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ABSTRACT 

 

N-Succinyl-L,L-2,6-Diaminopimelic Acid Desuccinylase (DapE) is a bacterial enzyme 

located in the lysine biosynthetic pathway of all Gram-negative and most Gram-positive species 

of bacteria including the notorious ESKAPE pathogens, or pathogenic strains of bacteria that 

have developed significant levels of resistance to currently available antibiotics. As a means to 

combat this challenge of growing antimicrobial resistance, we have identified the bacterial 

enzyme DapE as a conserved, novel enzymatic target within these resistant bacterial strains, as 

DapE is responsible for the production of m-DAP and lysine which are ultimately employed in 

bacterial cell wall synthesis. The overall aim of this research is to design and synthesize small 

molecule inhibitors of DapE as potential new broad-spectrum antibiotics. 
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CHAPTER ONE  

THE NOVELTY OF THE N-SUCCINYL-L,L-DIAMINOPIMELIC ACID DESSUCINYLASE 

ENZYME 

The Threat of Bacterial resistance and Need for Novel Antibiotics 

The persistent abuse of antibiotics has exacerbated the emergence of multidrug resistance 

(MDR) in bacteria, rendering current treatments less and less effective at the global expense of 

the health of hospitalized patients.1 In the United States alone, more than 35,000 deaths and 2.8 

million cases of antibiotic resistant bacterial infections are reported each year, reinforcing the 

critical importance of identifying, designing, and synthesizing inhibitory compounds toward 

novel antibiotic targets.2 There is an urgent need for antimicrobial agents with new mechanisms 

of action due to the lack of new antibiotics on the market. In fact, on average, it takes about ten 

years for a drug to reach the market.3 Despite the rapid rise of antimicrobial resistance, there has 

been no development of novel antibiotics targeting bacterial infections in the last thirty years.4 

 Antibiotics are among the most routinely, and often injudiciously, used therapeutic drugs 

worldwide.5 Antimicrobial agents have saved countless lives from bacterial infections. However, 

bacterial species continue to adapt defensive modes of survival exacerbated by overuse. The 

Infectious Disease Society of America (IDSA) coined the acronym ESKAPE pathogens referring 

to six bacterial species that have escaped the ability to be treated by existing antibiotics.6 The 

bacterial pathogens are Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter 
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species.7 These multidrug resistant bacteria can carry more than one resistance plasmid, via 

horizontal gene transfer,8 making them extremely pathogenic and life-threatening especially 

towards those who are immunocompromised.5 As a result, the ISDA issued a call to action for 

developing sustainable antibacterial research in response to current resistance trends.7 The 

increasing occurrence of MDR bacteria remains one of the major global threats to human health.9 

 In response, we have identified a previously uncharted enzymatic bacterial target known 

as N-Succinyl-L,L-diaminopimelic acid desuccinylase (DapE) toward the discovery of novel 

antibiotics. Collectively, we have characterized the structural integrity of this enzyme as well as 

made significant strides towards elucidating the mechanism of action showcased through protein 

crystallography and molecular dynamics. This chapter focuses on the foundation of the DapE 

project through proven studies built on the validation that this enzymatic target is not only 

essential for bacterial viability but also absent in mammals. Thus, DapE is a novel antibiotic 

target in the fight against antibiotic resistance.  

DapE as a novel antibiotic target 

In our research targeting novel bacterial biosynthetic pathways, we have selected within 

the lysine biosynthetic pathway the bacterial enzyme, N-Succinyl-L,L-diaminopimelic acid 

desuccinylase (DapE), given the key role this enzyme plays in the latter stages of the pathway.10 

Interest is upheld with the conservation of this enzyme in all strains of pathogenic gram negative 

and most gram positive bacteria.11 DapE is responsible for the production of m-DAP, as well as 

lysine in which the m-DAP is ultimately recruited for bacterial peptidoglycan synthesis.12 There 

are three metabolic pathways in which a majority of bacteria can incorporate L-aspartate to form 

m-DAP, as a precursor to lysine including the acetylase, dehydrogenase, and succinylase 
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pathways.11 DapE is of peculiar interest as a potential antibiotic target due to the enzyme being 

conserved in the succinylase pathway across pathogenic strains of bacteria. Similar pathways are 

also absent in mammals, thus, eliminating the threat of mechanism-based toxicity in humans.12 

 

Figure 1. Lysine and m-DAP biosynthesis via bacterial succinylase pathway. 

