1 equiv) and dissolved in THF (0.5 M) at -10 °C. Oxalyl chloride 

(1.2 equiv) and DMF (0.1 equiv) were added and stirred for 1 hour. The imine formed in the initial 

RBF was syringed out and added slowly to the acid chloride formed in situ and was stirred at room 

temperature for 20 hours. The crude reaction mixture was purified by flash chromatography. 
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(Z)-2-(3-((tert-Butyldiphenylsilyl)oxy)propyl)-5-(3,5-dibromo-4-methoxybenzylidene)-3-

(3,4-dimethylbenzyl)oxazolidin-4-one (54): According to the general procedure, 54 was 

synthesized in a yield of 146 mg (21%) as a viscous dark yellow oil. 

1H NMR (500 MHz, CDCl3) δ 7.75 (s, 2H), 7.65 – 7.62 (m, 4H), 7.42 – 7.39 (m, 1H), 7.38 – 7.33 

(m, 4H), 7.23 (d, J = 9.0 Hz, 1H), 6.45 – 6.41 (m, 2H), 6.05 (s, 1H), 5.42 (dd, J = 6.0, 2.3 Hz, 1H), 

4.95 (d, J = 14.7 Hz, 1H), 4.19 (d, J = 14.8 Hz, 1H), 3.87 (s, 3H), 3.79 (s, 3H), 3.76 (s, 3H), 3.70 

(td, J = 5.8, 5.8 Hz, 2H), 2.17 (dddd, J = 14.6, 9.3, 6.7, 2.4 Hz, 1H), 1.90 – 1.82 (m, 1H), 1.61 (tt, 

J = 9.3, 6.2 Hz, 2H), 1.05 (s, 9H). 

LRMS (ESI+APCI) m/z 806.2 [M-H]+. 

 

 

(Z)-2-(3-((tert-Butyldiphenylsilyl)oxy)-1-chloropropyl)-5-(3,5-dibromo-4-

methoxybenzylidene)-3-(3,4-dimethylbenzyl)oxazolidin-4-one (64): According to the general 

procedure, 64 was synthesized in a yield of 31 g (28%). 

1H NMR (500 MHz, CDCl3) δ 7.78 (s, 2H), 7.64 (d, J = 7.6 Hz, 4H), 7.46 – 7.43 (m, 2H), 7.42 – 

7.38 (m, 6H), 7.24 (s, 1H), 6.47 (d, J = 7.8 Hz, 2H), 6.09 (s, 1H), 5.61 (s, 1H), 5.04 (d, J = 14.7 
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Hz, 1H), 4.84 (d, J = 10.9 Hz, 1H), 4.19 (d, J = 14.7 Hz, 1H), 3.87 (s, 3H), 3.83 (s, 3H), 3.80 (s, 

3H), 3.73 – 3.70 (m, 2H), 1.65 (ddt, J = 14.8, 11.5, 3.4 Hz, 2H), 1.08 (d, J = 3.0 Hz, 9H). 

LRMS (ESI+APCI) m/z 864.2 [M+Na]+. 

 

 

(Z)-5-(3,5-Dibromo-4-methoxybenzylidene)-2-(3-hydroxypropyl)oxazolidin-4-one (55): To 

64 was added TFA (0.012 M) and stirred at 40 °C for 60 hours. Hexanes was used to remove TFA 

in vacuo and the crude was purified by flash chromatography. This yielded 55 in 245 mg (76%) 

as an off-white solid. 

1H NMR (500 MHz, CDCl3) δ 7.78 (s, 2H), 6.10 (s, 1H), 5.75 (d, J = 4.3 Hz, 1H), 4.45 (dp, J = 

11.3, 5.9 Hz, 2H), 3.90 (s, 3H), 2.11 – 1.90 (m, 4H). 

LRMS (ESI+APCI) m/z 417.9 [M-H]+. 

 

 

(Z)-2-(3,5-Dibromo-4-methoxybenzylidene)dihydropyrrolo[2,1-b]oxazole-3,5(2H,6H)-dione 

(56): Compound 55 (0.1242 mmol) was dissolved in DCM (0.07 M), DIPEA (2.6836 mmol) was 

added, and stirred at 0 °C. In a separate RBF, sulfur trioxide-pyridine complex (2.6836 mmol), 

pyridine (4.0254 mmol), and DMSO (26.767 mmol) were added. This mixture was charged to the 
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initial RBF and the reaction was stirred for 2 hours. Following which, it was diluted with a 20% 

mixture of ethyl acetate and hexanes, and the organic layer was washed sequentially with saturated 

sodium bicarbonate, 1 M HCl, saturated sodium bicarbonate again, and the combined aqueous 

layer was extracted with ethyl acetate. The combined organic layer was dried with sodium sulfate, 

and the solvent was removed in vacuo. The crude was purified by flash chromatography to yield 

56 as a white solid in 9 mg (18%) yield. 

1H NMR (600 MHz, CDCl3) δ 7.81 (s, 2H), 6.32 (s, 1H), 6.15 (dd, J = 6.4, 4.1 Hz, 1H), 3.91 (s, 

3H), 2.85 – 2.78 (m, 3H), 2.34 – 2.27 (m, 1H); 13C NMR (176 MHz, CDCl3) δ 169.51, 158.94, 

154.29, 144.66, 133.78, 131.50, 118.53, 106.04, 91.71, 34.04, 29.86 (d, J = 3.8 Hz); IR νmax (cm-

1): 3260, 3069, 2921, 2850, 1710, 1529, 1471, 1420, 1391, 1357, 1264, 1251, 1201, 1096, 1064, 

995, 880, 737. 

LRMS (ESI+APCI) m/z 479.0 [M+ACN+Na]+. 

 

 

(Z)-2-(3,5-Dibromo-4-methoxybenzylidene)-5-hydroxytetrahydropyrrolo[2,1-b]oxazol-

3(2H)-one (57): Compound 56 (0.0215 mmol) was dissolved in DCM (0.014 M), placed in a -78 

°C bath, and was added DIBAL (0.0431 mmol). Stirred for 3 hours and aqueous workup was done 

with 1 M HCl. The crude was purified using a pipette column to obtain 57 in 1 mg (11%) yield. 

1H NMR (500 MHz, CDCl3) δ 7.76 (s, 2H), 6.09 (s, 2H), 6.02 (dd, J = 7.2, 5.3 Hz, 1H), 5.69 (d, 

J = 4.0 Hz, 1H), 3.89 (s, 3H), 3.32 (s, 1H), 2.53 (q, J = 9.4, 8.0 Hz, 2H), 2.27 (dd, J = 7.2, 3.7 Hz, 
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1H), 1.78 – 1.69 (m, 1H); 13C NMR (151 MHz, CDCl3) δ 164.32, 153.25, 144.25, 132.92, 132.23, 

118.20, 100.72, 94.24, 80.45, 60.76, 33.00, 31.67. 

LRMS (ESI+APCI) m/z 416.0 [M-H]+. 

 

 

(Z)-5-(3,5-Dibromo-4-methoxybenzylidene)-3-(3,4-dimethylbenzyl)-2-(3-

hydroxypropyl)oxazolidin-4-one (58): Compound 54 (0.0621 mmol) was dissolved in THF (0.1 

M) and TBAF (0.1864 mmol) was added. Stirred until the starting material was consumed, and 

workup was done using saturated ammonium chloride. The resulting organic layer was dried and 

solvent removed in vacuo and the crude was purified using flash chromatography. Compound 58 

was obtained as an off-white oil in 28 mg (77%) yield. 

1H NMR (600 MHz, CDCl3) δ 7.74 (s, 2H), 7.25 (s, 1H), 6.45 (d, J = 8.5 Hz, 2H), 6.05 (s, 1H), 

5.43 (d, J = 5.8 Hz, 1H), 4.91 (d, J = 14.7 Hz, 1H), 4.24 (d, J = 14.7 Hz, 1H), 3.86 (s, 3H), 3.81 

(s, 3H), 3.78 (s, 3H), 3.68 (d, J = 6.5 Hz, 2H), 2.18 (dt, J = 14.6, 7.6 Hz, 1H), 1.82 (dq, J = 14.4, 

7.0 Hz, 1H), 1.63 (t, J = 7.1 Hz, 2H). 
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(Z)-3-(5-(3,5-Dibromo-4-methoxybenzylidene)-3-(3,4-dimethylbenzyl)-4-oxooxazolidin-2-

yl)propanal (59): Compound 58 (0.2529 mmol) was dissolved in DCM (0.034 M) and DMP 

(0.7588 mmol) was added at 0 °C and the reaction was stirred until the starting material was 

consumed. It was quenched with saturated sodium thiosulfate and saturated sodium bicarbonate. 

The organic layer was washed successively with the aforementioned aqueous solutions and the 

combined organic layer was extracted with DCM. It was dried and solvent removed in vacuo to 

give 59 in 121 mg (84%) yield. 

1H NMR (500 MHz, CDCl3) δ 9.78 (s, 1H), 7.73 (d, J = 3.3 Hz, 2H), 6.48 – 6.43 (m, 2H), 6.08 (s, 

1H), 5.48 (dd, J = 5.4, 2.5 Hz, 1H), 4.89 (d, J = 14.7 Hz, 1H), 4.27 (d, J = 14.7 Hz, 1H), 3.88 (s, 

3H), 3.83 (s, 3H), 3.80 (s, 3H), 2.57 – 2.50 (m, 2H), 2.47 – 2.40 (m, 1H), 2.13 – 2.06 (m, 1H). 

 

 

tert-Butyl (Z)-5-(3,5-dibromo-4-methoxybenzylidene)-2-(3-hydroxypropyl)-4-

oxooxazolidine-3-carboxylate (60): To 55 (0.2460 mmol) was added 4-DMAP (0.037 mmol) and 

triethylamine (0.492 mmol) at 0 °C. Di-tert-butyldicarbonate (0.0369 mmol) was added dropwise 

and continued stirring till the substrate was consumed. The crude was purified via flash 

chromatography to afford 60 in 56 mg (44%) yield. 

1H NMR (600 MHz, CDCl3) δ 7.80 (s, 2H), 6.22 (s, 1H), 5.97 (dd, J = 6.7, 2.3 Hz, 1H), 3.90 (s, 

3H), 3.74 (q, J = 6.0 Hz, 2H), 2.29 (dddd, J = 16.3, 9.1, 6.4, 2.3 Hz, 1H), 2.01 – 1.93 (m, 1H), 1.74 

(tdd, J = 13.1, 8.5, 6.5 Hz, 2H), 1.58 (s, 9H). 
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tert-Butyl (Z)-5-(3,5-dibromo-4-methoxybenzylidene)-4-oxo-2-(3-oxopropyl)oxazolidine-3-

carboxylate (61): Compound 60 (0.108 mmol) was dissolved in DCM (0.034 M) and DMP 

(0.3229 mmol) was added at 0 °C and the reaction was stirred until the starting material was 

consumed. It was quenched with saturated sodium thiosulfate and saturated sodium bicarbonate. 

The organic layer was washed successively with said aqueous solutions and the combined organic 

layer was extracted with DCM. It was dried and solvent removed in vacuo to give 61 in higher 

than theoretical yield and the crude product was clean enough to take forward. 

