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Abstract
The overall aim of my work is to contribute to molecular design strategies for early lead development while probing structure-activity relationships via the design and synthesis of small molecules. This dissertation will tell three distinct stories: 
1. Exploitation of CpxRA as a target for virulence modulation in Gram-negative bacteria. An initial structure-activity relationship study of the 2,3,4,9-tetrahydro-1H-carbazol-1-amine scaffold for activation of the CpxRA two-component signal transduction system (2CSTS) identified compound 2.26, which activates CpxRA with ~30-fold improvement in CpxA phosphatase inhibition over the initial hit. In murine models, 2.26 was found to reduce bacterial recovery in the urine, kidneys, and bladder, with efficacy similar to ciprofloxacin. The proteomes of uropathogenic E. coli strain CFT073 cpxA deletion mutant versus 2.26-treated CFT073 were compared, providing insights into the mechanism behind CpxRA pharmacologic activation. Compound 2.26 provides a novel antibacterial mechanism as it does not exhibit bactericidal activity, but it reduces the expression of virulence factors, as demonstrated by cellular assays, animal studies, and proteomic analysis. 
2. Work towards the total synthesis of Picrasidine natural product family members. The unique bis-β-carboline scaffold within the Picrasma quassioides alkaloids exhibit a diverse range of biological activities. Picrasidine C is particularly interesting for its demonstrated efficacy in subtype-selective PPARα agonism as a promising treatment for diabetic retinopathy. Two approaches were considered for synthesizing picrasidine C and other Picrasma alkaloid family members: (1) iterative β-carboline ring construction, and (2) functionalization of the β-carboline ring. While the total synthesis of picrasidine C was unsuccessful, six new Picrasma alkaloid analogs were synthesized. The two mono- and four bis-β-carboline compounds have the capacity to serve as building blocks for the Picrasma family of alkaloids because of their reactive functional groups. An acid-catalyzed Pictet-Spengler enamine cyclization cascade was discovered, providing efficient access to indoloquinolizine heterocycles. 
3. The rational design and synthesis of SARS-CoV-2 Mpro inhibitors. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the virus responsible for the COVID-19 global pandemic. In an effort to join the fight against this public health catastrophe, 25 compounds from our existing small molecule library were submitted for evaluation in a phenotypic viral replication inhibition assay. While the compounds shared remarkable structural similarities to coronavirus-active drugs, the results found them all inactive. Utilizing in silico modelling and fragment-based design, three structural scaffolds (urea, piperazinone, and peptidomimetic) were proposed for small molecule inhibitors of the SARS-CoV-2 main protease (Mpro). 18 peptidomimetic compounds were rapidly synthesized from 4-compounent Ugi coupling reactions and evaluated in-house for Mpro inhibition activity. When compared to the control, 3 of my peptidomimetic compounds were found to moderately inhibit protease activity. Mpro will be highlighted as a promising target for anti-coronavirus therapeutics. 
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[bookmark: _Toc102586234]Chapter 1: Introduction
The overall aim of my work is to contribute to molecular design strategies for early lead development while probing structure-activity relationships via the design and synthesis of small molecules. This dissertation will tell three distinct stories: (1) exploitation of CpxRA as a target for virulence modulation in Gram-negative bacteria, (2) the total synthesis of Picrasidine natural product family members, and (3) the rational design and synthesis of SARS-CoV-2 Mpro inhibitors. 

1.1 [bookmark: _Toc100241871][bookmark: _Toc102586235]Two-component signal transduction systems and virulence modulation in Gram-negative bacteria.
[bookmark: _Toc100241872][bookmark: _Toc102586236]1.1.1 An overview of resistance and Gram-negative bacteria. 
The need to develop novel therapeutics to treat drug-resistant infections is a global public health concern, especially for infections caused by multi-drug resistant (MDR) Gram-negative pathogens. MDR pathogens such as the Enterobacteriaceae family (Escherichia coli, Klebsiella pneumoniae, Enterobacter spp.) are commonly associated with nosocomial infections, which contribute to the deaths of 99,000 patients per year.1 Gram-negative bacterial envelopes feature a uniquely protective outer membrane (OM), distinguishing them from Gram-positive bacteria.2 The OM is one of the main reasons for resistance to a wide range of antibiotics,3 because the OM is an extra barrier that antibiotics must traverse to access their targets. Gram-positive bacteria lack this important layer, which contributes to the importance of developing new therapeutics for MDR pathogens. Gram-negative pathogens exhibit resistance due to a range of mechanisms that prevent antimicrobial action. Common mechanisms of drug resistance leveraged by bacteria include expulsion of drugs by efflux pumps,4 degradation of drugs by enzymes that irreversibly modify and inactivate antibiotics,5 alteration of the target binding site, and decreased membrane permeability (Figure 1.1).6 
[image: General antibiotic resistance mechanisms in Gram-negative bacteria. ]
[bookmark: _Ref100742277][bookmark: _Toc100243229][bookmark: _Toc100748282]Figure 1.1. General antibiotic resistance mechanisms in Gram-negative bacteria. 

For example, K. pneumoniae is becoming an increasing threat as some strains carry the carbapenemase gene permitting resistance to colistin, a last-line antibiotic.7 Many extraintestinal pathogenic E. coli strains cause high incidence of morbidity and mortality as a result of extended spectrum beta-lactamases.8 Urinary tract infection (UTI) is the most common form of extraintestinal infection due to E. coli, and E. coli is one of the most common causative agents of all types of UTIs with approximately 80% of uncomplicated UTIs in the United States caused by uropathogenic Escherichia coli (UPEC).9 Several common strains of UPEC express extended-spectrum β-lactamase and quinolone resistance, rendering first-line defense antibiotics ineffective. With the growing number of MDR pathogens, common infections typically considered manageable—such as urinary tract, surgical wound, and respiratory infections—could soon become untreatable.10 

[bookmark: _Ref100742328][bookmark: _Toc100243230][bookmark: _Toc100748283]Figure 1.2. New antibiotic drug applications approved by FDA by year interval up to 2019. 

Despite the undeniable need for antibiotics with novel mechanisms of action, only two new classes of antibiotics have reached the market since 1962,11 and the number of new antibiotics developed and approved has steadily decreased over the past three decades (Figure 1.2).12 The current arsenal of antibacterials target a limited number of essential enzymes and processes, and resistance evolution now outpaces our ability to derivatize known chemotypes and advance the new entities through clinical evaluation. Modern approaches for developing new antibiotics include identifying new targets, but, despite great effort, very few new targets have been identified for Gram-negative bacteria in the last 50 years. In contrast to the dogma that only compounds that completely inhibit cell growth will find clinical utility, one strategy gaining significant traction is to render organisms vulnerable to host immune clearance by targeting virulence determinants or processes that control the expression of pathogenicity. In this context, bacterial two-component signal transduction systems (2CSTS) represent promising targets.

[bookmark: _Toc102586237]1.1.2 CpxRA phosphatase inhibition and 2CSTS as antibacterial targets.
Bacterial 2CSTS are an attractive target for antibacterial studies because there are no mammalian homologs and involve the phosphorylation of amino acids that differ from the targets of mammalian phosphatases and kinases.13 Bacteria have evolved 2CSTS, which are generally composed of a histidine kinase (HK) and a response regulator (RR), to respond to environmental changes.14 Bacterial 2CSTS are conserved across many drug-resistant Gram-negative pathogens and are known to regulate gene transcription involved in cell growth, envelope integrity, quorum sensing, and expression of virulence factors.15 As such, modulation of these systems represents a promising antibacterial strategy and is expected to exhibit complementarity to existing approaches. 2CSTS activators do not cause cell death but have the potential to downregulate the expression of virulence factors, allowing the host’s immune system to clear the infection. 
[image: In response to membrane stress (1), CpxA (SK) undergoes autophosphorylation at a conserved His residue in an ATP-dependent manner (2). CpxR (RR) then catalyzes the transfer of the phosphate group to a cognate Asp residue (3), resulting in CpxR-P and activation. CpxA exhibits phosphatase activity and can dephosphorylate CpxR-P (4).]
[bookmark: _Ref100742363][bookmark: _Toc100243231][bookmark: _Toc100748284]Figure 1.3. 2CSTS signaling overview. 
In response to membrane stress (1), CpxA (SK) undergoes autophosphorylation at a conserved His residue in an ATP-dependent manner (2). CpxR (RR) then catalyzes the transfer of the phosphate group to a cognate Asp residue (3), resulting in CpxR-P and activation. CpxA exhibits phosphatase activity and can dephosphorylate CpxR-P (4).


CpxRA is a 2CSTS found in many drug-resistant Gram-negative pathogens and genetic activation of CpxRA abolishes the virulence of a number of pathogens in murine models. CpxRA, composed of signal kinase CpxA and its corresponding response regulator CpxR, is a 2CSTS found in many drug-resistant Gram-negative bacteria. The CpxRA system regulates the transcription of approximately 100 genes where its activation results in the upregulation of envelope integrity maintenance factors and the downregulation of secreted virulence factors. An overview of the CpxRA signaling pathway is provided in Figure 1.3. Briefly, in response to envelope stress, CpxA autophosphorylates on a histidine residue and donates a phosphoryl group to an aspartic acid residue on CpxR. CpxA also has phosphatase activity for phosphorylated CpxR (CpxR-P), and in the absence of envelope stress, CpxA acts as a phosphatase and CpxR remains inactive (Figure 1.3). Thus, accumulation of CpxR-P is indicative of activation of the CpxRA system.  
[bookmark: _Toc100241874][bookmark: _Toc102586238]1.1.3 Summary of accomplishments.
Recently, 2,3,4,9-tetrahydro-1H-carbazol-1-amines were shown to activate the CpxRA system by inhibiting the phosphatase activity of CpxA. Chapter 1 will report collaborative efforts on the initial structure-activity relationships of this scaffold by focusing on three approaches: 1) A-ring substitution, 2) B-ring deconstruction to provide N-arylated amino acid derivatives and 3) C-ring elimination to give 2-ethylamino substituted indoles. This molecular deconstruction approach, outlined in Figure 1.4, helped to identify a new lead compound 2.26, which manifests a ~30-fold improvement in CpxA phosphatase inhibition over the initial hit, compound 2.1. The activity of 2.26 was assessed in mouse UTI models for its ability to alter UPEC cell fitness in the urine, bladder, and kidneys. Genetic- versus chemo-modulation of the CpxRA 2CSTS was assessed with bacterial cell assays, human urine samples, and proteomics analysis. This work provides useful structure-activity relationships and a foundation for which to advance the carbazolamine tools towards uncovering new biology and further understanding the biological significance and therapeutic potential of CpxRA and 2CSTS in general. 
[image: Structural evolution towards lead compound. ]
[bookmark: _Ref100742414][bookmark: _Toc100243232][bookmark: _Toc100748285]Figure 1.4. Structural evolution towards lead compound. 



[bookmark: _Toc100241875][bookmark: _Toc102586239]1.2 Natural product total synthesis and Picrasma alkaloids
[bookmark: _Toc100241876][bookmark: _Toc102586240]1.2.1 Natural products and the utility of total synthesis.
Natural products and their synthetic analogs have been a consistent source of new therapeutics to treat a number of ailments and diseases. Historically, natural products have played a key role in drug discovery,16 especially for cancer and infectious diseases,17 but also in other therapeutic areas, such as cardiovascular and metabolic disorders.18 The original written records on medicinal applications of natural sources date back thousands of years. For example, in 2600 BC the sophisticated medical system of Mesopotamia listed ~1,000 plant-derived medicines, the most preserved record of Egyptian medicine is the “Ebers Papyrus” from about 1550 BC, and traditional Chinese medicine has been extensively documented over thousands of years.19 
Medicinal plants used in those ancient times were only applied on an empirical basis, since knowledge of pharmacological activities and mechanisms of their active constituents were nonexistent. Fortunately, isolation techniques, chemical synthesis methodology, and mechanistic studies have since evolved tremendously to allow for significant drug discovery advancements. For instance, a German apothecary assistant, Friedrich Sertürner, succeeded in isolating morphine from opium as early as 1817. Sertürner published a comprehensive paper on morphine’s isolation, crystallization, crystal structure, and pharmacological properties (first studied in stray dogs and then self-experiments).20 Since then, many bioactive natural products, primarily alkaloids21 (e.g., quinine,22 caffeine,23 nicotine,24 cocaine25), have been isolated from their natural sources.19 For example, early transformations of traditional medicine into modern drugs include the antimalarial alkaloid quinine isolated from Cinchona bark in 1820.26


[bookmark: _Ref100742441][bookmark: _Toc100243233][bookmark: _Toc100748286]Figure 1.5. The general β-carboline and tetrahydro- β -carboline structure. 

Generally defined as naturally occurring organic compounds containing one or more basic nitrogen atoms, alkaloids are a large and structurally diverse group of natural products provided by a vast range of organisms, and they exhibit a broad spectrum of biological activities.27 Within the alkaloid class of natural products, the β-carboline and its saturated relative, tetrahydro-β-carboline (THBC), are widely present. Classified by a tricyclic 9H-pyrido[3,4-b]indole framework (Figure 1.5), the β-carboline scaffold can be observed in diverse natural sources encompassing a variety of biological activities. Examples of this chemical family include yohimbine (α2-adrenergic receptor antagonist),28 strictosidine (common biosynthetic intermediate),29 mitragynine (partial μ-opioid agonist),30 harmine (monoamine oxidase inhibitor),31 eudistomins (cytotoxic, antitumor, and antiviral properties),32 hyrtiocarboline (antiproliferative activity agains lung and lymphoma cancer cell lines)33 (Figure 1.6). 


[bookmark: _Ref100742458][bookmark: _Toc100243234][bookmark: _Toc100748287]Figure 1.6. β-carboline-containing natural products and biologically active compounds. 

	One challenge in plant-derived natural product drug discovery involves accessibility of starting materials. The lab-intensive and time-consuming extraction and isolation process serves as a bottle neck in drug development, because the amounts of active ingredients in natural medicines are usually fairly low.34 One example of a low-yielding yet pharmaceutically important natural product family is the Picrasma alkaloids. The isolation process of the bis-β-carboline quassidine compounds from Picrasma quassioides stems by Yao et al.35 exemplifies the tedious isolation work of natural product drug discovery and is depicted in Figure 1.7. Briefly, the resultant ethanol extract from 100 kg of plant material is dried, diluted with water, then partitioned between ethyl acetate, chloroform, and n-butanol. Dried chloroform-soluble material (128 g) was then purified via silica gel chromatography to afford ten fractions, which were further purified to obtain 5.6 mg of picrasidine C (3.1), 154 mg of quassidine B (3.4), 16.8 mg of quassidine C (3.5), 6.3 mg of quassidine D (3.6), and 4.5 mg of quassidine A (3.17).35 These compounds and their structures will be further discussed in Section 1.2.4 of this chapter (Figure 1.10), but the complex process of converting 100 kg of plant material into mere milligrams of pharmacologically relevant compounds exemplifies an important challenge when developing natural product-derived medicines. 
[image: Depiction of isolation process of bis-β-carbolines conducted by Yao et al.]
[bookmark: _Ref100742582][bookmark: _Toc100243235][bookmark: _Toc100748288]Figure 1.7. Depiction of isolation process of bis-β-carbolines conducted by Yao et al.

	When natural product isolation is not sustainable or scalable, opportunity arises for the development of routes to provide synthetic access to natural products. The prototypical example of this is paclitaxel (Taxol), a transformational anticancer drug. Extraction from natural sources required material from thousands of trees to obtain sufficient quantities for clinical use. This consumption of the Yew tree is largely responsible for the ~30% decline in Pacific Yew populations over the last three generations, ultimately leading to the addition of the Pacific Yew tree to the “Near Threatened” species list.36 This ecological impact and the general scarcity of Taxol prompted a formidable challenge to synthetic chemists. The first total synthesis of Taxol was completed in 1994,37 but several other synthetic strategies have followed.38–40 Complex total syntheses, not only provides an alternative source of important molecules, but it also opens diversification opportunities not often accessible through semi-synthesis efforts and gives rise to new synthetic methodologies that can impact the broader scientific community. Thus, total synthesis is a valuable tool capable of providing scientific impact well beyond the boundaries of the initial goal of obtaining the target molecule. 
[bookmark: _Toc100241877][bookmark: _Toc102586241]1.2.2 The synthesis of β-carbolines and related alkaloids.
	As mentioned in the previous section, β-carboline-containing alkaloids exhibit a widespread range of pharmacological activities. The β-carboline heterocycle is also a very important synthetic intermediate for a variety of pharmaceutically relevant natural products and drug molecules.41 The structure of β-carboline consists of an indole skeleton fused to a pyridine ring. While the synthesis of β-carboline can be completed via metal-catalyzed42 or biosynthetic43 methods, the most straightforward and widely applicable reaction for the synthesis of β-carbolines is the Pictet-Spengler cyclization reaction. 
Discovered in 1911 by Ame Pictet and Theodor Spengler, the Pictet-Spengler reaction (PSR) is a condensation reaction between a β-arylethylamine and a carbonyl compound (aldehyde or ketone) followed by ring closure.44 The PSR was originally used to transform phenethylamine to tetrahydroisoquinolines (Scheme 1.1A), but it is more well-known and widely used today for the formation of tetrahydro-β-carbolines (THBC) from tryptamine starting materials (Scheme 1.1B).45 Tetrahydroisoquinolines (THIQ) and THBCs represent key elements of an immense range of structurally complex synthetic products, including thousands of naturally occurring indole and isoquinoline alkaloids. The multifunctional PSR has significant synthetic value, since the amine and aldehyde components can vary widely, allowing for the construction of structurally diverse THIQ and THBC ring systems. 
A


B


[bookmark: _Ref100742739]Scheme 1.1. Generalized Pictet-Spengler cyclization reactions. 
Shown are the synthetic routes toward (A) tetrahydroisoquinolines (THIQ) and (B) tetrahydro-β-carbolines (THBC). 

The general mechanism for the formation of THBC from tryptamine and a generic aldehyde (R-CHO) is shown in Scheme 1.2. The mechanism begins with the formation of imine A, following a condensation reaction. Protonation by the acid catalyst then provides iminium intermediate B, which exhibits stronger electrophilicity than its non-protonated counterpart. Cyclization follows where nucleophilic attack from the indole 3-position onto the iminium carbon atom results in spirocyclic intermediate C, which readily undergoes ring expansion to form the piperidine fused tricyclic system (D). Re-aromatization of the indole ring provides the energetic “sink” to produce the final THBC product. 


[bookmark: _Ref100742786]Scheme 1.2. Mechanism for the acid-catalyzed Pictet-Spengler reaction with tryptamine and an aldehyde (R-CHO). 

This mechanism has been extensively studied, especially in the context of condensations with highly reactive indoles such as tryptamine.46 Cook et al. reviewed the PSR of benzaldehyde and tryptamine and found the yields for THBC formation to be higher in aprotic media as opposed to aqueous media.47 The electrophilicity of the imine double bond was the limiting factor, which determined whether cyclization would proceed. Shudo et al. identified a linear relationship between the rate of cyclization and the acidity of the reaction media by carrying out kinetic studies of the PSR with phenethylamines and various benzaldehydes in the presence of trifluoroacetic acid (TFA), trifluoromethanesulfonic acid (TFSA), or a mixture of the two.48 It was found that the imine is not electrophilic enough for ring closure, but the iminium ion is capable of undergoing the cyclization reaction. Combined, the results of these two studies suggest that prototypical PSR conditions involve a strong acid such as trifluoroacetic acid (TFA) in aprotic media. However, the PSR can occur under a wide variety of reaction conditions, including but not limited to 1) Lewis acid-mediated enantioselective PSRs,49 2) base-mediated PSRs,50 3) substitution of tryptophan for tryptamine,51 4) PSRs of ketimines derived from alkyl ketones,52 and 5) enzyme-catalyzed biosynthetic PSRs.53 


[bookmark: _Ref100742825]Scheme 1.3. The PSR in Sarpong’s 2012 synthesis of yohimbine alkaloids. 
Reagents and conditions for each method: (A) 10% 1 N HCl/THF, rt; (B) MeCN, 160 ̊C, microwave. Diastereomeric ratios (F:G) for R = H are 1:0 and 1:3 for methods A and B, respectively. Diastereomeric ratios (F:G) for R = OMe are 1:0 and 1:1.8 for methods A and B, respectively. 


The multifaceted PSR has been relied upon for the synthesis of numerous β-carboline-containing natural products and biologically relevant molecules, and its adaptability allows for its utilization in future total synthesis projects, as well. The total synthesis of yohimbine alkaloids by Sarpong et al. is an exemplary application of PSR versatility. In their synthetic studies,54 indole-containing aminonitrile E was subjected to PSR conditions, with special attention paid to the role that arene nucleophilicity plays in the stereoselectivity of pentacycle formation (Scheme 1.3). Treatment of E (R = H) with hydrochloric acid (10% 1 N HCl in tetrahydrofuran at 23 ̊C, method A) resulted in the exclusive formation of β-diastereomer F, while the thermal PSR (heating E to 160 ̊C in acetonitrile, method B) afforded a mixture of diastereomers (Scheme 1.3). Notably, method A consistently selected for a single diastereomer (F), even when employing 4- or 6-methoxyindole analogs of E. Method B, on the other hand, gave disparate diastereoselectivities influenced greatly by the nature of the indole fragment. This specific study is interesting because it demonstrates the versatility of the PSR from two different approaches: (1) variability in indole constituents alters arene nucleophilicity and (2) aminonitrile moieties provide an alternate imine precursor. It was previously reported by Stork et al. that the iminium intermediate forms when the cyanide from the aminonitrile moiety undergoes elimination upon refluxing in acetonitrile.55 
Among the many advantages of PSRs, this acid-catalyzed reaction also has green chemistry implications because of its efficient atom economy and a byproduct of only one water molecule. The PSR is one of the most direct and efficient synthetic methods for the construction of important privileged pharmacophores such as THIQs, THBCs, and poly-heterocycles embodying them.56 This reaction is also highly variable, however. The abundant versatility of the PSR makes it both an invaluable tool and a challenging puzzle for synthetic chemistry, as reaction conditions must be tuned and optimized to specific substrates. Highlighted examples of parameters and constituents that are amenable to modification are as follows:57 
1. Increased nucleophilicity of the amine-containing reagent, or increased electrophilicity of the carbonyl component can affect PSR reaction rates.58 
2. Solvent choice, temperature, amount of acid, and reaction time influence the final results of the PSR.59
3. Stereoselectivity can be influenced by chiral carbonyl derivatives60 or chiral auxiliaries.61,62 
[bookmark: _Toc100241878]The PSR might be extremely adaptable and useful, but elegance and efficiency must still be fine-tuned, especially for complex structural architectures. 
[bookmark: _Toc102586242]1.2.3 Interests in picrasidine C as a subtype selective PPARα agonist and its implications in diabetic retinopathy. 
Diabetic retinopathy (DR), a common complication of diabetes, is a leading cause of blindness in developed countries.63 It is projected that nearly all type 1 diabetes patients and 60% of type 2 diabetes patients will be diagnosed with some form of DR after 20 years of disease, as the prevalence of DR grows proportionally to the duration of diabetes.64 DR is classified into two categories, namely nonproliferative diabetic retinopathy (NPDR) and proliferative diabetic retinopathy (PDR), characterized by absence or presence retinal neovascularization, respectively.65 NPDR is further divided into mild, moderate and severe stages, representative images of the retina at each stage are in Figure 1.8.66 
[image: Stages of Diabetic Retinopathy through retinal images.]
[bookmark: _Ref100742880][bookmark: _Toc100243236][bookmark: _Toc100748289]Figure 1.8. Stages of Diabetic Retinopathy through retinal images.

With severe, sight-threatening DR, there are few commonly used intervention treatments currently available. The first is laser photocoagulation, which applies light energy to the retina with the aim of stopping the growth and development of new blood vessels.67 The second is vitrectomy, a surgical procedure to remove some or all of the vitreous humor, the eye’s clear internal jelly.68 Finally, intravitreal injections of anti-vascular endothelial growth factor (VEGF) drugs inhibit angiogenesis and vascular permeability, sometimes resulting in reduced pressure build up in the eye from fluid retention to help improve vision.69 These treatments are effective in reducing vision loss, but they only address signs and symptoms rather than providing a cure for DR.70 The long-term efficacy of anti-VEGF therapy has also been thoroughly questioned and evidence of a therapeutic “ceiling” for such treatments limit improvement of visual acuity.71 As such, with uncomfortable recovery times and possible surgical complications, there is an obvious and undeniable need for non-invasive DR treatments.
One target gaining significant traction for the development of diabetes and DR chemotherapeutics is PPARα. The peroxisome proliferator-activated receptors (PPARs) are transcription factors that that play essential roles in the regulation of glucose, lipid, and cholesterol metabolism.72 Notably, they were originally named PPARs because of their ability to induce peroxisome proliferation in rodents, but this function is not believed to occur in humans.73 In humans, the PPAR superfamily comprises three subtypes (PPARα, PPARγ, and PPARδ), a group of nuclear receptor proteins that bind to fatty acids and regulate energy production, lipid metabolism, and inflammation in a ligand-dependent manner.74 While the PPARs share functional similarities and significant sequence homologies, isoform distribution varies depending on tissue location (Table 1.1), allowing for selectively targeting individual isoforms.75 




[bookmark: _Ref100742908]Table 1.1. Main metabolic functions regulated by PPARs.75
	
	
	Liver
[image: ]
	Muscle
[image: ]
	Adipose Tissue
[image: ]

	Lipid utilization
	PPARα
	- Fatty acid oxidation
- Response to fasting
	- Fatty acid oxidation
- Energy uncoupling
	

	
	PPARδ
	
	- Fatty acid oxidation
- Energy uncoupling
	- Fatty acid oxidation
- Energy uncoupling

	
	
	
	
	

	Lipid storage and insulin sensitivity
	PPARγ
	- Lipogenesis
- Insulin sensitivity
	- Insulin sensitivity
	- Adipocyte differentiation
- Adipocyte survival
- Lipogenesis
- Adipokine secretion
- Insulin sensitivity



The isoform that our lab is interested in is PPARα, because its agonists have shown therapeutic effects towards the treatment of DR by influencing the regulation of inflammatory factors (TNF-α, intercellular adhesion molecule-1 (ICAM-1), and VEGF),76 mitochondrial function, apoptosis, and neovascularization in the diabetic retina.77 The therapeutic effects of PPARα agonists have also been confirmed in the Fenofibrate Intervention and Event Lowering in Diabetes FIELD78 clinical study in which fenofibrate, an orally administered fibric acid derivative, reduced the progression rates of DR in patients with type 2 diabetes. Since fenofibrate is weakly potent,79 only shows modest selectivity for PPARα over other PPAR subtypes,80 and has dose-limiting  adverse effects such as hepatotoxicity and renal failure,81 novel PPARα agonists are desired to allow the continued development and clinical exploitation of PPARα agonism for the treatment of DR. 


[bookmark: _Ref100742950][bookmark: _Toc100243237][bookmark: _Toc100748290]Figure 1.9. Structures of PPAR active compounds referenced in this section. 

Several compounds are currently in the pipeline for PPAR-targeting drugs (representative structures in Figure 1.9). The major challenge presented by the search for PPARα agonists is subtype selectivity. Fortunately, the PPAR isoforms crystallize well and the existence of several apo and ligand bound structures provides tools for structure-based design. Several groups have since demonstrated the capability of selectively targeting specific PPAR isoforms, and select examples are featured in Table 1.2. GW409544 is a good example of a non-selective PPARα agonist (EC50 = 2.3 nM) because of its shared affinity for PPARγ (EC50 = 0.28 nM) as well.82 In contrast, GW501516 exhibits exclusive subtype selectivity for PPARδ agonism (EC50 = 24 nM).83 
Recently, our lab published the structure-guided evolution of PPARα selective agonists arising from a novel 2-phenyl-4-carboxyquinoline chemotype.84 Leveraging in silico methods to provide structural guidance for PPARα selectivity, the quinoline core was deconstructed to develop less rigid and more elongated compounds such as A22,84 A91,85 and A190,86 while demonstrating how minor structural modifications can affect isoform selectivity. In this chemotype, A22 incorporates the fibrate head-group and is a pan-PPAR agonist, while A190 and A91 are highly selective for PPARα. Interestingly, the methyl group in A190 dramatically improves binding affinity to PPARα isoform (~38-fold),85 demonstrating the “magic methyl” effect, a phenomena in medicinal chemistry where dramatic change in affinity can be seen with the addition of a single methyl group in a very specific position.87 See Figure 1.9 and Table 1.2 for structures and EC50 values, respectively. 
 
[bookmark: _Ref100743003]Table 1.2. PPAR agonism of select compounds to demonstrate isoform selectivity. 
	Compound
	Experiment
	EC50

	
	
	PPARα
	PPARδ
	PPARγ

	GW50151683
	a
	ND
	24 nMa
	ND

	GW40954482
	b
	2.3 nM
	>10 μM
	0.28 nM

	A9185
	c
	4.43 μM
	>100 μM
	>100 μM

	A19085
	c
	0.037 μM
	>100 μM
	>100 μM

	A2284
	c
	25.3 μM
	38.6 μM
	18.3 μM

	Y-045284
	c
	52.4 μM
	ND
	ND

	Picrasidine C88
	c
	10 μM
	ND
	ND

	Rosiglitazone82
	b
	>10 μM
	>10 μM
	0.018 μM


Data are represented as the EC50 of the corresponding (a) activation of mouse PPAR-GAL4 chimeric receptor, (b) activation of human PPAR-GAL4 chimeric receptor, or (c) human PPAR agonism in luciferase reporter cell lines. ND = No Data. 

With our interest in developing selective PPARα agonists, we became interested in the natural product picrasidine C (3.1), which was recently reported to selectively induce mRNA expression of PPARα-regulated genes in a concentration-dependent manner.88 Compound 1 is a pseudo dimeric β-carboline alkaloid first isolated from the root wood of Picrasma quassioides (Simaroubaceae, Japanese name “Nigaki”) in 1983.89 Interestingly, picrasidine C is structurally different from traditional PPARα agonists, as it does not include the seemingly integral carboxylic acid pharmacophore (atoms labeled in red in Figure 1.9). Because of the stark structural difference of 3.1 compared to prototypical PPARα agonists, this natural product opens new chemical space for the development of PPARα agonists. This, along with the poor isolation yields (see Figure 1.7 and section 1.2.1) of 3.1 provide for an attractive total synthesis project. The successful completion of the total synthesis of this compound would not only help to elucidate its absolute stereochemistry (active enantiomer is unknown), but also enable structure-activity relationship studies expected to lead to more optimal leads. 
[bookmark: _Toc100241879][bookmark: _Toc102586243]1.2.4 Overview of Picrasma alkaloids and picrasidine family members. 
Picrasidine C is only one member of the large family of Picrasma alkaloids. The various pharmacological benefits exhibited by P. quassioides extracts are attributed to approximately 94 distinct phytochemicals90 that are structurally categorized as quassinoids,91 β-carbolines,92,93 canthinones,94 and neolignans,95 among others. Chapter 3 will specifically focus on the bis-β-carboline-containing alkaloids (3.1 – 3.17). Representative structures and biological relevance of such compounds are shown in Figure 1.10 and Table 1.3, respectively. It is important to note that while compounds 3.15 and 3.16 contain a bis-β-carboline-type system, they are structurally categorized as canthinones because of their distinct diketo ring fused to the β-carboline skeleton. 
[image: Structures of β-carboline alkaloids from Picrasma quassioides extracts.]
[bookmark: _Ref100742700][bookmark: _Toc100243238][bookmark: _Toc100748291]Figure 1.10. Structures of β-carboline alkaloids from Picrasma quassioides extracts.


Interestingly, both picrasidine C (3.1) and N (3.16) were found to modulate lipid and glucose homeostasis via peroxisome proliferator-activated receptor (PPAR) agonism. They differ in subtype-selectivity, however, as 3.1 promotes PPARα transcriptional activity88 while 3.16 is a selective PPARβ/δ agonist.96 Structure-activity relationship (SAR) studies within the Picrasma alkaloid class are integral to identify key structural motifs that dictate biological activity and target specificity. Effective SAR studies require synthetic derivatives of bioactive molecules. The work towards the total synthesis of 3.1 and other Picrasma family members will be discussed in Chapter 3. 