The bacterial enzyme DapE is responsible for catalyzing the hydrolysis of N-succinyl-

L,L-diaminopimelic acid (L,L-SDAP) to succinic acid and L,L-diaminopimelate (DAP) as seen 

in Scheme 1. As a result, the transformation of DAP to m-DAP and ultimately lysine which are 

incorporated into the bacterial cell wall.13 Additionally, it has been shown that deletion of the 

dapE gene is lethal to Helicobacter pylori and Mycobacterium smegmatis species.14, 15 In the 

presence of lysine supplemented media the Helicobacter pylori mutant was unable to grow. 

Growth was only possible in the presence of m-DAP supplemented media, in which the mutant 

was able to survive.14 This reinforces the notion that DapE is essential for prokaryotic growth, 

proliferation, and that the lysine biosynthetic pathway is the primary pathway that supplies 

sources of m-DAP and lysine in most bacteria.16 Alternatively, mammals including humans do 
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not have a lysine biosynthetic pathway as lysine is not synthesized but rather obtained from diet. 

Thus, DapE is an attractive potential drug target for two reasons: the mechanism-based 

selectivity towards pathogenic bacteria rather than the human host,17 and the conservation of 

DapE across the ESKAPE pathogen species including the life-threatening Mycobacterium 

tuberculosis, Escherichia coli, Vibrio chloerae, Pseudomonas aeruginosa, and Staphylococcus 

aureus species.16  

 

 

Scheme 1. Enzymatic hydrolysis of L,L-SDAP to succinate and DAP by DapE. 

Within the drug discovery process, protein crystallography provides pivotal insight 

regarding the structural integrity of a target enzyme. An enzyme crystal structure serves as a 

static image, illuminating key amino acid residues responsible for the catalysis, potential 

inhibitor binding, and substrate identification. In 2005, the first X-ray crystal structure of an apo 

DapE from Neisseria meningitidis (NmDapE) was reported.18 This reported protein crystal 
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structure contained no metal ion in the active site, and provided limited structural knowledge of 

DapE enzymes, as metal ion-bound structures are critical in determining the spatial arrangements 

of key amino acid residues involved in catalysis. Since that time additional distinctive X-ray 

crystal structures of DapE enzymes,19 allowing us to gain a better understanding of the enzyme’s 

mechanism of action, providing critical information in the fight against antibiotic resistance. 

Thus, for medicinal chemists, these crystal structures are essential tools enabling in the 

development of small molecule inhibitors. 

X-ray crystal structures and active site architecture of DapE enzymes 

 

C  

Figure 2.  (A) Open conformation of the HiDapE enzyme, (B) closed conformation of HiDapE 

products-bound structure, and (C) the di-zinc metal center of the active site. 

 

DapE is a hydrolase enzyme with a di-nuclear center consisting of two Zn(II) ions. 

Consistent with the larger family of M20 metalloenzymes, DapE is homodimeric (Mr = 41.6 

kDa) with each subunit composed of a catalytic domain and dimerization domain, both playing a 

critical role in catalysis.20 The catalytic domain houses the di-metallo active site of the DapE 
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enzyme with each Zn(II) ion adopting a distorted tetrahedral geometry. Histidine and glutamate 

residues coordinate each Zn(II) ion while aspartate and a water/hydroxide molecule bridge the 

two Zn(II) ions.19  Elucidating structural components of the active site through X-ray crystal 

structures of Haemophilus influenza (HiDapE)19 showcased the substrate-enzyme interactions 

resulting in the observed dramatic conformational change upon substrate binding as seen in 

Figure 2. Thus, binding of the substrate induces the dimer superstructure to flex and twist during 

catalysis.20 This resulting conformational change allows the enzyme to transform from the open 

conformation (PDB: 3ICI)19 to the closed conformation (PDB: 5VO3)20 closing off access to the 

active site and driving the hydrolysis of the substrates scissile amide bond.  