1H NMR (500 MHz, CDCl3) δ 9.83 (s, 1H), 7.76 (s, 2H), 6.24 (s, 1H), 5.98 (dd, J = 6.5, 2.6 Hz, 

1H), 3.90 (s, 3H), 2.66 (t, J = 7.1 Hz, 2H), 2.55 (dtd, J = 14.7, 7.3, 2.5 Hz, 1H), 2.21 (dd, J = 14.4, 

7.0 Hz, 1H), 1.59 (s, 9H). 

 

(Z)-3-(5-(3,5-Dibromo-4-methoxybenzylidene)-4-oxooxazolidin-2-yl)propanal (62): 

Compound 61 was dissolved in a 1:1 (v/v) mixture DCM/TFA (0.26 M) at room temperature for 

2 hours, being monitored by TLC. Upon consumption of the starting material, solvent was removed 

in vacuo and the crude products were purified by flash column chromatography to give 62 as an 

off-white solid in 18 mg (79%) yield. This compound is in equilibrium with 57. 
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1H NMR (500 MHz, CDCl3) δ 9.85 (s, 1H), 7.79 (s, 2H), 6.94 (s, 1H), 6.09 (s, 1H), 5.75 (t, J = 

4.5 Hz, 1H), 3.90 (s, 3H), 2.72 (t, J = 6.7 Hz, 2H), 2.27 (dd, J = 7.2, 3.7 Hz, 1H), 2.18 (dt, J = 15.0, 

6.7 Hz, 1H). 

13C NMR (151 MHz, CDCl3) δ 200.12, 165.35, 153.38, 146.00, 133.10, 132.23, 118.20, 102.13, 

87.70, 60.76, 36.84, 28.30. 
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CHAPTER 4: VISIBLE LIGHT-MEDIATED METHOD DEVELOPMENT TO ACCESS 

BRIDGED SCAFFOLDS 

4.1 Introduction 

4.1.1. Bioisosterism and ‘Escape from Flatland’ 

Arenes are highly prevalent in drug discovery; according to the FDA Orange Book, just 

phenyl rings and pyridine rings appear in approximately 49% of marketed small-molecule 

drugs.56 Their prevalence can be attributed to several factors, including their ability to form diverse 

interactions with biological targets, flat structure, and robust accessibility via reactions such as 

cross-couplings.57 However, there has been a concerted effort to move away from aromatic rings, 

particularly phenyl groups, since the advent of Lipinski’s Rule of Five (Ro5).58,59 These guidelines 

highlighted the liabilities of arenes in medicinal chemistry, including poor aqueous solubility and 

permeability. Additionally, there are concerns associated with metabolic modifications, such as 

CYP450-mediated oxidation of phenyl rings to highly reactive benzoquinone derivatives (Scheme 

9).60  

 

Scheme 9. CYP450-mediated metabolism of phenyl rings. 

A common strategy to circumvent these issues is to employ bioisosteres; early ideas of 

bioisosterism focused on similar number of atoms and electronic similarities but has since evolved 

to consider spatial arrangement and functional similarities.61 Importantly, Lovering and coworkers 

pioneered the concept ‘escape from flatland’ which is the idea of moving away from flat rings to 

fully saturated, three-dimensional systems and quantifying the complexity of molecules that were 
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under consideration as drug candidates.62  This is done by considering the number of chiral carbons 

in the molecule and using parameter fraction sp3 (Fsp3) which is the ratio of number of sp3 

hybridized carbons over the total carbon count. Later research further revealed that increasing 

complexity reduced promiscuity and CYP450 inhibition which are linked to decrease in toxicity.63  

Modern bioisosteres include numerous bridged, saturated compounds (Figure 16A) which, 

in addition to being useful in medicinal chemistry, are interesting synthetic targets as 

well.64 Recent work from the Mykhailiuk group showed that incorporating heteroatoms into 

bridged bicyclo[2.2.2]octane ([2.2.2]BCO)  scaffolds produce novel bioisosteres while also 

enhancing physicochemical properties such as improved water solubility (Figure 16B, 

C).65,66 They demonstrated in their work that when the pyridine ring in the antihistamine drug 

rupatadine was replaced by 3-aza-[3.1.1]BCHept to produce 65 (Figure 16D), led to dramatic 

improvements in solubility, metabolic stability, and lipophilicity.67 
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Figure 16. (A) Modern bioisosteric replacements for benzene. (B) [2.2.2]BCO bioisosterism for 

p-benzene. (C) N-[2.2.2]BCO bioisosterism for piperidine and pyridine. (D) 3-aza-[3.1.1]BCHept 

analog of rupatadine. 

4.1.2. Aza-bicyclo[3.1.0]hexane and Spring-Loaded Systems 

The 3-aza-bicyclo[3.1.0]hexane (3-aza[3.1.0]BCHex) motif is seen commonly in synthetic 

biologically active compounds (Figure 17).68  These include antitumor agents such as adozelesin 
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(66) and fluoroquinolone antibiotics such as trovafloxacin (67). Pseudopeptides containing this 

scaffold are used as antivirals, namely nirmatrelvir (68), which is a component of the medication 

sold under the brand name Paxlovid, a treatment for COVID-19. They are also seen in kinase 

inhibitors, such as 69, which inhibits MAP3K12 and can be used in the treatment of 

neurodegenerative diseases. Apart from synthetic molecules, the scaffold is present in natural 

products such as the ergot alkaloid cycloclavine (70) and indolizomycin (71), an antibiotic.  

 

Figure 17. Biologically relevant synthetic and naturally-occurring compounds possessing 3-

aza[3.1.0]BCHex. 

The widespread occurrence of this motif, therefore, presents an opportunity for modification to 

add further three-dimensionality for improved pharmacokinetics. To do so, we planned to leverage 

strain-release of the fused cyclopropane to access more complex scaffolds.  
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The 3-aza[3.1.0]BCHex scaffold presents an opportunity for modification to add further 

three-dimensionality for improved pharmacokinetics, particularly by leveraging strain-release of 

the fused cyclopropane and accessing more complex scaffolds and functionalization. This 

approach has been seen extensively for strained systems such as bicyclo[1.1.0]butane (72,Figure 

18) and [1.1.1]propellane (73) and less commonly in housanes like bicyclo[2.1.1]pentane (74), 

wherein rupture of the internal σC−C bond of the cyclopropane gives rise to various other scaffolds 

depending upon the method used.69 However, more complex strain-release or spring-loaded 

systems such as 3-aza[3.1.0]BCHex remain underexplored. 

 

Figure 18. Strain-release of spring-loaded systems to access various scaffolds. 

4.1.3. Bicyclo[3.2.1]octane Bridged Scaffolds 

The bicyclo[3.2.1]octane ([3.2.1]BCO) scaffold is commonly found in biologically 

relevant molecules across the literature. All-carbon skeletons of this moiety are seen in natural 

products such as terpenes 75 and 76 (Figure 19A), alkaloids like 77 and platensimycin (78), a 
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metabolite from Streptomyces platensis known to have antimicrobial properties.70 In addition to 

compounds possessing therapeutic properties, isosteres of the [3.2.1]BCO show utility in 

identifying binding sites and key residues in enzymes that are implicated in diseases as 

demonstrated by Gopalsamy and coworkers.71 A major class of compounds with an n-hetero-

[3.2.1]BCO scaffold is the tropane alkaloids, which include atropine (79, Figure 19B) and cocaine 

(80), and have well-documented physiological effects.72 Synthetic analogs of this scaffold include 

CFI-401870 (81), a potent, orally bioavailable TTK inhibitor which demonstrated in vivo growth 

inhibition.73  

 

 

Figure 19. (A) Compounds possessing an all-carbon [3.2.1]BCO scaffold. (B) Representative 

compounds with n-hetero-[3.2.1]BCO scaffold. 
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Multi -heteroatom variants of the [3.2.1]BCO scaffold also show noteworthy biological properties. 

These include BMS-791325 (82, Figure 20A), which possesses a 3,8-diaza-[3.2.1]BCO scaffold 

and is an allosteric inhibitor of HCV NS5B, an enzyme implicated in hepatitis C,74  83 and 84 

(Figure 20B) possessing 3-oxa-8-aza-[3.2.1]BCO scaffolds, each of which affect enzymes that are 

important in cancer treatments,75,76  and 85 and BD356 (86, Figure 20C) possessing 8-oxa-3-aza-

[3.2.1]BCO scaffolds, where 85 inhibits CH24H, an enzyme responsible for regulating 24S-

hydroxycholesterol in the brain.77,78  It is interesting to note that 86 and its derivatives as described 

by Zhang and coworkers can be used as organic dyes that span across UV and visible light and 

possess high quantum efficiencies, enhanced water solubility, and tunable cell-permeability. The 

8-oxa-3-aza-[3.2.1]BCO auxochromes contribute to the desirable photophysical properties of the 

overall molecule.78 We, therefore, sought to explore the chemical space occupied by these bridged 

scaffolds and develop a rapid method to access these compounds. 
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Figure 20. Multi -hetero atom derivatives of [3.2.1]BCO scaffold. (A) 3,8-diaza-[3.2.1]BCO. (B) 

3-oxa-8-aza-[3.2.1]BCO. (C) 8-oxa-3-aza-[3.2.1]BCO. 

By starting with a spring-loaded 3-aza-[3.1.0]BCHex system, we envisioned accessing the 

3-aza-[3.2.1]BCO scaffold through a modular photoredox approach. The 3-aza-[3.2.1]BCO itself 

features in compounds that have beneficial biological properties such as 87 and 88 (Figure 21), 

however, as with most bridged systems like these, it remains underexplored.  
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Figure 21. Biologically relevant 3-aza-[3.2.1]BCO derivatives. 

4.2 Photoredox-Mediated Radical Formal (3+2) Cycloaddition  

The most commonly used method for the synthesis of compounds containing aza-

[3.2.1]BCOs —seen in the syntheses of varenicline,79 gemmacin B,80 and others—81–83requires 

multiple redox manipulations which reduces synthetic efficiency and precludes modular 

derivatization of the bridged scaffold (Scheme 10). 

 

Scheme 10. Commonly used method for accessing aza-[3.2.1]BCO-containing compounds. 
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Our proposed method to access these scaffolds is to use 3-aza-[3.1.0]BCHex (89, Scheme 

11) as precursor, which upon undergoing a photochemical single electron oxidation and 

subsequent strain-release scission events would produce a neutral radical species which would 

undergo a formal intermolecular (3+2) radical cycloaddition with a suitable radical acceptor (90) 

such as an alkene to form the 3-aza-[3.2.1]BCO scaffold (91) after a hydrogen atom transfer event 

to close the photocatalytic cycle. Note that throughout this chapter, cyclopropane moieties and 

bonds arising thereof are depicted in Carmichael Aqua, and those of radical acceptors and bonds 

arising thereof are in Reynolds Red.  

 

Scheme 11. Proposed radical (3+2) cyclization mode. 

The (3+2) radical cyclization following scission of cyclopropylamine is a reliable method 

that has been used numerous times in past works to make 5-membered standalone and fused rings. 

In 2012, Maity and coworkers employed mono and bicyclic cyclopropyl amines and styrenes to 

access mono and bicyclic scaffolds (Figure 22A).84 Asymmetric variants of similar 

transformations were published by two groups independently in 2020 (Figure 22B).85,86 These 

methods produced products that were not bridged in nature, but that was not the case for the method 

developed by Staveness and coworkers who synthesized 1-aminonorbornanes (i.e., 1-NH2-

[2.2.1]BCHept) via intramolecular (3+2) radical annulation (Figure 22C).87  Recently, Zheng and 

coworkers described a similar method to access [3.1.1]BCHept scaffolds intermolecularly (Figure 

22D).88  It is worth noting that this method is a (3σ+2σ) cycloaddition while all the aforementioned 
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works are (3σ+2π). To date, a similar method to access [3.2.1]BCO scaffolds has not been 

elucidated.  