[bookmark: _Ref100243462]Table 1.3. Source and biological relevance of bis-β-carboline alkaloids from Picrasma quassioides plant extracts.
	Compound No.
	Compound Name
	Extract Source
	Significance or Activity

	3.1
	Picrasidine C
	Stem or bark
	Glucose and lipid homeostasis88

	3.2
	Picrasidine R
	Root bark
	Unknown97

	3.3
	Picrasidine H
	Root bark
	Unknown97

	3.4
	Quassidine B
	Stem
	Anti-inflammatory35

	3.5
	Quassidine C
	Stem
	Anti-inflammatory35

	3.6
	Quassidine D
	Stem
	Anti-inflammatory35

	3.7
	Picrasidine F
	Stem or bark
	Antibacterial92 

	3.8
	Picrasidine G
	Stem or bark
	Antibacterial92, Cytotoxic98

	3.9
	Picrasidine S
	Stem or bark
	Antibacterial92 

	3.10
	Picrasidine T
	Bark
	Synthetically relevant99

	3.11
	Quassidine I
	Stem
	Cytotoxic100

	3.12
	Quassidine J
	Stem
	Cytotoxic100

	3.13
	NMCA 1
	Stem
	Neuroprotection101

	3.14
	NMCA 2
	Stem
	Neuroprotection101

	3.15
	Picrasidine M
	Root bark
	Unknown102

	3.16
	Picrasidine N
	Root bark
	Glucose and lipid homeostasis96

	3.17
	Quassidine A
	Stem
	Anti-inflammatory35


NMCA = N-methoxy-β-carboline alkaloids

[bookmark: _Toc100241880][bookmark: _Toc102586244]1.2.5 Summary of accomplishments.
Chapter 3 focuses on progress towards the total synthesis of picrasidine C (3.1). Two approaches were considered for this total synthesis: (1) construction of the heterocycle from structural fragments and (2) functionalization of an existing β-carboline ring. While the total synthesis of picrasidine C remains to be completed, Approach 1 resulted in the synthesis of six new and structurally diverse Picrasma-like alkaloid analogs (two mono-β-carbolines and four bis-β-carboline compounds), laying the foundation for future picrasidine and quassidine synthetic advancement. The new analogs feature reactive functional groups (enamine, carbonyls, and epoxides), providing synthetic handles to enable further diversification. Notably, in the midst of exploring Approach 1, a novel cascade reaction for the formation of indoloquinolizine heterocycles was discovered. Concurrently, β-carboline C-H functionalization for Approach 2 was explored via lithiation reactions. Some minor successes in direct β-carboline substitution demonstrates advancement in β-carboline functionalization methodology. The experimental details and results of both approaches will be discussed in Chapter 3.

[bookmark: _Toc102586245]1.3 Overview of SARS-CoV-2 protease inhibitors
[bookmark: _Toc100241882][bookmark: _Toc102586246]1.3.1 Significance: COVID-19 global pandemic.
The novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), initially detected in Wuhan City, Hubei province, China and announced to the World Health Organization (WHO) on December 31, 2019,103 quickly took the world by storm. The outbreak rapidly spread at alarming rates, reaching over 50 countries at the start of March 2020,104 then over 100 countries the following week,105 which led to the monumental announcement on March 11, 2020 where the WHO declared the coronavirus disease 2019 (COVID-19) outbreak a global pandemic. 
The global death toll from COVID-19 surpassed 200,000 by April 2020, estimating an approximately 5.9% case fatality rate.106 As the numbers continued to rise steadily, governments all around the world turned to drastic measures to slow disease spread, implementing a range of stringent policies including stay-at-home lockdowns, school and workplace closures, cancellation of events and public gatherings, and restrictions on public transport.107 Economies were left devastated108 and healthcare systems were vastly overwhelmed.109 As of March 2022, we have been living through this pandemic for over two years, and ~490 million infections have been reported, resulting in over six million deaths.110 With the world in turmoil, scientists everywhere fully focused their research efforts to fight this global pandemic, because the need for effective treatment was obvious and immediate. 
[image: For the ten countries with the highest absolute daily number of deaths, the lines show the cumulative number of cases reported in that country at each date in time in (A) linear and (B) logarithmic scales. The logarithmic scale helps visualize early exponential growth. This data, available thanks to Johns Hopkins University, was last updated on March 29, 2022 at 06:34 AM EDT. ]
[bookmark: _Ref100743248][bookmark: _Toc100243239][bookmark: _Toc100748292]Figure 1.11. Cumulative COVID-19 cases in ten countries by date.
For the ten countries with the highest absolute daily number of deaths, the lines show the cumulative number of cases reported in that country at each date in time in (A) linear and (B) logarithmic scales. The logarithmic scale helps visualize early exponential growth. This data, available thanks to Johns Hopkins University, was last updated on March 29, 2022 at 06:34 AM EDT. 

[bookmark: _Hlk100252685]As several research labs including my own were forced to shut down while we cowered in fear and hid from the deadly, airborne virus, scientists everywhere were implored to rally together to fight off the novel coronavirus SARS-CoV-2 in attempts to bring an end to the global pandemic. For example, in response to this ongoing public health emergency, the Center for Systems Science and Engineering (CSSE) at Johns Hopkins University in Baltimore, Maryland developed an online interactive dashboard to visualize and track reported COVID-19 cases in real time. First shared publicly on January 22, 2020, it helped to provide researchers, public health authorities, and the general public with a user-friendly tool to track the outbreak as it unfolds.110 The exponential growth of cumulative COVID-19 cases in the ten countries with the highest absolute daily number of deaths is visualized in Figure 1.11, thanks to their database. As of March 2022, over two years into the pandemic, COVID-19 has infected over 480 million people resulting in over six million deaths.110 
[bookmark: _Hlk100253148]On a personal note, when the University of Oklahoma forced the closure of research labs starting on March 24, 2020, with no plans of reopening, it was the first time in my scientific career where I was incapable and unallowed to continue research. Working from home as a synthetic chemist proved to be rather difficult and, ultimately, unproductive, so when my university generously requested for research proposals to join in the fight against COVID-19, I jumped at the chance of returning to the lab. My colleague, Quentin Avila, and I worked together to submit a proposal where we aimed to translate our lab’s small molecule research into creating a library of SARS-CoV-2 main protease (Mpro) inhibitors. The following work funded by the COVID-19-Related Rapid Response Research Seed Grant will be discussed in Chapter 4.
[bookmark: _Toc100241883][bookmark: _Toc102586247]1.3.2 Introduction to SARS-CoV-2 protease inhibitors.
[bookmark: _Hlk100254330]Despite the tragedy that comes with pandemic-lethal viruses, we are fortunate to utilize data gathered during previous coronavirus-related epidemics outbreaks in order to advance our knowledge and develop treatment options for the new SARS-CoV-2. SARS-CoV-2 shares 82% sequence homology with the 2003 severe acute respiratory syndrome coronavirus (SARS-CoV).111 Another human coronavirus associated with the Middle East respiratory syndrome (MERS-CoV) killed ~36% (584 of 1621) of patients infected globally, mainly in Saudi Arabia and South Korea.112 Clinical presentation of COVID-19 also seem to resemble SARS-CoV infections.113
Since SARS-CoV-2 exhibits significant homology to previous variants, along with the availability of its genome sequence,114 in silico modeling and computational drug screening proved to be a useful technique to accelerate drug discovery programs. To advance our efforts even more quickly, drugs either already approved by the Food and Drug Administration (FDA) or currently in the pipeline provided a suitable starting point. The current approach for discovering new coronavirus treatment options remains limited to drug repurposing.115 Broadly acting antivirals, antiparasitics, and antibiotics are being employed to treat COVID-19 clinically, usually with emergency authorization, but no effective chemotherapeutic that specifically targets SARS-CoV-2 proteins has yet to be successfully brought to market. 
Two proteins gaining significant traction for their essential role in virus-mediated RNA replication are the 3-chymotrypsin-like protease (3CLpro), also known as the main protease (Mpro),116 and the papain-like protease (PLpro).117 A comparison of the MERS-CoV, SARS-CoV, and SARS-CoV-2 Mpro sequence revealed that the SARS-CoV-2 Mpro is 96% and 51% similar to SARS-CoV and MERS-CoV, respectively.118 
Since our lab had previously designed protease119 and phosphatase120 inhibitors for bacterial targets and built a library of ~300 chemically diverse compounds, we were well-positioned to contribute to the search for active SARS-CoV-2 replication inhibitors. Several known coronavirus Mpro and PLpro inhibitors contain structural similarities to existing compounds in the Duerfeldt lab small molecule library. 
[image: (A – C) Compounds with reported antiviral activity, and (D) Existing compounds in the Duerfeldt lab small molecule library.]
[bookmark: _Ref100541749][bookmark: _Toc100243240][bookmark: _Toc100748293]Figure 1.12. (A – C) Compounds with reported antiviral activity, and (D) Existing compounds in the Duerfeldt lab small molecule library.
Notable functional groups are highlighted in blue (naphthalene), light blue (aldehyde), light green (amide), dark green (sulfonamide), red (aza-lactam), orange (oxazolidinone), and magenta (nitrogen heterocycles). 


Various X-ray crystallography studies found several Mpro and PLpro inhibitors (Figure 1.12A and Figure 1.12B, respectively) or viral replication inhibitors of under characterized mechanisms (Figure 1.2C) belonging to different chemical classes.115 Notably, the naphthalene amide 4.15 displayed SARS-CoV antiviral activity with no associated cytotoxicity,121 and naphthalene sulfonamide 4.18 was found to inhibit viral replication, although the exact mechanism is unknown.122 We have several naphthalene-containing compounds in our library, as well as naphthalene sulfonamides such as 4.22 (Figure 1.12D). Also notable is lopinavir (4.1), a peptide-based compound featured in clinical trials for treating coronavirus patients,123 which exhibits some structural similarity to our peptide-based protease inhibitors (4.33). Finally, linezolid (4.19), an oxazolidinone antimicrobial124 that generally inhibits protein synthesis,125 was recently found to effectively treat pneumonia symptoms in COVID-19 patients.126 Our lab has recently developed a number of oxazolidinone analogs, such as 4.25, thus motivating us to submit our compounds for viral replication inhibition evaluation. Other compounds from Figure 1.12D represent just a few of the chemical classes that our library has to offer: β-carbolenes (4.39), piperazinones (4.44), and peptidic compounds (4.33 and 4.37). Due to the relatedness of our existing compound collection to known coronavirus replication inhibitors, we hypothesized that assessment of our library featuring structurally diverse scaffolds will expand the chemical space being explored during the search of SARS-CoV-2 inhibitors.
Since the coronavirus PLpro is involved in regulation of host interferon and nuclear factor κB (NF-κB) pathways,127 and dysregulation of NF-kB can lead to inflammatory diseases and tumorigenesis,128 it is possible that PLpro inhibitors might lead to more off-target downstream (and potentially detrimental) effects. Especially with recent reports on the safety profiles of Mpro inhibitors,129,130 we decided to focus our efforts on exploring the chemical space and structure-activity relationships (SAR) of Mpro inhibitors.
[bookmark: _Toc100241884][bookmark: _Toc102586248]1.3.3 Summary of what was accomplished.
25 compounds from the Duerfeldt lab small molecule library were sent to Dr. John Teijaro at the Scripps Research Institute (TSRI) for evaluation in an established phenotypic cellular assay.131 In this assay, compounds (initial concentration of 1 μM) were added to the wells concomitantly with SARS-CoV-2, and morphological changes in cells were monitored over 3 days to determine viral cytopathic effect (CPE). Unfortunately, all of our submitted compounds were found to be inactive, and further studies on existing compounds in our library were halted.
[image: Structural evolution from ML188 to JG58. ]
[bookmark: _Ref100543359][bookmark: _Toc100748294]Figure 1.13. Structural evolution from ML188 to JG58. 
Percent inhibition is shown under compound name. 


In continuation of our goal to expand the chemical space and structural diversity of Mpro inhibitors, we gained inspiration from a remarkable database provided by Diamond Light Source.132 With their database and our own preliminary in silico modelling, novel chemotypes of inhibitors were identified, inspiring three scaffolds for us to explore and evaluate for Mpro inhibition (urea, piperazine, and peptidomimetic). I was personally tasked with synthesizing peptidomimetic compounds. Using the multi-component Ugi coupling reaction,133 I was able to rapidly generate 18 bis-amide compounds which were evaluated for protease activity with a commercial FRET-based assay kit. ML188 (4.10) was used as the positive control because it is a known non-covalent Mpro inhibitor.134,135 From this small SAR project, JG58 was found to exhibit ~20% higher inhibition activity compared to ML188 (Figure 1.13). Our preliminary work towards expanding the chemical space of coronavirus protease inhibitors will be discussed in Chapter 4.
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[bookmark: _Toc98429804][bookmark: _Toc102586250]Chapter 2. Virulence modulation in Gram-negative bacteria via small molecule activation of CpxRA
Abstract. Two-component signal transduction systems (2CSTS) provide the means for bacteria to sense and react to changes in the environment. Aberrant 2CSTS activity leads to faulty gene transcription and can alter bacterial cell-growth, quorum sensing, biofilm behavior, antibacterial resistance, and virulence. As such, modulation of these systems represents a promising antibacterial strategy that complements existing bacteriostatic and bactericidal approaches. CpxRA is a 2CSTS found in many drug-resistant Gram-negative pathogens. Genetic activation of CpxRA abolishes the virulence of a number of pathogens in human and murine infection models. Recently, 2,3,4,9-tetrahydro-1H-carbazol-1-amines were shown to activate the CpxRA system by inhibiting the phosphatase activity of CpxA. In this chapter, I report collaborative efforts towards the initial structure-activity relationships of this scaffold which identified compound 2.26 that manifests a ~30-fold improvement in CpxA phosphatase inhibition over the initial hit. Comparison of amino and des-amino derivatives of this chemotype in isogenic cell lines, differing in membrane permeability and efflux capabilities, demonstrates that the amine is required not only for target engagement but also for permeation and accumulation in Escherichia coli. Compound 2.26 was then evaluated for its efficacy to treat urinary tract infections (UTIs) in murine models. We found that 2.26 reduced bacterial recovery in the urine, bladder, and kidneys, with efficacy similar to ciprofloxacin. A proteomic comparison of the uropathogenic E. coli (UPEC) strain CFT073 cpxA deletion mutant versus 2.26-treated CFT073 allowed us to analyze the differences between genetic and pharmacologic activation of CpxRA. Since treatment of CFT073 by 2.26 does not inhibit bacterial growth but still fosters accumulation of CpxR-P and downregulates virulence determinants, we have demonstrated that CpxA phosphatase inhibitors may be useful in treating UTIs caused by UPEC. The initial SAR studies producing lead compound 2.26, its evaluation in murine UTI models, and our proteomics analysis will be discussed in this chapter. 
[bookmark: _Hlk519346856]Allocation of Contribution. The following chapter is reproduced in part and with permission from “First-generation structure-activity relationship studies of 2,3,4,9-tetrahydro-1H-carbazol-1-amines as CpxA phosphatase inhibitors,” Yangxiong Li, Jessi J. Gardner, Katherine R. Fortney, Inga V. Leus, Vincent Bonifay, Helen I. Zgurskaya, Alexandre Pletnev, Sheng Zhang, Zhong-Yin Zhang, Gordon W. Gribble, Stanley M. Spinola, Adam S. Duerfeldt. Bioorg and Med Chem Lett. 2019, 29, 1836-1841. DOI: j.bmcl.2019.05.003,1 and “CpxA Phosphatase Inhibitor Activates CpxRA and Is a Potential Treatment for Uropathogenic Escherichia Coli in a Murine Model of Infection,” Fortney, K. R.; Smith, S. N.; van Rensburg, J. J.; Brothwell, J. A.; Gardner, J. J.; Katz, B. P.; Ahsan, N.; Duerfeldt, A. S.; Mobley, H. L. T.; Spinola, S. M. Microbiol Spectr. 2022, e02430-21. DOI: 10.1128/spectrum.02430-21.2 Further permissions related to the material excerpted in this chapter should be directed to Elsevier or the American Society for Microbiology. 
I produced the results presented in this chapter with the following exceptions: My colleague, Dr. Yangxiong Li, and I contributed equally to the synthesis of fluorine-containing compounds 2.14 – 2.20 and 2.23 – 2.26. A-ring substituted compounds 2.1 – 2.13 were synthesized by Dr. Li or provided by the Gribble group from Dartmouth College. Activity assays, modified E. coli strains (ΔcpxA), and evaluation of compounds in murine models were provided by the Spinola lab at the Indiana University School of Medicine and the Chemical Genomics Core facility in the Indiana CTSI. Intracellular accumulation assays were performed by Inga Leus and Vincent Bonifay within the Zgurskaya lab. Proteomic analysis was provided by Dr. Nagib Ahsan in the mass spectrometry core facility at the University of Oklahoma. 
[bookmark: _Toc98429805][bookmark: _Toc102586251]2.1 Introduction
[bookmark: _Hlk519342358]The urgency to develop new modalities to treat drug-resistant infections is unquestionable, especially for those caused by multi- and extensively-drug resistant Gram-negative pathogens. Reports of infectious strains resistant to all known clinically approved antibiotics have surfaced and raise the possibility that common infections may soon become untreatable if new therapeutic advancements are not developed in a timely fashion.3  
[bookmark: _Hlk519343617][bookmark: _Hlk519342185]All currently available antibiotics inhibit a limited number of enzymes and processes that have essential functions for bacterial growth.4 The dogma in the field is that only compounds that completely inhibit cell growth will prove to be clinically useful. Despite intensive efforts, few new targets or drug classes have been identified for Gram-negative bacteria in the past 50 years.5 In fact, the ability to address resistance has resorted in large part to structural modification of known classes.6 This approach typically provides only short-lived solutions, as new derivatives are susceptible to the rapid evolution of cross-resistance.7 The reality is that bacterial resistance now outpaces our ability to derivatize known scaffolds and advance the new entities to the clinic. Thus, new targets, antibacterial chemotypes, and approaches are desperately required. In contrast to traditional approaches, one strategy that is gaining significant traction is to render organisms vulnerable to host immune clearance by targeting virulence determinants or processes that control the expression of virulence factors.8 
In this context, bacterial two-component signal transduction systems (2CSTS) represent attractive targets for antibacterial drug discovery. In contrast to 2CSTS, that act usually at histidine and aspartate residues, mammalian signal transduction systems utilize kinases and phosphatases that act at tyrosine, serine, or threonine residues.9 Because 2CSTS are ubiquitous in bacteria, are not found in mammals, and perform phosphorelay on different amino acids, they are excellent antimicrobial targets. These systems consist of a sensory kinase (SK) and a response regulator (RR). In response to a stimulus (1, Figure 2.1), the SK autophosphorylates a conserved histidine (2, Figure 2.1), and a cognate RR catalyzes the transfer of this phosphate group to itself on an aspartic acid residue (3, Figure 2.1).10 Phosphorylation of the RR leads to a biological response, usually resulting in changes to gene transcription. Some SKs also possess phospho-RR phosphatase activity (4, Figure 2.1) and are thus critical to signaling duration.9 Loss of SK phosphatase activity leads to persistent RR phosphorylation and thus constitutive activation of the pathway. 
[image: CpxRA signaling overview. ]
[bookmark: _Toc97309246][bookmark: _Toc100748295]Figure 2.1. CpxRA signaling overview. 
In response to membrane stress (1), CpxA (SK) undergoes autophosphorylation at a conserved His residue in an ATP-dependent manner (2). CpxR (RR) then catalyzes the transfer of the phosphate group to a cognate Asp residue (3), resulting in CpxR-P and activation. CpxA exhibits phosphatase activity and can dephosphorylate CpxR-P (4).



[bookmark: _Hlk519343221][bookmark: _Hlk519343293]CpxRA, (SK = CpxA; RR = CpxR) is a 2CSTS found in many drug-resistant Gram-negative bacteria, including all members of the Enterobacteriaceae, Neisseria gonorrhoeae, and Haemophilus ducreyi. A major function of CpxRA is to alleviate membrane stress by reducing protein traffic through the cell membrane.10 Activation of CpxRA reduces the expression of virulence factors, which must traverse the cytoplasmic membrane to reach the cell surface. Uncontrolled, genetic activation of CpxRA abolishes the virulence of Salmonella enterica serovar Typhimurium in mice.11 Additionally, genetic activation of CpxRA abolishes the ability of H. ducreyi to cause disease in human volunteers,12 of N. gonorrhoeae to infect mice,13 and impairs the ability of uropathogenic Escherichia coli (UPEC) to cause pyelonephritis in mice.14 Thus, activation of CpxRA impairs the ability of multiple extracellular and intracellular pathogens to infect their experimental or natural hosts.
Most of what is known about 2CSTS has been produced through genetic manipulation of the pathway constituents or by the development of a few small molecule inhibitors of these systems.15,16 As such, the development of chemical probes to selectively modulate these systems is a valuable pursuit, as these tools could be used to advance the understanding of these pathways and provide a better picture of therapeutic utility. Recently, compound 2.1 (Figure 2.2) was shown to inhibit the phosphatase activity of CpxA, resulting in accumulation of CpxR-P and thus activation of the CpxRA system (Figure 2.1) as measured by a phospho-CpxR sensitive lacZ reporter in E. coli cells.17 In this chapter, we report our initial progress in advancing the structure-activity relationships (SAR) for this 2,3,4,9-tetrahydro-1H-carbazol-1-amine scaffold. 
[image: Initial SAR reported on the 2,3,4,9-tetrahydro-1H-carbazol-1-amine chemotype. ]
[bookmark: _Toc97309247][bookmark: _Toc100748296]Figure 2.2. Initial SAR reported on the 2,3,4,9-tetrahydro-1H-carbazol-1-amine chemotype. 



[bookmark: _Toc98429806][bookmark: _Toc102586252]2.2 Results and discussion
[bookmark: _Hlk519347037][bookmark: _Hlk519347557]Results reported in the initial discovery paper indicate that the 6-nitro functionality is not required for CpxA phosphatase inhibition (2.2, Figure 2.2), but that removal of the primary amine abolishes activity (2.3, Figure 2.2). To advance the SAR on this chemotype, we focused on three major approaches to reveal structural motifs important for CpxA inhibition: 1) A-ring substitution, 2) B-ring deconstruction to provide N-arylated amino acid derivatives and 3) C-ring removal to give 2-alkylamino substituted indoles (Figure 2.3). Compounds were initially evaluated for their ability to activate a CpxR-responsive lacZ reporter in a modified E. coli strain.17  
 

[bookmark: _Toc97309248][bookmark: _Toc100748297]Figure 2.3. SAR strategy and rationale for the targeted analogs.

[bookmark: _Toc98429807][bookmark: _Toc102586253]2.2.1 A-ring substitution.
Due to previous observations that substitution is allowed on the 5-position of the indole and may provide a means to alter the potency of this class, we evaluated a number of substituents that ranged broadly in size, polarity, and hydrogen bonding capabilities. Analogs were prepared in straight forward fashion via a two-step process employing Fischer-indole methodology18 followed by reductive amination (Scheme 2.1). As shown in Figure 2.4, the presence of a chlorine or fluorine at the 5-position (2.5 – 2.6) provided the best activity, favoring the smaller, fluorine (2.6). While incorporation of bromine at this position was also evaluated, evidence of cytotoxicity and general activation of the stress response in the reporter strain was noted and thus the level of CpxRA activation could not be determined. Installation of a trifluoromethyl group at the 5-position (2.7) also provided equipotency to compound 2.1. Incorporation of more electron rich substituents like a methoxy (2.8) or methyl (2.9) group was detrimental to activity. Inclusion of various other resonance mediated electron withdrawing groups such as a methyl ester (2.10), carboxylic acid (2.11), sulfonamide (2.12), or nitrile (2.13) failed to induce reporter activity beyond baseline, indicating no CpxA phosphatase inhibition for these analogs. 


Scheme 2.1. General synthetic approach to 2.1 – 2.13. 
Reagents and conditions: (a) 1 M HCl, H2O, 120 °C, 32-66%; (b) NH4OAc, NaCNBH3, MeOH, 60 °C, 73-94%.

In hopes of revealing activity trends based on basic physicochemical Hansch parameters (e.g., lipophilicity (π), size (Es), and electronics (σp)), –log (EC50) values were plotted versus individual descriptors. Unfortunately, no obvious linear free energy relationship correlations are observed.  
[image: β-galactosidase activity of A-ring substituted analogs. ]
[bookmark: _Toc97309249][bookmark: _Toc100748298]Figure 2.4. β-galactosidase activity of A-ring substituted analogs. 
aEvidence of stress response activation due to cytotoxicity. Results are provided as the mean ± SEM of at least three separate experiments performed in triplicate. ND = not determined.

To further the interrogation of A-ring substitution, we performed a “substituent walk” to evaluate the optimal positioning for the fluoro and trifluoromethyl substituents. The observation that the 6-fluoro analog 2.16 exhibited near equipotency to 2.6 led us to synthesize and evaluate the 5,6-difluoro analog 2.20 (Figure 2.5). Gratifyingly, this substituent combination proved to be additive and improved activity ~3-fold from compound 2.6 and ~5-fold from compound 2.16 (Figure 2.5). Overall, in comparison to the initial hit 2.1 and the unsubstituted derivative 2.2, compound 2.20 exhibits ~9-fold and ~11-fold improvements in cellular potency, respectively. 
[image: Results of “substituent-walk” around the A-ring. ]
[bookmark: _Toc97309250][bookmark: _Toc100748299]Figure 2.5. Results of “substituent-walk” around the A-ring. 
aLow levels of agonism did not allow for EC50 calculation. bGeneral activation of stress response due to cytotoxicity. Results are provided as the mean ± SEM of at least three separate experiments performed in triplicate.

[bookmark: _Toc98429808][bookmark: _Toc102586254]2.2.2 C-ring deconstruction. 
In parallel to the A-ring studies, two derivatives lacking the intact C-ring were assessed for CpxRA agonism and thus provide insight into the importance of this feature. As shown in Figure 2.6, simplification of the 2,3,4,9-tetrahydro-1H-carbazol-1-amine scaffold to provide compound 2.21 resulted in a ~6-fold loss in activity when compared to 2.6. Further simplification to compound 2.22, however, resulted in an additional ~2-fold reduction in activity, even with the more active 5-fluoro A-ring. These initial results suggest that the C-ring is not necessary for target engagement, but likely provides beneficial conformational bias that improves ligand-target engagement. It is also worth noting that 2.21 showed no signs of general activation of the stress response, a complication observed for the related compound, 2.4. 
[image: Effects of C-ring deconstruction. ]
[bookmark: _Toc97309251][bookmark: _Toc100748300]Figure 2.6. Effects of C-ring deconstruction. 
Results are provided as the mean ± SEM of at least three separate experiments performed in triplicate.


In addition to C-ring deconstruction, we were interested in probing the requirements associated with the primary amine. As mentioned previously, initial studies revealed the amine to be essential for activity (Figure 2.2). It was not known, however, if stereochemical preference exists at this position and/or if the amino group was simply providing hydrogen bond interactions that could be replenished with different functionalities. To probe these questions, we synthesized 2.23 – 2.25 (Figure 2.7). Access to enantiopure amines was achieved through the use of Ellman’s sulfonamides as chiral auxiliaries to induce stereoselective reductive amination (Scheme 2.2). As shown in Figure 2.7, only one of the two enantiomers is active, with the (R)-enantiomer 2.23 being eutomer and the (S)-enantiomer 2.24 the distomer. 


Scheme 2.2. Synthesis of compounds 2.23 and 2.24. 
Reagents and conditions: (a) t-butanesulfinamide, Ti(OEt)4, toluene, reflux, 84%; (b) NaBH4, THF, -78 °C; (c) HCl▪dioxane, MeOH, 23 °C 99%. 

[image: Assessment of amine substitution and stereochemical requirements. ]
[bookmark: _Toc97309252][bookmark: _Toc100748301]Figure 2.7. Assessment of amine substitution and stereochemical requirements. 
Results are provided as the mean ± SEM of at least three separate experiments performed in triplicate.

Additionally, replacement of the primary amine with a primary alcohol abolishes activity (compare 2.25 and 2.2, Figure 2.2). As demonstrated by 2.26, incorporation of the 5,6-difluoroindole with the (R) stereocenter produces the same enhancement in activity as noted with the racemic series and provides the most active compound identified in this series to date.  
Considering the seemingly dispensable C-ring, the requirement for a primary amine, and necessity of (R) stereochemistry, we were intrigued by the possibility of simplifying this scaffold even further through the deconstruction of the B-ring to arrive at more synthetically tractable N-arylated amino acids. As shown in Figure 2.3 this chemotype retains the requisite A-ring and the sp2 hybridization of the carbon alpha to the “indole” nitrogen. The resulting amide is expected to adopt the more energetically favored trans geometry,19 thus providing a reasonable isostere for the parent indole, while alleviating the rigidity of the parent heterocycle. Unfortunately, all analogs synthesized in this series (Figure 2.8) were inactive at concentrations up to 80 µM.


[bookmark: _Toc97309253][bookmark: _Toc100748302]Figure 2.8. Structure of seco-amide analogs synthesized and assessed for CpxRA modulation.


[bookmark: _Toc98429809][bookmark: _Toc102586255]2.2.3 Significance of the primary amine.
 The dependence of compound activity on the stereochemistry of the primary amine is indicative of interaction with a 3-dimensional binding pocket within CpxA. Additionally, our SAR indicates that the amine is essential for activity. In light of the recent work by the Hergenrother lab20 that highlights the importance of primary amines in porin mediated transport, we were curious if the primary amine was also involved in permeation and/or accumulation of the 2,3,4,9-tetrahydro-1H-carbazol-1-amine chemotype in Gram-negative bacteria. To evaluate this, we utilized an established mass spectrometry method to determine the accumulation of compounds 2.6 and 2.33 in isogenic strains of E. coli with different efflux efficiencies and controlled permeability of the outer membrane. WT-Pore cells contain the wild-type repertoire of efflux pumps and the arabinose-controlled large pore that when expressed, permeabilizes the outer membrane to antibiotics as large as vancomycin.21 The ΔTolC cells are efflux-deficient derivatives lacking the outer membrane channel TolC required for the activity of various efflux pumps of E. coli. Cells with intact and hyperporinated (induced) outer membranes were incubated with increasing concentrations of compounds 2.6 and 2.33 and the intracellular accumulation was analyzed after 1 and 40 minutes of incubation with compounds. As seen in Figure 2.10, compound 2.33, which lacks the primary amine, is susceptible to efflux and suffers from poor permeability across the outer membrane. Compound 2.6 on the other hand contains the primary amine, accumulates at much higher intracellular levels overall, is still sensitive to efflux, albeit to a lesser extent, and accumulates less in wild-type than in efflux deficient E. coli. Additionally, 2.6 accumulates equally well in the cells with intact and hyperporinated outer membrane. These results clearly demonstrate that the primary amine is not only involved in target engagement but is also imperative to the permeation and accumulation in a Gram-negative organism. 
[image: Intracellular uptake of compounds 2.6 and 2.33 into isogenic E. coli strains that exhibit different efflux efficiencies and controlled permeability of the outer membrane.]
[bookmark: _Toc97309254][bookmark: _Toc100748303]Figure 2.9.  Intracellular uptake of compounds 2.6 and 2.33 into isogenic E. coli strains that exhibit different efflux efficiencies and controlled permeability of the outer membrane.
WT = E. coli BW25113; WT-Pore = BW25113 attTn7::mini-Tn7T-Km-araC-ParaBAD-fhuAΔCΔ4L; ΔTolC = BW25113 ΔtolC-ygiBC; ΔTolC-Pore = ΔtolC-ygiBC attTn7::mini-Tn7T-Km-araC-ParaBAD-fhuAΔCΔ4L.

[bookmark: _Toc98429810]

[bookmark: _Toc102586256]2.2.4 Probing the mechanisms of CpxRA modulation.
Compound 2.23 causes CpxR-P accumulation in CFT073. As mentioned previously, 2.1 is believed to indirectly activate the CpxRA 2CSTS through the inhibition of CpxA phosphatase activity, thus rendering CpxR phosphorylated for an indefinite period of time. To confirm whether the results of the lacZ reporter assay observed for the more potent derivatives of compound 2.1 were consistent with mechanisms reported for 2.1, we evaluated the ability of 2.23 to inhibit CpxA phosphatase activity through Phos-Tag methodology, gel visualization, and densitometry quantification of CpxR phosphorylation levels, exactly as described.17 As is seen Figure 2.10A and as  reported previously,17  both the ΔcpxA mutant and the compound-treated wild type (WT) expressed more CpxR than the untreated wild type, likely because CpxR-P positively autoregulates its transcription.  Similar to compound 2.1, treatment with compound 2.23 (10 μM) caused a statistically significant increase in the ratio of CpxR-P to CpxR relative to the untreated wild type and the ΔcpxA mutant. In contrast, activation in the ΔcpxA mutant increased the accumulation of CpxR-P but did not cause a statistically significant increase in the ratio of CpxR-P to CpxR compared to the wild type. Taken together, the data suggest that pharmacological activation of CpxRA by inhibition of CpxA phosphatase activity yields different results than activation via deletion of cpxA, perhaps because CpxA kinase activity is retained in the pharmacological approach. 
Compound 2.26 causes CpxR-P accumulation in CFT073 cultured in human urine. After confirming the ability of compound 2.23 to modulate CpxR-P accumulation in the UPEC cell models, we extended the evaluation to its difluoro analog 2.26, which had a mean EC50 value (1.1 µM) that was ~3-fold lower than 2.23. Similar to the Phos-Tag methodology described above, we evaluated the ability of 2.26 to inhibit CpxA phosphatase activity in human urine samples, which are absent of glucose. We chose 150 μM as this was the approximate trough concentration of compound 2.6 detected in murine urine after 3 days of treatment. Compound 2.26-treated WT (CFT073) induced accumulation of CpxR-P that was higher than that of the untreated WT and ΔcpxA mutant (CFT073cpxA::cat) controls (Figure 2.10C). Consistent with the fact that CpxR-P positively increases cpxR transcription, total CpxR levels were higher in compound 2.26-treated WT than in the WT and ΔcpxA mutant controls. As expected, CFT073cpxA::cat failed to increase expression of CpxR or CpxR-P because urine lacks glucose, which is needed for the formation of acetyl phosphate.
Compound 2.26 increased the ratio of CpxR-P to CpxR in CFT073 by 1.3- (P < 0.002) and 1.4- (P < 0.001) fold, respectively, compared to the CFT073 and CFT073cpxA::cat controls (Figure 2.10D). These data suggest that treatment of CFT073 by 2.26 does not inhibit bacterial growth and fosters production of CpxR and accumulation of CpxR-P, and that CpxA acts as a net kinase during growth in human urine. 
[image: Composite representative Western blot of His6CpxR incubated with 0 or 20 mM AcP, and the ΔcpxA mutant and WT grown in media with 0.4% glucose and 0 or 10 μM compound 2.23. ]
[bookmark: _Ref88237485][bookmark: _Toc97309255][bookmark: _Toc100748304]Figure 2.10. Compounds 2.23 and 2.26 induce phospho-CpxR accumulation. 
A) Composite representative Western blot of His6CpxR incubated with 0 or 20 mM AcP, and the ΔcpxA mutant and WT grown in media with 0.4% glucose and 0 or 10 μM compound 2.23. Note that migration of His6CpxR is slower than native CpxR. B) The ratio CpxR-P to CpxR was determined using densitometry; average and standard deviation are from 5 independent experiments. C) Composite representative Western blot of His6CpxR incubated with 0 or 20mM AcP, and CFT073 and the CFT073ΔcpxA::cat mutant grown in human urine with 0 or 150 mM compound 2.26. Note that migration of His6CpxR is slower than native CpxR. D) The ratio CpxR-P to CpxR was determined using densitometry; mean and standard deviation are from 4 independent experiments. P-values were calculated with one-way ANOVA followed by a Tukey test.