 

 

Figure 3. (A) succinic acid (cyan) and L,L-diaminopimelic acid (yellow) binding regions are 

highlighted to show the individual binding pockets. (B) Amino acid side chains interacting with 

the products of hydrolysis. Black spheres represent zinc ions. 
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Additional assessment of the active site from the closed DapE structure bound to the 

hydrolytic products illustrates that the substrate binding pocket can be divided into succinic acid 

and L,L-DAP binding regions.20 Furthermore, the architecture of the active site has built in 

specificity for the L,L-isoform of SDAP.19 The DapE structures suggest that the first step in 

catalysis for DapE is the recognition of the native substrate, L,L-SDAP, by the crescent-shaped 

cavity adjacent to the dinuclear Zn(II) cluster when the enzyme is in the open conformation. This 

substrate binding induces stark conformational changes, the resultant closed DapE structure, 

which positions the amide carbonyl oxygen of L,L-SDAP adjacent to a zinc atom and triggers 

the formation of an oxyanion hole by shifting His194.B from the dimerization domain of the B 

protein strand into the active site. Formation of a strong hydrogen bond between His194.B and 

the amide carbonyl oxygen facilitates reorganization of the Zn atom coordination sphere, thus 

displacing the bridging water molecule onto the adjacent zinc atom and activating the scissile 

carbonyl carbon for nucleophilic attack. Deprotonation of the zinc-bound water molecule by 

Glu134.A forms a nucleophilic hydroxide moiety. Once the zinc-bound hydroxide is formed, it 

can attack the activated carbonyl carbon of the substrate and form a tetrahedral TS complex. As 

observed for similar M20 metalloenzymes, such as the aminopeptidase from Aeromonas 

proterlytica (AAP), and further confirmed by the [ZnZn(HiDapE)] product-bound structure, 

Glu134.A serves as a general acid-base catalyst, providing a proton to the amino nitrogen 

returning it to its ionized state. Upon cleavage of the amide, the tethering interaction of the 

products that maintains the closed enzyme conformation is disrupted. Release of the products is 

entropy-driven, facilitating re-formation of the open DapE conformation and release of the 

hydrolyzed products with the addition of a bridging water molecule.20  
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Figure 4. (A) the position of His194.B (orange) is shown in the open conformation of HiDapE. 

(B) Structure of proposed oxyanion hole constitutes with His194.B and a Zn (II) ion in the 

HiDapE closed conformation. 

Conclusion 

 In collaboration with Dr. Ken Olsen, we are incorporating molecular dynamics (MD) to 

investigate the conformational changes of the DapE enzyme from the open conformation to the 

closed conformation in the presence of substrate using NAMD/VMD21, MOE,22 and Targeted 

Molecular Dynamics.23 Thus, these X-ray crystallographic structures of bound products 

combined with computational analysis will aid us in the rational design and development 

towards lead optimization of more potent novel DapE inhibitors. 
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CHAPTER TWO  

 

DESIGN AND SYNTHESIS OF TETRAZOLE & PYRAZOLE INHIBITORS OF N-

SUCCINYL-L,L-DIAMINOPIMELIC ACID DESSUCINYLASE 

Lead identification and synthetic strategies of DapE inhibitors 

Hit molecules generated by a high-throughput screen (HiTs) served as the dominant 

discovery form of new lead structures in DapE inhibition. This was accomplished by screening 

33,000 compounds from the ChemBridge corporation using an enzyme-coupled assay with a 

selection criterion of  >20% inhibition of DapE at 12 µM inhibitor concentration resulting in the 

identification of five lead molecules classified into four distinct chemical classes: an amide with 

a beta-sulfone, an N-difluoromethyl sulfonamide, two N-acyl-sulfonamide indolines, and a 

phenyltetrazole thioether. These four distinct series of inhibitors satisfy Lipinski’s rule of five 

and are in accordance with Veber’s rules for drug likeness containing ≤ 10 rotatable bonds and 

polar surface area of ≤ 140 Å2.24 To our benefit, the lead molecules have potential zinc binding 

groups such as amides, sulfonamides and sulfones. All five hits are free of PAINS (pan assay 

interference compounds) structural motifs.25 PAINS are compounds that are not selective 

towards a particular target and, as a result, give rise to false positive results in a high-throughput 

screen.26 As medicinal chemists, we are tasked with designing and synthesizing analogs of these 

HiTs-derived lead molecules to improve drug-like properties including potency, selectivity, oral 

bioavailability, and penetration through the blood brain barrier. 
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Figure 5. DapE hit compounds with calculated physiochemical properties. 