 

Figure 22. Radical (3+2) cycloaddition using cyclopropylamines (A) with styrenes. (B) 

Asymmetric variants. (C) Intramolecular radical (3+2) to access bridged norbornane scaffolds. (D) 

Intermolecular radical (3σ+2σ) annulation to access [3.1.1]BCHept. 

4.2.1. Presumed Mechanism  

Scheme 12 outlines the presumed mechanism for the (3+2) cycloaddition reaction in our 

system; upon irradiation with the appropriate wavelength, an appropriate photocatalyst would 

single-electron-oxidize 3-aza-[3.1.0]BCHex to the corresponding radical cation (Int-A). The pKa 
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of the α-proton of the resultant radical cation is significantly lower than that of its corresponding 

neutral amine, which would allow for facile deprotonation resulting in a neutral α-amino radical 

species (Int-B).89 A β-scission event, driven by the strain relief associated with fragmentation of 

the cyclopropane moiety, would produce an intermediate Int-C that would undergo radical Giese 

addition to an electronically compatible olefin.90  Since the radical formed after the cyclopropane 

fragmentation would be nucleophilic,91  the olefin would have to be a Michael acceptor. Following 

radical addition to the olefin, the resulting electron-poor radical (Int-D) would be poised to 

undergo cyclization to form the desired [3.2.1]BCO scaffold. The Giese addition/cyclization 

sequence constitute the formal (3+2) cycloaddition. The terminal α-amino radical (Int-E) could 

then be reduced by a hydrogen atom donor (shown here; 4-methoxythiophenol is shown as a 

representative HAT reagent) or via hydrogen atom abstraction from another equivalent of starting 

material in a light-initiated radical chain process to yield the neutral 3-aza-[3.2.1]BCO product. 

We presumed that an electron-rich N-aryl substitution would be required in order for suitable 

electronics for the reaction to proceed. 
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Scheme 12. Presumed mechanism of formal (3+2) radical cycloaddition. 

4.3 Reaction Setup and Initial Trials 

Initial screening of reaction conditions involved setting up the reaction in 1-dram vials and 

the setup and light irradiation was done by a SynLED Parallel Photoreactor (vide infra, Section 

4.10.2) which uses 465 nm blue LEDs. Spring-loaded 3-(4-methoxyphenyl)-aza-[3.1.0]BCHex 

(89a, Scheme 13A) was the substrate and methyl acrylate used in 5.0 equivalents was the radical 

acceptor and the reactions were monitored by LC/MS. Under the standard reaction conditions 

(Table 3, entry 1), the desired product 91a was not observed, instead α-mono-acrylate adduct (92a-

mono) and α,α-di-acrylate adduct (92a-di) were isolated. In fact, none of the trials (entries 2–12) 

produced the desired product, and in some cases no reaction occurred (entries 7, 9, 10). As per the 

presumed mechanism (Scheme 12), a HAT reagent was used as an additive to aid in the terminal 

step and create turnover of the PC (entry 2), however this resulted in a Michael addition of the 

nucleophilic thiol to the electron-poor olefin. When sodium acetate was used as the base (entry 
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12), a product with a mass of 273.1 amu was isolated, with the desired product mass being 275.1 

amu. No olefinic peaks were observed in the 1H NMR spectrum, we think that an additional ring 

was present in the product obtained, but this could not be confirmed. Indeed, as the case with the 

other trials, there was no fragmentation of the cyclopropane (cyp) moiety that is the key step in the 

cascade.  

 

Scheme 13. (A) Standard reaction conditions for initial trials with 3-(4-methoxyphenyl)-aza-

[3.1.0]BCHex (89a). (B) Undesired products: α-mono-adduct (92a-mono) and α,α-di-adduct 

(92a-di). 
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Table 3. Initial reaction trials with 3-(4-methoxyphenyl)-aza-[3.1.0]BCHex (89a). 

Entry 
Deviation from Std. 

Conditions 
Result/Findings 

1 None 92a-mono and 92a-di 

2 
Additive: 4-MeO-PhSH (50 

mol%) 
92a-di and Michael adduct of thiol & acrylate 

3 Olefin: 1 equiv 92a-mono 

4 Solvent: MeCN 
Mostly unreacted SM & some unidentifiable 

mono-adduct 

5 Solvent: DCE 92a-mono 

6 Solvent: MeNO2 MeNO2 adducts to both SM and olefin 

7 Solvent: HFIP Unreacted SM; NR 

8 Solvent: TFE Indecipherable mixture 

9 PC: [(t-Bu)2Mes-PhAcr]BF4 Unreacted SM; NR 

10 Base: 2,6-lutidine Unreacted SM; NR 

11 Base: O2 gas Decomposition of SM 

12 Base: NaOAc Monoadduct of mass 273.1; cyp intact 

 

Since there was no reaction when the PC was changed (entry 9), it indicated that 92a-mono 

and 92a-di were being formed via a radical process, presumably, Giese addition followed by 

reduction of α-carboxyl radical to the carbanion followed by protonation. The hypothesis drawn 

from this set of experiments was that in order to facilitate scission of the internal σC−C bond of 

the cyp, the electronics will need to be biased to stabilize and encourage radical formation at the 

carbon center we desired. Therefore, the substrate 89a would need to be altered.  

4.4 3-aza-[3.1.0]BCHex Substrate Modification and Trials 

We theorized that installing an electron-withdrawing group at the 1- or 6-position of the 3-

aza-[3.1.0]BCHex skeleton would direct the formation of a neutral radical to those positions via 

cyp rupture (93, 94, Scheme 14A). Scheme 14B describes the retrosynthesis of 93a with the key 
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step being a Cu-catalyzed oxidative carbanion cyclization92  and Scheme 14B shows that of 94a, 

both endo and exo versions, via Rh-catalyzed cyclopropanation.93 

 

Scheme 14. (A) Modified general substrates for biasing electronics. (B) Retrosynthesis of 1-

CO2Et-3-aza-[3.1.0]BCHex (93a) (C) Retrosynthesis of 6-CO2Et-3-aza-[3.1.0]BCHex(94a). 

It is worth noting that we switched to NBoc instead of NBn for a few reasons: ease of 

synthetic access, potential for interference with NBn, and we wanted to emulate the conditions of 
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McManus and coworkers94  to give the modified substrates the best chance at undergoing the 

transformation successfully. Furthermore, the conditions dictated the use of an acridinium-based 

PC ([(t-Bu)2Mes-PhAcr]BF4) and with it, 456 nm light. The light source available to us at that 

wavelength were Kessil lamps, therefore a new, bespoke reaction setup had to be utilized (vide 

infra, Section 4.10.3). To ensure that this new setup worked properly, we attempted to replicate 

the conditions described in the aforementioned work, which was done successfully, with the 

syntheses of 99-mono and 92b-mono (Scheme 15). This set of conditions obviates the use of an 

external base as the boc group acts as an internal base to abstract the α-amino proton. The 

researchers also used methyl vinyl ketone (90b) as their model radical acceptor, which we adopted 

as well.  

 

Scheme 15. Replication of reaction conditions of McManus and coworkers.94  

 When applied to the modified substrates, however, these conditions did not produce the 

corresponding desired products (Scheme 16). In the case of 93a (top), no reaction was observed 

when the reaction was done in the absence and presence of base and the substrate was recovered 

in each case. Likewise, no reaction was observed when 94a-exo (Scheme 16, bottom) was used. 
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Although 94a-endo showed slightly more reactivity under the given conditions, starting material 

was overwhelmingly recovered and there was no evidence to suggest that the reactivity involved 

rupture of the cyclopropane.  

 

Scheme 16. Subjecting modified 3-aza-[3.1.0]BCHex derivatives to photoredox conditions 

developed by McManus and coworkers. Substitution at the 1-position (93a, top), at the 6-position 

(94a, bottom). 

At this point, we hypothesized that the fundamental issue that we were faced with was that 

the orbitals in the system were misaligned to trigger the cascade we desired. Specifically, the 

internal σC−C bond of the cyp is almost orthogonal and not in alignment with π*C−C, making the 

scission of the cyp unlikely. This can be visualized by looking at the crystal structures of 94a-exo 

acid and 94a-endo acid as published by Nguyen and coworkers (Figure 23);93 σC2−C3 (note that 

the numbering followed here only pertains to the authors’ work and is not according to IUPAC 

rules) would be unable to donate its electron density into π*C4−C3 or π*C1−C2.  
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Figure 23. Crystal structures of 94a-exo acid and 94a-endo acid, adapted from the work of 

Nguyen and coworkers.93  

It is conceivable that the alignments of σC2−C5 or σC3−C5 would be more conducive for the 

rupture of the cyp. A similar phenomenon is seen in the work of Maity and coworkers (Scheme 

17), where the cyp scission in 100 is triggered by the formation of an anilinium radical cation and 

resulted in 101 after reacting with styrene (90c).84  The key differences here are that the atom 

vicinal to the cyp in this case is nitrogen, not carbon, and that the resultant cascade produces a 

fused system and not the bridged system that we desire. Nevertheless, this was a blueprint of the 

morphology one would need to approach to produce a bridged product, i.e, the presence of an N-

centered radical cation one atom away from the cyp moiety that would have the correct alignment 

to induce rupture of the cyp.  
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Scheme 17. Representative example from the work of Maity and coworkers84 where the cyp 

moiety in an aza-[3.1.0]BCHex system is broken. The bond where the cleavage occurs in 100 is 

shown in Hunt Yellow. 

4.5 Trials with 1-NH2-[3.1.0]BCHex  

To test our new hypothesis, we sought out substrates with a skeleton as shown in Figure 

24, i.e, bicyclo[3.1.0]hexan-1-amine (1-NH2-[3.1.0]BCHex, 102). 

 

Figure 24. 1-NH2-[3.1.0]BCHex scaffold. 

A wide array of these compounds was available under the Building Blocks Analog of Enamine. 

4.5.1. Trials with 1-NH2-3-(Bn)-aza-[3.1.0]BCHex 

With 1-NH2-3-(Bn)-aza-[3.1.0]BCHex  in hand as the dihydrochloride salt (102a•2HCl, 

Scheme 18), conditions were screened for the formation of desired product 103a (Conditions a). 

DCM was unable to solubilize 102a•2HCl (Table 4, entry 1), however, DMF did (entry 2). This 

run was initially performed with no base added to the reaction mixture and allowed to react, but 

there was no consumption of starting material seen, therefore 1 equivalent of Cs2CO3 was added 

in the reasoning that the dihydrochloride salt would need to be neutralized to initiate the 

photocatalytic cycle. The reaction was allowed to run for 3 days and consumption of 102a•2HCl 

was seen, but isolation was non-trivial and the run was inconclusive. Owing to the di-acidic nature 
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of 102a•2HCl, 2 equivalents of base was added followed by stirring for 1 hour prior to addition of 

the olefin and irradiation (entry 3). Given the apparent difficulty in isolating the free amine 103a, 

the reaction was treated with acetic anhydride upon completion with the expectation that isolation 

of the NH-acetylated derivative (104a) would be easier (Conditions b). Consumption, albeit 

partial, of 102a•2HCl and appearance of 103a by LC/MS was noticeably quicker, as was 104a 

upon subjecting to Conditions b. The structure of 104a was confirmed upon purification and NMR 

spectroscopy. The catalyst loading was increased to 4.0 mol% to encourage further consumption 

of 102a•2HCl and MeCN was used as the solvent for ease of workup, and the reaction was cleaner 

and better yielding (entry 4). 