Compound 2.26 is effective for treatment of UTIs in the murine model. In the interest of investigating the ability of pharmacologically activated CpxR to mimic the cpxA deletion phenotype, we evaluated the efficacy of 2.26 for treatment of UTIs in the murine model.2 The 4-arm trial included a group inoculated with CFT073 and treated with the vehicle control, a group inoculated with the CpxA deletion mutant (CFT073ΔcpxA::cat) and treated with the vehicle control, a group inoculated with the parent UPEC strain (CFT073) and treated with compound 2.26, and a group inoculated with CFT073 and treated with ciprofloxacin. 
While the cpxA mutant was recovered at levels generally similar to those of the parent transformed with an empty vector, mice treated with ciprofloxacin or 2.26 retained a median of 1,000-fold less bacteria cells in urine and kidney samples and 10-fold less in bladder samples. Mice inoculated with CFT073 and treated with ciprofloxacin had significantly lower recoverable CFU in the urine (P = 0.008) and kidneys (P = 0.032) but not the bladder (P = 0.174) compared to the CFT073 inoculated and vehicle treated controls (Figure 2.11). Treatment of mice inoculated with CFT073 with 100 mg/kg of 2.26 significantly lowered the recoverable CFU in the urine (P = 0.036) and trended towards lowering the CFU in the bladder (P = 0.065) and the kidneys (P = 0.067) compared to the CFT073 inoculated and vehicle treated controls (Figure 2.11). In comparing the groups inoculated with CFT073 and treated with 2.26 or ciprofloxacin, there were no significant differences in the recoverable CFU in the urine, bladder, and kidneys (all P > 0.9). Thus, our lead compound 2.26 was found to be as active as ciprofloxacin in mouse urine, bladder, and kidney samples, which is significant considering ciprofloxacin is believed the standard treatment for patients with complicated UTIs.22–24 
[image: Recovery of bacteria from mice urine, bladder, and kidney samples. ]
[bookmark: _Ref88234416][bookmark: _Toc97309256][bookmark: _Toc100748305]Figure 2.11. Recovery of bacteria from mice urine, bladder, and kidney samples. 
Mice were inoculated with CFT073 or CFT073ΔcpxA::cat and treated with the vehicle control (VC), ciprofloxacin, or 2.26 as described in text. The mice were sacrificed 4 hours after the final treatment. The dashed line represents 50 CFU, which was assigned to samples with CFU below the limit of detection. The recovery of CFT073 from 2.26 treated mice was significantly reduced in the urine and trended towards being reduced in the bladder and kidney compared to the vehicle control treated mice.

[bookmark: _Hlk100546740]The proteome of 2.26-treated CFT073 grown in human urine is distinct from that of untreated CFT073. To further probe mechanisms of the CpxRA 2CSTS and pharmacological versus genetic modulation, the proteome profiles of E. coli CFT073-UPEC samples were sequenced and analyzed in three groups: wild-type cells treated with compound 2.26, cpxA deletion mutant, and wild-type cells treated with empty vector. A total of 22677 unique peptides corresponding to 2241 unique proteins were identified and quantified. Each protein was identified with very high confidence level (1% FDR) for the sequence assignments after LC-MS/MS analysis. A label-free quantitative analysis among the three groups (WT-C26 = compound treated, Cpx = cpxA mutant, VC = control group) successfully quantified a total of 2241 proteins. The reproducibility among biological replicates and the differences between three groups were assessed using a principal component analysis (PCA) (Figure 2.12). The PCA showed high reproducibility among replicates based on the close clustering of the replicates for each group, with significant difference observed among the groups. Protein abundance ratios were calculated to give Cpx/VC, WT-C26/VC, and WT-C36/Cpx where differential protein regulation was defined as upregulated when the abundance ratio ≥ 2.0 or downregulated when the abundance ratio ≤ 0.5 at an adjusted p-value of <0.05. 
[image: Principal component analysis (PCA) of total protein abundance of WT-C26, VC, and Cpx samples. ]
[bookmark: _Toc97309257][bookmark: _Toc100748306]Figure 2.12. Principal component analysis (PCA) of total protein abundance of WT-C26, VC, and Cpx samples. 
Total proteome identified from five biological replicates were subjected to quantitative analysis. PCA shows close clustering of the total normalized protein abundance (peak area) of the replicates of WT-C26, VC, and Cpx samples.


A comparison between compound treated cells and the wild-type untreated revealed 76 upregulated proteins and 67 downregulated proteins, whereas a comparison between the ΔcpxA mutant and wild-type revealed 89 upregulated proteins and 73 downregulated proteins. Among these proteins, 20 were upregulated and 8 were downregulated in both the compound treated cells and the ΔcpxA mutant (Figure 2.13). Interestingly, 4 of the downregulated proteins within these two groups are involved in metal ion transport and maintenance (Table 2.1) including those affiliated with iron (c5174, YcdO), zinc (ZntB, YgeY), and cobalt (YgeY) biology. 
[image: Venn diagram showing the number of proteins differentially expressed in the compound treated versus wild-type and cpxA mutant versus wild-type. ]
[bookmark: _Toc97309258][bookmark: _Toc100748307]Figure 2.13. Venn diagram showing the number of proteins differentially expressed in the compound treated versus wild-type and cpxA mutant versus wild-type. 
The up- and downregulated proteins are indicated by up (↑) and down (↓) arrows, respectively. The total number of proteins differentially expressed are shown in bold outside the Venn diagram. 



Iron is an essential nutrient for growth of E. coli, and since the availability of this element within the host is limited due to sequestration by human heme proteins, pathogenic E. coli have evolved a variety of mechanisms to acquire iron from host sources.25 For instance, siderophores are small molecular ion chelators whose primary function are to scavenge iron.26 Transport of iron associated with siderophores requires specific outer membrane receptors such as TonB and its accessory proteins, ExbB and ExbD.27 Gene ID c5174 is putatively associated with the iron-regulated outer membrane virulence protein within the TonB-dependent receptor (TBDR) family.28 TBDRs mediate substrate-specific transport across the outer membrane and are involved in the uptake and utilization of several nutrients including chelated iron and vitamin B12.27 A previous study by Payne et al. found that the tonB mutant of the UPEC strain CFT073 was attenuated for infection of the bladder and kidney, indicating that CFT073 requires TonB in vivo to mediate the uptake of iron during colonization and multiplication within the urinary tract.29 Our proteomic analysis found that c5174 was significantly downregulated in both the cpxA mutant and compound-treated CFT073 cells. The gene encoding the iron uptake system component EfeO (ycdO) was also significantly downregulated in the two groups. This, along with evidence that the efeUOB operon is shown to be induced by acid in a CpxRA-dependent manner driving iron import,30 suggests that the mechanism behind UPEC fitness impairment by the CpxRA 2CSTS is associated with iron transport and sequestration. 

Table 2.1. Downregulated proteins in both the cpxA mutant and compound treated WT.
	Ensembl Gene ID
	Gene Symbol
	Protein Function31

	Ion Transport Proteins

	
	c1816
	zntB
	Mediates efflux of zinc ions

	
	c3450
	ygeY
	Metal-binding (Zn2+, Co2+)

	
	c5174
	c5174
	Putative iron-regulated outer membrane virulence protein

	
	c1156
	ycdO
	Iron uptake system component EfeO

	Membrane Proteins

	
	c0726
	mrdA
	Catalyzes cross-linking of the peptidoglycan cell wall

	
	c4364
	yhjW
	Sulfatase and phosphatase activity

	Uncharacterized Proteins

	
	c4731
	yigA

	
	c0886
	ybiJ



[bookmark: _Toc98429811][bookmark: _Toc102586257]2.3 Conclusions and future directions
Urinary tract infection (UTI) is the most common form of extraintestinal infection due to E. coli, and E. coli is one of the most common causative agents of all types of UTIs with approximately 80% of uncomplicated UTIs in the United States caused by uropathogenic E. coli (UPEC).32 UPEC strains expressing extended-spectrum β-lactamase and quinolone resistance are becoming more prevalent, raising the possibility that ordinary infections may soon become untreatable by our current arsenal of antibiotics. Given that conventional approaches to develop new antibiotics have yielded few new drugs, the potential reward of exploring novel targets and mechanisms is very high. 
Bacterial 2CSTS are major players in organismal pathogenicity, fitness, communication, biofilm formation, and antibacterial resistance making them attractive targets. Unfortunately, most of what we know about these systems has been revealed through genetic manipulation or small molecule inhibitors of such systems, which is not always indicative of therapeutic potential. As such, there is an increasing interest in developing small molecule probes that can be used to activate these systems to uncover new biology that may translate to new antibacterial approaches. Along these lines, we aimed to improve the activity of 2.1, a newly identified CpxA phosphatase inhibitor that indirectly activates the CpxRA signaling pathway through increasing the lifetime of CpxR-P. Leveraging three different structural modification approaches, we identified compound 2.26 (EC50 = 1.1 µM), which exhibits ~30-fold improvement in CpxA phosphatase inhibition over the initial hit 2.1 as determined in a cellular lacZ reporter assay. The stereochemical and conformational requirements found for the primary amine within this chemotype illustrates its importance in target engagement and involvement in membrane permeation and protection against efflux in E. coli. 
With compound 2.26 as lead CpxA phosphatase inhibitor, its efficacy in mouse UTI models was explored. Compound 2.26 was found to be as active as ciprofloxacin in reducing pathogen fitness in urine, bladder, and kidney samples. Notably, the CFT073ΔcpxA mutant grew in the same densities as CFT073 in the urine, bladder, and kidneys, while 2.26-treated CFT073 had significantly lower recoverable CFU in all three compartments. The proteome profiles of E. coli CFT073-UPEC grown in urine were sequenced and analyzed in three groups: wild-type cells treated with compound 2.26, cpxA deletion mutant, and wild-type cells treated with empty vector. When comparing protein expression between the constitutively active CpxRA mutant cells (genetic modification) and the 2.26-activated CpxRA cells (pharmacological activation), a decrease in the expression of metal-transport machinery was found in both. This commonality in the proteomes signifies that UPEC fitness impairment by the CpxRA 2CSTS is associated with iron transport and sequestration, a potential mechanism of action. In contrast, the CFT073ΔcpxA mutant did not increase the expression of CpxR or CpxR-P, while CpxR and CpxR-P levels were significantly higher in 2.26-treated CFT073. This led us to hypothesize that CpxA acts as a net kinase in vivo as 2.26 fosters accumulation of CpxR-P and downregulates virulence determinants. Since treatment of CFT073 by 2.26 does not inhibit bacterial growth but still alters UPEC fitness and expression of virulence factors, we have demonstrated that CpxA phosphatase inhibitors may be useful in treating UTIs caused by UPEC. 
Although we have shown that chemo-modulation of the CpxRA 2CSTS is possible and has therapeutic relevance in vivo, we do not know general selectivity of the chemotype developed. Future studies will address the selectivity of the inhibitors and their pharmacokinetics. Nonetheless, this work provides useful SAR and a foundation for which to advance the utility of 2,3,4,9-tetrahydro-1H-carbazol-1-amines as chemical probes to uncover new biology and further understand the biological significance and therapeutic potential of CpxRA and 2CSTS in general.  

[bookmark: _Toc98429812][bookmark: _Toc102586258]2.4 Experimental
[bookmark: _Toc98429813][bookmark: _Toc102586259]2.4.1 General Chemistry Methods
All commercial reagents were used without further purification. Distilled water was used for all water necessities in synthetic procedures (e.g., reagent, solvent, work-up). Flash column chromatography was performed with silica gel 60. TLC analyses were completed with EMD Millipore silica gel coated (250 µM) F254 glass plates and visualized with UV light. NMR samples were prepared in 5 mm tubes with 0.6 mL deuterated solvent. NMR data were all collected on a 300, 400, or 500 MHz (specified below) Varian VNMRS Direct Drive spectrometer equipped with an indirect detection probe. Data was collected at 25 oC unless otherwise indicated. Pulse sequences were used as supplied by Varian VNMRJ 4.2 software. All NMR data was processed in MestreNova v10. Peak positions are reported after reference centering on deuterated solvent of relevance.
[bookmark: _Toc98429814][bookmark: _Toc102586260]2.4.2 Synthetic Procedures


Scheme 2.3.
Reagents and conditions: (a) 1 M HCl, H2O, 120 °C, 32-66%

General procedure to prepare ketones iii. A mixture of a substituted phenylhydrazine i (3.0 mmol), 1,2-cyclohexanedione ii (6.0 mmol), and water (50 mL) was stirred at room temperature (23 °C) in a 250 mL round bottom flask. After 16 h, 10 mL of aqueous 1 M HCl was added and the reaction was heated to reflux. After 12 h, the reaction was refrigerated to induce crystallization. The resulting solid was filtered and air dried to provide the crude product. The desired product was purified by flash column chromatography (SiO2) using 20-30% ethyl acetate in hexanes as the eluent. 1H and 13C NMR spectra for products were compared to literature values to confirm structure.


Scheme 2.4. 
Reagents and conditions: (a) NH4OAc, NaCNBH3, MeOH, 60 °C, 73-94%.

General procedure to prepare racemic amines iv (2.1 - 2.20). Solid NH4OAc (5.0 mmol) was added to a stirring solution of requisite ketone iii (0.5 mmol) dissolved in 20 mL solvent grade CH3OH, and this mixture was allowed to stir at room temperature (23 °C) for 3-6 h. Upon complete consumption of iii, as determined by thin layer chromatography, solid NaCNBH3 (2.5 mmol) was added and the temperature was raised to 60 °C. After stirring 12-16 h, the reaction was cooled to room temperature (23 °C) and treated with an aqueous 1 M HCl solution. The mixture was extracted with ethyl acetate, and the combined organic layers were washed with brine and dried over anhydrous Na2SO4, filtered, and concentrated under reduced pressure to afford the crude product. The desired product was purified by flash column chromatography (SiO2) using CH2Cl2 and CH3OH as the eluent. 1H and 13C NMR spectra for products were compared to literature values to confirm structure except as included below. 
6-fluoro-2,3,4,9-tetrahydro-1H-carbazol-1-amine (2.6): Yield 26%, white amorphous solid. 1H NMR (400 MHz, Methanol-d4) δ 7.29 – 7.20 (m, 1H), 7.05 (dd, J = 9.8, 2.5 Hz, 1H), 6.82 (ddd, J = 9.6, 8.7, 2.5 Hz, 1H), 4.10 (dd, J = 7.1, 5.5 Hz, 1H), 2.74 – 2.60 (m, 3H), 2.25 – 2.13 (m, 1H), 2.13 – 2.00 (m, 1H), 1.91 – 1.67 (m, 2H). 13C NMR (101 MHz, Methanol-d4) δ 158.9 (d, J = 232.0 Hz), 140.0, 134.3, 128.9 (d, J = 9.3 Hz), 112.4 (d, J = 9.7 Hz), 111.4 (d, J = 5.2 Hz), 110.0 (d, J = 26.4 Hz), 103.7 (d, J = 23.3 Hz), 46.6, 34.1, 22.2, 22.0.
5-fluoro-2,3,4,9-tetrahydro-1H-carbazol-1-amine (2.14): Yield 49%, white amorphous solid. 1H NMR (500 MHz, Methanol-d4) δ 7.20 (d, J = 8.2 Hz, 1H), 7.10 (td, J = 8.0, 5.1 Hz, 1H), 6.70 (dd, J = 11.0, 7.8 Hz, 1H), 4.62 (t, J = 5.0 Hz, 1H), 3.03 (dt, J = 16.4, 5.3 Hz, 1H), 2.95 – 2.85 (m, 1H), 2.33 – 2.22 (m, 1H), 2.14 – 1.94 (m, 3H). 13C NMR (126 MHz, Methanol-d4) δ 158.8 (d, J = 245.1 Hz), 140.8 (d, J = 11.5 Hz), 129.1, 124.4 (d, J = 7.8 Hz), 116.6 (d, J = 20.7 Hz), 113.3 (d, J = 2.3 Hz), 108.8 (d, J = 3.5 Hz), 105.2 (d, J = 19.1 Hz), 45.8, 29.0, 23.0, 20.2.
5-(trifluoromethyl)-2,3,4,9-tetrahydro-1H-carbazol-1-amine (2.15): Yield 67%, white amorphous solid. 1H NMR (500 MHz, Methanol-d4) δ 7.69 (dt, J = 8.2, 0.8 Hz, 1H), 7.43 (dt, J = 7.4, 0.8 Hz, 1H), 7.29 (ddd, J = 8.2, 7.5, 0.8 Hz, 1H), 4.71 (t, J = 5.2 Hz, 1H), 2.97 (dt, J = 16.5, 5.4 Hz, 1H), 2.87 – 2.77 (m, 1H), 2.34 – 2.24 (m, 1H), 2.16 – 1.95 (m, 3H). 13C NMR (151 MHz, Methanol-d4) δ 139.2, 131.6, 126.3 (q, J = 270.6 Hz), 123.2, 122.7, 122.3 (q, J = 65.5, 32.7 Hz), 118.5 (q, J = 6.3 Hz), 117.0, 113.6, 46.0, 28.71 23.2, 20.3.
7-fluoro-2,3,4,9-tetrahydro-1H-carbazol-1-amine (2.16): Yield 39%, white amorphous solid. 1H NMR (500 MHz, Methanol-d4) δ 7.45 (dd, J = 8.6, 5.3 Hz, 1H), 7.11 (dd, J = 9.9, 2.3 Hz, 1H), 6.88 – 6.79 (m, 1H), 4.63 (t, J = 5.1 Hz, 1H), 2.84 (dt, J = 16.0, 5.3 Hz, 1H), 2.77 – 2.66 (m, 1H), 2.33 – 2.22 (m, 1H), 2.15 – 1.93 (m, 3H). 13C NMR (126 MHz, Methanol-d4) δ 161.7 (d, J = 236.8 Hz), 138.3 (d, J = 12.6 Hz), 129.5, 124.6, 120.7 (d, J = 10.4 Hz), 115.3, 108.9 (d, J = 25.0 Hz), 98.5 (d, J = 26.3 Hz), 45.9, 29.3, 21.4, 20.2. 
7-(trifluoromethyl)-2,3,4,9-tetrahydro-1H-carbazol-1-amine (2.17): Yield 85%, white amorphous solid. 1H NMR (600 MHz, Methanol-d4) δ 7.74 – 7.70 (m, 1H), 7.64 (d, J = 8.4 Hz, 1H), 7.29 (d, J = 8.3 Hz, 1H), 4.68 – 4.63 (m, 1H), 2.90 – 2.83 (m, 1H), 2.76 (dt, J = 15.3, 6.8 Hz, 1H), 2.33 – 2.24 (m, 1H), 2.14 – 1.95 (m, 3H). 13C NMR (151 MHz, Methanol-d4) δ 137.1, 132.2, 130.2, 126.7 (d, J = 270.9 Hz), 125.8 (d, J = 32.7 Hz), 120.4, 116.8 (d, J = 3.9 Hz), 115.4, 110.0 (d, J = 4.7 Hz), 45.8, 29.2, 21.3, 20.1. 
8-fluoro-2,3,4,9-tetrahydro-1H-carbazol-1-amine (2.18): Yield 55%, white amorphous solid. 1H NMR (500 MHz, Methanol-d4) δ 7.34 – 7.28 (m, 1H), 7.01 (td, J = 7.9, 4.7 Hz, 1H), 6.96 – 6.88 (m, 1H), 4.67 (t, J = 5.2 Hz, 1H), 2.91 – 2.81 (m, 1H), 2.81 – 2.70 (m, 1H), 2.37 – 2.25 (m, 1H), 2.16 – 1.95 (m, 3H). 13C NMR (126 MHz, Methanol-d4) δ 151.0 (d, J = 243.2 Hz), 131.7 (d, J = 5.5 Hz), 130.2, 126.2 (d, J = 13.3 Hz), 120.8 (d, J = 6.0 Hz), 116.0 (d, J = 2.4 Hz), 115.8 (d, J = 3.4 Hz), 108.5 (d, J = 16.3 Hz), 46.0, 29.3, 21.5, 20.3. 
8-(trifluoromethyl)-2,3,4,9-tetrahydro-1H-carbazol-1-amine (2.19): Yield 99%, yellow amorphous solid. 1H NMR (400 MHz, Methanol-d4) δ 7.55 (d, J = 7.8 Hz, 1H), 7.29 (d, J = 7.5 Hz, 1H), 7.01 (t, J = 7.7 Hz, 1H), 4.03 (t, 1H), 2.61 (dt, J = 9.6, 3.5 Hz, 2H), 2.17 – 2.04 (m, 1H), 2.02 – 1.86 (m, 1H), 1.80 – 1.58 (m, 2H). 13C NMR (101 MHz, Methanol-d4) δ 139.5, 132.8, 130.3, 126.6 (q, J = 270.7 Hz), 123.4, 119.5 (q, J = 4.8 Hz), 119.0, 113.9 (q, J = 32.5 Hz), 112.0, 46.3, 33.8, 22.1, 21.8. 


Scheme 2.5. 
Reagents and conditions: (a) t-butanesulfinamide, Ti(OEt)4, toluene, reflux, 84%; (b) NaBH4, THF, -78 °C; (c) HCl▪dioxane, MeOH, 23 °C 99%. 

General procedure to prepare enantiopure amines vii (2.23, 2.24, and 2.26). Titanium (IV) ethoxide was added to a stirring mixture of requisite ketone iii (0.5 mmol) and t-butyl sulfinamide (0.5 mmol) in 10 mL toluene. The heterogeneous mixture was heated at reflux and stirred for 12 h before cooling to room temperature (23 °C). The reaction was quenched with brine and filtered over celite. The filtrate was extracted with CH2Cl2 and the organics were combined, dried over anhydrous Na2SO4, filtered, and concentrated in vacuo. The crude product was purified by flash column chromatography (SiO2) using 10-50% ethyl acetate in hexanes as the eluent, to afford pure compound v. Compound v was dissolved in anhydrous THF under nitrogen atmosphere and cooled to -78 °C. Solid NaBH4 (1.5 mmol) was added, and the mixture was stirred at -78 °C for 4 h, warmed to 0 °C and stirred 8-12 h. The reaction was quenched with saturated aqueous NH4Cl and extracted with CH2Cl2. The organics were combined, dried over anhydrous Na2SO4, filtered, and concentrated in vacuo to afford vi. To remove Ellman’s chiral auxillary, vi was dissolved in 2 mL anhydrous CH3OH and 4 M HCl in dioxane (3.0 mmol) was added at room temperature (23 °C), stirred for 16 h, and the solvent was removed by evaporation under reduced pressure. An aqueous 2 M HCl solution was added to the remaining residue, and the mixture was extracted with ethyl acetate. The aqueous layer was basified with an aqueous buffer solution of NH3/NH4Cl and extracted with CH2Cl2 to afford final enantiopure compound vii. 
(R)-6-fluoro-2,3,4,9-tetrahydro-1H-carbazol-1-amine (2.23): Yield 26%, white amorphous solid. 1H NMR (400 MHz, Methanol-d4) δ 7.29 – 7.20 (m, 1H), 7.05 (dd, J = 9.8, 2.5 Hz, 1H), 6.82 (ddd, J = 9.6, 8.7, 2.5 Hz, 1H), 4.10 (dd, J = 7.1, 5.5 Hz, 1H), 2.74 – 2.60 (m, 3H), 2.25 – 2.13 (m, 1H), 2.13 – 2.00 (m, 1H), 1.91 – 1.67 (m, 2H). 13C NMR (101 MHz, Methanol-d4) δ 158.9 (d, J = 232.0 Hz), 140.0, 134.3, 128.9 (d, J = 9.3 Hz), 112.4 (d, J = 9.7 Hz), 111.4 (d, J = 5.2 Hz), 110.0 (d, J = 26.4 Hz), 103.7 (d, J = 23.3 Hz), 46.6, 34.1, 22.2, 22.0. [α] = +2.5 (c = 2.0 mg/mL, CH3OH)
(S)-6-fluoro-2,3,4,9-tetrahydro-1H-carbazol-1-amine (2.24): Yield 26%, white amorphous solid. 1H NMR (400 MHz, Methanol-d4) δ 7.29 – 7.20 (m, 1H), 7.05 (dd, J = 9.8, 2.5 Hz, 1H), 6.82 (ddd, J = 9.6, 8.7, 2.5 Hz, 1H), 4.10 (dd, J = 7.1, 5.5 Hz, 1H), 2.74 – 2.60 (m, 3H), 2.25 – 2.13 (m, 1H), 2.13 – 2.00 (m, 1H), 1.91 – 1.67 (m, 2H). 13C NMR (101 MHz, Methanol-d4) δ 158.9 (d, J = 232.0 Hz), 140.0, 134.3, 128.9 (d, J = 9.3 Hz), 112.4 (d, J = 9.7 Hz), 111.4 (d, J = 5.2 Hz), 110.0 (d, J = 26.4 Hz), 103.7 (d, J = 23.3 Hz), 46.6, 34.1, 22.2, 22.0. [α] = –2.25 (c = 1.33 mg/mL, CH3OH)
(R)-6,7-difluoro-2,3,4,9-tetrahydro-1H-carbazol-1-amine (2.26): Yield 72%, yellow amorphous solid. 1H NMR (500 MHz, Methanol-d4) δ 7.37 – 7.25 (m, 2H), 4.62 (t, J = 5.0 Hz, 1H), 2.82 (dt, J = 16.0, 5.3 Hz, 1H), 2.75 – 2.65 (m, 1H), 2.33 – 2.22 (m, 1H), 2.15 – 1.94 (m, 3H). 13C NMR (126 MHz, Methanol-d4) δ 148.3 (dd, J = 239.8, 15.8 Hz), 146.2 (dd, J = 236.9, 15.1 Hz), 132.0 (d, J = 10.6 Hz), 129.4 (d, J = 3.8 Hz), 121.8 (d, J = 8.2 Hz), 114.0 (d, J = 4.7 Hz), 104.9 (d, J = 18.6 Hz), 99.0 (d, J = 22.0 Hz), 44.4, 27.8, 19.9, 18.6. [α] = –3.75 (c = 0.53 mg/mL, CH3OH)


Scheme 2.6. 
Reagents and conditions: a) EDCI, DMAP, DCM, 23 °C, 53-90%; b) 50% TFA/DCM, 23 °C, 99%.