These lead compounds were synthesized by our previous group members: Dr. Cory Reidl 

(a), Dr. Tahirah Heath (b), and Dr. Thahani Habeeb (e). One of my contributions to the project 

was successfully synthesizing compound (c) after examination of past data revealing the desired 

lead was not isolated. All five hit molecules (a-e) were tested using our novel ninhydrin-based 

assay and the inhibitory potencies of our lead compounds were established by the calculated IC50 

values shown in Figure 5. 27 Guided by molecular docking with MOE, we aim to further improve 

the potency of the hit-derived tetrazole analogs. The docking results should predict the 

interactions between the inhibitor molecules and the active site residues and the di-zinc center of 

the DapE enzyme. The inhibitory potencies of the synthesized inhibitors against DapE will be 

obtained by our ninhydrin-based biochemical assay.  

Design, Synthesis of Tetrazole- and Pyrazole-based DapE Inhibitors 

Tetrazoles are an aromatic five membered heterocylic ring containing four nitrogen 

atoms and one carbon atom. These planar heterocycles are often used as a bioisostere of a 

carboxylic acid and is metabolically stable.28 Tetrazoles are found in 23 FDA approved drugs, 29 

as tetrazole drugs have been implemented to improve oral bioavailability as well as decrease 

lipophilicity.30 Moreover, the utility of tetrazoles as synthetic scaffolds in medicinal chemistry 
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have shown increased application as a result of increased opportunities for ligand-receptor 

interactions with biological targets, and favorable physiochemical properties.28 

 

 

Figure 6. Plausible point derivations of tetrazole and pyrazole derived DapE inhibitors. 

In parallel, we have designed an analogous series of the tetrazole hit in which the sulfur 

atom of the thioether is replaced with a nitrogen atom to enable synthesis from commercially 

available amino acids. Additionally, we designed pyrazole analogs as tetrazole isosteres to 

enhance the drug likeness of the inhibitor molecules with increased solubility, oral 

bioavailability, and they are expected to provide increased interactions and tighter binding in the 

active site.31, 32  

Both tetrazole (A) and pyrazole (B) scaffolds enable three-point functional group 

derivatizations as shown in Figure 6 to drive the SAR in expanding our series in synthesizing 

more potent and efficacious drug candidates. Selected heterocyclic moieties can replace the 

thiazole ring at the R1 position providing H-bond acceptors, whereas the R3 position can be 

modified with substituted phenyl groups. Additionally, for the N-linked series, we are 

incorporating a range of amino acids with hydrophobic side chains at R2, including Val, Ile, and 

Phe. 
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Utilizing MOE, the docking of the tetrazole hit with HiDapE suggests enantioselective 

binding to the active site with a preference for the (R)-enantiomer (ΔG = - 8.59 kcal/mol) over 

the (S)-enantiomer (ΔG = - 7.74 kcal/mol).20 Figure 7 shows the binding interactions of the 5-

aminotetrazole and the initial pyrazole analogs with active site residues and the di-zinc metal 

center.  

 

Figure 7. Hit-inspired (A) tetrazole and (B) pyrazole analogs bound to the DapE active site. 

During the docking experiments performed using MOE, the tetrazole original hit-derived 

N-linked pyrazole analog was bound to the DapE active site. These results indicated the 

significance of the pyrazole ring as that forms a π-hydrogen interaction with the imidazole NH of 

H195. The hydrogen bond between the pyrazole nitrogen and Asn-246 suggests that a hydrogen 

bond acceptor at this position would be critical in binding. The amide moiety of the inhibitor 

could be beneficial in binding as it provides two favorable hydrogen bonds through a hydrogen 

bond with the NH and His-350, and a hydrogen bond between the amide oxygen and water 
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molecule. The 2-aminothiazole ring is housed within a hydrophobic pocket, and the 

corresponding nitrogen atom could form a hydrogen bond interaction with the active site 

residues. Furthermore, these docking experiments encouraged derivations incorporating various 

heterocyclic amine moieties in replace of the thiazole ring. 