 

Scheme 18. General reaction conditions for trials with 1-NH2-3-(Bn)-aza-[3.1.0]BCHex 

(102a•2HCl). 
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Table 4. Reaction trials with 1-NH2-3-(Bn)-aza-[3.1.0]BCHex (102a•2HCl). 

Entry Base 
Solvent 

(0.1 M) 
Duration 

Conditions 

(a/b)? 
Result/Findings 

1 None DCM 6 h a SM insoluble; NR 

2 
Cs2CO3 (1 

equiv) 
DMF 3 days a 

SM soluble; partial 

consumption of 102a•2HCl 

3 
Cs2CO3 (2 

equiv) 
DMF 5 h b 104a isolated, 6% yield 

4a 
Cs2CO3 (2 

equiv) 
MeCN 2 h b 104a isolated, 22% yieldb 

aPC loading: 4.0 mol%. bYield as determined by 1H NMR using internal standard was 49%. 

While the change in substrate did tangibly address the orbital misalignment hypothesis, the 

reaction still suffered from side reactions, such as adducts arising from Giese addition due to 

neutral radical formation at the benzylic position. To address this for reaction optimization, further 

substrate modification was needed. 

4.5.2. Switch to 1-NH2-3-oxa-[3.1.0]BCHex (102b•HCl) 

3-oxa-bicyclo[3.1.0]hexan-1-amine hydrochloride (1-NH2-3-oxa-[3.1.0]BCHex) 

(102b•HCl, Scheme 19A) was commercially available and would potentially address the issues 

of side-reactivity caused by the N-Bn moiety in 102a•2HCl. Upon subjecting 102b•HCl to the 

same conditions, 3-oxa-[3.2.1]BCO derivative 104b was obtained in 70% yield as determined by 

1H NMR analysis using 4-bromoanisole as internal standard and 64% isolated yield as a single 

diastereomer (Scheme 19B). This confirmed our previous hypothesis and established 102b•HCl 

as the new model substrate for reaction development.  
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Scheme 19. (A) Replacement of 1-NH2-3-(Bn)-aza-[3.1.0]BCHex (102a•2HCl) with 1-NH2-3-

oxa-[3.1.0]BCHex (102b•HCl). (B) Transformation of 102b•HCl under previous conditions. 

Isolated yield is displayed with 1H NMR yield in parentheses. 

4.6 Optimization Studies 

General procedure for optimization conditions (unless otherwise specified) was as follows 

(Scheme 20). 

 

Scheme 20. General optimization conditions with 102b•HCl and olefin MVK (90b). 

A flame-dried 1-dram vial cooled under vacuum was charged with PC (x mol%), 102b•HCl (0.10 

mmol, 1.0 equiv), base (0.10 mmol, 1.0 equiv), and a stir bar. A screw cap with a septum was used 
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to cap the vial. The gap between the vial and the cap was sealed with black electrical tape and a 

further small strip of tape was stuck on top of the septum. The vial was sparged for 10 minutes 

with argon gas using a balloon. Solvent (conc.) was added via a syringe to the vial, and the reaction 

mixture was degassed for 10 minutes using an argon balloon. After the elapsed degassing time, 

the vial was wrapped in aluminum foil, and the reaction mixture was stirred for 1 hour. MVK (90b) 

was added via a microliter syringe, the balloon taken out, foil removed, and the reaction mixture 

was stirred under 456 nm Kessil lamp irradiation with a cooling fan overhead (vide infra, Figure 

29). Upon completion, acetic anhydride (3.0 equiv) was added to the reaction mixture and allowed 

to stir without Kessil irradiation. After 1 hour, the reaction mixture was filtered through a Pasteur 

pipet packed with anhydrous sodium sulfate (bottom) and Celite (top). The vial was washed out 

with the same solvent that was used for the reaction. The solvent was removed by rotary 

evaporation. 4-Bromoanisole (13 µL, 0.1 mmol) was added as an internal standard for crude 1H 

NMR analysis to determine the yield.  

4.6.1. Equivalence of Olefin Screening  

 

Scheme 21. Conditions for equivalents of olefin screening. 
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Table 5. Equivalence of olefin trials. 

Entry x equivalents of 90b Yield (%) 

1 3.0 70% 

2 1.0 12% 

3 5.0 26% 

 

4.6.2. Solvent Screening  

 

Scheme 22. Conditions for solvent screening. 

Table 6. Solvent trials. 

Entry Solvent Yield (%) 

1 DMF (0.1 M) <5% 

2 TFE (0.1 M) NR 

3 MTBE (0.1 M) 27% 

4 toluene (0.1 M) 45% 

5 MeCN (0.1 M) 70% 

6 PhCF3 (0.05 M) 61% 

7 2-MeTHF (0.05 M) 18% 
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4.6.3. Solvent Concentration Screening 

 

Scheme 23. Conditions for concentration screening. 

Table 7. Reaction concentration trials. 

Entry Concentration Yield (%) 

1 0.5 M 64% 

2 0.1 M 70% 

3 0.05 M 93% 

 

4.6.4. Screening of Water Content in Reaction Mixture 

During the process of optimization, we noticed an idiosyncrasy in the reaction, that there 

was a deleterious effect in the yield when a brand-new bottle of MeCN was used. Intrigued by this 

observation, we decided to investigate it further. Karl Fisher Titration is the most popular 

analytical method by which water content is determined, however, the apparatus was not available 

for our use. We attempted to obtain the best approximation of water content in various bottles of 

MeCN by 1H NMR by using 4-bromoanisole as an internal standard, and DMSO-d6 as the solvent. 

These solvent samples were then subjected to the reaction conditions (Scheme 24) and yields 

estimated (Table 8).   
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Scheme 24. Conditions for screening various MeCN/H2O solvent systems. 

Table 8. Trials at different ratios of MeCN/H2O. 

Entry MeCN (0.05 M, MeCN:H2O) Yield (%) 

1 240:1 52% 

2 104:1 66% 

3 53:1 93% 

4 49:1 87% 

5 19:1 79% 

6 9:1 72% 

 

Entries 1–3 were three different bottles of MeCN in our lab space, with entry 1 being a 

brand-new 100 mL bottle. Based on these trends, we intentionally spiked the reaction mixture with 

DI H2O to an anhydrous MeCN reaction mixture as per the ratios and subjected them for trial 

(entries 4–6). We chose 49:1 (v/v) MeCN:H2O  as the optimized solvent system for ease of 

measurement while setting up the reactions. For a 0.1 mmol scale, this ratio would amount to 1.96 

mL MeCN + 0.04 mL H2O, which was rounded up to 2.00 mL MeCN + 0.04 mL H2O. We 

speculate that the reason for this trend is to do with the overall solubility of the reaction mixture.  
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4.6.5. Photocatalyst Screening  

 

Scheme 25. Conditions for photocatalyst screening. 

Table 9. Photocatalyst trials. 

Entry PC (4.0 mol%) Yield (%) 

1 [Ru(bpy)3]Cl2 NR 

2 4-CzIPN 81% 

3 Phenox O-PC A0202 NR 

4a [(t-Bu)2Mes-PhAcr]BF4 55% 

5 [Ir(dFCF3ppy)2(bpy)]PF6 84% 

6 [Ir(dFCF3ppy)2(dtbbpy)]PF6 93% 
aPC loading: 6.6 mol% 

4.6.6. Photocatalyst Loading Screening  

 

Scheme 26. Conditions for photocatalyst loading screening. 



   

102 

 

Table 10. Photocatalyst loading trials. 

Entry [Ir(dFCF3ppy)2(dtbbpy)]PF6 (x mol%) Yield (%) 

1 2.0 mol% 77% 

2 4.0 mol% 93% 

3 8.0 mol% 85% 

aReaction was done using the MeCN bottle estimated at 53:1 MeCN:H2O 

4.6.7. Deviation Studies and Control Reactions  

 

Scheme 27. Optimized reaction conditions. 

Once the optimized reaction conditions were established (Scheme 27), we subjected it to 

other miscellaneous modifications (Table 11, entries 2–5) and control reactions (entries 6–8). 

There was no improvement in yield, and the control trials demonstrated that each component of 

the reaction was necessary for desired product formation.  
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Table 11. Deviation studies and control reactions. 

Entry Deviations from Standard Condition Yield (%) 

1 None 93% 

2a Cs2CO3 (0.5 equiv) 74% 

3a CsOAc (1.0 equiv) 44% 

4a NaOPiv (1.0 equiv) 56% 

5a LiCl (4 equiv) additive 8% 

6 No base NR 

7 No light NR 

8 No PC NR 

aReaction was done using the MeCN bottle estimated at 53:1 MeCN:H2O 

4.7 Substrate Scope 

After developing the optimized reaction conditions for the transformation, we set out to 

build a substrate scope.  

4.7.1. Amine Scope 

Using distilled MVK as the olefin radical acceptor, various amine salts were tested under 

the optimized conditions (Scheme 28). In addition to the oxa-variant of bicyclo[3.1.0] hexane-1-

amine, the all-carbon skeleton, and boc-protected amino-variant were able to be transformed to the 

respective products 104d and 104e in high yields. 
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Scheme 28. Amine scope. Isolated yield is displayed with 1H NMR yield in parentheses. 

4.7.2. Radical Acceptor Scope 

We also sought out to explore the versatility of the radical acceptor with 102b•HCl 

(Scheme 29). Various α,β-unsaturated ketones were shown to be compatible under the give 

reaction conditions; exocyclic and endocyclic double bond-containing ketones produced 105a and 

105b, and α-substituted ones gave 105c and 105d. Methyl acrylate gave rise to 105e, however 

double the loading of the photocatalyst had to be used. Use of the bis-ester gave better yield (105f) 

but that was not the case for 105g when methyl fumarate was used. The modified conditions, lower 

yield, and other observations are discussed in further detail in Section 4.7.3. β-substituted 

acceptors could be used in this transformation with N-phenylsuccinimide giving product 105h 

albeit in low yield. Interestingly, electron-poor heterocycle 3-furaldehyde produced the desired 

product 105i after aromaticity was broken. However, it was curious that its isomer, furfural (vide 

infra, 90i, Scheme 30A), did not do so.  
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Scheme 29. Radical acceptor scope. Isolated yield is displayed with 1H NMR yield in parentheses. 

aPC loading: 8.0 mol%. 

4.7.3. Unsuccessful Substrates and Competing Reactivity 

While ketone-containing Michael acceptors were readily accepted by the reaction 

conditions to give the desired product, other radical acceptors containing functional groups such 
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as amides (90c–d, Scheme 30A), esters (90e), sulfonyls (90f), nitriles (90g), and styrenyl-type 

(90h) substrates either did not. It was observed that, instead of the desired product, these substrates 

give rise to 106 (Scheme 30B) as the product of this reaction. We hypothesize that after reduction 

of the radical adduct that is formed after Giese addition (Int-III, Scheme 31) to the resulting 

carbanion (Int-IV), there is a competition between nucleophilicity and basicity; if the carbanion is 

sufficiently basic, i.e., higher pKa, it will abstract a proton from the iminium ion, resulting in a 

straight chain adduct and the resultant imine is hydrolyzed to form dihydropyran-3-one derivative 

106. However, if the carbanion is insufficiently basic, its nucleophilicity dominates and adds to 

the carbon of the iminium to produce the bicyclo[3.2.1]heptane scaffolds as seen in Scheme 28 

and Scheme 29. Compounds 104b, 105e, and 105f are illustrative of this. When MVK is used as 

the radical acceptor, the pKa of the corresponding Int-IV is approximately 19 (in water)95  and the 

yield of the desired product 104b is 93%. However, under the same conditions, methyl acrylate 

produces an analog of 106 with no desired product 105e and in order to get some of it to form, the 

PC loading had to be doubled. The pKa of the α-carboxylate Int-IV is approximately 25 (in H2O)96, 

i.e., a million times more basic than the analogous ketone. By this corollary, the pKa of the α-

malonate Int-IV that would precede the formation of 105f is approximately 18.5 and the 

corresponding analog of 106 is not seen. The discrepancy between the yields of 104b and 105f can 

be attributed to greater steric bulk on the part of the nucleophilic carbanion of the latter. This 

phenomenon was seen for 90c–h and it informed the selection of suitable radical acceptors as the 

scope was built out.  