General procedure to prepare amides x (2.27 - 2.32). Aniline viii (0.5 mmol) was added to stirring solution of Boc-protected amino acid ix (0.5 mmol) dissolved in DCM (5 mL). 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (0.6 mmol) was added, followed by 4-dimethylaminopyridine (0.6 mmol). After stirring at 23 °C for 8-12 h, the reaction mixture was extracted with ethyl acetate and the organics were combined, washed with 10% aqueous citric acid, water, and brine. The organic layer was dried over anhydrous Na2SO4, filtered, and concentrated under vacuum to afford the crude product, which were purified by flash column chromatography (SiO2) using 15-35% ethyl acetate in hexanes. The isolated product was subjected to 50% TFA/ CH2Cl2, to afford the desired amide. 
(R)-2-amino-N-(3,4-difluorophenyl)propenamide (2.27): Yield 91%, amber oil. 1H NMR (500 MHz, Methanol-d4) δ 7.64 – 7.56 (m, 2H), 7.14 – 7.05 (m, 2H), 4.05 (q, J = 7.0 Hz, 1H), 1.60 (d, J = 7.1 Hz, 3H). 13C NMR (151 MHz, Methanol-d4) δ 169.1, 161.0 (d, J = 243.4 Hz), 135.3, 123.1 (d, J = 7.9 Hz), 116.5 (d, J = 22.7 Hz), 50.8, 17.6. HRMS calcd for C9H11FN2O [M+H]+: 183.09, found: 183.0925.
(R)-2-amino-N-(4-fluorophenyl)-3-methylbutanamide (2.28): Yield 70%, yellow oil. 1H NMR (500 MHz, Methanol-d4) δ 7.65 – 7.57 (m, 2H), 7.15 – 7.06 (m, 2H), 3.77 (d, J = 6.0 Hz, 1H), 2.35 – 2.24 (m, 1H), 1.12 (dd, J = 12.8, 6.9 Hz, 6H). 13C NMR (151 MHz, Methanol-d4) δ 167.9, 161.1 (d, J = 242.4 Hz), 135.1, 123.2 (d, J = 8.0 Hz), 116.5 (d, J = 22.7 Hz), 60.4 (d, J = 2.4 Hz), 31.7, 18.9, 17.9. HRMS calcd for C11H15FN2O [M+H]+: 211.12, found: 211.1238.
(2R)-2-amino-N-(4-fluorophenyl)-3-methylpentanamide (2.29): Yield 92%, yellow oil. 1H NMR (500 MHz, Methanol-d4) δ 7.64 – 7.56 (m, 2H), 7.14 – 7.05 (m, 2H), 3.80 (d, J = 6.0 Hz, 1H), 2.08 – 1.96 (m, 1H), 1.71 – 1.59 (m, 1H), 1.34 – 1.21 (m, 1H), 1.10 (d, J = 6.9 Hz, 3H), 1.00 (t, J = 7.4 Hz, 3H). 13C NMR (600 MHz, Methanol-d4) δ 168.0, 161.1 (d, J = 242.3 Hz), 135.1, 123.3 (d, J = 8.1 Hz), 116.5 (d, J = 22.7 Hz), 59.6, 38.2, 25.5, 15.2, 11.5. HRMS calcd for C12H17FN2O [M+H]+: 225.14, found: 225.1390. 
(R)-2-amino-N-(4-fluorophenyl)-3-phenylpropanamide (2.30): Yield 55%, white amorphous solid. 1H NMR (500 MHz, Methanol-d4) δ 7.53 – 7.45 (m, 2H), 7.41 – 7.34 (m, 2H), 7.32 (tt, J = 7.9, 1.5 Hz, 3H), 7.12 – 7.03 (m, 2H), 4.16 (td, J = 7.4, 1.3 Hz, 1H), 3.29 (dd, J = 13.8, 7.1 Hz, 1H), 3.16 (dd, J = 13.9, 7.7 Hz, 1H). 13C NMR (151 MHz, Methanol-d4) δ 167.9, 161.1 (d, J = 243.6 Hz), 135.6, 134.9, 130.5, 130.1, 128.9, 123.3 (d, J = 8.0 Hz), 116.4 (d, J = 22.9 Hz), 56.4, 38.8. HRMS calcd for C15H15FN2O [M-H]-: 257.12, found: 257.1090. 
(R)-2-amino-N-(4-fluorophenyl)propenamide (2.31): Yield 53%, amber oil. 1H NMR (500 MHz, Methanol-d4) δ 7.78 – 7.70 (m, 1H), 7.30 – 7.18 (m, 2H), 4.05 (qd, J = 7.1, 1.4 Hz, 1H), 1.59 (d, J = 7.1 Hz, 3H). 13C NMR (151 MHz, Methanol-d4) δ 169.5, 151.2 (dd, J = 245.1, 13.2 Hz), 148.3 (dd, J = 243.9, 12.7 Hz), 136.1 (d, J = 7.5 Hz), 118.4 (d, J = 18.3 Hz), 117.4 – 116.9 (m), 110.5 (d, J = 22.2 Hz), 50.9, 17.5. HRMS calcd for C9H10F2N2O [M+H]+: 201.08, found: 201.0830. 
(R)-2-amino-N-(3,4-difluorophenyl)-3-methylbutanamide (2.32): Yield 57%, red oil. 1H NMR (500 MHz, Methanol-d4) δ 7.80 – 7.72 (m, 1H), 7.33 – 7.21 (m, 2H), 3.78 (dt, J = 5.9, 1.2 Hz, 1H), 2.34 – 2.24 (m, 1H), 1.11 (dd, J = 15.0, 6.9 Hz, 6H). 13C NMR (151 MHz, Methanol-d4) δ 168.1, 151.2 (dd, J = 245.8, 13.6 Hz), 148.3 (dd, J = 245.0, 12.9 Hz), 135.8 (d, J = 3.4 Hz), 118.5 (d, J = 18.7 Hz), 117.2 (dd, J = 6.0, 3.7 Hz), 110.6 (d, J = 21.9 Hz), 60.4, 31.7, 18.9, 17.8. HRMS calcd for C11H14F2N2O [M-H]-: 227.11, found: 227.0997
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Detection of phosphorylated CpxR. Wild-type and ΔcpxA bacteria were grown overnight in side-arm flasks in TB7 broth without glucose, then diluted to OD600 of about 0.1 in 1.7X TB7 supplemented with glucose; To each well of a 384-well plate, 30 μL of this dilution was added to 20 μL of compound D13 (10 μM) dissolved in DMSO or DMSO alone (192 wells for each strain/treatment). After 5 hours incubation at 37 °C, the wells were pooled and harvested by centrifugation. All processing was carried out at 4 °C. The cells were washed once in phosphate-buffered saline, pH 7.4 and suspended in 2X Laemmli lysis buffer, according to bacterial pellet weight. As controls, 10  μM  His6-CpxR, expressed and purified as previously described,33 was incubated with 0 or 20 mM AcP at 30 °C for 15 min. Respectively, 5 μL and 10 μL aliquots of each cell lysate and AcP treatment were separated on a Phos-Tag™ gel, which was prepared according to Lima and colleagues33 and the manufacturer’s protocol with some modifications. Phos-tag acrylamide was purchased from Wako. The stacking gel contained 4% acrylamide:bis-acrylamide prepared in 350 mM bis-tris, pH 6.8. The separating gel contained 10% acrylamide/bis-acrylamide, 25 μM Phos-tag acrylamide and 50 μM Zn(NO3) prepared in 350 mM bis-tris, pH 6.8, and was de-gassed with stirring for 2 minutes prior to pouring. The gel was run at 4 °C in MOPS buffer (0.1 M MOPS, 0.1 M Tris, 5 mM sodium bisulfite and 0.1% SDS) for 2 hours at 40 mAMPs, and the buffer was refreshed each hour. The gel was washed for 15 min in Towbin transfer buffer containing 1 mM EDTA, then for 30 min in standard Towbin transfer buffer. Proteins were transferred to polyvinylidene difluoride membrane using a wet transfer method. Tris-buffered saline containing 0.1% Tween-20 (TBST) was used for washing and TBST supplemented with 5% skim milk was used for blocking and antibody incubations. The membrane was blocked for 1 hour and probed overnight at 4 °C with 1:30,000 anti-MBP/CpxR antibody. The secondary antibody goat anti-rabbit IgG-horseradish peroxidase conjugate was used at a 1:5,000 dilution for 1 hour at room temperature. Densitometry values were determined using Photoshop, and the ratio of CpxR-P to CpxR was analyzed by one way ANOVA .
Intracellular accumulation of compounds. E. coli BW attTn7::araC-fhuA (WT-Pore) and BW ΔTolC attTn7::PLAC-fhuA (ΔTolC-Pore ) strains21 were grown in MOPS-M9 (pH 7.2) medium overnight. The next morning, cells were subcultured into 200 mL of fresh medium and incubated until OD600 reached ~ 0.2.  The cell cultures were split into two flasks, 100 mL each, and L-arainose, the inducer of the Pore was added to one of the culture flask at 0.1% (w/v) final concentration. Cells were grown for additional four hours, pelleted by centrifugation at room temperature (RT), washed twice in MOPS-M9 medium and concentrated ten-fold. For accumulation assays, cells were incubated with 16, 32, 64 and 128 µg/mL of compounds and after 1 and 40 min incubation at RT, 100 µL cell aliquots were collected by vacuum filtration onto 1.0 µm Glass Fiber Type B filters. Filters were washed twice with 10 mM Tris-HCl (pH 8.0), dried and placed into 100% methanol at -80 ̊C for at least 10 min. Intracellular material was extracted by water bath sonication for 1 min. Cell and filter debris were separated by ultracentrifugation at 100,000xg for 8 min at 16 ̊C and the pellet re-extracted with 80% methanol in water by sonication for 15 min followed by ultracentrifugation at the same conditions. Supernatants from two extractions were combined and stored at -80 ̊C until needed. For compound quantification, 5 µL of solution was analyzed in triplicates. The calibration curves for compounds were generated in the same experiment by mixing compounds at increasing concentrations with the sonicated E. coli cell extracts.
An Agilent 1290 Infinity II ultrahigh-pressure liquid chromatography (UHPLC) system and 6545 quadrupole/time-of-flight (Q/TOF) system (Agilent Technologies) were used to quantify intracellular concentrations of compounds. A Zorbax Rapid Resolution High Definition column (RRHD, 2.1x50mm, 1.8 µm) was used for the separation with a flow rate of 0.65 mL/min. The initial concentration of 5% MS grade Acetonitrile was maintained for 1 min, and this was followed by a linear gradient to 80% over 3 min, and then by 100% over 1.1 min which was maintained for an additional 1.2 min. HPLC solvent mixtures contained 0.1% HPLC grade formic acid (SigmaAldrich) to improve ionization efficiency. MS parameters were as follows: gas temperature, 325  ̊C; capillary voltage, 4000V; fragmentor voltage, 175V; m/z range, 50–1100; detector signal acquisition rate, 4GHz; and spectrum storage rate, 2s-1. MassHunter qualitative and quantitative analysis B8.0 was used to quantify compound concentrations using the calibration curve.
Murine infection experiments. Animal experiments were conducted according to the guidelines of the University of Michigan Institutional Animal Care and Use Committee. For the animal infection experiments, bacterial strains were cultured at 37 °C in LB medium overnight with shaking.14  Female CBA/J mice (Jackson Laboratories, Bar Harbor, ME) were inoculated transurethrally with a target dose of ~108 CFU of CFT073 or CFT073cpxA::cat. Mice were subsequently treated 12 h later either with the vehicle, ciprofloxacin hydrochloride (PanReac AppliChem ITW Reagents, Jade Scientific), compound 2.1, compound 2.6, or compound 2.26 as described in the results and euthanized 4 h after the last treatment. Bacterial loads of each strain were calculated from the urine, bladder, and kidneys of mice, as previously described; the limits of detection for these assays were 100 CFU/ml or 100 CFU/g of urine and tissue, respectively.34 Values of 50 CFU/ml or 50 CFU/g were assigned to specimens whose yields were below the limit of detection. Due to the extreme skewness of the data, natural log transformation was used before the data were analyzed statistically. Descriptive statistics were calculated for all the log transformed variables.  Statistical comparisons were done using Analysis of Variance (ANOVA) with follow-up pairwise tests adjusted for multiple comparisons using the Tukey procedure. 
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	Sample preparation. Samples (cell pellets) were lysed with a lysis buffer (8 M urea, 1 mM sodium orthovanadate, 20 mM HEPES, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, pH 8.0, 20 min, 4 °C) followed by sonication at 40% amplification by using a microtip sonicator (QSonica, LLC, Model no. Q55) and cleared by centrifugation (14 000 × g, 15 min, 15 °C). Protein concentration was measured (Pierce BCA Protein Assay, Thermo Fisher Scientific, IL, USA). A total of 50 μg of protein per sample was subjected for trypsin digestion. One μg of BSA was included in each sample prior in-solution digestion to investigate the proper digestion performance and downstream LC-MS/MS analysis. 
In-solution digestion with trypsin/LysC (V5071, Promega) was performed according to the manufacturer protocol. Tryptic peptides were desalted using C18 Sep-Pak plus cartridges (Waters, Milford, MA) and were lyophilized for 8 hours to dryness. The dried peptides were reconstituted with 100 μl buffer A (0.1 % formic acid). The final concentration of the peptide samples 0.5 μg/μl and 4 μl (2 μg)/sample was injected for LC-MS/MS analysis. 
LC-MS/MS identification and label-free quantitation. The LC-MS/MS was performed on a fully automated proteomic platform that includes a Dionex UltiMate ® 3000 (Thermo Fisher Scientific, USA) system connected to a Q Exactive HF-X mass spectrometer (Thermo Fisher Scientific, Waltham, MA). The MS/MS analysis was performed according to the earlier published protocol.35
Peptide spectrum matching of MS/MS spectra of each file was searched against the UniProt E Coli CFT073-UPEC database (TaxID:199310) using the Sequest algorithm within Proteome Discoverer v 2.4 software (Thermo Fisher Scientific, San Jose, CA). The Sequest database search was performed with the following parameters: trypsin enzyme cleavage specificity, 2 possible missed cleavages, 10 ppm mass tolerance for precursor ions, 0.02 Da mass tolerance for fragment ions. Search parameters permitted dynamic modification of methionine oxidation (+15.9949 Da) and static modification of carbamidomethylation (+57.0215 Da) on cysteine. Peptide assignments from the database search were filtered down to a 1% FDR. The relative label-free quantitative and comparative among the samples were performed using the Minora algorithm and the adjoining bioinformatics tools of the Proteome Discoverer (PD) 2.4 software. A recent comparative analysis between the two most popular proteomic data analysis software MaxQuant (MQ) and PD showed that PD outperformed MQ in terms of protein/peptide quantification yield, dynamic range, and reproducibility. In addition, Minora algorithm methods including normalization were the most accurate in estimating the abundance ratio between groups and the most sensitive when comparing groups with a narrow abundance ratio.36 
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[bookmark: _Toc97337846][bookmark: _Toc100241901][bookmark: _Toc102586265]Chapter 3: β-carboline synthesis and functionalization for studies toward the total synthesis of picrasidine alkaloids

[bookmark: _Hlk97320898]Abstract. The stem and root bark from Picrasma quassioides have been used historically in China, India, and the Himalayas as a traditional herbal medicine to treat a wide variety of illnesses such as fever, gastric discomfort, and pediculosis, or head lice infestation. As such, several research studies have been conducted in China and Japan to assess the efficacy of quassia-based medicines, leading to the identification and structural characterization of the Picrasma alkaloids. The Picrasma natural products are a large (approx. 94 phytochemicals) class of structurally diverse compounds with a wide array of biological activities, but the β-carboline alkaloids will be the focus of this chapter. Specifically, our lab is interested in picrasidine C (1) and its demonstrated efficacy for subtype selective PPARα agonism as a promising treatment for diabetic retinopathy. The original aim was to complete the total synthesis of 1 and design analogs in order to probe structure-activity relationships (SAR) and explore the therapeutic potential of this chemotype. Two approaches were considered for this total synthesis: (1) building the heterocycle from structural fragments or (2) functionalizing an existing β-carboline ring. While the total synthesis of 1 was unsuccessful, six new Picrasma alkaloid analogs, two mono- and four bis-β-carbolines, were synthesized. These analogs have the capacity to serve as synthetic building blocks for β-carboline natural products because of their reactive functional groups (enamine, carbonyl, epoxide). Furthermore, a novel, metal-free acid-catalyzed Pictet-Spengler enamine cyclization cascade was discovered, providing efficient access to indoloquinolizine heterocycles. 


[bookmark: _Toc97337847][bookmark: _Toc100241902][bookmark: _Toc102586266]3.1 Introduction to Picrasma alkaloids
[bookmark: _Toc97337848][bookmark: _Toc100241903][bookmark: _Toc102586267]3.1.1 Picrasma alkaloids in traditional medicine.
[image: Structures of β-carboline alkaloids from Picrasma quassioides extracts.]
[bookmark: _Ref102582535][bookmark: _Toc100748308][bookmark: _Toc100243254]Figure 3.1. Structures of β-carboline alkaloids from Picrasma quassioides extracts.


Picrasma quassioides of the Simaroubaceae family is a deciduous bitterwood tree, native to temperate regions of southern Asia.1 The stem and bark of these plants have been used historically in China, India, and the Himalayas as traditional herbal medicine to treat a wide variety of illnesses such as fever,2 gastric discomfort,3 and pediculosis, or head lice infestation. Although there is no evidence for inhibition of louse growth, one study observed that among 454 patients, 99% reported reduced irritation associated with pediculosis, when ground quassia powders were administered topically.4 Moreover, quassia tinctures were historically consumed orally to treat infections such as the common cold, infections of the upper respiratory tract, and diarrhea, demonstrating a broad pharmacological profile. As such, several research studies have been conducted in China and Japan to not only assess the efficacy of quassia-based medicines but also to identify and structurally characterize the natural products responsible for such biological activities. These efforts led to the discovery of the Picrasma alkaloids (examples in Figure 3.1).5 
[bookmark: _Ref87121107]
Table 3.1 Source and biological relevance of bis-β-carboline alkaloids from Picrasma quassioides plant extracts.
	Compound No.
	Compound Name
	Extract Source
	Significance or Activity

	3.1
	Picrasidine C
	Stem or bark
	Glucose and lipid homeostasis6

	3.2
	Picrasidine R
	Root bark
	Unknown7

	3.3
	Picrasidine H
	Root bark
	Unknown7

	3.4
	Quassidine B
	Stem
	Anti-inflammatory8

	3.5
	Quassidine C
	Stem
	Anti-inflammatory8

	3.6
	Quassidine D
	Stem
	Anti-inflammatory8

	3.7
	Picrasidine F
	Stem or bark
	Antibacterial9 

	3.8
	Picrasidine G
	Stem or bark
	Antibacterial9, Cytotoxic10

	3.9
	Picrasidine S
	Stem or bark
	Antibacterial9 

	3.10
	Picrasidine T
	Bark
	Synthetically relevant11

	3.11
	Quassidine I
	Stem
	Cytotoxic12

	3.12
	Quassidine J
	Stem
	Cytotoxic12

	3.13
	NMCA 1
	Stem
	Neuroprotection13

	3.14
	NMCA 2
	Stem
	Neuroprotection13

	3.15
	Picrasidine M
	Root bark
	Unknown14

	3.16
	Picrasidine N
	Root bark
	Glucose and lipid homeostasis15

	3.17
	Quassidine A
	Stem
	Anti-inflammatory8


NMCA = N-methoxy-β-carboline alkaloids

The various pharmacological benefits exhibited by P. quassioides extracts are attributed to approximately 94 distinct phytochemicals5 that are structurally categorized as quassinoids,16 β-carbolines,9,17 canthinones,18 and neolignans,19 among others. This chapter will focus on the bis-β-carboline-containing alkaloids (3.1 – 3.17). Representative structures and biological relevance of such compounds are shown in Figure 3.1 and Table 3.1, respectively. It is important to note that while compounds 3.15 and 3.16 contain a bis-β-carboline-type system, they are structurally categorized as canthinones because of their distinct diketo ring fused to the β-carboline skeleton. 
Interestingly, both picrasidine C (3.1) and N (3.16) were found to modulate lipid and glucose homeostasis via peroxisome proliferator-activated receptor (PPAR) agonism. They differ in subtype-selectivity, however, as 3.1 promotes PPARα transcriptional activity6 while 3.16 is a selective PPARβ/δ agonist.15 PPARs regulate the expression of genes involved in numerous cellular functions including insulin sensitivity, fatty acid oxidation, inflammation, and cell proliferation, differentiation and survival.20 PPAR subtypes localize in differing concentrations depending on the tissue type.21 As such, selectively targeting PPAR subtypes is believed to be important for triggering specific responses while avoiding harmful side effects.22 Consequently, tuning target specificity is contingent on structural differences between chemo-modulators. 
[bookmark: _Hlk97289379]Structure-activity relationship (SAR) studies within the Picrasma alkaloid class are integral to identifying structural motifs that dictate biological activity and target specificity. Stemming from our lab’s interest in 3.1 as a PPARα agonist6 and in the demonstrated efficacy for PPARα agonism as a promising treatment for diabetic retinopathy,23 the original aim was to complete the total synthesis of 3.1 and design analogues in order to probe SAR and explore the therapeutic potential of this chemotype. This work has since evolved into a synthetic investigation towards several members of the Picrasma alkaloid family and my efforts towards the total synthesis of 3.1 and related Picrasma alkaloids will be discussed herein. 
[bookmark: _Toc97337849][bookmark: _Toc100241904][bookmark: _Toc102586268]3.1.2 Overview of β-carbolines and existing synthetic methods.
Establishment of methods for the synthesis of Picrasma alkaloids is of pharmaceutical importance for several reasons. First, poor isolation yields from natural sources is not sufficient for intensive biological evaluation or SAR campaigns. For example, only 5.6 mg of 3.1 can be isolated from 100 kg of P. quassioides stems, using current extraction methods.8 Synthetic studies would also help to determine absolute stereochemistry, since the assignment of stereocenters for Picrasma alkaloids are often absent24 or ambiguously25,26 presented within literature. Further, total synthesis would provide a foundation for the development of synthetic analogues, especially when the synthetic approach is designed to enable facile diversification. The total synthesis of compounds within this natural product family is necessary to deconvolute the structural contributions to biological activity and to enable structural optimization of the family for diverse therapeutic interests.
[image: The general β-carboline structure and IUPAC numbering system. ]
[bookmark: _Ref102582563][bookmark: _Toc100748309][bookmark: _Toc100243255]Figure 3.2. The general β-carboline structure and IUPAC numbering system. 

[bookmark: _Hlk87118568]Completing the total synthesis of the β-carboline-containing Picrasma alkaloids hinges on the ability to construct a properly substituted tricyclic ring system, which consists of an indole skeleton fused to a pyridine. Currently, the most common route to generate the β-carboline heterocycle and its saturated tetrahydro-β-carboline (THBC) congener (Figure 3.2) includes the condensation of tryptamine with an aldehyde or ketone.27 Named the Pictet-Spengler reaction (PSR), its multifunctionality has significant synthetic value since the amine and aldehyde components can vary widely, allowing for the construction of structurally diverse THBC ring systems (Scheme 3.1). The driving force of this reaction is the electrophilicity of the intermediate iminium ion, which can be enhanced by acidic conditions.28 


[bookmark: _Ref102582597]Scheme 3.1. Generalized Pictet-Spengler cyclization starting from tryptamine and an aldehyde (RCHO). 

The Picrasma family of alkaloids are unique in their asymmetrical bis-β-carboline structure and widely varying oxidation patterns. For example, picrasidine C (3.1) contains two distinct β-carboline systems, with the first unsubstituted (denoted as β-carboline A, Figure 3.3) and the second containing two methoxy groups, at the 4- and 8-positions (denoted as β-carboline B, Figure 3.3). Picrasidines C (3.1), R (3.2), and H (3.3), and quassidines A (3.17) B (3.4), C (3.5), and D (3.6) each contain a three- or four-carbon linker region connecting the two heterocycles, although the carbon skeletons and oxidation patterns differ between the structures. The pyridinium-type salts, including picrasidines F (3.7), G (3.8), S (3.9), and T (3.10), quassidines I (3.11) and J (3.12), and the N-methoxy-β-carboline alkaloids (NMCA) 3.13 and 3.14, stand apart structurally due to the presence of a four-carbon linker lacking oxidation and inclusion of a fourth fused ring to create a pyridinium-type ionic species. 
[image: Representative structures of picrasidine C (3.1) and G (3.8) to show differentiation between the two structurally distinct β-carboline ring systems. ]
[bookmark: _Ref102582636][bookmark: _Toc100748310][bookmark: _Toc100243256]Figure 3.3. Representative structures of picrasidine C (3.1) and G (3.8) to show differentiation between the two structurally distinct β-carboline ring systems. 
Key: cyan = β-carboline A, magenta = β-carboline B

Despite the varying oxidation patterns within the Picrasma alkaloid family, at least one 4-oxygenated β-carboline structure remains consistent in each family member. Synthesis of the 4-oxygenated β-carboline structure is reportedly problematic, because the classical Bischler-Napieralski29 or Pictet-Spengler cyclization reactions of tryptamines are not compatible with the construction of these analogs.30 Notably, one method devised by Cook et al. in 198931 found dichlorodicyanobenzoquinone (DDQ) to be an appropriate oxidizing agent for transforming THBCs 3.18 into their 4-oxo counterparts 3.19 (Scheme 3.2). Though this site-specific oxidation method has found some utility in β-carboline chemistry,32,33 its suitability for the general synthesis of Picrasma alkaloids is limited, as it requires the presence of an objective substituent on the 1-position of the β-carboline during early stages of synthesis.34 


[bookmark: _Ref102582894]Scheme 3.2 Cook’s oxidation method for the synthesis of 4-oxo-substituted THBCs.
Reagents and conditions: (a) DDQ, THF/H2O, 50 – 90%. R1 = H or ethyl, R2 = phenyl or CCl3.

While some mono-β-carboline alkaloids have been successfully synthesized, such as crenatine (3.20),35 canthinone-type alkaloids (3.21),36 and cordatanine (3.22)37 (structures shown in Figure 3.4), there are currently no synthetic routes reported for the bis-β-carboline Picrasma alkaloids. The total synthesis of picrasidine H (3.3) has been attempted by Murakami et al. in 1997, although only the synthesis of its regioisomer 3.27 was achieved, creating confusion around true structure of Picrasidine H (Scheme 3.3).38 Despite Murakami’s efforts, the total synthesis of 3.3 has not yet been reported.
 

[bookmark: _Ref102582929][bookmark: _Toc100748311][bookmark: _Toc100243257]Figure 3.4 Structure of mono-β-carboline alkaloids.

Although the work by Murakami provides inspiration for bis-β-carboline syntheses, the approach is contingent on the coupling of two in-tact β-carboline heterocycles, limiting linker structure and connectivity. A more flexible synthetic design would allow for structural diversification, the possibilities of which will be discussed in this chapter. 


[bookmark: _Ref102582973]Scheme 3.3. Murakami’s attempted total synthesis of picrasidine H (3.3), yielding compound 3.27 instead.
Reagents and conditions: (a) ethyl acetate, LHMDS, -45 ̊C 2.5 h (83%); (b) LiAlH4, THF, rt, 1 h (96%); (c) SOCl2, 60 ̊C, 30 min (quant.); (d) Mg(OEt)2, KI, DMF, rt, 8.5 h (70%), (e) BH3, THF, reflux, 5 h, (47%), (f) activated MnO2, DCM/MeOH, rt, 5 days (29%).


[bookmark: _Toc97337850][bookmark: _Toc100241905][bookmark: _Toc102586269]3.2 Retrosynthetic analysis 
I primarily envisioned two approaches for accessing β-carboline-containing molecules: (1) building the heterocycle from structural fragments or (2) functionalizing an existing β-carboline ring. Efforts to employ each strategy are the focus of this chapter. 
[bookmark: _Toc97337851][bookmark: _Toc100241906][bookmark: _Toc102586270]3.2.1 Iterative β-carboline ring construction (Approach 1).
The first strategy for the total synthesis of 3.1 relied on the individual construction of both β-carboline A (cyan) and B (magenta) ring systems (Scheme 3.). The first bond disconnection was made at the methoxy substituent in the linker to enable late-stage functionalization of synthon A. Relying on the historic utility of the Pictet-Spengler cyclization for the construction of both β-carbolines A and B, synthon C was envisioned to allow for one PSR with substituted tryptamines B to form β-carboline B. Synthon C also contains the linker atoms and the important aldehyde component for the PSR. The linker was envisioned to arise from an oxidative cleavage of a cyclic olefin, such as synthon D, which could be synthesized via another PSR.
This route employs inexpensive and commercially available tryptamine starting materials B. With 1-cyclopentene-1-carbaldehyde (E) as the PSR carbonyl component for β-carboline A, after oxidative aromatization, the resulting olefin D is poised for oxidative cleavage to continue the total synthesis as envisioned by the retrosynthetic analysis. The olefin in D also provides a synthetic handle for functionalization or eventual diversification, with potential to investigate new chemical space within the Picrasma alkaloids. Another location in this plan that allows for possible structural diversification is the α-keto position on synthon A. Specifically, oxidation and alkylation to install an α-keto-methoxy group would result in the total synthesis of 3.1. Additional analogs were envisioned to be accessible through enolate trapping of synthon A. Further, if stereoselective α-keto functionalization is possible, then both enantiomers of 3.1 can be synthesized individually to help elucidate the absolute stereochemistry of the natural product. Two other points of diversification exist in both PSR steps where substituted tryptamines B would provide β-carboline molecules with a variety of substitution patterns (points of diversification denoted by intermediates in dashed-line boxes in Scheme 3.). 


[bookmark: _Ref87277742]Scheme 3.4. First retrosynthetic analysis of 3.1 derived from individual β-carboline heterocycle construction (Approach 1).
β-carbolines A and B are drawn in cyan and magenta, respectively. Bond disconnections are denoted in red and blue. The possible points of structural diversification are outlined by gray boxes. 

[bookmark: _Toc97337852][bookmark: _Toc100241907][bookmark: _Toc102586271]3.2.2 β-carboline functionalization (Approach 2).
This approach only employs one PSR for the formation of β-carboline B (magenta, Scheme 3.) from an aldehyde such as F. Synthon F contains an already in-tact β-carboline A heterocycle (cyan, Scheme 3.) and a linker with the correct oxidation pattern present in 3.1. The formation of synthon F could arise from Swern oxidation39 of alcohol G. The formation of synthon G is anticipated to be a difficult step in this retrosynthetic analysis, because it relies on the ability to create a nucleophilic 1-position on β-carboline A. The synthesis of β-carboline synthon G was envisioned to arise from ring metalation,40 C-H activation,41 or radical functionalization at the 1-position of the β-carboline in synthon I.42 If the substituted δ-valerolactone synthon H is an adequate electrophile, then the linker can be directly attached with the proper oxidation pattern of the linker in compound 3.1. Ideally, the terminal carbon on the linker would be captured in a final PSR as C1 in β-carboline B (magenta, Scheme 3.). 


[bookmark: _Ref87208666]Scheme 3.5. Second retrosynthetic analysis of 1 that utilizes β-carboline functionalization (Approach 2).
β-carbolines A and B are drawn in cyan and magenta, respectively. Bond disconnections are denoted in red and blue. the Possible points of structural diversification are outlined by gray boxes. 

This synthetic approach allows for structural diversification at three different points, denoted by the intermediates highlighted with dashed-lined boxes in Scheme 3.. Depending on the substitution pattern of various β-carbolines (I) and the corresponding effects to the metalation chemistry, the initial coupling reaction of compounds I and H is expected to provide the first point of diversification. This would allow for diversification of both β-carboline A and the linker. Alternatively, differently substituted tryptamines in the final PSR are expected to enable diversification of β-carboline B. For example, if tryptamine J (Figure 3.5) was employed in the PSR with aldehyde A (Scheme 3.5), then the total synthesis of 3.1 would be achieved. As such, this synthetic approach provides a valuable opportunity to develop a Picrasma alkaloid library to interrogate the SAR of Picrasidine C and related congeners. 


[bookmark: _Ref102583002][bookmark: _Toc100748312][bookmark: _Toc100243258]Figure 3.5. Structure of proposed di-substituted methoxy tryptamine J.



[bookmark: _Toc97337853][bookmark: _Toc100241908][bookmark: _Toc102586272]3.3 Results and discussion for Approach 1
	The iterative β-carboline construction approach was explored more extensively between the two approaches. The PSR is the pivotal reaction of this approach as it is utilized for the assembly of both β-carbolines A and B, and each PSR step required individual optimization. Approach 1 can be generalized and broken down into four steps: (1) PSR1, (2) oxidative aromatization, (3) oxidative cleavage, and (4) PSR2. The investigation, optimization, and application of each of these steps in the efforts to synthesize 3.1 are discussed in this section. 
[bookmark: _Toc97337854][bookmark: _Toc100241909][bookmark: _Toc102586273]3.3.1 Step 1: Pictet-Spengler cyclization with cyclopentene-1-aldehyde for the formation of THBC 3.34 (PSR1).


[bookmark: _Ref86672544]Scheme 3.6. Generalized PSR for Step 1.


The first Pictet-Spengler reaction, hereby denoted as PSR1 or Step 1, was integral to the retrosynthetic plan, because it would provide the carbon and nitrogen skeleton of both β-carboline A and the linker. To achieve this, PSR1 was envisaged from starting materials tryptamine 3.32 and cyclopentene-1-aldehyde 3.33, where substituted tryptamines might also be used during future diversification of THBC 3.34 (Scheme 3.). This reaction was more challenging than predicted, thus this subsection will describe the work towards accomplishing Step 1 and its optimization. 


[bookmark: _Ref86673427]Scheme 3.7. Synthesis of aldehyde 3.33.
Reagents and conditions: (a) NaIO4, Et2O, 1 h. (b) 20% aq. KOH, 1 h.

Aldehyde compound 3.33 is a colorless, volatile liquid. It is commercially available and relatively expensive, however supply chain issues and material limitations (<5 g available at a time) inspired me to synthesize it in-house. As in the typical case of α,β-unsaturated aldehydes,43 3.33 is also rather unstable, as it polymerizes under mildly basic conditions or in an aqueous environment. Thus, 3.33 was freshly synthesized each time before executing PSR1. The synthesis of 3.33 was achieved through oxidation of cis-1,2-cyclohexanediol (3.35) with sodium (meta)periodate (NaIO4) followed by base-promoted ring-opening with potassium hydroxide (KOH). This reaction is performed in a biphasic mixture of water and diethyl ether at room temperature (Scheme 3.). Since 3.33 is a low molecular weight liquid and is highly volatile, purification is best achieved using a Kugelrohr distillation apparatus. Purification was circumvented, however, and the crude product in ether was used immediately for the Pictet-Spengler cyclization reaction. Notably, yields of the following PSR were not affected by purity of the aldehyde solution. 
The PSR is generally performed under acidic conditions at refluxing temperatures in a variety of solvents.27 In order to assess the best conditions for this reaction to occur with the cyclopentene-1-aldehyde substrate, methanol, dichloroethane (DCE), dichloromethane (DCM), and diethyl ether (Et2O) were employed (Table 3.2). Following typical PSR procedures,27 the reaction was first attempted in methanol at 80 ̊C with one equivalent of glacial acetic acid, which resulted in no observable product formation (Table 3.2, entry 1). Likewise, heating to 110 ̊C in DCE and TFA failed to provide the desired product (Table 3.2, entry 2). Finally, two equivalents of TFA in DCM at room temperature (~23 ̊C) resulted in product formation, albeit in 18% yield (Table 3.2, entry 3). Interestingly, yields for this reaction, when repeating the same conditions, were inconsistent and ranged from 18 – 39%. 
Based on results by TLC, all reactions independent of solvent or temperature form one very polar product, which appears at baseline and remains immobile in a 5 – 20% methanol/ethyl acetate eluent. Unsuccessful attempts were made to isolate and characterize this product, but it is presumed to be a polymerization product from either the aldehyde, tryptamine, or a combination of the two. Qualitatively, the formation of the putative polymerization product can be observed as a brownish amber sticky oil as the reaction occurs. I also believe that the formation of this by-product continuously diminishes the yield of the desired product 3.34, so that once the polymer starts to form, the production of the desired product stalls. Practically speaking, when the reaction turns dark brown or a brown tar collects on the side of the reaction flask, I could assume a poor yielding reaction. 
[bookmark: _Ref86431591]Table 3.2. Optimization table for PSR1.
	


	Entry
	Acid
	Solvent
	Additive
	Method
	Temp (̊C)
	Yield (%)

	1
	AcOH
	Methanol
	None
	A
	80
	0

	2
	TFA
	DCE
	None
	A
	110
	0

	3
	TFA
	DCM
	None
	A
	23
	18

	4
	TFA
	DCM
	Na2SO4
	A
	0 – 23 
	39

	5
	TFA
	DCM
	Na2SO4
	B
	0 – 23
	46

	6
	TFA
	DCM
	Na2SO4
	C
	0 – 23
	65

	7
	TFA
	Et2O
	Na2SO4 or MS
	C
	23
	18

	8
	TFA
	Et2O
	MS
	C
	0 – 23
	87


MS = molecular sieves. Method varies by acid addition: (A) Acid added dropwise. (B) Acid added dropwise slowly over the course of 10 minutes. (C) Acid added dropwise slowly over the course of 1 hour. 

Since polymerization was believed to be the issue, focus shifted towards altering conditions to prevent the formation of polymerization side-products. The most obvious approach for circumventing polymerization is to decrease the reaction concentration. As such, the solvent volume was doubled for the remaining trials. Notably, the water formed as a by-product during this PSR can hinder reaction progress, since aldehyde 3.33 polymerizes in the presence of water. Therefore, water adsorption additives were used in attempts to prevent unwanted side reactions. Sodium sulfate was adequate as a desiccant (Table 3.2, entries 4 – 6), but molecular sieves worked best (Table 3.2, entry 8). While the brown resin assumed to be polymerization products can be seen accumulating around the solid desiccants, yields improved. Next, lower temperatures were investigated. As mentioned previously, high temperatures are typically necessary for the PSR cyclization to occur, but high temperatures also promote polymerization.44 It was found that starting the reaction over an ice bath and gradually warming to room temperature provided more reliable product formation (Table 3.2, entries 6 and 8). 