Synthesis and Inhibitory Potencies 

 

Scheme 2. General Synthesis for tetrazole analogs. 

In preparation of the S-linked tetrazole and pyrazole series of inhibitors, our synthetic 

route takes advantage of the robust nucleophilic substitution between the alpha-halo amide 

intermediates and the respective tetrazole and pyrazole thiols. The synthesis of the tetrazole 

analogs is achieved by two successive base-mediated coupling reactions following the route 

illustrated in Scheme 2. First, the desired heterocyclic amine is reacted with chloroacetyl 

chloride in DCM at room temperature in the presence of potassium carbonate where R2 is a 

proton and with alpha-chloropropionyl chloride where R2 is a methyl group providing the 

corresponding alpha-halo amide intermediate with commercially available tetrazole thiol in 

acetone affording the corresponding phenyl tetrazole thio-linked analogs. 
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Table 1. Synthesis of tetrazole-glycine analogs. 

 

Table 2. Synthesis of tetrazole-alanine analogs. 

 
Compound R1 Compound R1 

 

2a 
 

 

2e 

 
 

2b 
 

 

2f 
 

 

2c 
 

 

2g 

 
 

2d 
 

  

 

 
Compound R1 Compound R1 

 
1a 

 

 

1e 

 
 

1b 
 

 

1f 
 

 
1c 

 

 

1g 

 
 

1d 
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Scheme 3. Synthesis of pyrazole thiols.33 

Table 3. Synthesis of pyrazole-glycine analogs. 

 
Compound R1 Compound R1 

 

3a 
 

 

3g 
 

 

3b 
 

 

3h 
 

 

3c 
 

 

3i 

 
 

3d 
 

 

3j 

 

*n-(CH2CH3)2 

 

3e 

 

 

3k 

 

 
 

3f 
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Table 4. Synthesis of pyrazole-alanine analogs. 

 
Compound R1 Compound R1 

 

4a 
 

 

4d 
 

 

4b 
 

 

4e 

 
 

4c 
 

  

 

Inhibitory potencies of tetrazole analogs tested against DapE at 200 μM are listed in the 

SAR table. According to the data, the tetrazole analogs with the alpha-protons demonstrated a 

significantly greater potency and percent inhibition in comparison to the tetrazole analogs with 

the  alpha-methyl groups. Compound 1a exhibts 95.1% inhibition at 200 μM, where the 

corresponding racemic alpha-methyl tetrazole analog 2a inhibits DapE only by 60.3% at the 

same concentration. This trend is observed between compounds 1e (92.4%) and 2c (75.6%), 

which is indicative of a possible steric clash of the alpha-methyl group with the amino acid 

residues in the active site of DapE. This suggests that an alkyl group at the alpha position of the 

tetrazole analogs might not be essential in inhibitor binding. When comparing the inhibitory 

potencies of the pyrazole analogs with the corresponding tetrazole parent compounds, an 

increased percent inhibition of DapE was observed as in pyrazole 4a (79.4%) vs tetrazole 2a 

(60.3%). A moderate preference observed for the pyrazole moiety over the tetrazole validates the 

importance of the nitrogen atom at the second position of the pyrazole ring in inhibitor binding. 
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In contrast, tetrazole nitrogen atoms in the third and fourth position might not participate in 

ligand binding since the activity was not lost when the tetrazole was replaced with pyrazole 

moiety. Interestingly, with the current inhibitory data, pyrazoles are somewhat more potent than 

the respective tetrazoles. IC50 values of inhibitors showed greater than 90% inhibition at 200 μM 

as the remaining analogs are currently being investigated using the ninhydrin assay. 