Furan derivatives substituted at the 2- and/or 5-position with an electron withdrawing 

group (90i–n) reacted much slower (i.e., reaction ran for 24 hours) and either returned the 
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substrates in the case of 90m, formed an adduct with the rearomatized heterocycle as was the case 

with 90l, or indecipherable mixture of products (90n–o).  

 

Scheme 30. (A) Unsuccessful radical acceptors. (B) Reaction of unsuccessful radical acceptors to 

produce dihydropyran-3-one derivatives 106. 

4.8 Mechanistic Studies 

Since 102b•HCl was established as the model substrate of choice, we had to slightly 

modify what our previous presumed mechanism would look like (Scheme 31).  
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Scheme 31. Proposed mechanism for the transformation of 1-NH2-3-oxa-[3.1.0]BCHex•HCl to 1-

NH2-3-oxa-[3.2.1]BCO. 

The function of the base in this reaction is solely to neutralize the acidic salt of the amine, after 

which the free amine would likely quench the excited state of the PC to get oxidized to the radical 

cation Int-I. To evaluate the thermodynamic feasibility of any light-induced transfer involving 

photoinduced electron transfer, one must compare the standard redox potentials (E) of the donor 

and acceptor species. For an amine such as 102b (i.e., the donor species), E (102b•+/102b) ~ 

+0.80−1.10 V vs. SCE97 and for [Ir(dFCF3ppy)2(dtbbpy)]PF6 (i.e., the acceptor species), E 

(Ir*(III)/Ir(II)) = +1.21 V vs. SCE.98 Electron transfer is favorable when the redox potential of the 

donor is lower than that of the acceptor, which is true in this system. Note that E (102b•+/102b) is 

an approximation from literature values and not determined experimentally. Since the C−N bond 

is conformationally unrestricted, the internal σC−C bond of the cyp would be able to donate 



   

109 

 

electron density into π*C−N producing Int-II with an iminium moiety and a C-centered radical as 

a result of rupture of the cyp. The polarity of this radical would be suited to perform a Giese 

addition to an appropriate olefin partner to yield Int-III. This species would be well set-up for 

single electron reduction by the reduced photocatalyst; comparing reduction potentials, if the olefin 

used were MVK, E (Int-III/Int-IV) ~ -0.20 V vs. SCE99 and E (Ir(III)/Ir(II)) = -1.37 V vs. SCE, 

i.e., thermodynamically favorable. Carbanion Int-IV could then cyclize onto the iminum, relieving 

the positive charge and yielding the 1-NH2-3-oxa-[3.2.1]BCO scaffold 103. As noted in Section 

4.7.3, depending upon the olefin used, the basicity of carbanion Int-IV may predominate its 

nucleophilicity, which would give rise to undesired product 106.   

4.8.1. Radical Intermediate Trapping 

A common strategy in radical transformation is to trap radical species with a suitable trap to 

confirm potential reaction intermediates.100 Typically, a stable radical like TEMPO (106, Figure 

25A) is used, however Williams and coworkers have recently suggested using more sophisticated 

traps such as CHANT (107) to circumvent some of the issues with TEMPO such as trapping of 

heteroatom-centered radicals  oxidation to the N-oxide.101 CHANT is designed to feature a good 

radical leaving group (i.e., a nitroxide) and upon reaction with a short lived radical with CHANT 

via homolytic substitution reaction (SH2’), a stable non-radical product is formed upon expulsion 

of TEMPO (Figure 25B). 
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Figure 25. (A) Radical traps. (B) CHANT trapping mechanism. 

When CHANT was used in the reaction that was developed (Scheme 32), as per its 

designed reactivity, TEMPO was released to produce radical trapped product 109 in 6% yield. 

This product was also detected as an MS peak with m/z equal to 266.2, i.e., exact mass of 109 plus 

H+. Due to the amide moiety in 107, the behavior of this olefinic radical acceptor was effectively 

what was outlined in Section 4.7.3, which explains the formation of ketone 109 instead of its 

amine/acetamide analog. Its formation strongly indicates the C-centered radical intermediate Int-

II after rupture of cyp. The release of a stable radical byproduct from CHANT poisoned the 

reactivity with the yield of 104b having plummeted and high recovery of the acetylated substrate 

(108). 
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Scheme 32. Trapping experiment with CHANT (107). 

The data obtained so far lays a solid foundation for elucidating the mechanism of this 

reaction but in order to understand the nuances of this transformation, further experimentation is 

required (vide infra, Section 4.9.2–4.9.4).  

4.9 Future Directions 

4.9.1. Expanded Substrate Scope 

We intend to further build out the existing substrate scope to incorporate a variety of 

functionalities, including but not limited to, more substituted ketones (Figure 26, 90p–q), nitriles 

(90r–s), esters and anhydrides (90t–w), amides (90x), styrenes (90y–z), sulfonyls (90aa), and 

other heterocycles (90ab). While these olefinic radical acceptors would react via (3σ+2π) 

paradigm, 90ac would react by (3σ+2σ) and would represent the first of its kind in this work, if 

successful. Shifting away from the [3.2.1]BCO scaffold, compounds 110 and 111a–b would 

produce other bridged scaffolds, if successful.  
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Figure 26. Substrates of interest for expanded scope.  

4.9.2. Cyclic Voltammetry (CV) 

CV is an analytical technique to determine the potentials of compounds and intermediates. 

We have attempted to obtain the potential of 102b•HCl, however the presence of chloride ions is 

notorious for producing erroneous results. To date, efforts to obtain the potential of the free amine 

102b have been unsuccessful.   

4.9.3. Sensitivity and Robustness Screening 

The Glorius group has been pioneers in quantifying reaction sensitivity and robustness and 

has published user-friendly assessment tools for their profiling.102,103 The sensitivity screening 
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entails systematic alterations to various parameters such as concentration, light intensity, etc., 

obtaining the yields for each alteration, and mapping them onto a radar diagram (Figure 27).102  

 

Figure 27. Sample radar diagram of a hypothetical reaction for sensitivity screening. 

Figure 27 is a hypothetical reaction in which the yield under each alteration is +10% deviation 

from the standard yield, and is, therefore, an example of a reaction with low sensitivity. This 

produces an intuitive and standardized presentation of the results and builds a profile of the 

sensitivity of the reaction which can provide information on its reproducibility and mechanism.  

The robustness screening involves the introduction of additive of various chemical profiles 

to the established reaction conditions the yields of the desired product and percentage of additive 

consumed are determined in each case.103 This process gives an indication of functional group 

tolerance and overall mildness of a reaction.  

4.9.4. Computational Studies 

We intend to pursue computational studies to validate and map out the relative energies of 

the proposed intermediates in the reaction mechanism. Additionally, computational studies would 
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also be useful to validate our hypothesis of orbital misalignment in the case of 3-aza-[3.1.0]BCHex 

scaffolds. 

4.10 Experimental Information 

4.10.1. General Considerations 

See Section 2.5.1. 

Photoredox reactions were carried out in 1-dram borosilicate glass vials (Fisher Scientific; 

catalog no.: 03-338A), sealed with polypropylene caps equipped with PTFE/silicone septa (VWR 

International; catalog no.: 13-0060K), and charged with 8 mm x 1.5 mm PTFE stir bars (Fisher 

Scientific; catalog no.: 14-512-150). When less than 50 µL of liquid had to be dispensed, 

Hamilton® syringe (Sigma-Aldrich, catalog no.: 20737) was used. TLCs from these reactions were 

mainly visualized with ninhydrin and/or vanillin. Compounds 102•HCl were purchased from 

Enamine and 90 were purchased from Sigma-Aldrich, Fisher Scientific, Ambeed and were used 

without additional purification unless otherwise noted. MVK and methyl acrylate were vacuum 

distilled prior to use. 

Light sources:  

SynLED Parallel Photoreactor (Sigma-Aldrich; catalog no.: Z742680) featured bottom-lit 

LEDs (465–470 nm) across a 4x4 reaction block array. Light intensity (130-140 lm), angle (45°), 

built-in bottom cooling fan.  

Kessil lamp (Kessil; catalog no.: PR160) with 456 ± 5 nm wavelength blue light, average 

intensity at 1 cm distance 352 mW/cm2, and 2.48” diameter. The LED driver connected to it was 

Mean Well (catalog no: HLG-240H-15A). 
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4.10.2. Reaction Setup: SynLED Parallel Photoreactor  

 

Figure 28. SynLED parallel photoreactor "cube" setup. 

Out of the 16 available slots, only the central 4 could stir reliably. The rest were covered 

up with foil. The temperature probe as part of the IKA stir plate read 29 °C when placed into the 

slot in the cube when the reactor and the cooling fan from the bottom were turned on. 
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4.10.3. Reaction Setup: Kessil Lamps 

 

Figure 29. Kessil lamp reactor setup. (a) Four 1-dram vials setup for reaction (without cooling 

fan). (b) Reaction setup with cooling fan placed on top. (c) Light-blocking shield + cooling fan 

element. 

A cardboard box was repurposed to be used as a photoreactor by cutting out holes for Kessil 

lamps, covering the inside walls and bottom with aluminum foil, and affixing a trimmed peg tube 

rack to hold the vials in place. Although there are 4 slots available for 1-dram vials with acceptable 

stirring (Figure 29a), we only used slots ‘1’ and ‘3’ as the results were inconsistent when slots ‘2’ 

and ‘4’ were used. Both Kessil lamps were always turned on and set at 25% intensity. The light-

blocking shielding + fan element measured 12.6” x 9.06” (Figure 29c) and was always turned on 

and placed on top unless otherwise noted. The 2 lamps and cooling fan were connected using a Y-

split cable which was connected to a Mean Well LED adapter.  
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4.10.4. Synthetic Procedures for Precursors 

 

3-(4-methoxyphenyl)-3-azabicyclo[3.1.0]hexane (89a): A 1-dram vial equipped with a magnetic 

stir bar was charged with 4-bromoanisole (0.1048 g, 0.5322 mmol), 3-azabicyclo[3.1.0]hexane 

hydrochloride (0.0638 g, 0.5068 mmol), Pd(OAc)2 (0.0012 g, 0.0051 mmol), RuPhos (0.0048 g, 

0.0102 mmol), and powdered NaOtBu (0.0603 g, 0.6082 mmol). The vial was transferred to a 

preheated oil bath (110 °C). After 15 h, the reaction mixture was cooled and dissolved in a 

CH2Cl2/H2O mixture (1:1). The organic phase was separated, the solvent was evaporated in vacuo, 

and the product was isolated as a clear oil by flash chromatography in 0.0424 g (44%) yield. 

1H NMR (500 MHz, CDCl3) δ 6.8 (d, J = 9.0 Hz, 2H), 6.5 (d, J = 8.5 Hz, 2H), 3.7 (s, 3H), 3.5 (d, 

J = 8.6 Hz, 2H), 3.1 (d, J = 8.4 Hz, 2H), 1.6 (dt, J = 7.1, 3.1 Hz, 2H), 0.7 (td, J = 7.8, 4.5 Hz, 1H), 

0.4 (s, 1H). 