[bookmark: _Ref86431511]Scheme 3.8. First Pictet-Spengler cyclization for the formation of THBC 3.34 (Step 1). 
Reagents and conditions: (a) NaIO4, Et2O, 1 h, (b) 20% aq. KOH, 1 h, (c) 3.32, TFA, Et2O, 0 – 23 ̊C. 

This gradual temperature increase improved the yield significantly, more than double compared to the room temperature reaction (Table 3.2, entry 4). Upon this discovery, I then tried slowing the addition of the acid, adding the TFA dropwise over the course of 0, 10, or 60 minutes (Table 3.2, entries 4 – 6), resulting in a significant yield increase to 65% (Table 3.2, entry 6), a ~3-fold improvement from the initial conditions. These newfound reaction conditions were standard for most of the total synthesis process: two equivalents of TFA added dropwise over one hour in DCM at 0 ̊C. Yields remained modest (55 – 65%), however, and it was not until a serendipitous change of solvent to diethyl ether when yields improved significantly to >85% (Table 3.2, entry 8). I chose to try ether as an alternative solvent simply because the previous reaction to form aldehyde 3.33 was unintentionally diluted with twice the amount of ether than usual and adding DCM would have necessitated a larger reaction vessel. Thusly, the optimized reaction conditions for the first step of this total synthesis were identified as requiring slow addition of TFA into a mixture of compound 3.33 and tryptamine 3.32 in ether at 0 ̊C, followed by gradual warming to ambient temperature until full conversion of the tryptamine starting material was observed by TLC (Scheme 3.).
[bookmark: _Toc97337855][bookmark: _Toc100241910][bookmark: _Toc102586274]3.3.2 Step 2: Oxidative aromatization of THBC 3.34.
While Step 1 provided the THBC skeleton for β-carboline A, it was speculated that aromatization must be completed before the envisioned upcoming oxidative cleavage of the olefin, because the free secondary amine present in THBC 3.34 might provide problematic side products. The aromatization reaction for the formation of β-carboline 3.36 will be referred to as Step 2 hereafter (Figure 3.6). Despite the extensive amount of oxidative or dehydrogenative conditions available and attempted for this aromatization reaction, the best obtainable yields for Step 2 were found to be rather humbling. Therefore, the success of this reaction was measured not only based on reproducible yields but also for the ability to recover the THBC starting material, especially when the THBC emerged from expensive or difficult to obtain tryptamines. 


[bookmark: _Ref102583071][bookmark: _Toc100748313][bookmark: _Toc100243259]Figure 3.6. Generalized reaction for Step 2.

Dehydrogenative aromatization reactions of THBCs are generally mediated by stoichiometric oxidants such as sulfur,45 potassium permanganate (KMnO4), manganese dioxide (MnO2), selenium dioxide (SeO2),46 hydrogen peroxide (H2O2),47 hypervalent iodine species such as iodosobenzene or iodoxybenzoic acid (IBX),16 N-bromosuccinimide (NBS),49 palladium on carbon (Pd/C),50 or dichlorodicyanobenzoquinone (DDQ).51 For this specific THBC substrate 3.34, however, most of these oxidative conditions did not provide any product and the starting material remained unchanged in the reaction vessel. Even under elevated temperatures or after several hours of reaction time (Table 3.3, entries 2 – 11) these traditional methods failed to produce product in isolable quantities. Notably, reactions with DDQ (Table 3.3, entries 12 – 15) or Pd/C (Table 3.3, entries 23 – 25) did provide aromatized product 3.36 at yields between 8 – 26%, although inconsistently and with unrecoverable starting material. 
Precious metal or metal oxide catalysis are often energy- and resource-intensive. This prompted the development of alternative, metal-free methods to support sustainable chemistry52 and gave rise to base-mediated dehydrogenative aromatization methods for the synthesis of heterocycles.53–55 In this context, the study of organic base-promoted aromatization of THBCs into β-carbolines under air suggested a greener and more practical approach,56 which inspired the use of 1,5-diazabicyclo[4.3.0]non-5-ene (DBN) and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in the aromatization trials for Step 2. Utilizing oxygen gas (O2) from the air as a clean oxidant is the ultimate goal of oxidation reactions, as it is readily available and environmentally friendly. Encouragingly, I found that DBN and DBU promoted the aromatization of THBC 3.34, providing the desired product 3.36, albeit in low yields (≤10%). Specifically, use of DBN in super-stoichiometric amounts or as the solvent at high temperatures using air as the oxidant (Table 3.3, entry 16) proved to be reproducible. These DBN and DBU reactions (Table 3.3, entries 15, 16, and 19) were notable because the unreacted starting material remained intact and recoverable via column chromatography, which was especially helpful in maximizing the use of 3.34. This was followed by the exploration of copper salt additives in attempts to increase reaction yield, as copper is a cost-effective transition metal with low toxicity that is compatible with air.57 While adding CuCl2 seemed to double the yield of the DBN and DBU reactions (Table 3.3, entries 17 and 21), it also rendered the unreacted starting material unrecoverable, presumably because of the ability of nitrogen heterocycles to create aggregates with Cu2+ ions.58 Therefore, further investigation into other aromatization conditions was necessary. 
[bookmark: _Ref86431719]Table 3.3. Conditions screen and optimization table for oxidative aromatization of 3.34. 
	


	Entry
	Reagent(s)
	Solvent
	Temp (°C)
	Time (h)
	3.34 Consumeda
	3.36 Formeda
	Yield (%)b

	1
	-
	MeOH
	23
	48
	N
	N
	0

	2
	activated charcoal
	neat
	150
	48
	N
	Y
	ND

	3
	PhI(OAc)2
	DMF
	23
	2
	N
	Y
	ND

	4
	S
	xylenes
	120
	12
	N
	N
	0

	5
	I2, H2O2
	DMSO
	60
	8
	N
	N
	0

	6
	MnO2
	p-xylene
	150
	12
	N
	N
	0

	7
	IBX
	DMSO
	150
	12
	N
	N
	0

	8
	I2
	DMSO
	150
	12
	N
	N
	0

	9
	SeO2
	dioxane
	98
	14
	N
	N
	0

	10
	SeO2
	p-xylene
	150
	12
	N
	N
	0

	11
	NBS
	toluene
	23
	12
	N
	N
	ND

	12
	DDQ
	DCM
	23
	12
	Y
	Y
	20

	13
	DDQ, MS
	DCM
	23
	48
	Y
	Y
	19.5

	14
	DDQ, MnO2
	MeCN
	23
	48
	Y
	Y
	8.6

	15
	DDQ, mol. sieves
	DCM
	45
	4
	N
	N
	0

	16
	DBN
	neat
	110
	48
	N
	Y
	10

	17
	DBN
	toluene
	150
	36
	N
	Y
	9

	18
	DBN, CuCl2
	toluene
	120
	48
	N
	Y
	17

	19
	DBN, CuCl2
	MeCN
	23
	24
	N
	Y
	ND

	20
	DBU
	neat
	110
	24
	N
	Y
	5

	21
	DBU, CuCl2
	MeCN
	23
	48
	N
	Y
	19.5

	22
	DBU, CuCl2
	MeCN
	90
	48
	N
	Y
	1.6

	23
	Pd/C
	neat
	150
	18
	N
	Y
	26.5

	24
	Pd/C
	xylenes
	145
	24
	N
	N
	0

	25
	Pd/C
	tol/BuOH
	150
	3
	N
	Y
	12

	[bookmark: _Hlk63939440]26
	Pd/C, Li2CO3
	tol/BuOH
	150
	12
	N
	N
	0

	27
	Ag2CO3, Li2CO3
	DMF
	155
	48
	Y
	Y
	30


ND = no data. a Qualitative result based on thin layer chromatography (TLC). b Isolated yield after column chromatography. 

Interestingly, a recent communication in Tetrahedron Letters reported in the commentary that a researcher mistakenly selected silver carbonate (Ag2CO3) instead of a traditional hydrogenation metal while running a reaction, and serendipitously discovered a silver-mediated oxidation THBCs into their aromatic counterparts.59 This mistake was a fortunate one for me, because a mixture of Ag2CO3 and lithium carbonate (Li2CO3) in refluxing dimethylformamide (DMF) for 24 – 48 h provided the desired β-carboline 3.36 at a humble yet fortuitous 30% yield (Table 3.3, entry 26). This reaction still has its limitations, however, as 1) the silver reagent must be used in stoichiometric or super-stoichiometric amounts, 2) it requires harsh reaction temperatures of 150 – 175 ̊C, and 3) the reaction must be exceptionally anhydrous. As such, the aromatization step to form β-carboline 3.36 acts as a bottle-neck step due to low yields. Despite the less than optimal ecological and economic consequences, two equivalents of Li2CO3, one equivalent of Ag2CO3 in degassed DMF and refluxing for 2 d became the standard reaction conditions for the aromatization of THBC 3.34 (Scheme 3.). 


[bookmark: _Ref86436743]Scheme 3.9. Oxidative aromatization of THBC 3.3 (Step 2).
Reagents and conditions: Ag2CO3, Li2CO3, DMF, 150 ̊C, 24 h.


With the disappointing yields and burdensome reaction times of this oxidative aromatization step, attempts to optimize this reaction continued. Microwave-assisted chemical reactions, has emerged as a valuable alternative in organic synthesis and are now well-established practices in the laboratory setting.60 The microwave-mediated aromatization of THBCs had been previously reported, utilizing catalytic Pd/C in a 75:25 mixture of toluene and n-butanol.61 This method, however, failed to prove useful for this specific THBC substrate 3.34, as no product formation was observed (Table 3.4, entry 1). Addition of acetic acid or Li2CO3 also resulted in no reaction (Table 3.4, entries 2 – 3). The silver and lithium salt mixture from the earlier optimized conditions were also tried under microwave radiation (Table 3.4, entries 5 – 7). Notably, while the microwave-assisted reaction under the optimized conditions did provide some usable product 3.36 in only 8 h, as compared to the 24 h required for traditional heating, microwave methods failed to improve the yield. Furthermore, the specific microwave reactor available to me only operated with a maximum volume of 35 mL, limiting the scale of reaction possible. As such, the conditions in Scheme 3. remained the best option for Step 2 in this total synthesis. 

[bookmark: _Ref86669443]Table 3.4. Aromatization reactions inside microwave reactor
	


	Entry
	Reagent(s)
	Solvent
	Temp (°C)
	Time (h)
	3.34 Consumeda
	3.36 Formeda
	Yield (%)b

	1
	Pd/C
	tol/BuOH
	175
	5
	N
	N
	0

	2
	Pd/C, AcOH
	p-xylene
	150
	12
	N
	N
	0

	3
	Pd/C, Li2CO3
	tol/BuOH
	150
	3.5
	N
	N
	0

	4
	Pd/C, Li2CO3, Ag2CO3
	tol/BuOH
	200
	3.5
	NDc
	NDc
	NDc

	5
	Ag2CO3, Li2CO3
	DMF
	150
	6
	Y
	Y
	15

	6
	Ag2CO3, Li2CO3
	DMF
	150
	8
	Y
	Y
	27.7

	7
	Ag2CO3, Li2CO3
	DMF
	175
	8
	Y
	Y
	9.9


ND = no data. 
a Qualitative result based on thin layer chromatography (TLC). 
b Isolated yield after column chromatography. 
c Reaction vessel broke inside microwave reactor, so data was un-obtainable. 

[bookmark: _Toc97337856][bookmark: _Toc100241911]

[bookmark: _Toc102586275]3.3.3 Step 3: Oxidative cleavage to construct the linker region
The alkene present in the β-carboline intermediate 3.36 provides a functionalizable handle for the progression of this total synthesis. I had envisaged the cleaving of said olefin into a dicarbonyl compound where the aldehyde would be poised for a second Pictet-Spengler cyclization to form the second β-carboline heterocycle (β-carboline B). This oxidative cleavage step will hereby be referred to as Step 3. 
A


B


[bookmark: _Ref102583099][bookmark: _Toc100748314][bookmark: _Toc100243260]Figure 3.7. Criegee mechanism of Ozonolysis.



Cleavage of carbon-carbon double bonds to obtain dicarbonyl compounds (ketones and/or aldehydes) is a key reaction in synthetic organic chemistry62 as it provides access to a wide but controllable range of products.63 The mechanism of ozonolysis has been thoroughly studied, with the three-step Criegee mechanism being the most widely accepted.64 Generally, ozone (O3) undergoes a 1,3-dipolar cycloaddition with the alkene, leading to the primary ozonide (molozonide), which decomposes to give a carbonyl compound and carbonyl oxide (Figure 3.7A).65 This is a fascinating reaction in practice as it can be qualitatively monitored. Gaseous O3 is passed through a cold solution (usually -78 – 0 ̊C) until a blue color is observed, indicating the consumption of the double bond and formation of the ozonide intermediates. The reaction is then halted when the ozone is forced to dissipate via sparging with nitrogen gas, followed by a reductive or oxidative workup, the choice of which typically determining product structure. In the presence of alcohols, addition to the carbonyl oxide is possible affording geminal methoxyhydroperoxides (Figure 3.7B).
While ozone gas is a clean and effective choice that allows cleavage of the olefin under extremely mild conditions and efficient atom economy, several newer methodologies have been developed to avoid the risk of respiratory illness66 due to acute and chronic ozone exposure. For example, the hypervalent iodine species iodosylbenzene in combination with fluoroboric acid (aqueous HBF3) in hexafluoroisopropanol (HFIP) were found to be a safer ozonolysis substitute, efficiently providing dicarbonyl compounds from alkenes.67 This method is interesting because of its environmentally friendly nature and high selectivity. Alternatively, metal-based methods (potassium permanganate (KMnO4), ruthenium oxides, ceric ammonium nitrate (CAN), and chromium reagents), electrocatalytic anodic cleavage, singlet oxygen, and enzymatic methods are available for alkene cleavage.68 
Perhaps the most effective ozone alternative, however, involves catalytic amounts of osmium tetroxide (OsO4). In this reaction, the combination of OsO4 dihydroxylation of an olefin and subsequent periodate (or other oxidant) cleavage of a 1,2-glycol mimics ozonolysis.69 Namely, the Lemieux-Johnson oxidation70 was an attractive method for this total synthesis for a few reasons. Firstly, catalytic amounts of the osmium reagent are sufficient because the periodate oxidizes osmium in its lower valence forms to the tetroxide, thus regenerating the hydroxylating agent.71 Second, the catalytic nature of this reaction permits the use of relatively small amounts of the very expensive and poisonous osmium reagent. Finally, the periodate cleavage should cease at the aldehyde stage of the oxidation, providing the only the desired aldehyde intermediate 3 without further oxidation into the corresponding carboxylic acid. 


[bookmark: _Ref102583157][bookmark: _Toc100748315][bookmark: _Toc100243261]Figure 3.8. Structure of mCPBA oxidation product 3.37. 


Fortunately, β-carboline 3.36 was a suitable substrate for oxidative cleavage and Step 3 proceeded without introducing any major problems. A simple condition screen of ozonolysis conditions including ozone gas (O3), meta-chloroperoxybeznoic acid (mCPBA), iodosobenzene diacetate, iodosylbenzene, and potassium permanganate (KMnO4) was performed (Table 3.5). Predictably,72 mCPBA only afforded the epoxide product 3.37 (Figure 3.8), which has potential as a picrasidine building block and diversification point to explore in future studies.73 

[bookmark: _Ref86861992]Table 3.5. Screening conditions for oxidative cleavage Step 3.
	


	Entry
	Reagent(s)
	Solvent
	Temp (°C)
	Time (h)
	Product
	Yield (%)a

	1
	O3
	MeOH
	0
	1
	NP
	-

	2
	mCPBA
	DCM
	-78 – 23 
	1
	3.37
	12

	3
	PhI(OAc)2
	MeOH/H2O
	0 – 23 
	25
	NP
	-

	4
	KMnO4, AcOH
	DCM
	23
	21
	NP
	-

	5
	PhIO, HBF4
	DCM/HFIP/H2O
	23
	4
	NP
	-

	6
	OsO4, NMO
	THF/H2O
	0 – 23
	2
	3.38
	60

	7
	OsO4, NaIO4
	THF/H2O
	0 – 23
	3
	3.38
	85


NP = no product. 
a Isolated yield after column chromatography.

After screening several oxidative cleavage conditions, only catalytic OsO4 in combination with either N-methylmorpholine-N-oxide (NMO) or sodium metaperiodate (NaIO4) additives provided product. I found that subjecting compound 3.36 to catalytic amounts (0.1 equivalents) of OsO4 and two equivalents of NMO in tetrahydrofuran (THF) and water (3:1) over an ice bath (0 ̊C), afforded the key aldehyde intermediate 3.3 with a 60% yield. Eventually, replacing NMO with NaIO4, and allowing substrate exposure to the osmium catalyst for 1 h before adding the oxidant, provided a significant improvement in yield 85%. The optimized oxidative cleavage conditions for Step 3 are shown in Scheme 3..
 

[bookmark: _Ref86431162]Scheme 3.10. Oxidative cleavage for the formation of aldehyde intermediate 3.38 (Step 3).
Reagents and conditions: (a) OsO4, NaIO4, THF/H2O, 0 – 23 ̊C.

[bookmark: _Toc97337857][bookmark: _Toc100241912][bookmark: _Toc102586276]3.3.4 Step 4: Generating the second β-carboline system from key aldehyde intermediate 3.38 via Pictet-Spengler cyclization (PSR2).
After successfully optimizing the oxidative cleavage for Step 3, compound 3.38 was presumed to be an adequate substrate for a second PSR wherein the reactive aldehyde functional group would undergo acid-catalyzed imine formation with tryptamine 3.32 to assemble THBC 3.39, thus conceptualizing Step 4, which is hereby denoted as PSR2. The original plan and hypothesized THBC-containing product 3.39 for PSR2 is shown in Scheme 3.. At this point, I believed that oxidative aromatization of 3.39 would provide compound 3.40, comparable to Step 2, providing the scaffolding of picrasidine C. 
To test this hypothesis, typical TFA catalysis conditions were first employed (Table 3.6, entry 1) on small scale (0.02 mmol). Initial results, qualitatively determined by TLC, showed the formation of inseparable products, in addition to an indeterminable nuclear magnetic resonance (NMR) spectroscopic analysis of the crude sample. Subsequently, conditions were screened in attempts to find the best method for the construction of compound 3.39. Tryptamine 3.32 or tryptophan methyl ester 3.32a was reacted with aldehyde 3.38 under acidic conditions (TFA or HCl) with various desiccant additives (Na2SO4 or MS) and solvents (DCM or MeOH), starting at 0 ̊C and warming to room temperature (23 ̊C) while monitoring reaction progress by TLC (Table 3.6, entries 2 – 5). Notably, triethylamine (Et3N) was utilized, as previous evidence by Sharma et al. suggested a successful PSR under aprotic conditions.74 For this specific substrate however, these conditions failed to provide the desired product (Table 3.6, entry 3). 


[bookmark: _Ref89108947]Scheme 3.11. Proposed reaction and products for the second Pictet-Spengler cyclization (PSR2).

From this initial screen, still conducted at a small scale (0.02 mmol), I found HCl in MeOH to provide the cleanest reaction mixture, from which a single product was visible by TLC (Table 3.6, entry 4). Upon initial scale-up (0.27 mmol), the HCl (2 M aqueous solution) in the presence of molecular sieves as a desiccant provided a modest 21% yield of a single product (Table 3.6, entry 6). Unable to fully characterize the structure of the product due to the low mass of the sample, I repeated the reaction in anhydrous conditions. Use of HCl gas in methanol provided a 74% yield and enough product to conduct multiple 2D NMR analyses (see Appendix II), which revealed the product as compound 3.41 rather than the target compound 3.40. 

[bookmark: _Ref89110150]Table 3.6. Conditions screen for PSR2.
	
 

	Entry
	Amine
	Reagent(s)
	Solvent
	Additive
	Temp (̊C)
	Product
	Yield (%)a

	1
	3.32
	TFA
	Et2O
	-
	23 
	CMb
	-

	2
	3.32a
	TFA
	DCM
	Na2SO4
	0 – 23
	CMb
	-

	[bookmark: _Hlk89105392]3
	3.32a
	Et3N
	DCM
	Na2SO4
	0 – 23
	NR
	-

	4
	3.32
	HCl (aq.)
	MeOH
	-
	0 – 23
	Oneb
	-

	5
	3.32a
	HCl (aq.)
	MeOH
	-
	0 – 23
	CMb
	-

	6
	3.32
	HCl (aq.)
	MeOH
	MS
	23
	3.41
	21

	7
	3.32
	HClc
	MeOH
	-
	0 – 23
	3.41
	74


CM = complex mixture. NR = no reaction. One = one product formed. MS = molecular sieves.
a Isolated yield after column chromatography.
b Qualitative result based on TLC.
c Hydrochloric acid as anhydrous solution in methanol. 
	
	The formation of compound 3.41 is predicted to arise by the mechanism proposed in Scheme 3.. Based on the accepted mechanism of the PSR,75 this reaction is surmised to first form the desired THBC 3.39. This product, however, contains a ketone that is likely protonated within the acidic solution and readily attacked by the secondary amine of the THBC to form the indoloquinolizine ring system (Scheme 3.). This novel, metal-free acid-catalyzed Pictet-Spengler enamine cyclization cascade sequence serendipitously provides efficient access to indoloquinolizine heterocycles, a common building block in several natural products and pharmaceuticals (see Section 3.5.2 for more details about indoloquinolizines). 


[bookmark: _Ref89119248]Scheme 3.12. Unexpected fate of THBC 3.39 and proposed mechanism for the formation of the indoloquinolizine heterocycle. 
Reagents and conditions: (a) anhydrous HCl in MeOH, 0 – 23 ̊C.

[bookmark: _Toc97337858][bookmark: _Toc100241913][bookmark: _Toc102586277]3.3.5 Exploring the enamine reactivity of compound 3.41.
The elucidation of structure 3.41 was perhaps serendipitous, since the enamine functional group provides a reactive synthetic handle, thus prompting the investigation of enamine functionalization reactions. Specifically, oxidation, reduction, bromination, and hydrolysis reactions with compound 3.41 were investigated (Table 3.7). Bromination with NBS was unsuccessful, even with the presence of the radical initiator azobisisobutyronitrile (AIBN) (Table 3.7, entries 5 and 6). Sodium borohydride (NaBH4) was employed in attempts to reduce the enamine double bond (Table 3.7, entry 8), but the resulting product mixture was too complex to pursue spectroscopic characterization. Stronger reducing agents such as lithium aluminum hydride (LAH)76 might be necessary to reduce the fully conjugated double bond of the enamine. This reaction was not pursued, however, because 3.41 was more reactive under oxidation conditions and thus my focus shifted to the interrogation of oxidation chemistry. 

[bookmark: _Ref89122301]Table 3.7. Reaction screen for the functionalization of enamine compound 3.41.
	


	Entry
	Reagent(s)
	Solvent
	Temp (̊C)
	Product
	Yield (%)a

	1
	HCl (aq.)
	MeOH
	23
	3.42
	ND

	2
	Et3N
	DCM
	23
	NR
	-

	3
	NaOH (aq.)
	MeOH
	23
	NR
	-

	4
	mCPBA
	DCM
	0
	3.43
	7

	5
	NBS
	DCM
	23 – 40
	NR
	-

	6
	NBS, AIBN
	DCM
	23 – 40
	NR
	-

	[bookmark: _Hlk89103112]7
	DDQ
	DCM
	23
	3.44
	37

	8
	NaBH4, AcOH
	THF
	0 – 23
	CM
	-


ND = no data. NR = no reaction, starting material unchanged. CM = Complex mixture. 
a Isolated yield after column chromatography.

Treating 3.41 with aqueous sodium hydroxide in attempts at base-promoted hydrolysis was unsuccessful, (Table 3.7, entry 3). The organic base triethylamine under anhydrous conditions also resulted in no reaction (Table 3.7, entry 2). Enamine 3.41 also proved to be recalcitrant to acid-promoted hydrolysis (Table 3.7, entry 1), instead giving rise to the hydrate 3.42 (Scheme 3.). No yield was calculated for the formation of 3.42 due to the inability to reproduce results on multiple occasions. 
The emergence of 3.42 was puzzling at first, because I was under the impression that I was isolating 3.41 after a PSR2 reaction, and TLCs of the resulting fractions showed only one compound spot, so I was expecting a pure NMR. During typical NMR analysis for compound 3.41, I consider the proton peak for C1’ as the diagnostic peak, which usually appears at about 4.58 ppm as a doublet (see 

Table 3.8). This specific sample also produced a new triplet proton peak at about 6.02 ppm, and I found that the single TLC spot was actually two compounds with equal Rf values: 3.41 and an unknown. After producing a pure sample of this unknown, I ran a detailed NMR analysis including proton (1H) and carbon (13C) 1D NMR, COSY, HSQC, and HMBC experiments (see Appendix II). By HSQC, the 1H at 6.02 ppm is correlated to the 13C at 69.8 ppm which is assigned to C1’. In the HMBC spectrum, H1’, H4’, and H13 showed correlations to C10 (δC 84.2). In addition, H11 and H4’ showed correlations to C1’ (δC 69.8). These key HMBC correlations are shown in Figure 3.9. Upon deeper inspection of the spectra, I assigned the structure of the unknown compound to 3.42, the hydrate of 3.41 (see spectral assignments in 

Table 3.8).
[image: Structure of compound 3.42 showing the (A) atom numbering system and (B) key HMBC correlations to C1’ (blue arrows) and C10 (green arrows). ]
[bookmark: _Ref102583187][bookmark: _Toc100748316][bookmark: _Toc100243262]Figure 3.9. Structure of compound 3.42 showing the (A) atom numbering system and (B) key HMBC correlations to C1’ (blue arrows) and C10 (green arrows). 

The formation of 3.42 is generally unpredictable, as PSR2 produces mixtures 3.41 and 3.42 in varying quantities of each depending on the batch. I believe that if the HCl/MeOH solution used in PSR2 is not completely anhydrous, then the formation of 3.42 becomes more prevalent. Compound 3.42 also seems to form after column purification if the silica is not deactivated by a base such as triethylamine. These two compounds more than likely participate in a dynamic equilibrium, especially when water is present. Notably, the mass for both compounds 3.41 and 3.42 will appear after high-resolution mass spectrometry (HRMS) analysis, even if the sample shows pure compound 3.41 by NMR. Compounds 3.41 and 3.42 are inseparable by HPLC, presumably because of their dynamic equilibrium, which may occur in the acidic, aqueous eluent (0.1% TFA in water/acetonitrile). Eventually, I found that the change in chemical shift of C10 provides a diagnostic to distinguish between compound 3.41 and its hydrate 3.42 (red text in 




Table 3.8), which is easily visible on the HMBC spectra. 
Fortunately, enamine functionalization was found possible under oxidizing conditions with mCPBA, giving epoxide product 3.43 (structure shown in Figure 3.10), albeit at a poor 7% yield (Table 3.7, entry 4). Reactions employing DDQ (Table 3.7, entry 7) were also investigated, as these oxidizing conditions consistently gave a single, easily isolatable product. The extensive spectroscopic characterization experiments of the DDQ reaction major product (3.44) will be discussed in section 3.3.6.
[bookmark: _Ref89124299] 

[bookmark: _Ref102583215][bookmark: _Toc100748317][bookmark: _Toc100243263]Figure 3.10. Structure of epoxide product 3.43. 




[bookmark: _Ref97221079]

Table 3.8. NMR assignments for compounds 3.41 and 3.42 (d6-DMSO)
	[image: ]

	Segment
	Position
	[bookmark: _Hlk100553479]Enamine 3.41
	Enamine-OH 3.42

	
	
	δC (ppm), type
	δH (ppm)
	δC (ppm), type
	δH (ppm)

	β-carboline A
	1
	132.8, C
	-
	133.6, C
	-

	
	1a
	145.4, C
	-
	144.3, C
	-

	
	3
	137.7, CH
	8.32 (d)
	137.9, CH
	8.28 (d)

	
	4
4a
	121.3, CH
140.4, C
	8.21 (d)
-
	114.1, CH
139.3, C
	7.94 (d)
-

	
	5
5a
	113.7, CH
141.1, C
	8.05 (d)
-
	122.5. CH
141.7, C
	8.22 (d)
-

	
	6
	117.4, CH
	7.37 (t)
	119.7, CH
	7.26 (m)

	
	7
	127.7, CH
	7.49 (ddd)
	128.3. CH
	7.58 (m)

	
	8
8a
	112.5, CH
128.1, C
	7.67 (d)
-
	110.0, CH
121.0, C
	7.70 (d)
-

	
	9N
	-
	10.99 (s)
	-
	10.64 (s)

	β-carboline B
	1’
1a’
	53.5, CH
136.1, C
	4.58 (d)
-
	69.8, CH
136.1, C
	6.02 (t)
-

	
	3’
	45.3, CH2
	2.93 (m), 2.99 (m)
	25.2, CH2
	2.87 (m), 2.97 (m)

	
	4’
4a’
	21.4, CH2
118.3, C
	2.71 (m), 2.53 (m)
-
	46.6, CH2
112.4, C
	1.85 (m), 3.21 (m)
-

	
	5’
5a’
	119.2, CH
135.8, C
	7.22 (t)
-
	122.2, CH
111.2, C
	6.99 (m)
-

	
	6’
	111.0, CH
	7.35 (t)
	118.2. CH
	7.31 (d)

	
	7’
	118.1, CH
	6.96 (t)
	117.7, C
	6.78 (t)

	
	8’
8a’
	120.5, CH
126.6, C
	7.05 (m)
-
	120.7, CH
127.0, C
	6.95 (m)
-

	
	9N’
	-
	10.99 (s)
	-
	10.64 (s)

	Linker
	10
	107.3, C
	-
	84.2, C
	-

	
	11
	110.3, CH
	5.61 (m)
	39.1, CH2
	1.88 (m), 2.08 (m)

	
	12
	22.9, CH2
	2.32 (m), 2.42 (m)
	18.5, CH2
	0.69 (m), 1.59 (d)

	
	13
	24.4, CH2
	1.97 (m), 2.28 (m)
	30.5, CH2
	1.97 (d), 2.13 (m)



[bookmark: _Toc97337859][bookmark: _Toc100241914]

[bookmark: _Toc102586278]3.3.6 Discovery and structural characterization of compound 3.44.
An attempt was made to oxidize 3.41 into its aromatic congener 3.41a (Scheme 3.), which contains the carbon and nitrogen scaffold of Picrasma alkaloids 3.7 – 3.12. Since DDQ exhibited some success in the oxidative aromatization in Step 2 (see section 3.3.2), and is known to assist in aromatization reactions of nitrogen heterocycles,51,77,78 I expected DDQ to aromatize β-carboline B in 3.41 to provide the charged species 3.41a. 


[bookmark: _Ref97240713]Scheme 3.13. Hypothesized outcome of DDQ oxidation of enamine 3.41.

The reaction of 3.41 with DDQ in DCM at 23 ̊C for 12 h provides a single product that is easily purified with silica gel chromatography. These results were encouraging at first, because of the straightforward purification and when analyzing this product by HRMS, the mass ES+ m/z 389.176 (calculated for C26H21N4+ is 389.18) was found. The mass ES+ m/z 407.187 was also found, however, which was originally thought to evidence for the presence of a 3.41a-hydrate. Upon NMR analysis, however, it was clear that the sample contained a mixture of diastereomers, while 3.41a should only have been a racemic mixture, and the structure of 3.41a was not confirmed by the NMR spectra. This prompted an extensive literature review of DDQ reactions and some mechanistic brainstorming. 


[bookmark: _Ref97242119]Scheme 3.14. Proposed mechanism for the formation of compound 3.44. 

Benzylic C-H bond oxidations are known to occur with DDQ reactions,79 and DDQ is known to oxidize the THBC 4-position to form 4-oxo-THBC.31 There is also evidence of the ability of DDQ to promote oxidative cyclizations.78 Thus, the mechanism for the formation of 3.44 is proposed in Scheme 3.14. Briefly, oxidation of the indoloquinolizine at the pseudo-benzylic position in addition to enamine tautomerization to the iminium ion 3.44’ would allow for cyclization and the formation of a fused 5-membered ring. At first glance, the structure of 3.44 appears sterically strained and unstable due to the hemiaminal that is formed. However, the (6-6-5)-fused heterocyclic octahydro-2H-3,6-epoxyquinolizine skeleton is found in the iboga class of natural products80 which contradicts its unstable appearance. The existence of 3.44 is also corroborated with the aforementioned HRMS data. This, along with the thorough NMR analysis provided below, is evidence of the formation of compound 3.44.
The structure of 3.44 was confirmed by 1H and 13C 1D NMR, HSQC, HMBC, HSQC-TOCSY, and TOCSY 2D NMR, and HRMS. Key COSY, HSQC, and TOCSY correlations are shown in Figure 3.11. Focusing on the aliphatic region where the chemistry most likely occurred, the linker carbons (δC 34.4, C11; 18.1, C12; 30.7, C13) and their corresponding protons were identified with COSY correlations indicating their connectivity. COSY correlations also showed a single proton (δH 5.07, H4’) connected to two diastereotopic protons (δH 2.77 and 3.28, H3’). TOCSY and HSQC-TOCSY showed C4’ and C3’ in an isolated spin system. Additionally, C10 (δC 90.9) showed correlations to H1’ and H3’ in the HMBC spectrum. The carbon shift of 90.9 ppm, too low for sp2 carbons and too high for a typical oxygen-bonded carbon, suggested more complexity to C10. This spectroscopic data along with the mechanistic rationale above, arrived at the structure of compound 3.44. Two diastereomers of 3.44 were found by NMR in 3:2 ratio, but absolute stereochemistry is unknown. The final NMR assignments are shown in 

Table 3.9. 
[image: Structure of compound 3.44 showing the (A) atom numbering system and (B) the key HMBC (green arrows), TOCSY (red arrows), and COSY (blue bold bonds) correlations. ]
[bookmark: _Ref102583242][bookmark: _Toc100748318][bookmark: _Toc100243264]Figure 3.11. Structure of compound 3.44 showing the (A) atom numbering system and (B) the key HMBC (green arrows), TOCSY (red arrows), and COSY (blue bold bonds) correlations. 


[bookmark: _Ref87305543]

Table 3.9. NMR assignments for compound 3.44 (d6-DMSO). 
	[image: ]

	Segment
	Position
	δC (ppm), type
	δH (ppm)

	β-carboline A
	1
	134.0, C
	-

	[bookmark: _Hlk87303672]
	1a
	142.8, C
	-

	
	3
	139.0, CH
	8.39 (d)

	
	4
	114.5, CH
	8.03 (d)

	[bookmark: _Hlk87303606]
	5
	124.2, CH
	7.33 (d)

	
	6
	121.4, CH
	7.12 (ddd)

	
	7
	118.8, CH
	7.05 (m)

	
	8
	114.3, CH
	7.99 (m)

	
	9N
	-
	10.97 (s)

	β-carboline B
	1’
	66.7, CH
	6.19 (q)

	
	3’
	51.1, CH2
	2.77 (t), 3.28 (dd)

	
	4’
	71.1, CH
	5.07 (dd)

	
	5’
	110.2, CH
	7.73 (dd)

	
	6’
	128.0, CH
	7.61 (m)

	
	7’
	119.4, CH
	7.29 (m)

	
	8’
	122.7, CH
	8.27 (dd)

	
	9N’
	-
	10.85 (s)

	Linker Region
	10
	90.9, C
	-

	[bookmark: _Hlk87303730]
	11
	34.4, CH2
	2.12 (m)

	
	12
	18.1, CH2
	0.69 (m), 1.73 (t)

	
	13
	30.7, CH2
	1.96 (m), 2.24 (m)



	Interestingly, this DDQ reaction resulted in a tandem oxidation-cyclization for the formation of a complex pentacyclic system while generating two new stereogenic centers. Some qualitative structural analysis using Spartan was completed to visualize the 3D structure of 3.44. Its three chiral centers provide six possible diastereomers, three of which are shown in Figure 3.12 at their lowest energy states as calculated by the Spartan program. 
[image: ][image: ][image: Structures and 3D models for three diastereomers of compound 3.44. ]
[bookmark: _Ref102583283][bookmark: _Toc100748319][bookmark: _Toc100243265]Figure 3.12. Structures and 3D models for three diastereomers of compound 3.44. 


[bookmark: _Toc97337860][bookmark: _Toc100241915][bookmark: _Toc102586279]3.4 Results and discussion for Approach 2
	During the investigation of the reactivity of 3.41, the direct functionalization of the β-carboline 1-position was explored via C-H metalation followed by electrophilic trapping (Approach 2). The directed metalation of aromatic substrates is an increasingly important strategy for the synthesis of natural products and new drug entities. A notable example is the ortho metalation of thiophene, furan, pyrrole, and pyridine rings with tetramethylethylenediamine (TMEDA) or sec-butyllithium allows for the installation of nitrile, halo, and methoxy groups.81 While successful pyridine lithiation for electrophilic aromatic substitution reactions have previously been reported,82 the analogous quinoline metalation was found to be much more laborious, presumably due to the less reactive lithium-pyridine species.40 To the best of my knowledge, there is no existing methodology for creating a carbon nucleophile on any position of the β-carboline ring. Preliminary work towards selective lithiation of C1 on the β-carboline is described in this section. 
[bookmark: _Toc102586280][bookmark: _Toc97337861][bookmark: _Toc100241916]3.4.1 A preliminary study on β-carboline functionalization, with inspiration from pyridine chemistry. 
Complex methodologies for the synthesis of pyridines have been extensively studied, particularly directed metalations for regioselective substitutions. For example, lithium 2,2,6,6-tetramethylpiperidide (TMP) is a powerful base, especially for the deprotonation of pyridine such as for the iodation reaction in Figure 3.13A.83 Sterically hindered aryl-lithium reagents such as mesityl-lithium (MesLi) can provide 2-lithiated pyridines irreversibly (Figure 3.13B),84 while lithium amides such as lithium diisopropylamide (LDA) can be expected to perform reversible lithiation reactions on electron-rich pyridines like 3-methoxypyridine (Figure 3.13B).82 Further, the use of mixed aggregates of n-butyllithium (n-BuLi) with aminoalkoxides such as lithium 2-dimethylaminoethanolate (LiDMAE) has also been shown to perform highly regioselective lithiations on pyridine substrates (Figure 3.13C).40 
[image: Pyridine functionalization reactions by (A and B) Knochel and (C) Caubère.]
[bookmark: _Ref102583311][bookmark: _Toc100748320]Figure 3.13. Pyridine functionalization reactions by (A and B) Knochel and (C) Caubère.

These examples, along with inspiration from a review on regioselective functionalizations of pyridines by the Knochel group,82,85,86 the lithiation of β-carbolines was hypothesized to occur under similar conditions. It was predicted that an excess of basic, sterically hindered organolithium reagents could allow for β-carboline lithiation with possible regioselectivity on the 1-position. To explore this idea, an attempt at forming β-carboline nucleophiles from D1 – D3 for electrophilic trapping by methyl ethyl ketone (3.45) was attempted (Table 3.10).
[bookmark: _Hlk97328411]Tried first were the lithium bases n-BuLi, LDA, lithium hexamethyldisilazide (LiHMDS), or the complex base LiDMAE with β-carboline D1 (no N-protecting group), all resulting in no reaction with 3.28 as the electrophile (Table 3.10, entries 2, 4, 6, and 7). Afterwards, boron trifluoride etherate (BF3OEt2) was tried as an additive, assuming the boron would coordinate with the sp2 nitrogen to change the reactivity of the C1-H bond. The reaction of D1 with LiHMDS and BF3OEt2 produced a trace product that I was unable to characterize (Table 3.10, entry 3). N- protected β-carbolines D2 (tert-butyloxycarbonyl, boc) and D3 (tosyl) also resulted in no reaction (Table 3.10, entries 8 – 10). Interestingly, the reaction of D1 with n-BuLi and BF3OEt2 produced product 3.47 (structure shown in Figure 3.15), where the tetrahydrofuran (THF) solvent was incorporated onto the β-carboline C1 (Table 3.10, entry 5). This reaction will be discussed in more detail in section 3.4.2. Compound 3.46 was never formed. 

[bookmark: _Ref87209609]Table 3.10. β-carboline substitution reaction conditions screen. 
	


	Entry
	D
	Protecting Group (R)
	Base
	Additive
	Product

	1
	D1
	H
	LDA
	BF3OEt2
	No Reaction

	2
	D1
	H
	LDA
	-
	No Reaction

	3
	D1
	H 
	LiHMDS
	BF3OEt2
	Unknowna

	4
	D1
	H
	LiHMDS
	-
	No Reaction

	5
	D1
	H
	nBuLi
	BF3OEt2
	3.47 (14%)

	6
	D1
	H
	nBuLi
	-
	No Reaction

	7
	D1
	H
	LiDMAE
	-
	No Reaction

	8
	D2
	Boc
	LDA
	BF3OEt2
	No Reaction

	9
	D2
	Boc
	LiHMDS
	BF3OEt2
	No Reaction

	10
	D3
	Tos
	LiDMAE
	-
	No Reaction


 PG = protecting group. 
a One complex uncharacterizable product was isolated in trace amounts. 
	
Overall, my initial attempts at β-carboline lithiation showed me that the reaction is more complex than a basic deprotonation mechanism. I tried to gain insight into potential issues with this methodology by looking into pKa prediction models by Grzybowski with THF as the solvent.87 The C4-H and C1-H are the most acidic protons on the β-carboline ring, but they may not be acidic enough to be deprotonated by organolithium bases (Figure 3.14). Evidence of lithiation on pyridine by the superbase LiDMAE,88 however, may suggest otherwise, because the Grzybowski model predicts the acidity of pyridine C1-H to be approximately 10 pKa units over the β-carboline 1-position (Figure 3.14). As such, a general pKa analysis does not explain the outcomes of my lithiation reactions. 
[image: ]	[image: Predicted pKa values of C-H in unsubstituted pyridine (left) and β-carboline (right). ]
[bookmark: _Ref102583418][bookmark: _Toc100748321][bookmark: _Toc100243266]Figure 3.14. Predicted pKa values of C-H in unsubstituted pyridine (left) and β-carboline (right). 
Color code: Red is the most acidic position in a molecule. Blue are positions which are acidic but unfavorable in lithiation (due to electronic repulsion). 

[bookmark: _Toc97337862][bookmark: _Toc100241917][bookmark: _Toc102586281]3.4.2 Discussion on the products of β-carboline substitution reactions. 
	

 
[bookmark: _Ref102583395][bookmark: _Toc100748322][bookmark: _Toc100243267]Figure 3.15. Structures of products 3.47 and 3.48 from β-carboline substitution reactions. 

One β-carboline substitution reaction from Table 3.10 did provide the new product 3.47, albeit in a poor 14% yield. β-carboline without a protecting group (D1) was dissolved in THF at 0 ̊C under anhydrous conditions, followed by the addition of BF3OEt2. After stirring for about thirty minutes at 0 ̊C, n-BuLi was added and the reaction stirred for another thirty minutes, to allow for deprotonation/lithiation. Electrophile 3.45 was then added dropwise. This reaction seemed promising at first, because a single product appeared by TLC during the reaction. However, structural characterization by NMR surprisingly found the product to be 1-(tetrahydrofuran-2-yl)-9H-pyrido[3,4-b]indole (3.47). Ethers such as THF have been known to undergo lithiation with n-BuLi in a temperature-dependent manner.89 As such, reducing the temperature to avoid the formation of THF-Li is worth interrogating in future studies. Despite the unwanted side product of this n-BuLi reaction, it did provide some useful insight for β-carboline lithiation reactivity. Since THF-Li is expected to be nucleophilic, this suggests that the boron is indeed coordinating with the sp2 nitrogen, pulling electron density towards the nitrogen atom, and thus forming a relatively electrophilic C1. 


[bookmark: _Ref97333328]Scheme 3.15. β-carboline methylation of D3. 
Reagents and conditions: nBuLi, MeI, THF, -78 – 23 ̊C.

After finding that electrophilic trapping by carbonyl substrate 3.45 was largely unsuccessful, I decided to try the stronger electrophile, iodomethane (Scheme 3.15) to test if a β-carboline nucleophile was actually being formed, and to generally explore its reactivity. To a solution of N-tosyl-β-carboline D3 in THF under anhydrous conditions, n-BuLi was added dropwise at -78 ̊C. Iodomethane was added to the solution before the reaction was allowed to warm to room temperature (23 ̊C). After workup, purification, and NMR analysis, I found that the tosyl-protected β-carboline was methylated at the C3-position. Despite the undesired regioselectivity, this reaction demonstrated the ability to form a nucleophilic carbon on a β-carboline. 

[bookmark: _Toc97337863][bookmark: _Toc100241918][bookmark: _Toc102586282]3.5 Conclusions and future directions
[bookmark: _Hlk86868648]Towards synthesizing the target molecule, picrasidine C (3.1), two distinct approaches were pursued: (1) sequential Pictet-Spengler cyclizations for the construction of each β-carboline heterocycle individually, and (2) direct functionalization of β-carboline via C-H lithiation. Although the initial goal of completing the total synthesis of picrasidine C has yet to be accomplished, interesting synthetic discoveries were made that set the stage for the pursuit of more members of this natural product family. 
[bookmark: _Toc97337864][bookmark: _Toc100241919][bookmark: _Toc102586283]3.5.1 Six new Picrasma alkaloid analogues were synthesized. 
The carbon-nitrogen bis-β-carboline skeleton of Picrasma alkaloids 3.7 – 3.14 was successfully constructed, via the iterative PSR Approach 1, laying a foundation for the total synthesis of picrasidine C to be completed in the future. Notably, four new bis-β-carbolines (3.41 – 3.44) were synthesized along with two new mono-β-carbolines (3.37 – 3.38), each are novel Picrasma alkaloid analogues that await biological activity studies (Figure 3.16). These new Picrasma analogs also hold synthetic potential, due to the presence of reactive functional groups that provide synthetic handles for structural diversification. 
The structural diversity of these newly discovered β-carboline compounds makes them attractive for future biological evaluations. The presence of reactive functional groups such as epoxides 3.37 and 3.43, aldehyde 3.38, and enamine 3.41 provides for synthetic handles to either advance this synthetic endeavor or continue to create new Picrasma alkaloid analogues. While the oxidation, reduction, and bromination of enamine 3.41 was attempted, complex product mixtures complicated structural characterization. Consequently, studies to advance the total synthesis of Picrasma alkaloid family members are still ongoing. 

 

[bookmark: _Toc100748323][bookmark: _Toc100243268]Figure 3.16. Structures of novel Picrasma alkaloid analogues.

[bookmark: _Toc97337865][bookmark: _Toc100241920][bookmark: _Toc102586284]3.5.2 A novel cascade reaction for access to indoloquinolizines was discovered. 
Perhaps serendipitously, the synthesis of 3.41 in Step 4 of Approach 1 was achieved from a novel, acid-catalyzed Pictet-Spengler enamine cyclization cascade, providing efficient access to indoloquinolizine heterocycles. Cascade reactions are powerful synthetic strategies, which offer economical and environmentally friendly means for generating molecular complexity.90 These cascade processes are often associated with cost savings in terms of reagents, catalysts, and solvents, as well as time and effort. The indoloquinolizine scaffold is significant because it is a common building block in several natural products and pharmaceuticals such as arborescidine A,91 deplancheine,92 and yohimbine93 (Figure 3.17). Few methods for the synthesis of the indoloquinolizine scaffold have been reported, but they either require multiple steps,94–96 toxic reagents such as sodium cyanide97 and phosphorus oxychloride,98 or heavy metal catalysis.99 The cyclization cascade exhibited in Step 4 is beneficial compared to other methods due to its mild reaction conditions (2 M HCl in methanol, 0 – 23 ̊C) and its ability to form the tetracyclic indoloquinolizine structure a single step.
 

[bookmark: _Ref102583466][bookmark: _Toc100748324][bookmark: _Toc100243269]Figure 3.17. Representative examples of indoloquinolizine natural products. 


[bookmark: _Toc97337866][bookmark: _Toc100241921][bookmark: _Toc102586285]3.5.3 Complex pentacyclic ring system was synthesized from enamine 3.41 and DDQ. 
Compound 3.44 is interesting as it comprises a new oxygen-containing 5-membered ring fused to the β-carboline B system. The DDQ controlled benzylic-type oxidation-cyclization cascade reaction used to form this ring system generates two new chiral centers, providing a total of three stereogenic centers in 3.44. The (6-6-5)-fused heterocyclic octahydro-2H-3,6-epoxyquinolizine skeleton (highlighted blue in Figure 3.18) is only found in two iboga-type alkaloids, ervaoffines A and C.80 These intricate oxindole-containing polycyclic compounds have no other structural similarities to the Picrasma family of alkaloids but still exhibit a wide variety of biological activities.100 Overall, compound 3.44 exhibits a novel and complex structure.


[bookmark: _Ref102583488][bookmark: _Toc100748325][bookmark: _Toc100243270]Figure 3.18. Structures of iboga-type alkaloids ervaoffines A and C.


[bookmark: _Toc97337867][bookmark: _Toc100241922][bookmark: _Toc102586286]3.5.4 Approach 2 provides preliminary studies for developing methodology for the direct functionalization of β-carbolines.
While most of my β-carboline lithiation attempts were unsuccessful, the formation of two substituted β-carbolines (3.47 and 3.48) occurred. Compound 3.47 has THF attached at the C1 position, and compound 3.48 has a methyl group attached at the C3 position. Compounds 3.47 and 3.48 might not be new or interesting on their own, but they demonstrate that direct substitution on a β-carboline heterocycle is possible. Future studies on β-carboline functionalization might still be accomplished after some considerations. 
First, since the formation of 3.47 may have occurred via nucleophilic aromatic substitution, a new route may be envisioned where the β-carboline acts as an electrophile. For example, the Minisci reaction employs a nucleophilic radical substitution to an electron deficient aromatic system, typically nitrogen heterocycles.42 Some nucleophilic radicals were successful at functionalizing the β-carboline heterocycle including methanol, formaldehyde, formamide, acetaldehyde, and DMF (Scheme 3.16).101 There are some drawbacks to this reaction, such as the inconsistent yields, the resulting mixture of regioisomers might be difficult to purify, and harsh acidic reagents (concentrated sulfuric acid) might not be a viable option for some substrates. Our future studies might find utility in this reaction if Approach 2 was reworked for nucleophilic aromatic substitution. 


[bookmark: _Ref97335478]Scheme 3.16. Minisci reaction for the synthesis of 1-substituted β-carbolines from Lin et al. 
Reagents and conditions: R-H, H2SO4, FeSO4, H2O2. 

Secondly, halogenation of the β-carboline was not tried. Substituted α-carbolines have been synthesized via Sonogashira cross-coupling reactions from the corresponding chloropyrido[2,3-b]indoles (Scheme 3.17).102 While α-carbolines should exhibit different reactivity than β-carbolines and the substrate scope was limited to aromatic and alkyne compounds, C-C bond formation was achieved on an indole-pyridine fused heteroaromatic system. This prompts the possibility that halogenated β-carbolines could undergo coupling reactions, opening new synthetic space for this total synthesis project. 


[bookmark: _Ref97335803]Scheme 3.17. Representative example of C-C bond formation on α-carbolines by Schneider et al. 
Reagents and conditions: [PdCl2(MeCN)2] (0.08 eq.), X-Phos (0.16 eq.), Cs2CO3 (2.6 eq.), acetylene (1.3 eq.), MeCN, 90 ̊C, 12 h. When R = Ph, 95% yield.  

While I was unable to synthesize any picrasidine natural products, great strides were made towards the construction and functionalization of β-carboline heterocycles. The complex heterocycle formation from Approach 1, along with the synthesis of 1-THF-β-carboline 3.47 during the exploration of Approach 2 signifies that there are clear paths forward. 

[bookmark: _Toc97337868][bookmark: _Toc100241923][bookmark: _Toc102586287]3.6 Experimental
[bookmark: _Toc97337869][bookmark: _Toc100241924][bookmark: _Toc102586288]3.6.1 General chemistry methods
All commercial reagents were used without further purification. Distilled water was used for all water necessities in synthetic procedures (e.g., reagent, solvent, work-up). Flash column chromatography was performed with silica gel 60. TLC analyses were completed with EMD Millipore silica gel coated (250 µM) F254 glass plates and visualized with UV light. NMR samples were prepared in 5 mm tubes with 0.6 mL deuterated solvent. NMR data were all collected on a 300, 400, or 500 MHz (specified below) Varian VNMRS Direct Drive spectrometer equipped with an indirect detection probe. Data was collected at 25 oC unless otherwise indicated. Pulse sequences were used as supplied by Varian VNMRJ 4.2 software. All NMR data was processed in MestreNova v10. Peak positions are reported after reference centering on deuterated solvent of relevance.
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Scheme 3.18. PSR1, step 1.
Reagents and conditions: (a) TFA, Et2O, 0 – 23 ̊C, 87%.

General procedure for PSR1. Cyclopentene-1-aldehyde 3.33 was synthesized according to previously existing methods.103 Tryptamine 3.32 (8.33 mmol) was added to a stirring solution of freshly prepared 3.33 (8.33 mmol) in Et2O (50 mL) under nitrogen atmosphere. After the heterogeneous mixture was cooled over an ice water bath to 0 ̊C, TFA (25 mmol) was added dropwise slowly over 30 minutes affording solution changing in color from green to reddish brown. The mixture stirred as it was allowed to warm to room temperature (23 ̊C) overnight. Upon reaction completion, solvent was removed via continuous flow of nitrogen gas to afford a sticky, amber-colored oil. The crude oil was dissolved in DCM and poured over dry silica gel (SiO2) and then solvent was removed under vacuum. The resulting crude mixture was purified by dry-loaded flash chromatography (50 – 85% ethyl acetate/hexanes plus 1% Et3N). Pure fractions were pooled and concentrated in vacuo to yield the THBC 3.34 (7.25 mmol).
	1-(cyclopent-1-en-1-yl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole (3.34): Brown oil, 87% yield. 1H NMR (400 MHz, CDCl3) δ 7.74 (s, 1H), 7.50 (d, J = 7.6 Hz, 1H), 7.31 (d, J = 7.9 Hz, 1H), 7.19 – 7.07 (m, 2H), 5.73 (t, J = 2.1 Hz, 1H), 4.86 (s, 1H), 3.43 – 3.29 (m, 1H), 3.14 – 3.02 (m, 1H), 2.88 – 2.69 (m, 2H), 2.43 – 2.34 (m, 3H), 2.33 – 2.21 (m, 4H), 2.04 – 1.79 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 143.9, 135.7, 130.0, 127.6, 121.7, 119.5, 118.3, 110.9, 110.8, 109.2, 53.9, 42.6, 32.4, 31.9, 23.6, 22.3.


Scheme 3.19. Oxidative aromatization, step 2.
Reagents and conditions: (a) Li2CO3, Ag2CO3, DMF, reflux, 30%.

	General procedure for oxidative aromatization of THBC 3.34. Dry THBC 3.34 (4.20 mmol) was dissolved in anhydrous, degassed DMF (20 mL). Li2CO3 (8.40 mmol) and Ag2CO3 (8.40 mmol) were added under nitrogen atmosphere. The reaction vessel was equipped with a Vigreux condenser, heated at reflux (154 ̊C), and stirred for 24 hours before cooling to room temperature (23 ̊C). The resulting heterogenous mixture was filtered over celite and then concentrated in vacuo. The crude product was purified by flash chromatography (SiO2) using 25% ethyl acetate in hexanes as the eluent. Pure fractions were pooled and concentrated in vacuo to yield β-carboline 3.36 (1.26 mmol).
1-(cyclopent-1-en-1-yl)-9H-pyrido[3,4-b]indole (3.36): Yellow amorphous solid, 30% yield. 1H NMR (500 MHz, CD3OD δ 8.27 (d, J = 5.3 Hz, 0H), 8.18 (d, J = 7.9 Hz, 0H), 8.01 – 7.96 (m, 2H), 7.66 (d, J = 8.2 Hz, 0H), 7.56 (t, J = 7.6 Hz, 0H), 7.28 (t, J = 7.5 Hz, 1H), 6.71 (q, J = 2.3 Hz, 0H), 3.06 (ddt, J = 10.0, 4.5, 2.3 Hz, 1H), 2.79 (tt, J = 7.6, 2.5 Hz, 1H), 2.14 (p, J = 7.6 Hz, 1H). 13C NMR (151 MHz, CD3OD) δ 138.2, 133.7, 129.9, 129.4, 129.3, 122.5, 122.4, 121.0, 120.6, 114.5, 113.8, 113.2, 112.8, 35.1, 33.2, 24.0. 


Scheme 3.20. Oxidative cleavage reaction, step 3. 
Reagents and conditions: (a) OsO4, NaIO4, THF/H2O, 0 ̊C, 85%.


	General procedure of oxidative cleavage reaction. Aqueous osmium tetroxide (16 μmol, 4% in water) was added to a stirring solution of β-carboline 3.36 (0.16 mmol) in THF and water (3:1) at 0 ̊C. After one hour of stirring, NaIO4 (0.32 mmol) was added slowly. The reaction was allowed to warm to room temperature overnight and monitored by TLC. Upon consumption of starting material, ethyl acetate was added. The organic layer was washed with water, dried over sodium sulfate, and concentrated in vacuo. The resulting crude oil was purified with flash chromatography (SiO2) using 25% ethyl acetate in hexanes as the eluent. Pure fractions were pooled and concentrated in vacuo to yield compound 3.38 as an amorphous yellow solid.
5-oxo-5-(9H-pyrido[3,4-b]indol-1-yl)pentanal (3.38): Yellow amorphous solid, 85% yield. 1H NMR (500 MHz, DMSO) δ 11.9 (s, 0H), 9.7 (d, J = 1.5 Hz, 0H), 8.5 (d, J = 4.9 Hz, 0H), 8.4 (d, J = 4.9 Hz, 0H), 8.3 (d, J = 7.9 Hz, 0H), 7.8 (d, J = 8.2 Hz, 0H), 7.6 (t, J = 7.7 Hz, 0H), 7.3 (t, J = 7.5 Hz, 0H), 3.4 (t, J = 7.3 Hz, 1H), 2.6 (td, J = 7.2, 1.4 Hz, 1H), 2.0 (p, J = 7.3 Hz, 1H). 13C NMR (126 MHz, DMSO) δ 202.7, 177.4, 141.8, 137.4, 135.6, 134.0, 131.0, 128.9, 121.8, 120.1, 119.4, 113.0, 42.5, 36.4, 16.3.


Scheme 3.21. PSR2, Step 4.
Reagents and conditions: (a) anhydrous HCl in MeOH, 0 – 23 ̊C, 74%.

General procedure for PSR2. Tryptamine 3.32 (59 μmol) was added to a solution of aldehyde 3.38 (49 μmol) dissolved in dry methanol (1 mL) under nitrogen atmosphere at 0 ̊C followed by dropwise addition of anhydrous HCl solution in methanol (2 M, 24 μL) over ten minutes. Reaction was warmed to room temperature (23 ̊C), monitored by TLC, and allowed to stir overnight. Upon consumption of starting material, water and DCM were added. The DCM layer was washed with water, and dried over sodium sulfate, and concentrated under vacuum. The resulting crude oil was purified with flash chromatography (SiO2) using 70% ethyl acetate/5% triethylamine in hexanes as the eluent. Pure fractions were pooled and concentrated in vacuo to yield compound 3.41 or its hydrate 3.42 as a yellow oil. 
4-(9H-pyrido[3,4-b]indol-1-yl)-1,2,6,7,12,12b-hexahydroindolo[2,3-a]quinolizine (3.41): Yellow oil, 74% yield. 1H NMR (500 MHz, DMSO) δ 10.99 (s, 1H), 8.32 (d, J = 5.2 Hz, 0H), 8.21 (d, J = 7.9 Hz, 0H), 8.05 (d, J = 5.1 Hz, 0H), 7.67 (d, J = 8.2 Hz, 0H), 7.49 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 7.36 (t, J = 7.7 Hz, 1H), 7.22 (t, J = 7.5 Hz, 0H), 7.09 – 7.01 (m, 0H), 6.96 (t, J = 7.4 Hz, 0H), 5.61 (t, J = 3.8 Hz, 0H), 4.58 (d, J = 10.0 Hz, 0H), 2.97 (dt, J = 12.2, 4.4 Hz, 1H), 2.88 (ddd, J = 12.5, 9.1, 3.8 Hz, 1H), 2.71 (ddd, J = 14.4, 9.2, 5.0 Hz, 1H), 2.53 (t, J = 3.9 Hz, 0H), 2.43 (dddd, J = 17.7, 10.3, 6.6, 3.1 Hz, 0H), 2.33 (td, J = 5.1, 2.6 Hz, 0H), 2.28 (ddd, J = 12.9, 5.9, 2.8 Hz, 1H), 2.03 – 1.93 (m, 1H). 13C NMR (126 MHz, DMSO) δ 145.4, 141.1, 140.4, 137.7, 136.1, 135.8, 132.8, 128.1, 127.7, 126.6, 121.3, 120.5, 119.2, 118.3, 118.1, 117.4, 113.7, 112.5, 111.0, 110.3, 107.3, 53.5, 45.3, 24.4, 23.0, 21.4. HRMS m/z 391.1923 [M + H]+ (calculated for C26H22N4, 390.18). 
4-(9H-pyrido[3,4-b]indol-1-yl)-1,2,3,4,6,7,12,12b-octahydroindolo[2,3-a]quinolizin-4-ol (3.42): Yellow oil, 20% yield. 1H NMR (500 MHz, DMSO) δ 10.8 – 10.5 (m, 1H), 8.3 (d, J = 5.4 Hz, 1H), 8.2 (d, J = 7.9 Hz, 1H), 8.0 (d, J = 5.4 Hz, 1H), 7.7 (d, J = 8.3 Hz, 1H), 7.6 – 7.6 (m, 1H), 7.3 (d, J = 7.8 Hz, 1H), 7.3 – 7.2 (m, 2H), 7.0 (d, J = 2.3 Hz, 1H), 7.0 – 6.9 (m, 1H), 6.8 (t, J = 7.4 Hz, 1H), 6.3 (s, 1H), 6.0 (t, J = 2.8 Hz, 1H), 3.4 (t, J = 7.4 Hz, 0H), 3.3 – 3.2 (m, 1H), 3.0 (ddd, J = 15.5, 10.6, 5.2 Hz, 1H), 2.9 (ddd, J = 14.9, 10.1, 6.1 Hz, 1H), 2.2 – 2.0 (m, 2H), 2.0 (d, J = 14.0 Hz, 1H), 1.9 – 1.8 (m, 2H), 1.6 (d, J = 14.6 Hz, 1H). 13C NMR (126 MHz, DMSO) δ 144.3, 141.7, 139.3, 137.9, 136.1, 133.6, 128.3, 127.0, 122.5, 122.2, 121.0, 120.7, 119.7, 118.2, 117.7, 114.1, 112.4, 111.2, 110.0, 84.2, 69.8, 46.6, 39.1, 30.5, 25.2, 18.5. HRMS m/z 409.2030 [M + H]+ (calculated for C26H24N4O, 408.20).


Scheme 3.22. DDQ oxidation of enamine 3.41. 
Reagents and conditions: (a) DDQ, DCM, 23 ̊C, 37%. 

General procedure for synthesis of 3.44. 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ, 31 μmol) was added to 3.41 (31 μmol) in dry DCM (1 mL) under nitrogen atmosphere at 23 ̊C. After 12 hours, the reaction was quenched with saturated aqueous sodium carbonate, and the biphasic mixture was extracted with DCM. Organic layers were pooled together and concentrated under vacuum. The resulting crude oil was purified via flash chromatography (SiO2) using 70% ethyl acetate/1% methanol/29% hexanes as the eluent. Pure fractions were pooled together and dried to afford 3.44 as a yellow oil. 
4-(9H-pyrido[3,4-b]indol-1-yl)-1,2,3,4,6,7,12,12b-octahydro-4,7-epoxyindolo[2,3-a]quinolizine (3.44): Yellow oil, 37% yield. 1H NMR (500 MHz, DMSO) δ 10.97 (d, J = 2.6 Hz, 1H), 10.86 – 10.83 (m, 1H), 8.39 (d, J = 5.4 Hz, 1H), 8.32 (d, J = 5.4 Hz, 1H), 8.27 (dd, J = 13.0, 7.9 Hz, 1H), 8.03 (d, J = 5.4 Hz, 1H), 8.01 – 7.96 (m, 2H), 7.72 (dd, J = 8.3, 2.5 Hz, 2H), 7.64 – 7.56 (m, 2H), 7.38 (d, J = 8.1 Hz, 1H), 7.33 (d, J = 2.5 Hz, 1H), 7.32 – 7.21 (m, 2H), 7.12 (ddd, J = 8.2, 6.9, 1.2 Hz, 1H), 7.08 – 7.02 (m, 1H), 7.02 – 6.93 (m, 2H), 6.82 – 6.74 (m, 1H), 6.19 (q, J = 3.1 Hz, 2H), 5.58 (dd, J = 9.4, 6.0 Hz, 1H), 5.06 (dd, J = 8.8, 3.8 Hz, 1H), 3.63 (dd, J = 8.8, 6.1 Hz, 1H), 3.28 (dd, J = 8.5, 3.8 Hz, 1H), 2.77 (t, J = 8.7 Hz, 1H), 2.58 (t, J = 9.1 Hz, 1H), 2.29 – 2.20 (m, 1H), 2.19 – 2.07 (m, 4H), 2.07 – 1.99 (m, 1H), 1.98 – 1.94 (m, 1H), 1.90 (d, J = 13.7 Hz, 1H), 1.73 (t, J = 16.6 Hz, 2H), 0.77 – 0.64 (m, 2H). 13C NMR (126 MHz, DMSO) δ 142.3, 139.0, 136.9, 132.4, 128.2, 125.2, 124.3, 123.7, 122.7 (d, J = 9.3 Hz), 121.3, 121.2, 121.0, 119.7, 119.4, 118.8, 118.4, 115.3, 114.5, 111.6, 111.3, 110.3, 90.4, 89.7, 73.0, 71.1, 66.7, 52.2, 51.2, 35.0, 34.4, 30.9, 30.5, 18.3, 17.9. HRMS m/z 407.187 [M + H]+ (calculated for C26H22N4O, 406.18). 
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Scheme 3.23. Representative β-carboline lithiation reactions. 
Reagents and conditions: (a) BF3OEt2, THF, 0 ̊C; (b) nBuLi, DMAE, 3.45, THF, -78 ̊C. R1 = H, Boc, or Tosyl.