LRMS (ESI+APCI) m/z 189.9 [M+H]+. 

 

 

N-benzylprop-2-en-1-amine (96): Benzyl bromide (1.19 mL, 10 mmol) was added slowly to 

allylamine (4.49 mL, 60 mmol) over 10 minutes neat at room temperature and the reaction was 

stirred for 16 h. The reaction was quenched with 1 M NaOH and extracted 3 times with Et2O. The 
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combined organic layers were dried over MgSO4, concentrated via rotary evaporation and the 

product was obtained as a yellow oil in 1.44 g (99%). It was used without further purification. 

Spectral data was consistent with previous data.104 

 

 

Ethyl (E)-3-benzyl-2-(tosylimino)-3-azabicyclo[3.1.0]hexane-1-carboxylate (95): To a stirred 

solution of ethyl propiolate (0.75 mL, 7.37 mmol) in dry THF (0.33 M) in a flame-dried 250 mL 

RBF, was added CuCN (0.0999 g, 1.105 mmol) followed by p-toluenesulfonyl azide (12.8 mL, 

8.8404 mmol) and the mixture was vigorously stirred at room temperature for 1 h under N2 

atmosphere. To this reaction mixture, 96 (1.5942g, 10.829 mmol) was added and the resultant 

mixture was stirred at room temperature. After 2 h, DBU (2.2 equiv) and CuBr 2 (1.5 equiv) were 

added and the reaction mixture was stirred at 60 °C until the completion of reaction as indicated 

by TLC. The reaction mixture was diluted with saturated NH4Cl (20 mL) and extracted with DCM 

(2 x 30 mL). The organic layer was separated, dried over anhydrous Na2SO4, filtered, and 

concentrated via rotary evaporation. The product (95) was isolated as an orange oil by flash 

chromatography in 2.6489 g (87%) yield (combined E/Z isomers).  

1H NMR (500 MHz, CDCl3) δ 7.8 – 7.8 (m, 2H), 7.3 – 7.2 (m, 3H), 7.2 (dd, J = 8.2, 6.6 Hz, 2H), 

7.0 – 6.9 (m, 2H), 4.8 (d, J = 14.5 Hz, 1H), 4.3 – 4.2 (m, 2H), 4.2 (d, J = 14.5 Hz, 1H), 3.6 (dd, J 

= 11.5, 5.5 Hz, 1H), 3.2 (d, J = 11.5 Hz, 1H), 2.4 (s, 3H), 2.3 – 2.2 (m, 2H), 1.3 (t, J = 7.1 Hz, 3H), 

0.8 (d, J = 2.9 Hz, 1H). 
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LRMS (ESI+APCI) m/z 413.2 [M+H]+. 

Spectral data was consistent with previous data.92 

 

 

Ethyl 3-benzyl-3-azabicyclo[3.1.0]hexane-1-carboxylate (93b): To a flame-dried 250 mL RBF 

was charged 95 (2.15 g, 5.212 mmol) and half the volume dry THF (0.17 M), sodium borohydride 

(0.4023 g, 10.424 mmol) 1 equivalent at a time at room temperature. To this reaction mixture, 

iodine (0.6627 g, 2.606 mmol) in the remaining volume dry THF (3 mL) was added over 30 

minutes, and the reaction mixture was stirred at reflux until the completion of reaction as indicated 

by TLC. Then the reaction mixture was cooled to 0 °C, methanol (15 mL) was added, and the 

resultant mixture was allowed to stir for 30 minutes. The reaction mixture was evaporated under 

reduced pressure, and the residue was diluted with hydrogen peroxide (1.6 mL, 16.158 mmol) 

followed by sodium ethoxide (1.94 mL, 5.212 mmol) was added at 0 °C. The resultant mixture 

was allowed to stir for 30 minutes at room temperature, diluted with distilled water (15 mL) and 

extracted with EtOAc (2 x 30 mL). The combined EtOAc solvent was washed with brine solution 

(30 mL), dried over anhydrous Na2SO4, filtered, and concentrated via rotary evaporation. The 

product (93b) was isolated as a clear oil by flash chromatography in 0.4994 g (39%) yield. 

1H NMR (500 MHz, CDCl3) δ 7.3 – 7.2 (m, 5H), 4.1 (q, J = 7.1 Hz, 2H), 3.6 (d, J = 3.3 Hz, 2H), 

3.1 (d, J = 9.0 Hz, 1H), 2.9 (d, J = 8.9 Hz, 1H), 2.7 (d, J = 9.0 Hz, 1H), 2.4 (dd, J = 8.9, 3.7 Hz, 
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1H), 1.9 (ddd, J = 8.5, 5.1, 3.7 Hz, 1H), 1.5 (t, J = 4.3 Hz, 1H), 1.3 (dd, J = 8.2, 3.7 Hz, 1H), 1.2 

(t, J = 7.1 Hz, 3H). 

Spectral data was consistent with previous data.105 

 

 

3-(tert-Butyl) 1-ethyl 3-azabicyclo[3.1.0]hexane-1,3-dicarboxylate (93a): To a 100 mL RBF 

was charged 93b (0.32 g, 1.31 mmol), methanol (0.075 M), di-tert-butyl dicarbonate (0.59 g, 2.61 

mmol), and palladium (0.069 g, 0.032 mmol). The flask was degassed using a hydrogen balloon 

fitted with a long needle for 15 minutes, then the needle was dipped into the reaction mixture with 

the bleed needle still pierced in the septum and stirred till the starting material was fully consumed 

as indicated by TLC. The reaction mixture was filtered through Celite and the filtrate concentrated 

via rotary evaporation. The product (93a) was isolated as a light-yellow oil by flash 

chromatography in 0.1466 g (44%) yield. 

1H NMR (500 MHz, CDCl3) δ 4.15 (q, J = 7.1 Hz, 2H), 3.73 (d, J = 11.9 Hz, 1H), 3.63 (d, J = 

11.3 Hz, 1H), 3.57 – 3.51 (m, 1H), 3.41 (dd, J = 10.9, 4.2 Hz, 1H), 2.04 – 2.00 (m, 1H), 1.57 (dd, 

J = 8.4, 4.6 Hz, 1H), 1.44 (s, 9H), 1.25 (t, J = 7.1 Hz, 3H), 0.83 (t, J = 5.0 Hz, 1H). 

Spectral data was consistent with previous data.105 
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To a 250 mL RBF set in an ice bath was added diallylamine (2.6 mL, 21 mmol), methanol (0.33 

M), and di-tert-butyl dicarbonate (5.6 g, 25 mmol) portion-wise. After complete addition the 

reaction mixture was allowed to warm to room temperature, stirred for 2 h, then concentrated under 

reduced pressure. Crude 98 was collected as an off-white oil in 3.81 g (93% yield, calculated from 

1H NMR, accounting for leftover di-tert-butyl decarbonate) and pure enough to be used without 

further purification.  

1H NMR (500 MHz, CDCl3) δ 5.80 – 5.70 (m, 2H), 5.17 – 5.07 (m, 4H), 3.91 – 3.68 (m, 4H), 1.45 

(d, J = 1.3 Hz, 9H). 

 

 

tert-Butyl 2,5-dihydro-1H-pyrrole-1-carboxylate (97): To a 500 mL RBF flushed with N2 was 

added a solution of Grubbs’ first-generation metathesis catalyst (0.132 g, 0.153 mmol) in DCM 

(130 mL) and a solution of 98 (1.51 g, 7.65 mmol) in DCM (23 mL). The mixture was heated 

under reflux for 2 h after which the solvent was evaporated under reduced pressure. The crude 

product was purified by column chromatography and obtained as a dark brown oil in 1.11 g (86%) 

yield. 

1H NMR (500 MHz, CDCl3) δ 5.76 (s, 2H), 4.11 (s, 4H), 1.47 (s, 9H). 

Spectral data was consistent with previous data.106 
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Compound (94b): A flame-dried 50 mL RBF containing 2.32 g 4Å molecular sieves and 97 (0.785 

g, 4.64 mmol) was backfilled with N2 3 times and was added half the volume of DCM (0.1 M). To 

a separate flame-dried 5 mL RBF was added the remaining volume of DCM and rhodium(II) 

acetate (0.021 g, 0.046 mmol) to make a stock solution. The stock solution was added to the 

reaction mixture and stirred for 15 minutes after which ethyl diazoacetate (EDA; 0.304 g, 2.32 

mmol) was added in 3 portions over 2 hours and further stirred for 19 hours. The reaction mixture 

was filtered through Celite and the filtrate concentrated via rotary evaporation and purified by flash 

chromatography.  

3-(tert-Butyl) 6-ethyl (1R,5S,6s)-3-azabicyclo[3.1.0]hexane-3,6-dicarboxylate (94b-endo) was 

obtained as a colorless oil in 0.111 g (19%) yield.  

1H NMR (500 MHz, CDCl3) δ 4.09 (dd, J = 7.1, 1.2 Hz, 2H), 3.78 (d, J = 11.2 Hz, 1H), 3.72 (d, 

J = 11.0 Hz, 1H), 3.42 (dd, J = 10.5, 3.2 Hz, 1H), 1.85 (dd, J = 7.3, 2.6 Hz, 2H), 1.76 (t, J = 8.1 

Hz, 1H), 1.42 (d, J = 1.4 Hz, 9H), 1.24 (td, J = 7.1, 1.2 Hz, 3H). 

3-(tert-Butyl) 6-ethyl (1R,5S,6r)-3-azabicyclo[3.1.0]hexane-3,6-dicarboxylate (94b-exo) was 

obtained as a light-yellow oil in 0.182 g (31%) yield.  

1H NMR (500 MHz, CDCl3) δ 4.12 (q, J = 7.1 Hz, 2H), 3.67 (d, J = 11.3 Hz, 1H), 3.59 (d, J = 

11.2 Hz, 1H), 3.40 (td, J = 10.5, 3.6 Hz, 2H), 2.05 (q, J = 3.1 Hz, 2H), 1.46 (t, J = 3.2 Hz, 1H), 

1.42 (s, 9H), 1.25 (t, J = 7.2 Hz, 3H). 
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Spectral data of both 94b-endo and 94b-exo were consistent with previous data.93 

Preparation of CHANT (107)  

 

To a flame-dried 250 mL RBF was added methyl 2-(bromomethyl)acrylate (1.79 g, 9.70 

mmol), TEMPO (1.88 g, 12.0 mmol), NaI (2.92 g, 19.4 mmol), Na2SO3 (3.73 g, 29.1 mmol, 3.0 

eq.) were dissolved in MeCN (0.1 M). This solution was purged with N2 and stirred at 65 °C for 

48 hours. MeCN was then removed in vacuo. H2O was added and the aqueous extracted with 

EtOAc 3 times. The organic phase was dried with MgSO4 and filtered. The solvent was removed 

in vacuo, yielding crude orange oil which was taken forward without purification. To this 

intermediate (2.48 g, 9.67 mmol) was added 1,4-dioxane (63 mL), aqueous NaOH (1.0 M, 63 mL, 

63 mmol) and the solution was stirred for 24 hours. The resultant solution was acidified (pH 5) 

with aqueous HCl (2.0 M, 32 mL, 63 mmol) and the product was extracted with EtOAc (3 × 40 

mL). The organic phase was washed with brine, dried with MgSO4 and filtered. The solvent was 

removed in vacuo and the crude purified using flash silica column chromatography. Compound S-

1 was obtained as a white crystalline solid in 0.97 g (41%) yield.  