General procedure for β-carboline lithiation reactions: β-carbolines D1 – 3 (0.30 mmol) were dissolved in THF (5 mL) under nitrogen atmosphere and temperature was decreased to 0 ̊C. Boron trifluoride etherate (0.90 mmol) was added dropwise and the resulting orange- or yellow-colored homogeneous solution was stirred at 0 ̊C for 30 minutes. In a separate flask flushed with nitrogen gas, lithium 2-dimethylaminoethanolate (LiDMAE) was formed in situ from the addition of DMAE (1.20 mmol) dropwise over 15 minutes to a stirring solution of n-BuLi (2.38 mmol) in THF (1 mL) at 0 ̊C. The β-carboline mixture was cooled to -78 ̊C before the clear, colorless LiDMAE solution was added via cannula. The resulting mixture was allowed to stir for one hour before electrophilic compound 3.45 was added rapidly. Reaction was monitored by TLC, and after complete consumption of starting material, the reaction was quenched slowly with 1 M aqueous HCl (3 mL) to hydrolyse it. If no reaction occurred after 2 hours, the solution was allowed to warm to room temperature, usually resulting a cloudy and darkened (yellow or orange) heterogeneous mixture which was then quenched with 1 M aqueous HCl (3 mL). In either case, the aqueous layer was then separated and extracted twice with dichloromethane (20 mL). The combined extracts were dried over sodium sulfate (Na2SO4) and concentrated. The crude product was purified by flash chromatography (SiO2) using ethyl acetate/hexanes eluents. 


[bookmark: _Toc100243271]Figure 3.19. Structure of 1-THF-9H-β-carboline 3.47. 

1-(tetrahydrofuran-2-yl)-9H-pyrido[3,4-b]indole (3.47): Synthetic methods as described above for β-carboline lithiation reactions. While quaternary carbons were undetectable by 1D NMR, 1H spectra was otherwise identical to literature values,104 and the structure was further confirmed by HSQC (see Appendix II). Yield 14%, amber oil. 1H NMR (600 MHz, CDCl3) δ 9.4 (s, 1H), 8.4 (d, J = 5.2 Hz, 1H), 8.1 (d, J = 7.8 Hz, 1H), 7.9 (d, J = 5.2 Hz, 1H), 7.6 – 7.5 (m, 2H), 7.3 (s, 3H), 5.5 (t, J = 7.2 Hz, 1H), 4.2 (td, J = 7.8, 6.1 Hz, 1H), 4.1 (td, J = 8.0, 6.3 Hz, 1H), 2.6 (td, J = 13.0, 7.3 Hz, 1H), 2.4 – 2.3 (m, 1H), 2.2 – 2.0 (m, 2H). 13C NMR (151 MHz, CDCl3) δ 128.5, 121.8, 119.8, 113.6, 111.7, 82.9, 69.2, 32.2, 29.9, 25.7.
 

Scheme 3.24. β-carboline methylation. 
Reagents and conditions: nBuLi, MeI, THF, -78 – 23 ̊C.

General procedure for β-carboline methylation. To a yellow solution of N-tosyl-β-carboline D3 (0.09 mmol) in THF (1 mL) under nitrogen atmosphere, n-BuLi (0.18 mmol) was added dropwise at -78 ̊C. The resulting mixture appeared darker in color. Methyl iodide (0.09 mmol) was added to the orange solution before the reaction was allowed to warm to room temperature (23 ̊C). Upon consumption of starting material, monitored by TLC, the reaction was quenched with saturated aqueous ammonium chloride and extracted with DCM. The combined organic layers were concentrated under vacuum, and the crude product was purified by flash chromatography (SiO2) using ethyl acetate/hexanes eluents, yielding 3.48 (0.027 mmol). 
3-methyl-9-tosyl-9H-pyrido[3,4-b]indole (3.48): Amber oil, 30% yield. NMR spectra was compared to literature to confirm structure.105
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Abstract. The novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), initially detected in Wuhan City, Hubei province, China on December 31, 2019, quickly took the world by storm. The global death toll from COVID-19 surpassed 200,000 by April 2020, estimating an approximately 5.9% case fatality rate. With the world in turmoil, scientists everywhere fully focused their research efforts to fight this global pandemic, because the need for effective treatment was obvious and immediate. Since our lab had already built a ~300 compound small molecule library with an emphasis on putative protease modulators, and there were significant structural similarities between the compounds in our library and compounds with reported antiviral activity against coronaviruses, we were curious to see if any of our existing compounds were active against SARS-CoV-2. This, along with in silico modelling of SARS-CoV Mpro homologues, inspired our two objectives for this exploratory project aiming to expand the chemical space of anti-coronavirus compounds: (1) screen our existing small molecule library via a phenotypic viral replication inhibition assay, and (2) design and synthesize new SARS-CoV-2 protease inhibitors based on recently published results from fragment-based screens.
Allocation of Contribution. I produced the results presented in this chapter with the following exceptions. Existing compounds 4.20 – 4.33, 4.36, and 4.42 – 4.44 from the Duerfeldt lab small molecule library were synthesized by Dr. Ziwei Hu, Mr. Quentin Gibaut, and Mr. Quentin Avila. Compounds 4.20 – 4.44 were sent to Dr. John Teijaro at the Scripps Research Institute (TSRI) for evaluation in their cellular SARS-CoV-2 infection inhibition assay. Mr. Avila and Ms. Katelyn Stevens participated in writing the grant proposal that funded this project and investigated the piperazine and urea scaffolds, respectively. Docking studies in section 4.2.2 were completed by Mr. Avila. 
[bookmark: _Toc100241930][bookmark: _Toc102586294]4.1 Introduction 
[bookmark: _Toc100241931][bookmark: _Toc102586295]4.1.1 SARS-CoV-2 and the COVID-19 global pandemic. 
On March 11, 2020, the World Health Organization (WHO) released a monumental announcement declaring a global pandemic due to the outbreak of the novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Widespread panic and general unrest immediately ensued as the coronavirus disease 2019 (COVID-19) rapidly spread at alarming rates and reached over 100 countries in less than three months.1,2 The global death toll from coronavirus disease 2019 (COVID-19) surpassed 200,000 by April 2020, estimating a ~5.9% case fatality rate at the time.3 As of March 2022, we have been living through this pandemic for over two years, and ~490 million infections have been reported, resulting in over six million deaths.4 In addition to pervasive infections, economies have been devastated,5 healthcare systems are vastly overwhelmed,6 and political dissension is on the rise.7 Virtually no home has been untouched by the consequences of this pandemic. Emergency department visits for suspected suicide attempts among adolescent girls (12 – 17 years old) increased by 26.2% and 50.6% during the summer and winter months of 2020, respectively, when compared with the corresponding periods in 2019.8 
[bookmark: _Hlk100251025]With the world in turmoil, scientists everywhere fully focused their research efforts to fight this pandemic, because the need for an effective treatment was obvious and immediate. As several research labs including my own were forced to shut down to eliminate possible exposure and transmission of the airborne virus, scientists everywhere were implored to rally together to fight off the novel coronavirus SARS-CoV-2. For example, the Center for Systems Science and Engineering (CSSE) at Johns Hopkins University in Baltimore, Maryland developed an online interactive dashboard in response to this ongoing public health emergency. The database allows researchers, public health authorities, and the general public to visualize and track reported COVID-19 cases in real time.4 The number of cases reported daily in the United States is visualized in Figure 4.1, thanks to their database. You can see in Figure 4.1 that even after two years into the fight against COVID-19, the United States set their record for highest number of daily cases in January 2022 where 800k – 1.3 million new cases were reported almost every day. This pandemic is not over, and therefore, development of appropriate prevention and treatment techniques is still an ongoing and very worthy endeavor. 
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[bookmark: _Ref100255428][bookmark: _Ref100745155][bookmark: _Toc100243272][bookmark: _Toc100748326]Figure 4.1. Daily COVID-19 cases in the United States from April 2020 – April 2022 
This data, available thanks to Johns Hopkins University, was last updated on March 29, 2022 at 06:34 AM EDT: https://coronavirus.jhu.edu/pandemic-data-initiative 

On a personal note, when the University of Oklahoma (OU) forced the closure of research labs starting on March 24, 2020, with no plans of reopening, it was the first time in my scientific career where I was incapable and unallowed to continue research. Working from home as a synthetic chemist proved to be rather difficult and, ultimately, unproductive, so when my university generously requested for research proposals to join in the fight against COVID-19, I jumped at the chance of returning to the lab. The Office of the Vice President for Research and Partnerships (OVPRP) at the University of Oklahoma created the COVID-19 Rapid Response Research Seed Grant, offering an opportunity for research groups to contribute to the growing global efforts. My colleagues, Mr. Quentin Avila and Ms. Katelyn Stevens, and I worked together to submit a proposal where we aimed to leverage our lab’s expertise in developing small molecule protease modulators to design SARS-CoV-2 main protease (Mpro) inhibitors. 
Since our lab had already built a ~300 compound small molecule library while developing protease9 and phosphatase10 modulators for bacterial targets, we were curious to see if any of our existing compounds were active against SARS-CoV-2. Although bacterial and viral targets exhibit obvious differences and each organism should be studied individually,11 there were significant structural similarities between the compounds in our library and compounds with reported antiviral activity against coronaviruses (discussed more in-depth in Section 4.2.1). This, along with in silico modelling of SARS-CoV Mpro homologues (discussed more in-depth in Section 4.2.2), inspired us to expand the chemical space of the current arsenal of coronavirus-active drugs. Our strategy consisted of two objectives: (1) screen our existing small molecule library via phenotypic viral replication inhibition assays, and (2) design and synthesize new SARS-CoV-2 protease inhibitors through a fragment-based approach. 
[bookmark: _Toc100241932][bookmark: _Toc102586296]4.1.2 Learning from older coronaviruses: potential antiviral targets.
Coronaviruses have been a major public health concern since the beginning of the 21st century because of the highly contagious and lethal respiratory diseases they cause. Named after their crown-like appearance, coronaviruses are positive sense, single stranded RNA viruses that cause disease in mammals and birds.12 There are seven reported human coronaviruses, and each are predominantly transmitted through respiratory droplets, allowing for easy human-to-human transmission.13 Structurally, the coronavirus nucleocapsid (N) protein, involved in packaging the RNA genome, is enveloped by a lipid bilayer that anchors the membrane (M), envelope (E), and spike (S) proteins (Figure 4.2).14 
[image: Atomic model of the external structure of the SARS-CoV-2 virus. ]
[bookmark: _Ref100745183][bookmark: _Toc100243273][bookmark: _Toc100748327]Figure 4.2. Atomic model of the external structure of the SARS-CoV-2 virus. 
By Alexey Solodovnikov, Valeria Arkhipova, Nikitin N.A., Department of Virology, Lomonosov Moscow State University, Institute of Chemical Biology and Fundamental Medicine, CC BY-SA 4.0 license: 
https://commons.wikimedia.org/w/index.php?curid=104914011

The first serious coronavirus outbreak appeared in 2003 in southern China.15 It was identified as severe acute respiratory syndrome coronavirus (SARS-CoV) and soon infected ~8,000 people in >30 countries over 5 continents with a crude fatality rate of ~10%.16 Afterwards, in 2012, another outbreak caused by Middle East respiratory syndrome coronavirus (MERS-CoV) was first isolated from a patient with severe pneumonia and acute renal failure in Saudi Arabia.17 MERS-CoV eventually spread to 27 countries, where 2,279 cases were reported to WHO with a ~35% fatality rate by 2015.18,19 The newest coronavirus, SARS-CoV-2, shares ~85% sequence homology with the 2003 SARS-CoV genome20 and ~50% sequence homology with MERS-CoV genome.21 Clinical presentation of COVID-19 also seem to resemble SARS-CoV infections.22
	Since SARS-CoV-2 exhibits significant homology to previous variants, along with the availability of its genome sequence,23 in silico modeling and computational drug screening proved to be a useful technique to accelerate drug discovery programs. To advance our efforts even more quickly, drugs either already approved by the Food and Drug Administration (FDA) or currently in the pipeline provided a suitable starting point. A number of both viral proteins and host receptors have been explored as anti-coronavirus drug targets. The role that each target candidate plays in viral infection and the structures of their drug candidates are shown in Table 4.1 and Figure 4.3, respectively. To avoid off-target interactions, we decided to focus our efforts on viral protein target candidates over host proteins. 

[bookmark: _Ref100258054][bookmark: _Ref100745268]Table 4.1. Potential targets for SARS-CoV-2 chemotherapeutics. 
	Target Candidate
	Full Name
	Role in Viral Infection
	Drug Candidate

	viral targets

	3CLpro/ Mpro
	3-chemotrypsin-like or main protease
	proteolysis of viral polyproteins, assists in cellular entry
	lopinavir (4.1)24

	PLpro
	papain-like protease
	proteolysis of viral polyproteins, assists in cellular entry
	indinavir (4.2),25 amprenavir (4.3)26 

	RdRp
	RNA-dependent RNA polymerase
	involved in replicating viral genome
	remdesivir (4.4),27 ribavirin (4.5)28

	S protein
	spike glycoprotein
	mediates cellular entry and has high affinity to the ACE2 receptor
	umifenovir (4.6)29

	host (human) targets

	ACE2
	angiotensin-converting enzyme 2
	Receptor with high affinity for the S protein
	umifenovir (4.6)30

	AT2R
	angiotensin II receptor
	effector involved in body fluid balance and electrolyte homeostasis
	L-163491 (4.7)31

	TMPRSS2
	transmembrane protease, serine 2
	activates viral glycoproteins to facilitate S protein and ACE2 binding
	Camostat (4.8)32



The spike (S) protein, for example, is integral to cellular entry and host infection and is one of the targets under investigation for antiviral drug discovery, especially for antibody neutralization approaches. The S protein binds to the receptor on the target cell and is the sole viral membrane protein responsible for cell entry.33 A defined receptor-binding domain (RBD) of the SARS-CoV spike specifically recognizes the angiotensin-converting enzyme 2 (ACE2) receptor in its host. There are 14 residues in the RBD that participate in ACE2 binding, of which 9 are fully conserved and 4 are partially conserved among SARS-CoV and SARS-CoV-2.34 This minor genetic variance enabled SARS-CoV-2 to efficiently bind to the receptor with enhanced affinity and specificity to human ACE2, improving the virulence compared to SARS-CoV.21 Overall, the sequence similarity between the SARS-CoV and SARS-CoV-2 spike proteins is ~73 – 76% for the RBD and ~76 – 78% for the whole S protein.34 
Notably, umifenovir (4.6), sold under the brand name Arbidol, exhibits activity for both viral and host targets: the S protein and ACE2, respectively (Table 4.1). 4.6 is a broad-spectrum antiviral medication used in Russia and China to treat influenza, coronavirus, and adenovirus, among others.35 Molecular dynamics simulations by Tripathi et al. helped to elucidate the mechanism of S protein and ACE2 complex (S-ACE2) binding interface disruption by umifenovir.30 Their results suggested that 4.6 has higher binding affinity to the S-ACE2 interface over the separated S protein and ACE2 receptor. Since the S protein plays an integral role in host infection, and S protein-targeting drugs such as 4.6 also induce the production of interferon and lymphocytes,36 there is a high safety risk when developing S protein-active compounds. Thus, we decided against pursuing the S protein as a target of interest in this project. 
[image: Shape  Description automatically generated with low confidence]
[bookmark: _Ref100268679][bookmark: _Toc100748328]Figure 4.3. Structures of antiviral compounds referred to in Table 4.1. 

Two proteases within the SARS-CoV-2 genome were more attractive targets for our compounds, especially since several compounds in our small molecule library engage bacterial protease targets. The SARS-CoV-2 genome encodes two polyproteins, pp1a and pp1ab, and four structural proteins.37 The polyproteins are cleaved by proteases for the generation of non-structural proteins essential for viral replication.38 These two proteases involved in viral replication are the main protease (Mpro), which is frequently also called 3-chymotrypsin-like protease (3CLpro),3 and the papain-like protease (PLpro).39 A comparison of the MERS-CoV, SARS-CoV, and SARS-CoV-2 Mpro sequence revealed that the SARS-CoV-2 Mpro is 96% and 51% similar to SARS-CoV and MERS-CoV, respectively.40 Our preliminary work towards expanding the chemical space of coronavirus protease inhibitors of Mpro will be discussed in this chapter. 
[bookmark: _Toc100241933][bookmark: _Toc102586297]4.2 Results and discussion
[bookmark: _Toc102586298][bookmark: _Toc100241934]4.2.1 Structural comparisons inspire viral replication inhibition screen of existing compounds in the Duerfeldt lab library. 
Several known coronavirus Mpro and PLpro inhibitors contain structural similarities to existing compounds in the Duerfeldt lab small molecule library. We hypothesized that screening a representative subset of our compound library, which features structurally diverse scaffolds, some of which include chemotypes identified in reported screens,41,42 could potentially expand the chemical space being explored in the search of SARS-CoV-2 replication inhibitors. Some representative examples of anti-coronavirus compounds are shown in Figure 4.4. The rationale behind our motivation for submitting compounds from our library to evaluate for viral replication inhibition is described herein. 
The Mpro inhibitors include antiretrovirals typically prescribed for human immunodeficiency virus (HIV) such as lopinavir (4.1) in combination with ritonavir (structure not shown), which inhibits Mpro activity of both SARS-CoV and MERS-CoV.43 However, in a systematic review of randomized controlled trials employing lopinavir-ritonavir in COVID-19 patients found that this combination did not improve mortality rate and exhibited a significantly high risk of adverse events when compared to supportive care or placebo.44 Additionally, chloropyridyl ester 4.9 exhibits SARS-CoV Mpro enzymatic inhibitory activity (IC50 = 30 nM),45 but was found to have inconsistent cellular stability in cell-based assays.46 4.13 is also a neuraminidase inhibitor for influenza and has been explored as a broad-spectrum antiviral.38 Notably, 4.1 is a peptide-based structure that includes a key pyrimidinone moiety, and 4.13 contains a pyrazolone core, both of which fall under the aza-lactam structural umbrella (red, Figure 4.4A). Similarly, the aza-lactam scaffold within the piperazinone compounds in our library motivated us to submit compounds 4.42 – 4.44 (Figure 4.5E) for biological evaluation. 
[image: A picture containing background pattern  Description automatically generated]
[bookmark: _Ref100281421][bookmark: _Toc100243276][bookmark: _Toc100748329]Figure 4.4. Compounds with reported antiviral activity in coronaviruses. 
Notable functional groups are highlighted in blue (naphthalene), light blue (aldehyde), light green (amide), dark green (sulfonamide), red (aza-lactam), orange (oxazolidinone), and magenta (nitrogen heterocycles). 

Amide-containing compounds 4.10, 4.11, and 4.12 are representative examples of peptidomimetic Mpro inhibitors.47,48 Other peptide-like anti-coronavirus compounds include PLpro inhibitors 4.2 and 4.14 – 4.15. Naphthalene amides 4.14 and 4.15 exhibit potent SARS-CoV PLpro activity where IC50 = 0.60 and 0.67 μM, respectively.49 Interestingly, they did not show any inhibitory activity against MERS-CoV PLpro, suggesting that inhibitor recognition specificity of MERS-CoV and SARS-CoV PLpro may differ significantly.50 The peptide-like nature of these coronavirus protease inhibitors motivated us to submit amide-containing compounds 4.33 – 4.37 from our library for biological evaluation (Figure 4.5C).[image: Background pattern  Description automatically generated]
[bookmark: _Ref100281587][bookmark: _Toc100243277][bookmark: _Toc100748330]Figure 4.5. Structurally diverse molecules from the existing Duerfeldt Lab library. 
Notable functional groups are highlighted in blue (naphthalene), light blue (aldehyde), light green (amide), dark green (sulfonamide), red (aza-lactam), orange (oxazolidinone), and magenta (nitrogen heterocycles). 


Markedly, several nitrogen-containing heterocycles (magenta, Figure 4.4) can be found in a number of anti-coronavirus compounds. For example, 4.16 is a trifluoromethyl derivative of purine that was first synthesized in 1958 as a potent anti-cancer drug,51 but was also found to be a non-selective PLpro inhibitor during a high-throughput screen of 25,000 compounds with similar inhibitory strength for both SARS- and MERS-CoV.50 This, in addition to the diverse nitrogen heterocycles within compounds 4.6, 4.7, and 4.9, led to our submission of indole and β-carboline compounds (Figure 4.5D) for biological evaluation. 
Other notable functional groups include naphthalenes (blue, Figure 4.4), which can be found in a number of compounds in our library, and sulfonamide (dark green, Figure 4.4) derivatives which are structurally similar to compounds 4.20 – 4.24 from our library (Figure 4.5A). Specifically, compound 4.18 exhibits an under-characterized anti-coronavirus mechanism,52,53 but it is remarkably similar in structure to our naphthyl-sulfonamide compounds 4.22 – 4.24. Finally, linezolid (4.19), an oxazolidinone antimicrobial54 that generally inhibits protein synthesis,55 was recently found to effectively treat pneumonia symptoms in COVID-19 patients.56 Our lab has recently developed a number of oxazolidinone analogs, thus motivating us to include compounds 4.25 – 4.32 in our viral replication inhibition evaluation (Figure 4.5B).
	Overall, we planned to screen our ~300 compound library for replication inhibition activity of SARS-CoV-2. To start, 25 compounds (4.20 – 4.44) were sent to Dr. John Teijaro at the Scripps Research Institute (TSRI) for evaluation in an established phenotypic cellular assay.57 In this assay, VeroE6 cells were plated in 384-well plates at a concentration of 5000 cells per well. Compounds (initial concentration of 1 μM) were added to the wells concomitantly with SARS-CoV-2. The virus, isolated from a patient’s sputum in San Diego, California, was added to the wells at a multiplicity of infection (MOI) of 0.1. Over the course of 3 days, morphological changes in cells were monitored daily to determine viral cytopathic effect (CPE). On day 3, CPE was quantified by microscopy and cell titer glo viability staining. Remdesivir and hydroxychloroquine were used as controls because of their reported anti-coronavirus activity.58,59 We intended to follow up compounds which were identified to prevent CPE with plaque-forming assays to quantify viral loads, perform pharmacokinetic analyses, and more sophisticated in vitro and in vivo animal models.60 Unfortunately, all of our submitted compounds were found to be inactive. This, along with the deprioritizing of our project by Scripps due to the overwhelming demand on their facilities, prevented further screening of our library. 
[bookmark: _Toc100241935][bookmark: _Toc102586299]4.2.2 Structure and function of Mpro provides insights for the rational design of Mpro inhibitors.
	Since the coronavirus PLpro is involved in regulation of host interferon and nuclear factor κB (NF-κB) pathways,61 and dysregulation of NF-kB can lead to inflammatory diseases and tumorigenesis,62 it is possible that PLpro inhibitors might lead to more off-target downstream (and potentially detrimental) effects. With recent reports on the positive safety profiles of Mpro inhibitors,63,64 we decided to focus our efforts on exploring the chemical space and structure-activity relationships (SAR) of Mpro inhibitors.
The Mpro protein from SARS-CoV-2 is formed by three domains: domain I, residues 10 – 99 (green, Figure 4.6); domain II, residues 100 – 182 (cyan, Figure 4.6); and domain III, residues 198 – 303 (yellow, Figure 4.6). Domains I and II are six-stranded antiparallel β-barrel structures, and domain III, a globular cluster of five α-helices, is connected to domain II by a long linker loop.65 The SARS-CoV-2 Mpro forms an A-A’ dimer, primarily between domain II of molecule A and the NH2-terminal residues (N-finger) of molecule A’ oriented perpendicularly (Figure 4.6).3 Enzyme dimerization is necessary for catalytic activity.66 
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[bookmark: _Ref100528641][bookmark: _Toc100243278][bookmark: _Toc100748331]Figure 4.6. Structure of SARS-CoV-2 Mpro dimer.  
Domains I, II, and III are shown in green, cyan, and yellow, respectively (PDB: 1UK4). The catalytic dyad is circled in black where catalytic residues Cys145 and His41 are highlighted in blue. 

The Mpro active site is located at a shallow crevice in the I/II interdomain region.65 Mpro is a cysteine protease, where His41 and Cys145 comprise the catalytic dyad. In contrast to serine proteases and other cysteine proteases, which have a catalytic triad,67 there is no third catalytic residue present. During proteolytic cleavage of the polyprotein, His41 acts as a base to catalyze the Cys145 nucleophilic reaction.68 The proteolytic activity of Mpro occurs at ≥11 sites and involves Leu-Gln↓(Ser,Ala,Gly) sequences (cleavage site indicated by ↓), a cleavage pattern that is conserved in the Mpro from SARS-CoV.69 The presence of a glutamine (Gln) residue at P1 (Figure 4.7A) is a common feature shared among Mpro substrates, while no known human cysteine protease cleaves after Gln.64 This, in addition to the protease being essential to viral replication, suggests that SARS-CoV-2 Mpro inhibition is an attractive approach for antiviral therapy to treat COVID-19.70
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[bookmark: _Ref100285499][bookmark: _Toc100243279][bookmark: _Toc100748332]Figure 4.7. The active site of SARS-CoV-2 with bound substrates. 
The surface representation of the Mpro protein is bound to (A) a representative native polyprotein substrate and (B) protease inhibitor ML188 (PDB code 3V3M, PubChem SID87915542). The P1, P1’, P2, P3, and P4 substrate sites are indicated, along with binding subpockets S1 – 4. 

A comparative molecular field analysis (CoMFA) model was constructed to optimize octapeptide-based inhibitors,71 and a substrate specificity profile was determined from a systematic saturation mutagenesis study that was conducted at the P3, P4, and P5 positions of the substrate,72 providing a basis for peptidomimetic inhibitor design. First-generation protease inhibitors often maintain a peptidic nature, achieve sub-micromolar activity, and demonstrate a strong SAR between Mpro and its substrates.68,73–77 
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[bookmark: _Ref100285460][bookmark: _Toc100243280][bookmark: _Toc100748333]Figure 4.8. SARS-CoV Mpro inhibition of ML188 and its enantiomers. 
The co-crystal structure of 3 and SARS-CoV Mpro shown by (A) the 2D ligand interaction diagram, and (B) the 3D representation of the co-crystal structures (PDB: 3V3M). Stauffer et al. discovered (C) acetamide compound ML188 as a potent noncovalent SARS-CoV Mpro inhibitor where 3-(R) is the eutomer. 

Figure 4.8 summarizes the findings from an optimization of a series of N-(tert-butyl)-2-(N-arylamido)-2-(pyridine-3-yl) acetamides by Stauffer et al., which exemplifies the utility of SAR studies to discover potent small molecule inhibitors of SARS-CoV Mpro.48 X-ray analysis of the Mpro – 4.10-(R) complex revealed key interactions crucial for activity: (1) a hydrogen bonding interaction between the pyridine nitrogen and the His163 sidechain within the S1 subpocket, (2) the furan oxygen and the amide carbonyl oxygen provide a bifurcated interaction with the Gly143 backbone NH (Figure 4.8A), and (3) the R-enantiomer preferentially occupies the S3 – S1’ subpockets (Figure 4.8C).48 Notably, this study also demonstrated that while the pyridine ring (P2) engages in a key binding interaction, P1’ and P2 on the substrate are tolerable to structural changes, but structural diversity in P3 was not explored. Further, analogs can be accessed by multicomponent Ugi-coupling reaction, providing robust chemistry for analog generation. This peptidomimetic scaffold has been subject of structural optimization to improve potency against SARS-CoV Mpro and recently SARS-CoV-2 Mpro.
In continuation of our goal to expand the chemical space and structural diversity of Mpro inhibitors, we gained inspiration from a remarkable database provided by the United Kingdom’s national synchrotron. Diamond Light Source produced an apo-structure of SARS-CoV-2 Mpro (PDB: 6YB7) and conducted a large-scale crystallographic fragment screen against the coronavirus protein. This crystallographic experiment resulted in the screening of 1500 crystals where 74 hits were identified, which included 22 noncovalent and 48 covalent hits bound to the active site of Mpro, and 3 hits identified as binding to the dimer interface.78 From these hits, novel inhibitor chemotypes were identified (Figure 4.9) from the molecular fragments that Diamond Light Source found to bind to the active site of Mpro. It should be noted that no enzymatic assays were used to confirm their results, and fragment hits were determined by the strength of intermolecular interactions with the binding site only.78 Notable interactions include (1) π-π stacking or hydrophobic contact with His41 in the S2 subpocket, and (2) hydrogen bonding with His163 (predominantly with a pyridyl group) in the S1 subpocket. Secondary to these, hydrogen bonding with the Gly143 (S1’) and Glu166 (S3) backbone NHs also provide notable interactions. 
[bookmark: _Toc100241936][image: A screenshot of a computer  Description automatically generated with medium confidence]
[bookmark: _Ref100528421][bookmark: _Toc100243281][bookmark: _Toc100748334]Figure 4.9. Representation of the rationale design for three Mpro inhibitor scaffolds: (A) urea, (B) piperazine, and (C) peptidomimetic. 
Sx denotes Mpro subpockets. 

[bookmark: _Toc100241937]	The results from the Diamond Light Source crystallographic screen inspired the design of three Mpro inhibitor scaffolds: urea, piperazine, and peptidomimetic (Figure 4.9). Considering the urgency of the COVID-19 pandemic and immediate need for chemotherapeutics, these scaffolds were chosen not only for their ability to span multiple subsites of the binding pocket, but also based on the following criteria: relatively straightforward synthetic methods, affordable building blocks, and multiple substitution sites for diversity-oriented synthesis. These criteria we expected to provide a rapid synthesis of a library of analogs within each scaffold. Efforts towards generating a library of the peptidomimetic scaffold are reported herein. 
[bookmark: _Toc102586300]4.2.3 Synthesis of peptidomimetic analogs.
	The urea and piperazine scaffolds were pursued by Ms. Katelyn Stevens and Mr. Quentin Avila, respectively. Thus, I was charged with synthesizing peptidomimetic analogs. First, racemic ML188 (3) was synthesized via the four-component Ugi coupling reaction (Scheme 4.1). ML188 is a noncovalent Mpro inhibitor and was generated be used as a control for protease activity assays.16 Afterwards, I synthesized 18 other peptidomimetic compounds (Figure 4.10). 


[bookmark: _Ref100745474]Scheme 4.1. Ugi reaction for the synthesis of Stauffer’s Mpro inhibitor ML188.
Reagents and conditions: (a) methanol, 23 ̊C, 16 h. 

It should be noted that while the R-enantiomer of 4.10 was identified as the eutomer, my approach involved starting with synthesizing the racemic mixtures of each compound so that several analogs could be generated rapidly. If any of the racemic compounds were to show significant protease inhibition activity, then either purification of the enantiomers or a stereoselective synthetic method can be employed to provide the pure enantiomers. This would allow us to then determine the eutomer and distomer of active racemic compounds. 
	The Ugi coupling is a multi-component reaction where a carbonyl compound, an amine, an isocyanide, and a carboxylic acid react to form a bis-amide product in one pot (Scheme 4.2).79 Nicotinic aldehyde (A) was employed in every reaction, as it provided the pyridine moiety that is integral to the peptidomimetic scaffold. Cyclohexyl or tert-butyl isocyanides were used for component B, several aromatic amines were used for component C, and a wide assortment of carboxylic acids were used for component D. 


[bookmark: _Ref100745502]Scheme 4.2. Generic Ugi coupling reaction for the synthesis of compounds within the peptidomimetic scaffold. 
Reagents and conditions: (a) methanol, 23 ̊C, 16 h.


	For this reaction, the aldehyde, amine, and carboxylic acid were dissolved in reagent-grade methanol at room temperature, followed by addition of the isocyanide. The reaction was then allowed to stir overnight, and the product was purified the following morning. The Ugi reaction does not typically require anhydrous conditions,80 but each reaction was conducted under nitrogen atmosphere.81 
Fortunately, the Ugi reaction has a straightforward procedure and was widely successful for generating compounds. In fact, 5 compounds were synthesized with yields >90% (JG55, JG56, JG59, JG5.09, JG5.16). Interestingly, compounds JG52 and JG53 were produced when I attempted to increase the rate of the reaction by adding acetic acid. I thought acetic acid would act as a mildly acidic catalyst, but, unsurprisingly, the acetate ion competed with the desired carboxylic acid nucleophile, resulting in a terminal methyl group on the bis-amide products. The competition between the carboxylic acid anions resulted in poor yields of 8% and 26% for compounds JG52 and JG53, respectively. I found that low concentrations of hydrochloric acid are suitable for increasing the acidity of the reaction mixture when necessary. 
In addition to the 18 compounds I synthesized, noopept was also tested for Mpro proteolytic activity (Figure 4.10). Noopept, or N-phenylacetyl-L-prolylglycine ethyl ester, is an approved drug in Russia and is available without a prescription. As a research nootropic in the United States, it has been evaluated for neuroprotective effects to prevent and treat Alzheimer’s disease.82 While it has been found to slightly stimulate brain-derived neurotrophic factor (BDNF) expression in rat hippocampus, its mechanism of action is unknown.83 As a proline-containing dipeptide that was readily available, I included it in the biological assessment because of its bis-amide structure. 