Spectral data was consistent with the authors’ data.101 
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To a flame-dried 100 mL RBF was added S-1 (0.833 g, 3.45 mmol), HBTU (1.440 g, 3.80 mmol), 

DIPEA (1.21 mL, 6.90 mmol), cyclohexylamine (0.40 mL, 3.45 mmol) and dissolved in DMF (0.2 

M). This solution was purged with N2 and stirred. Upon completion, the reaction mixture was 

diluted in Et2O and washed with saturated NaHCO3, H2O 3 times and dried with MgSO4. CHANT 

(107) was isolated by flash chromatography as a white needle-like solid in 0.56 g (50%) yield and 

stored in an amber scintillation vial in a -20 °C freezer. 

1H NMR (600 MHz, CDCl3) δ 6.60 (d, J = 8.0 Hz, 1H), 6.08 (d, J = 1.7 Hz, 1H), 5.48 (d, J = 1.4 

Hz, 1H), 4.48 (d, J = 1.1 Hz, 2H), 3.84 (dtd, J = 11.1, 7.5, 4.0 Hz, 1H), 1.99 (dd, J = 12.6, 4.0 Hz, 

2H), 1.74 (dd, J = 15.1, 4.0 Hz, 3H), 1.64 (dt, J = 12.9, 3.8 Hz, 1H), 1.51 – 1.46 (m, 4H), 1.45 – 

1.32 (m, 3H), 1.21 – 1.09 (m, 14H). 

Spectral data was consistent with the authors’ data.101 

4.10.5. General Procedure for Reaction Screening with SynLED Parallel 

Photoreactor  

 
 

A flame-dried 1-dram vial cooled under vacuum was charged with photocatalyst (1.5 

mol%), 89a (0.141 g, 0.0745 mmol, 1.0 equiv), base (2.0 equiv), and a stir bar. A screw cap with 

a septum was used to cap the vial and the gap between the vial and the cap was sealed with black 

electrical tape and an additional small strip of tape was stuck on top of the septum. The vial was 

sparged for 10 minutes with argon gas using a balloon. Solvent (0.1 M) was added along with 

additives, if any, and 90a (35 µL, 3.0 equiv) and the reaction mixture was degassed for 10 minutes 
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using an argon balloon. The vial was placed in the SynLED parallel photoreactor as described in 

Section 4.10.2 and the reaction mixture was stirred at 600 rpm. The reaction was monitored by 

LC/MS and TLC and upon completion, the solvent was removed by in vacuo. The crude mixture 

was purified by column chromatography when necessary.  

4.10.6. General Procedure for Preparation of [3.2.1]BCOs 

 

A flame-dried 1-dram vial cooled under vacuum was charged with photocatalyst 

[Ir(dFCF3ppy)2(dtbbpy)]PF6 (0.0045 g, 4.0 mol%), 102•HCl (0.10 mmol, 1.0 equiv), Cs2CO3 

(0.0329 g, 0.10 mmol, 1.0 equiv), and a stir bar. A screw cap with a septum was used to cap the 

vial and the gap between the vial and the cap was sealed with black electrical tape and an additional 

small strip of tape was stuck on top of the septum. The vial was sparged for 10 minutes with argon 

gas using a balloon. MeCN/H2O (0.05 M, 2.0 mL, 49:1 v/v)a was added and the reaction mixture 

was degassed for 10 minutes using an argon balloon. The vial was wrapped in aluminum foil, and 

the reaction mixture was stirred at 600 rpm for 1 hour. Radical acceptor (90, 3.0 equiv)b,c was 

added via a microliter syringe, the balloon and foil removed, and the reaction mixture was stirred 

under 456 nm Kessil lamp irradiation with a cooling fan as per the reaction setup shown in Section 

4.10.3. The reaction was monitoredd by LC/MS and TLC and upon completion, Ac2O (0.03 mL, 

3.0 equiv) was added and stirred without Kessil lamp irradiation. After 1 hour, the reaction mixture 

was filtered through a Pasteur pipet packed with anhydrous Na2SO4 (bottom) and Celite (top) and 
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the vial washed out with MeCN. The filtrate was removed by rotary evaporation. 4-Bromoanisole 

(13 µL, 0.1 mmol. 1.0 equiv) was added as an internal standard for crude 1H NMR analysis to 

determine the yield. The crude mixture was purified by column chromatography.  

aFor 0.1 mmol scale, this ratio would amount to 1.96 mL anhy. MeCN + 0.04 mL DI H2O, which 

was rounded up to 2.00 mL MeCN + 0.04 mL DI H2O. The latter was added using a microliter 

syringe. bIf the radical acceptor is doped with a stabilizer such as hydroquinone (HQ), it is highly 

recommended to distill it before use for better yields. cIf the radical acceptor is a solid, it was added 

along with the other components prior to capping and sealing the vial. dWhenever the septum 

needed to be pierced, the largest gauge possible for the application was used to minimize the 

damage to the septum. 

Using MVK (90b): 

 

Figure 30. Amines 102•HCl used. 
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N-((1R,5S,7S)-7-acetyl-3-oxabicyclo[3.2.1]octan-1-yl)acetamide (104a): According to the 

General Procedure, the title compound was synthesized using 102a•2HCl and MeCN (0.1 M) in a 

yield of 18.3 mg (22%) as a yellow oil.  

1H NMR yield 49%. 

1H NMR (700 MHz, MeOD) δ 7.34 – 7.25 (m, 4H), 7.23 – 7.20 (m, 1H), 3.79 (dd, J = 9.3, 5.6 Hz, 

1H), 3.55 (d, J = 13.2 Hz, 1H), 3.48 (d, J = 13.1 Hz, 1H), 3.38 (d, J = 9.4 Hz, 1H), 2.63 (d, J = 

10.4 Hz, 1H), 2.20 – 2.19 (m, 1H), 2.18 – 2.17 (m, 1H), 2.16 (s, 3H), 2.03 (ddd, J = 12.0, 9.4, 2.2 

Hz, 1H), 1.99 (d, J = 10.5 Hz, 1H), 1.84 (d, J = 10.0 Hz, 1H), 1.80 (s, 3H), 1.69 (dd, J = 12.0, 6.0 

Hz, 1H), 1.41 (d, J = 9.7 Hz, 1H). 

13C NMR (151 MHz, MeOD) δ 214.4, 173.1, 139.9, 129.9, 129.2, 128.0, 64.0, 62.8, 59.0, 55.0, 

42.4, 36.2, 34.7, 31.0, 22.8. 

LRMS (ESI+APCI) m/z 301.2 [M+H]+. 
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N-((1R,5S,7S)-7-acetyl-3-oxabicyclo[3.2.1]octan-1-yl)acetamide (104b): According to the 

General Procedure, the title compound was synthesized using 102b•HCl in a yield of 18.3 mg 

(87%) as a yellow solid.  

1H NMR yield 93%. 

1H NMR (600 MHz, MeOD) δ 4.13 (dd, J = 10.0, 2.9 Hz, 1H), 3.76 (dd, J = 9.4, 5.8 Hz, 1H), 3.57 

(ddd, J = 10.6, 2.9, 2.1 Hz, 1H), 3.46 (d, J = 10.6 Hz, 1H), 3.13 (d, J = 10.0 Hz, 1H), 2.27 (dddd, 

J = 10.6, 5.2, 2.9, 2.0 Hz, 1H), 2.20 (ddd, J = 6.5, 6.0, 2.7 Hz, 1H), 2.17 (s, 3H), 2.05 (ddd, J = 

12.8, 9.3, 2.1 Hz, 1H), 1.83 (s, 3H), 1.80 (ddd, J = 11.9, 6.6, 5.8 Hz, 1H), 1.67 (dd, J = 10.9, 2.7 

Hz, 1H). 

13C NMR (151 MHz, MeOD) δ 213.7, 173.5, 75.8, 73.4, 61.5, 53.8, 41.2, 36.0, 35.0, 31.0, 22.7. 

LRMS (ESI+APCI) m/z 212.2 [M+H] +. 

 

 

N-((1R,5S,7S)-7-acetylbicyclo[3.2.1]octan-1-yl)acetamide (104c): According to the General 

Procedure, the title compound was synthesized using 102c•HCl in a yield of 20.0 mg (97%) as an 

orange solid.  

1H NMR yield 84%. 

1H NMR (600 MHz, MeOD) δ 3.54 (dd, J = 9.3, 5.9 Hz, 1H), 2.38 – 2.33 (m, 1H), 2.28 – 2.24 

(m, 1H), 2.15 (s, 4H), 1.85 (dd, J = 9.3, 2.1 Hz, 1H), 1.81 (s, 3H), 1.79 (dd, J = 13.2, 5.9 Hz, 1H), 

1.63 – 1.57 (m, 2H), 1.50 – 1.46 (m, 1H), 1.45 – 1.42 (m, 1H), 1.41 – 1.37 (m, 1H), 1.30 – 1.23 

(m, 1H). 
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13C NMR (151 MHz, MeOD) δ 214.0, 172.7, 63.2, 55.1, 49.4, 49.3, 49.1, 49.0, 48.9, 48.7, 48.6, 

44.1, 38.4, 35.9, 34.9, 32.0, 31.1, 22.9, 20.4. 

LRMS (ESI+APCI) m/z 210.3 [M+H] +. 

m.p.: 86.3–89.6 ℃.  

 

 

tert-butyl (1R,5S,7S)-1-acetamido-7-acetyl-3-azabicyclo[3.2.1]octane-3-carboxylate (104d): 

According to the General Procedure, the title compound was synthesized using 102d•HCl in a 

yield of 18.5 mg (60%) as a pale yellow solid.  

1H NMR yield 96%. 

1H NMR (600 MHz, MeOD) δ 4.62 (dt, J = 12.1, 1.8 Hz, 1H), 3.81 (t, J = 16.9 Hz, 1H), 3.53 (t, J 

= 7.9 Hz, 1H), 2.81 (dd, J = 57.8, 11.3 Hz, 1H), 2.51 (dd, J = 53.6, 12.5 Hz, 1H), 2.33 – 2.27 (m, 

1H), 2.23 (ddd, J = 11.0, 5.0, 2.7 Hz, 1H), 2.15 (s, 3H), 1.85 (s, 3H), 1.80 (dd, J = 9.3, 7.3 Hz, 

2H), 1.59 (d, J = 10.9 Hz, 1H), 1.48 (d, J = 9.4 Hz, 9H). 

The large J-couplings are a result of the rotomeric nature of the compound. 

13C NMR (151 MHz, MeOD) δ 213.3, 173.4, 157.4, 81.4, 61.3, 54.6, 53.9, 53.7, 51.1, 50.0, 49.4, 

49.3, 49.1, 49.0, 48.9, 48.7, 48.6, 41.4, 35.0, 34.1, 31.1, 28.7, 22.7. 

LRMS (ESI+APCI) m/z 311.2 [M+H] +. 

m.p.: 54.8–56.4 ℃.  
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Using 102b•HCl: 

 

Figure 31. Radical acceptors (90) used. 

 

N-((1R,1'S,4S,5'R)-3-oxo-3'-oxaspiro[bicyclo[2.2.1]heptane-2,6'-bicyclo[3.2.1]octan]-5'-

yl)acetamide (105a): According to the General Procedure, the title compound was synthesized 

using 90ad in a yield of 8.1 mg (31%) as a greenish yellow solid.  

1H NMR yield 50%. 