[bookmark: _Ref100528759][bookmark: _Toc100243282][bookmark: _Toc100748335]Figure 4.10. Structures of peptidomimetic compounds.

[bookmark: _Toc100241938][bookmark: _Toc102586301]4.2.4 Preliminary biological evaluation for Mpro inhibition. 
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[bookmark: _Ref100511070][bookmark: _Toc100748336]Figure 4.11. Illustration of the principle behind FRET-based protease assay kit. 
Commercial assay purchased from BPS Bioscience (Main Protease (Mpro), MBP-tagged (SARS-CoV-2) Assay Kit, catalog #79955-1). (A) Upon proteolysis by Mpro, the peptide substrate (S) is cleaved at the cleavage site (circled in key) to generate the fluorescent peptide fragment (F’). (B) Small molecule inhibitor (I) blocks the active site of Mpro and the substrate is not cleaved, leaving the fluorophore quenched (F). 

A commercial kit from BPS Bioscience was used to evaluate Mpro inhibitory activity of each compound. The principle behind the protease assay kit is illustrated in Figure 4.11. Briefly, the Mpro substrate is an internally quenched 14-residue fluorogenic (FRET) peptide dabcyl-KTSAVLQ↓SGFRKME-edans (cleavage site indicated by ↓).84 The intact substrate holds the donor (edans) and acceptor (dabcyl) fluorophores in close proximity, thus the energy emitted from edans is quenched by dabcyl (S-F complex in Figure 4.11).85 Upon proteolysis by Mpro, the peptide substrate is cleaved, creating distance between the fluorophores, generating the highly fluorescent peptide fragment SGFRKME-edans (F’ in Figure 4.11). The fluorescence intensity increases proportionally to the activity of Mpro.86 Thus, blank-corrected fluorescence values were used to calculate percent inhibition with the following equation:87 
Equation 1. Percent Inhibition = 100 * [1-(sample/control)] 
19 compounds (18 synthesized and 1 commercially available) within the peptidomimetic scaffold were evaluated for Mpro inhibitory activity using a commercial enzymatic activity assay kit. The protease (3 – 5 ng/μL) in assay buffer, stabilized with 1 mM dithiothreitol (DTT), was incubated with the test inhibitor (200 μM) for 30 min at 25 ̊C before the reaction was started by substrate addition. Fluorescence readings were taken every hour until a maximum value of the negative control (Mpro incubated in absence of inhibitor) was achieved. ML188 (4.10) was used as the positive control because it is a known non-covalent Mpro inhibitor.48,88 Each reaction was conducted in technical duplicate with four biological replicates to provide four percent inhibition values for each compound. The average percent inhibition for each compound is listed in Table 4.2. 

[bookmark: _Ref100520098]Table 4.2. Average percent inhibition for each compound at 200 μM. 
	Compound
	Mean Inhibition (%)
	Compound
	Mean Inhibition (%)

	ML188
	46
	JG59
	48

	JG50
	44
	JG5.06
	NDa

	JG51
	36
	JG5.08
	33

	JG52
	33
	JG5.09
	44

	JG53
	32
	JG5.11
	29

	JG54
	38
	JG5.13
	28

	JG55
	58
	JG5.14
	43

	JG56
	35
	JG5.16
	28

	JG57
	44
	JG5.17
	36

	JG58
	66
	Noopept
	42
	


a JG5.06 was omitted from enzymatic assays because it is insoluble assay buffer. ND = no data.

As shown in Figure 4.12, percent inhibition data is presented as a box and whisker plot with outliers and mean values visually represented. In this graph, the significant outliers are marked as single points (dots), and the mean values are denoted by the X. The control compound, ML188, gave relatively consistent results with an average inhibition of 46%. Compounds with mean inhibition at or above ML188 include JG59 (48%), JG55 (58%), and JG58 (66%). 

[bookmark: _Ref100521053][bookmark: _Toc100243283][bookmark: _Toc100748337]Figure 4.12. Boxplot of percent inhibition values for each compound. 
Four data points for each compound are plotted in this graph, where the dots represent outlier points. The points marked as X are the mean percent inhibition values. The graph was created in Excel using an inclusive median quartile calculation.

Utilizing bio-isosteric replacement strategies, replacing the furan heterocycle with a pyridine resulted in ~10% increase in inhibitory activity (blue, Figure 4.13), which led me to pursue pyridine and nitrogen heterocycles at this position. Interestingly, replacing the t-butyl groups with cyclohexyl and ethyl groups (highlighted in orange and green, respectively in Figure 4.13) resulted in decreased activity, with compounds JG59 and JG57 showing similar percent inhibition as ML188. However, when incorporation of the cyclohexyl (orange), ethyl (green), and pyridine (blue) groups simultaneously, led to JG58 which exhibits a ~20% increase in inhibitory activity compared to ML188 (Figure 4.13). 
[image: Background pattern  Description automatically generated]
[bookmark: _Ref100525076][bookmark: _Toc100748338]Figure 4.13. Structural evolution from ML188 to JG58. 
Percent inhibition is shown under compound name. 



[bookmark: _Toc100241939][bookmark: _Toc102586302]4.3 Conclusions
Overall, during our exploratory investigation into SARS-CoV-2 protease inhibitors, we found that our previous research on bacterial protease inhibitors does not translate to coronavirus targets, and the 25 compounds we had evaluated for viral replication inhibition were all inactive. We also designed three scaffolds (urea, piperazine, and peptidomimetic) based on computational modeling of the Mpro active site, and I synthesized and tested 18 peptidomimetic compounds where preliminary data suggested that 3 of my compounds exhibit modest to improved inhibitory activity when compared to the ML188 control. 


[bookmark: _Ref100745530][bookmark: _Toc100243286][bookmark: _Toc100748339]Figure 4.14. Structure of Pfizer’s orally active Mpro inhibitors. 
Warhead groups are labeled in red. 

While we investigated noncovalent Mpro inhibitors, other laboratories pursued inhibitors that covalently bind to the Mpro catalytic dyad.40,64,89 Covalent inhibitors sometimes pose the risk of unpredictable toxicity because of the reactive electrophilic moieties that make up the “warhead” functional group. Reactive warheads include Michael acceptors,90 α-ketoamides (boceprevir,68 or broad-spectrum inhibitors74), thioacetals,41 or nitriles.64 Covalent inhibitors can be reversible, such as PF-0835231 and PF-7321332, or irreversible such as PF-0956378 (Figure 4.14). For compound PF-7321332, the nitrile forms a reversible covalent thioimidate adduct with the nucleophilic Cys145. These structures were recently unveiled at the American Chemical Society (ACS) Spring 2021 meeting91 by Pfizer, an American multinational pharmaceutical and biotechnology corporation,92 The compound PF-7321332, also known as Nirmatrelvir,93 can be orally administered, has good selectivity and safety profile, and protects against infection in a mouse model.94 The covalent Mpro inhibitor is currently in Phase 1 clinical trials, and it is the first orally administered compound in the clinic that targets Mpro. This has also been approved for emergency use by the FDA.
When the opportunity was presented to contribute to the effort towards discovering new antivirals effective against SARS-CoV-2, we felt compelled to contribute. We chose to pursue the design and development of SARS-CoV-2 main protease inhibitors. After exploring the Mpro active site computationally, investigating new chemotypes, and evaluating some peptidomimetic compounds for protease activity, we have experimentally validated a peptidomimetic Mpro inhibitory chemotype and have set the stage for the continued evolution of this scaffold.

[bookmark: _Toc102586303]4.4 Perspective
	The idea for this project arose when my roommate, Mr. Quentin Avila, and I were sitting at home contemplating the COVID-19 pandemic and corresponding country-wide lockdown that started in March 2020. At first, we were genuinely curious to learn more about the SARS-CoV-2 virus, especially its transmission and what kind of procedures we should follow to stay safe. Eventually, after weeks of lockdown amounted to an unfortunate lack of research productivity, we were hyper aware of the delay that the pandemic was causing to our graduation studies and research productivity. Consequently, when the OU OVPRP provided an opportunity for researchers to join the fight against COVID-19, Mr. Avila and I worked together to not only teach ourselves basic virology but also to identify an approach to translate our lab’s expertise into an anti-coronavirus medicinal chemistry project, all in a single week. We were happily surprised when we found that our efforts resulted in being awarded the COVID-19 Rapid Response Seed Grant. We were proud to say we were contributing to the global effort in finding SARS-CoV-2 treatments, and we were also excited to be allowed back into the laboratory. 
	The grant provided funding and was written for a six-month project. Thankfully, our lab mate, Ms. Katelyn Stevens, volunteered to help us. It was surreal to be the only three graduate students present in our research building, especially in addition to the extreme precautions we were taking in order to limit exposure and possible spread of the virus. The entire situation was surreal, as the COVID-19 pandemic surmounted to the monumental and most pivotal event of our generation. Family members started getting sick, lives were being lost all around us, and for a moment, we were unsure if the pandemic was ever going to end. On the other hand, research labs all over the world were working towards a common goal. We were all united against a common enemy, but that did not negate the competition. It usually takes 10 – 15 years for a new molecular entity to go from research and development to clinical trials, but Pfizer discovered a SARS-CoV-2 Mpro inhibitor that gained emergency use authorization from the FDA in less than two years, a truly astonishing feat. 
	Thus, while I might have found a few compounds that were active against Mpro, even with improved activity compared to the controls, our control (ML188) is leagues behind the compounds that bigger pharmaceutical companies have found since the start of this project. I am still proud, however, to say that while Quentin and I sifted through the vast amount of coronavirus literature that existed in early 2020, we came to the same conclusion as a leading pharmaceutical company as to which coronavirus protein made the best drug target. This project also served to be an exercise in implementing all that we have learned while in graduate school. We fabricated an idea to solve a very pertinent global problem, were awarded funding to pursue such an idea, executed experiments to test our hypotheses, and came to a conclusion that coincides with the current state of the art. 

[bookmark: _Toc100241940][bookmark: _Toc102586304]4.5 Experimental
[bookmark: _Toc100241941][bookmark: _Toc102586305]4.5.1 General chemistry methods.
All commercial reagents were used without further purification. Distilled water was used for all water necessities in synthetic procedures (e.g., reagent, solvent, work-up). Flash column chromatography was performed with silica gel 60. Thin layer chromatography (TLC) analyses were completed with EMD Millipore silica gel coated (250 µM) F254 glass plates and visualized with UV light. NMR samples were prepared in 5 mm tubes with 0.6 mL deuterated solvent. NMR data were all collected on a 300, 400, or 500 MHz (specified below) Varian VNMRS Direct Drive spectrometer equipped with an indirect detection probe. Data was collected at 25 oC unless otherwise indicated. Pulse sequences were used as supplied by Varian VNMRJ 4.2 software. All NMR data was processed in MestreNova v10. Peak positions are reported after reference centering on deuterated solvent of relevance.
[bookmark: _Toc100241942][bookmark: _Toc102586306]4.5.2 Synthetic procedures.


Scheme 4.3. Generic Ugi coupling reaction.
Reagents and conditions: (a) methanol, 23 ̊C, 16 h.


General procedure for Ugi coupling reaction. Nicotinaldehyde A (0.32 mmol), acid D (0.32 mmol), and amine C (0.32 mmol) were dissolved in dry methanol (1.5 mL) at room temperature (23 ̊C) under nitrogen atmosphere. Then isocyanide B (0.32 mmol) was added. The reaction stirred at room temperature overnight and reaction progress was monitored by TLC. When consumption of the aldehyde was seen by TLC, solvent was removed under vacuum to afford product mixture as an amorphous solid or crude oil, depending on compound. The crude product was dissolved in dichloromethane and purified by flash chromatography (SiO2) using ethyl acetate/hexanes eluents basified with 1% triethylamine. Pure fractions were pooled and concentrated in vacuo to afford Ugi compounds listed below. 
N-(2-(cyclohexylamino)-2-oxo-1-(pyridin-3-yl)ethyl)-N-phenylnicotinamide (JG50): White amorphous solid, 20% yield. 1H NMR (500 MHz, CDCl3) δ 8.55 (dd, J = 4.7, 1.6 Hz, 1H), 8.25 (s, 1H), 7.44 (d, J = 8.1 Hz, 1H), 7.32 – 7.17 (m, 2H), 7.08 (t, J = 7.6 Hz, 2H), 6.89 (t, J = 7.4 Hz, 2H), 6.72 (d, J = 7.9 Hz, 2H), 6.50 (d, J = 7.6 Hz, 2H), 5.04 (s, 1H), 2.20 – 2.09 (m, 1H), 2.10 – 1.99 (m, 1H), 1.78 – 1.68 (m, 1H), 1.68 – 1.57 (m, 2H), 1.50 – 1.32 (m, 2H), 1.31 – 1.20 (m, 2H), 1.22 – 1.04 (m, 2H).
N-benzyl-N-(2-(cyclohexylamino)-2-oxo-1-(pyridin-3-yl)ethyl)nicotinamide (JG51): White amorphous solid, 60% yield. 1H NMR (600 MHz, CDCl3) δ 8.81 (d, J = 5.2 Hz, 1H), 8.71 (d, J = 5.2 Hz, 1H), 8.64 – 8.51 (m, 2H), 8.01 – 7.91 (m, 1H), 7.85 (d, J = 7.7 Hz, 1H), 7.44 (dq, J = 11.3, 6.2 Hz, 1H), 7.37 (q, J = 6.7 Hz, 2H), 7.32 (d, J = 6.4 Hz, 1H), 7.27 (d, J = 6.6 Hz, 4H), 7.07 (d, J = 6.7 Hz, 3H), 6.36 (d, J = 8.0 Hz, 1H), 5.80 (s, 1H), 4.89 (d, J = 16.9 Hz, 1H), 4.66 (d, J = 16.5 Hz, 1H), 2.18 – 2.11 (m, 1H), 2.07 – 1.93 (m, 1H), 1.83 – 1.73 (m, 3H), 1.74 – 1.66 (m, 2H), 1.52 – 1.41 (m, 2H), 1.27 – 1.18 (m, 2H).
2-(N-benzylacetamido)-N-cyclohexyl-2-(pyridin-3-yl)acetamide (JG52): White amorphous solid, 8% yield. 1H NMR (600 MHz, CDCl3) δ 8.50 (d, J = 2.3 Hz, 1H), 8.44 (d, J = 4.8 Hz, 1H), 7.75 (d, J = 8.0 Hz, 1H), 7.19 (t, J = 7.3 Hz, 2H), 7.17 – 7.11 (m, 2H), 6.98 (d, J = 7.4 Hz, 2H), 5.94 (s, 1H), 4.75 (d, J = 17.6 Hz, 1H), 4.60 (d, J = 17.6 Hz, 1H), 2.13 (s, 3H), 1.94 – 1.82 (m, 2H), 1.71 – 1.61 (m, 3H), 1.62 – 1.53 (m, 1H), 1.41 – 1.27 (m, 2H), 1.20 – 1.02 (m, 3H).
N-cyclohexyl-2-(N-(4-(methylthio)phenyl)acetamido)-2-(pyridin-3-yl)acetamide (JG53): White amorphous solid, 26% yield. 1H NMR (600 MHz, CDCl3) δ 8.44 (dd, J = 4.8, 1.6 Hz, 1H), 8.40 (d, J = 2.2 Hz, 1H), 7.40 (dt, J = 8.1, 2.0 Hz, 1H), 7.09 – 7.03 (m, 3H), 6.09 (s, 1H), 5.98 (d, J = 8.1 Hz, 1H), 3.84 – 3.75 (m, 1H), 2.42 (s, 3H), 2.01 – 1.93 (m, 1H), 1.85 (s, 5H), 1.76 – 1.55 (m, 3H), 1.42 – 1.27 (m, 2H), 1.27 – 1.01 (m, 3H).
N-(2-(tert-butylamino)-2-oxo-1-(pyridin-3-yl)ethyl)-N-phenylnicotinamide (JG54): White amorphous solid, 24% yield. 1H NMR (600 MHz, CDCl3) δ 8.51 (dd, J = 4.8, 2.2 Hz, 2H), 8.46 (dd, J = 5.0, 1.7 Hz, 1H), 8.40 (dd, J = 4.9, 1.7 Hz, 1H), 7.57 (dt, J = 8.1, 2.1 Hz, 1H), 7.53 (dt, J = 8.0, 2.0 Hz, 1H), 7.15 – 7.08 (m, 1H), 7.08 – 7.01 (m, 3H), 7.02 – 6.95 (m, 2H), 6.17 (d, J = 2.7 Hz, 1H), 5.96 (s, 1H), 1.37 (s, 9H).
N-(4-(tert-butyl)phenyl)-N-(2-(tert-butylamino)-2-oxo-1-(pyridin-3-yl)ethyl) nicotinamide (JG55): White amorphous solid, 93% yield. 1H NMR (500 MHz, CDCl3) δ 8.54 – 8.48 (m, 2H), 8.46 (d, J = 5.8 Hz, 1H), 8.42 – 8.37 (m, 1H), 7.60 – 7.55 (m, 1H), 7.51 (d, J = 7.5 Hz, 1H), 7.12 – 7.02 (m, 4H), 6.87 (s, 1H), 6.10 (s, 1H), 6.03 (d, J = 8.3 Hz, 1H), 1.37 (s, 9H), 1.17 – 1.11 (s, 9H).
N-(2-(cyclohexylamino)-2-oxo-1-(pyridin-3-yl)ethyl)-N-(4-(methylthio)phenyl) nicotinamide (JG56): White amorphous solid, 91% yield. 1H NMR (500 MHz, CDCl3) δ 8.78 (s, 1H), 8.61 – 8.52 (m, 2H), 8.47 (dt, J = 4.8, 2.4 Hz, 1H), 7.84 (d, J = 8.0 Hz, 1H), 7.71 – 7.59 (m, 1H), 7.37 (dd, J = 8.0, 5.6 Hz, 1H), 7.18 (dd, J = 8.0, 5.0 Hz, 1H), 6.92 (d, J = 6.6 Hz, 3H), 6.41 (s, 1H), 3.90 – 3.79 (m, 1H), 2.36 (s, 3H), 2.00 – 1.95 (m, 2H), 1.92 – 1.83 (m, 1H), 1.76 – 1.65 (m, 1H), 1.64 – 1.57 (m, 1H), 1.44 – 1.09 (m, 6H).
N-(2-(tert-butylamino)-2-oxo-1-(pyridin-3-yl)ethyl)-N-(4-ethylphenyl)nicotinamide (JG57): White amorphous solid, 76% yield. 1H NMR (500 MHz, CDCl3) δ 8.56 (d, J = 11.8 Hz, 1H), 8.52 (d, J = 2.2 Hz, 1H), 8.49 (d, J = 5.1 Hz, 1H), 8.43 (dt, J = 4.6, 2.3 Hz, 1H), 7.65 – 7.54 (m, 2H), 7.23 – 7.13 (m, 1H), 7.13 – 7.04 (m, 1H), 6.95 – 6.78 (m, 2H), 6.22 – 6.11 (m, 1H), 5.98 – 5.94 (m, 1H), 3.43 – 3.22 (m, 1H), 2.48 (q, J = 3.3 Hz, 2H), 1.39 (s, 9H), 1.09 (t, J = 2.7 Hz, 3H).
N-(2-(cyclohexylamino)-2-oxo-1-(pyridin-3-yl)ethyl)-N-(4-ethylphenyl)nicotinamide (JG58): White amorphous solid, 70% yield. 1H NMR (600 MHz, CDCl3) δ 8.57 – 8.43 (m, 3H), 8.39 (d, J = 4.9 Hz, 1H), 7.58 (d, J = 8.1 Hz, 1H), 7.51 (d, J = 8.0 Hz, 1H), 7.10 (dd, J = 8.0, 4.7 Hz, 1H), 7.06 (dd, J = 8.0, 4.8 Hz, 1H), 6.86 (d, J = 6.0 Hz, 4H), 6.20 (s, 1H), 3.93 – 3.76 (m, 1H), 2.44 (q, J = 7.6 Hz, 2H), 2.01 – 1.89 (m, 1H), 1.90 – 1.82 (m, 1H), 1.76 – 1.60 (m, 3H), 1.60 – 1.53 (m, 1H), 1.41 – 1.27 (m, 2H), 1.25 – 1.07 (m, 3H), 1.05 (t, J = 7.6 Hz, 3H).
N-(4-(tert-butyl)phenyl)-N-(2-(cyclohexylamino)-2-oxo-1-(pyridin-3-yl)ethyl)nicotinamide (JG59): White amorphous solid, 93% yield. 1H NMR (500 MHz, CDCl3) δ 8.65 (s, 1H), 8.54 (dq, J = 3.3, 1.2 Hz, 2H), 8.45 (dt, J = 5.1, 1.2 Hz, 1H), 7.79 (s, 1H), 7.64 (dd, J = 8.1, 2.1 Hz, 1H), 7.29 (s, 1H), 7.16 – 7.09 (m, 2H), 6.89 (d, J = 8.0 Hz, 1H), 6.25 (d, J = 2.6 Hz, 1H), 6.20 (s, 1H), 3.86 (m, 1H), 1.98 (d, J = 12.2 Hz, 1H), 1.90 (d, J = 12.0 Hz, 1H), 1.75 – 1.66 (m, 3H), 1.61 (dd, J = 13.0, 4.0 Hz, 1H), 1.45 – 1.30 (m, 3H), 1.24 – 1.20 (m, 1H), 1.18 (m, 11H). 
N-(4-(tert-butyl)phenyl)-N-(2-(cyclohexylamino)-2-oxo-1-(pyridin-3-yl)ethyl)-2-(thiophen-2-yl)acetamide (JG5.06): Yellow amorphous solid, 62% yield. 1H NMR (400 MHz, CD3OD) δ 8.30 (d, J = 3.1 Hz, 2H), 7.52 (d, J = 8.0 Hz, 1H), 7.37 – 7.08 (m, 5H), 6.88 (dd, J = 5.2, 3.5 Hz, 1H), 6.70 (d, J = 3.4 Hz, 1H), 6.08 (s, 1H), 3.65 (s, 2H), 1.92 (m, 2H), 1.74 (m, 2H), 1.62 (m, 2H), 1.44 – 1.27 (m, 3H), 1.24 (s, 9H), 1.22 – 1.01 (m, 2H).
N-(2-(cyclohexylamino)-2-oxo-1-(pyridin-3-yl)ethyl)-N-phenethylnicotinamide (JG5.08): White amorphous solid, 77% yield. 1H NMR (400 MHz, CD3OD) δ 8.69 – 8.60 (m, 3H), 8.60 – 8.56 (m, 2H), 8.10 – 7.96 (m, 1H), 7.87 (d, J = 7.9 Hz, 1H), 7.55 (dt, J = 13.0, 6.1 Hz, 2H), 7.15 – 7.09 (m, 2H), 6.61 (s, 1H), 6.06 (s, 1H), 3.73 (tt, J = 10.8, 3.9 Hz, 2H), 3.50 – 3.45 (m, 2H), 2.22 – 2.10 (m, 1H), 1.95 – 1.86 (m, 2H), 1.86 – 1.63 (m, 4H), 1.63 – 1.58 (m, 1H), 1.46 – 1.28 (m, 3H).
N-(2-(1H-indol-3-yl)ethyl)-N-(2-(cyclohexylamino)-2-oxo-1-(pyridin-3-yl)ethyl)nicotinamide (JG5.09): Amorphous yellow solid, 97% yield. 1H NMR (400 MHz, cd3od) δ 8.76 (s, 1H), 8.62 – 8.58 (m, 1H), 8.55 – 8.49 (m, 1H), 8.09 – 8.05 (m, 1H), 7.65 – 7.60 (m, 1H), 7.55 – 7.50 (m, 1H), 7.36 – 7.21 (m, 2H), 7.02 (t, J = 7.5 Hz, 2H), 6.80 (s, 1H), 6.69 (s, 1H), 6.02 (s, 1H), 3.80 – 3.68 (m, 2H), 3.61 – 3.56 (m, 1H), 2.87 – 2.76 (m, 1H), 2.50 – 2.38 (m, 1H), 1.95 – 1.87 (m, 1H), 1.86 – 1.57 (m, 6H), 1.44 – 1.29 (m, 4H).
N-(4-(tert-butyl)phenyl)-N-(2-(cyclohexylamino)-2-oxo-1-(pyridin-3-yl)ethyl)-1H-indole-3-carboxamide (JG5.11): Yellow oil, 30% yield. 1H NMR (400 MHz, CD3OD) δ 8.42 (d, J = 2.2 Hz, 1H), 8.35 (dd, J = 5.0, 1.6 Hz, 1H), 8.31 – 8.15 (m, 1H), 7.67 (dt, J = 8.0, 1.9 Hz, 1H), 7.26 (td, J = 8.2, 5.6 Hz, 3H), 7.23 – 7.09 (m, 4H), 6.39 (s, 1H), 6.09 (s, 1H), 3.75 (m, 1H), 2.02 – 1.90 (m, 1H), 1.79 (q, J = 6.0 Hz, 2H), 1.67 (m, 3H), 1.44 – 1.30 (m, 5H), 1.27 (s, 9H).
N-(4-(tert-butyl)phenyl)-N-(2-(cyclohexylamino)-2-oxo-1-(pyridin-3-yl)ethyl)-1H-pyrrolo[2,3-b]pyridine-3-carboxamide (JG5.13): Amber oil, 10% yield. 1H NMR (500 MHz, dmso) δ 11.84 (d, J = 2.9 Hz, 1H), 8.53 (dd, J = 8.0, 1.7 Hz, 1H), 8.39 – 8.31 (m, 2H), 8.23 (dd, J = 4.7, 1.7 Hz, 1H), 8.13 (d, J = 7.7 Hz, 1H), 7.43 (dt, J = 7.9, 1.9 Hz, 1H), 7.26 (d, J = 7.8 Hz, 2H), 7.16 (ddd, J = 7.9, 6.5, 4.6 Hz, 3H), 6.30 (s, 1H), 5.73 (d, J = 3.1 Hz, 1H), 4.07 (s, 1H), 3.58 (dd, J = 7.5, 3.8 Hz, 1H), 3.33 (s, 2H), 1.72 (d, J = 10.8 Hz, 1H), 1.69 – 1.64 (m, 2H), 1.59 (d, J = 12.8 Hz, 1H), 1.52 (d, J = 12.7 Hz, 1H), 1.13 – 0.95 (m, 3H).
N-benzyl-N-(2-(cyclohexylamino)-2-oxo-1-(pyridin-3-yl)ethyl)-1H-pyrrolo[2,3-b]pyridine-3-carboxamide (JG5.14): Amber oil, 10% yield. 1H NMR (500 MHz, DMSO) δ 12.08 (s, 1H), 8.39 (s, 1H), 8.34 (dd, J = 4.9, 1.8 Hz, 1H), 8.31 – 8.25 (m, 2H), 8.08 (d, J = 7.7 Hz, 1H), 7.64 (d, J = 8.0 Hz, 1H), 7.57 (s, 1H), 7.25 – 7.17 (m, 2H), 7.16 – 7.00 (m, 5H), 6.08 (s, 1H), 5.04 (d, J = 17.3 Hz, 1H), 4.66 (d, J = 17.4 Hz, 1H), 3.54 (d, J = 7.4 Hz, 0H), 1.65 (s, 3H), 1.51 (d, J = 12.3 Hz, 1H), 1.23 (s, 3H), 1.06 (dq, J = 37.6, 11.3 Hz, 3H).
N-(2-(cyclohexylamino)-2-oxo-1-(pyridin-3-yl)ethyl)-N-(naphthalen-1-yl)furan-3-carboxamide (JG5.16): White amorphous solid, 94% yield. 1H NMR (500 MHz, DMSO) δ 8.32 (d, J = 2.2 Hz, 1H), 8.13 (dd, J = 17.2, 7.4 Hz, 3H), 8.00 (d, J = 4.7 Hz, 1H), 7.86 – 7.79 (m, 2H), 7.75 (dt, J = 13.4, 10.5 Hz, 2H), 7.57 – 7.42 (m, 4H), 7.36 (td, J = 5.9, 2.8 Hz, 4H), 7.32 – 7.25 (m, 1H), 6.81 (dd, J = 7.9, 4.8 Hz, 1H), 6.35 (s, 1H), 6.13 (s, 1H), 5.10 (s, 1H), 4.03 (q, J = 7.2 Hz, 1H), 3.62 (d, J = 9.1 Hz, 1H), 1.99 (d, J = 1.1 Hz, 2H), 1.82 (d, J = 11.2 Hz, 1H), 1.71 (d, J = 13.4 Hz, 2H), 1.61 (d, J = 15.4 Hz, 2H), 1.53 (d, J = 13.8 Hz, 3H), 1.26 – 1.14 (m, 6H), 1.09 (s, 1H), 0.95 (q, J = 10.8 Hz, 2H).
2-(N-(4-(tert-butyl)phenyl)acetamido)-N-cyclohexyl-2-(pyridin-3-yl)acetamide (JG5.17): White amorphous solid, 25% yield. 1H NMR (500 MHz, DMSO) δ 8.31 – 8.21 (m, 2H), 8.02 (d, J = 7.7 Hz, 1H), 7.29 (dt, J = 8.1, 2.0 Hz, 1H), 7.19 (d, J = 7.9 Hz, 2H), 7.10 (dd, J = 7.9, 4.8 Hz, 2H), 6.04 (s, 1H), 3.59 – 3.50 (m, 1H), 1.73 (s, 1H), 1.70 (s, 3H), 1.68 – 1.49 (m, 5H), 1.17 (m, 5H). 
[bookmark: _Toc100241943][bookmark: _Toc102586307]4.5.3 Computational methods. 
The Schrӧdinger’s software suite was used to prepare and optimize the protein and ligands, and to conduct the docking studies with the co-crystal structure of ML188 and SARS-CoV Mpro (PDB: 3V3M). The protein structure was refined with the Protein Preparation Wizard to add hydrogens, assign hydrogen bonds, fill missing side chains, and minimize the protein structure. The ligands were minimized using the OPLS_2005 force field and the protonation state of the molecules were generated at pH = 7.4. The minimized ligands were docked in the binding pocket with Glide at the extra precision (XP) level and the state penalties were added to the docking score.
[bookmark: _Toc102586308][bookmark: _Toc100241944]4.5.4 Viral replication cellular assay. 
	A small molecule screening assay to assess inhibition of SARS-CoV-2 infection in vitro, developed and performed by Teijaro, et al.,57 was used to screen compounds 4.20 – 4.44. Screening took place in 384-well plates using VeroE6 cells. Cells were plated in 384-well plates at a concentration of 5000 cells per well. SARS-CoV-2, isolated from a patients’ sputum in San Diego, was added to the wells at a multiplicity of infection (MOI) of 0.1 and compounds were added to wells concomitantly with virus. Each compound was tested in triplicate and initially at 1uM. Over the course of 3 days, we monitored viral cytopathic effect (CPE) in the wells daily, and on day 3 CPE will be quantified by microscopy and cell titer glo viability staining. We used remdesivir and hydroxychloroquine as controls, as they have been reported to inhibit Coronavirus infection in cells.58,59 Identification of compounds which prevent CPE would be followed up by assessing a dose curve and analysis of viral titers in the supernatant by plaque forming assay to quantify viral loads in the cultures of both control and compound treated cells. Compounds with optimal biophysical properties would be followed up in more sophisticated in vitro assays and in vivo animal models following pharmacokinetic analysis. For animals studies we will use the human ACE2 knock-in mouse model which allows for production infection and pathology following SARS-CoV infection in the lungs. 
[bookmark: _Toc102586309]4.5.5 Enzymatic inhibition assays. 
	Compounds were screened by a commercial enzymatic inhibition assay purchased from BPS Bioscience (3CL Protease, MBP-tagged (SARS-CoV-2) Assay Kit, catalog #79955-1). The kit was designed to measure 3CL protease activity for screening and profiling applications, in a homogeneous assay with no time-consuming washing steps. Provided by the kit were recombinant 3CL protease (MBP-tag), 3CL protease substrate (10 mM), fluorogenic 3CL protease assay buffer, and compound GC376 as a positive control. All assays were performed in black, low binding microtiter 96-well plates in the provided activity buffer with 1 mM dithiothreitol (DTT). Reactions contained 3 – 5 ng/μL 3CL protease. 3CL protease was incubated for 30 minutes at 25 ̊C with or without inhibitors. Reactions were started with the addition of the protease substrate and fluorescence was read at 0, 0.5, 1, 2, 3, 4 and 12 hours by an iTECAN Infinite M200 plate reader (excitation, 360 nm; emission, 460 nm) at room temperature. 
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