1H NMR (700 MHz, MeOD) δ 5.11 (dd, J = 11.5, 3.1 Hz, 1H), 3.55 (dt, J = 10.4, 2.4 Hz, 1H), 

3.51 (d, J = 10.3 Hz, 1H), 3.46 (d, J = 11.6 Hz, 1H), 2.98 (dt, J = 3.4, 1.7 Hz, 1H), 2.83 (dddd, J 

= 11.0, 5.4, 3.1, 2.1 Hz, 1H), 2.50 (dd, J = 5.2, 1.5 Hz, 1H), 2.26 (dt, J = 10.9, 1.9 Hz, 1H), 2.06 
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(ddd, J = 7.2, 5.8, 2.7 Hz, 1H), 2.03 – 1.99 (m, 1H), 1.91 – 1.85 (m, 1H), 1.83 (d, J = 2.7 Hz, 1H), 

1.81 (s, 3H), 1.77 – 1.73 (m, 2H), 1.68 (dd, J = 11.1, 2.7 Hz, 1H), 1.51 (ddd, J = 10.9, 1.8, 1.1 Hz, 

1H), 1.43 (dddd, J = 12.8, 8.2, 6.3, 2.1 Hz, 1H). 

13C NMR (151 MHz, MeOD) δ 224.5, 173.0, 73.7, 73.1, 64.9, 62.3, 52.1, 49.4, 49.3, 49.1, 49.0, 

48.9, 48.7, 48.6, 44.6, 43.0, 38.5, 35.5, 34.1, 27.0, 26.6, 23.9. 

LRMS (ESI+APCI) m/z 264.2 [M+H] +. 

 

 

N-((1R,5R)-9-oxooctahydro-1,5-methanobenzo[d]oxepin-1(2H)-yl)acetamide (105b): 

According to the General Procedure, the title compound was synthesized using 90ae in a yield of 

4.5 mg (19%) as a light-yellow oil.  

1H NMR yield 25%. 

1H NMR (700 MHz, MeOD) δ 3.78 (dt, J = 9.9, 2.7 Hz, 1H), 3.67 (dt, J = 10.5, 2.5 Hz, 1H), 3.51 

(d, J = 10.5 Hz, 1H), 3.42 (dd, J = 10.0, 2.9 Hz, 1H), 2.79 – 2.73 (m, 1H), 2.64 – 2.59 (m, 1H), 

2.44 – 2.34 (m, 3H), 2.00 – 1.94 (m, 1H), 1.94 – 1.88 (m, 2H), 1.85 (s, 3H), 1.82 – 1.75 (m, 1H), 

1.65 – 1.61 (m, 1H), 1.42 – 1.39 (m, 1H). 

LRMS (ESI+APCI) m/z 238.2 [M+H] +. 
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N-((1R,5S)-7-acetyl-7-methyl-3-oxabicyclo[3.2.1]octan-1-yl)acetamide (105c): According to 

the General Procedure, the title compound was synthesized using 90af in a yield of 10.1 mg (55%) 

as a yellow solid.  

1H NMR yield 56%. 

1H NMR (600 MHz, MeOD) δ 4.76 (dd, J = 10.9, 3.1 Hz, 1H), 3.58 (ddd, J = 10.4, 2.4, 2.1 Hz, 

1H), 3.53 (d, J = 10.3 Hz, 1H), 3.27 (d, J = 10.9 Hz, 1H), 2.66 (dd, J = 12.9, 7.5 Hz, 1H), 2.43 

(dddd, J = 11.1, 5.3, 3.1, 2.0 Hz, 1H), 2.17 (s, 3H), 2.11 (ddd, J = 7.7, 5.6, 2.6 Hz, 1H), 1.85 (s, 

3H), 1.77 (s, 3H), 1.63 (dd, J = 11.1, 2.3 Hz, 1H), 1.30 (dd, J = 13.0, 2.3 Hz, 1H). 

13C NMR (151 MHz, MeOD) δ 215.9, 174.0, 74.0, 72.3, 64.0, 58.4, 42.0, 41.7, 35.1, 28.0, 23.3, 

19.7. 

LRMS (ESI+APCI) m/z 226.1 [M+H] +. 

 

 

N-((1R,5S)-7-benzoyl-7-phenyl-3-oxabicyclo[3.2.1]octan-1-yl)acetamide (105d): According to 

the General Procedure, the title compound was synthesized using 90ag in a yield of 7.0 mg (20%) 

as a colorless oil.  

1H NMR yield 30%. 
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1H NMR (600 MHz, MeOD) δ 7.69 (s, 1H), 7.64 – 7.59 (m, 2H), 7.57 (s, 2H), 7.35 (t, J = 7.4 Hz, 

1H), 7.30 (t, J = 7.6 Hz, 2H), 7.26 – 7.19 (m, 3H), 3.89 (d, J = 11.3 Hz, 1H), 3.83 (ddd, J = 10.4, 

2.9, 2.6 Hz, 1H), 3.62 (d, J = 10.3 Hz, 1H), 3.35 (dd, J = 11.2, 3.0 Hz, 1H), 3.05 (dd, J = 14.5, 2.0 

Hz, 1H), 2.65 (dddd, J = 11.6, 5.9, 2.9, 2.6 Hz, 1H), 2.49 (dd, J = 14.5, 7.5 Hz, 1H), 2.41 (dd, J = 

11.8, 1.9 Hz, 1H), 2.35 (ddd, J = 6.9, 6.5, 2.7 Hz, 1H), 1.99 (s, 3H). 

13C NMR (151 MHz, MeOD) δ 202.9, 172.9, 139.0, 136.2, 133.1, 131.6, 129.5, 129.3, 128.9, 

128.4, 73.6, 72.7, 67.9, 64.7, 42.0, 37.7, 36.0, 24.4. 

LRMS (ESI+APCI) m/z 350.1 [M+H] +. 

 

 

methyl (1S,5R,6S)-5-acetamido-3-oxabicyclo[3.2.1]octane-6-carboxylate (105e): According to 

the General Procedure with PC loading of 8.0 mol%, the title compound was synthesized using 

90a in a yield of 7.2 mg (31%) as a lime-green solid.  

1H NMR yield 32%. 

1H NMR (600 MHz, MeOD) δ 4.34 (dd, J = 10.1, 3.0 Hz, 1H), 3.61 (s, 3H), 3.57 (dt, J = 10.5, 2.4 

Hz, 1H), 3.49 – 3.45 (m, 2H), 3.20 (d, J = 10.1 Hz, 1H), 2.34 (dddd, J = 10.7, 5.2, 3.0, 2.0 Hz, 

1H), 2.22 (ddd, J = 6.3, 5.9, 2.6 Hz, 1H), 2.09 – 2.00 (m, 2H), 1.84 (s, 3H), 1.70 (dd, J = 10.8, 1.8 

Hz, 1H). 

13C NMR (151 MHz, MeOD) δ 177.2, 173.4, 75.4, 73.6, 61.9, 52.0, 48.6, 40.8, 36.1, 34.5, 22.7. 

LRMS (ESI+APCI) m/z 228.1 [M+H] +. 
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dimethyl (1S,5R)-5-acetamido-3-oxabicyclo[3.2.1]octane-6,6-dicarboxylate (105f): According 

to the General Procedure, the title compound was synthesized using 90ah in a yield of 15.3 mg 

(54%) as a white solid.  

1H NMR yield 56%. 

1H NMR (700 MHz, MeOD) δ 4.12 (dt, J = 10.6, 3.0 Hz, 1H), 3.76 (s, 3H), 3.71 (s, 3H), 3.57 (dd, 

J = 10.6, 2.7 Hz, 1H), 3.54 (d, J = 1.6 Hz, 2H), 3.03 – 2.96 (m, 1H), 2.64 (dd, J = 13.8, 7.3 Hz, 

1H), 2.35 – 2.27 (m, 2H), 2.26 – 2.22 (m, 1H), 1.91 (d, J = 1.1 Hz, 3H). 

LRMS (ESI+APCI) m/z 286.2 [M+H] +. 

 

 

dimethyl (1R,5R,6S,7S)-1-acetamido-3-oxabicyclo[3.2.1]octane-6,7-dicarboxylate (105g): 

According to the General Procedure, the title compound was synthesized using 90ai in a yield of 

1.4 mg (5%) as a light-yellow oil.  

1H NMR yield 11%. 

1H NMR (600 MHz, MeOD) δ 4.47 (dd, J = 10.2, 2.9 Hz, 1H), 3.85 (d, J = 6.0 Hz, 1H), 3.80 (dt, 

J = 10.9, 2.3 Hz, 1H), 3.71 (s, 3H), 3.65 (s, 3H), 3.49 (t, J = 6.3 Hz, 1H), 3.45 (d, J = 11.1 Hz, 1H), 

3.25 (d, J = 10.2 Hz, 1H), 2.54 (ddd, J = 6.5, 6.2, 2.0 Hz, 1H), 2.44 – 2.37 (m, 1H), 1.85 (s, 3H), 

1.83 (d, J = 10.7 Hz, 1H). 
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LRMS (ESI+APCI) m/z 286.2 [M+H] +. 

 

 

N-((3aS,4R,8R,8aS)-1,3-dioxo-2-phenylhexahydro-1H-4,8-methanooxepino[4,5-c]pyrrol-

4(5H)-yl)acetamide (105h): According to the General Procedure, the title compound was 

synthesized using 90aj in a yield of 4.9 mg (16%) as a yellow oil.  

1H NMR (600 MHz, CDCl3) δ 7.50 (t, J = 7.7 Hz, 2H), 7.43 (t, J = 7.5 Hz, 1H), 7.27 (d, J = 8.3 

Hz, 2H), 4.21 (d, J = 10.5 Hz, 1H), 3.80 (dd, J = 10.8, 2.7 Hz, 1H), 3.74 (dd, J = 10.5, 2.8 Hz, 1H), 

3.62 (d, J = 10.9 Hz, 1H), 3.38 (d, J = 7.6 Hz, 1H), 3.30 (d, J = 7.6 Hz, 1H), 2.81 (dd, J = 4.8, 2.9 

Hz, 1H), 2.70 (d, J = 12.3 Hz, 1H), 1.96 (s, 3H), 1.80 (ddd, J = 12.1, 5.0, 2.7 Hz, 1H). 

13C NMR (151 MHz, CDCl3) δ 177.8, 177.0, 170.6, 131.6, 129.5, 129.2, 126.5, 74.4, 71.5, 61.0, 

48.7, 47.3, 40.5, 36.8, 24.0. 

LRMS (ESI+APCI) m/z 315.1 [M+H] +. 

 

 

N-((4R,8S,8aS)-3a-formyl-3a,7,8,8a-tetrahydro-4,8-methanofuro[2,3-d]oxepin-4(5H)-

yl)acetamide (105i): According to the General Procedure, the title compound was synthesized 

using 90ak in a yield of 2.3 mg (10%) as a colorless oil.  
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1H NMR (700 MHz, MeOD) δ 9.48 (s, 1H), 6.43 (d, J = 2.8 Hz, 1H), 5.44 (d, J = 2.8 Hz, 1H), 

5.25 (d, J = 6.8 Hz, 1H), 4.34 (dd, J = 10.3, 2.9 Hz, 1H), 3.97 (ddd, J = 10.7, 2.3, 2.3 Hz, 1H), 3.51 

(d, J = 10.9 Hz, 1H), 3.18 (d, J = 10.3 Hz, 1H), 2.51 (dd, J = 6.1, 2.1 Hz, 1H), 1.99 (dddd, J = 

10.8, 5.3, 2.6, 2.6 Hz, 1H), 1.90 (s, 3H), 1.75 (d, J = 11.6 Hz, 1H). 

LRMS (ESI+APCI) m/z 238.1 [M+H]+. 
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