Table 5.  Tetrazole & Pyrazole analogs. 
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Additionally, propelling SAR in efforts to optimize our most potent inhibitors, these 

analogs are currently being oxidized to their corresponding sulfoxide & sulfone species with 

respect to the awaited inhibitory data from our in house ninhydrin assay. Following the 

procedure of our past group member, Dr. Marlon Lutz, the selected pyrazole analog is reacted 

with urea-hydrogen peroxide in the presence of pthalic anhydride for 24 h at room temperature 

overnight to yield the resultant transformation of the fully desired oxidized sulfone species. 

Currently, the sulfoxide species are being investigated guided by literature procedures using the 

multi-faceted oxidiant reagent, potassium peroxymonosulfate (Oxone). 

 

Scheme 4. Oxidation of tetrazole analogs. 
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Experimental 

 

Materials and Methods 

  

All solvents were distilled prior to use or purchased as anhydrous grade. All reagents 

were used without further purification unless otherwise noted. Molecular sieves were activated at 

300-350 °C under vacuum unless otherwise stated. Chloroacetyl chloride, 2-chloropropionyl 

chloride, amino heterocycles, amines, and potassium carbonate were purchased from Sigma-

Aldrich. Synthesis of 3-methyl-1-phenyl-1H-pyrazole-5-thiol was conducted according to 

literature. All synthetic reactions were conducted under an atmosphere of nitrogen. Silica gel 60 

Å, 40-75µm (200 x 400 mesh) was used for column chromatography. Aluminum-backed silica 

gel 200 µm plates purchased from Sorbtech were used for TLC. 1H NMR spectra were obtained 

using a 500 MHz spectrometer with tetramethylsilane (TMS) as the internal standard. 13C NMR 

spectra were obtained using a 75 or 125 MHz spectrometer. The purity of all compounds was 

determined to be ≥95% (unless otherwise noted) by high performance liquid chromatography 

(HPLC) employing a mobile phase A = 5% acetonitrile B in water and a mobile phase B = 0.1% 

TFA in acetonitrile with a gradient of 60% B increasing to 95% over 10 min, holding at 95% B 

for 5 min, then returning to 60% B and holding for 5 min. HRMS spectra were measured on a 

TOF instrument by electrospray ionization (ESI). HRMS spectra were collected using a Waters 

Acquity I class UPLC and Xevo G2-XS QT of mass spectrometer with Waters Acquity BEH 

C18 column (1.7 µm, 2.1 x 50 mm). 
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General procedure for 2-chloro-N-acetamides & 2-((1-phenyl-1H-tetrazol-5-yl)thio)-N-

acetamides in thioether derivative synthesis 

 

To a tall clear 4 dram vial, equipped with a magnetic stir rod/flea bar, the desired amine 

(1.0 eq) along with potassium carbonate (1.2 eq) was suspended in anhydrous dichloromethane 

(0.3 M) freshly distilled over calcium hydride. The reaction vessel was purged with nitrogen gas 

to ensure the transformation took place under inert atmospheric conditions. To the reaction 

vessel, chloroacetyl chloride or 2-chloropropionyl chloride (3.5 eq) was added dropwise under 

nitrogen at 0°C to room temperature, as the contents were set to stir at 250 rpm –paired with 

frequent de-gassing of the vessel being essential - with periodic HPLC monitoring. Upon 

completion of reaction, dichloromethane and excess acid chloride was concentrated under 

reduced pressure, and the resultant crude was suspended in DI water (2 mL). The organic 

product was extracted using ethyl acetate (3 x 2 mL), washed with brine (3 x 2 mL), and the 

combined organic layers were dried over anhydrous Na2SO4. Then the solvent was removed by 

evaporation under reduced pressure yielding a crude product mixture which was subject to 

purification through recrystallization with a di-solvent system of a 1:3 ratio of dichloromethane 

and hexane to afford the corresponding 2-chloro-N-acetamide which was isolated and reacted for 

the next step. 

In a clear 2 dram vial: equipped with a magnetic stir rod/flea bar, the isolated amide 

intermediate (1.0 eq), phenyl-tetrazole thiol (1.0 eq), and potassium carbonate (1.2 eq) was 

suspended in anhydrous acetone (0.3 M) under nitrogen at reflux for 30 min to an hour with 

periodic HPLC monitoring. Upon completion, acetone was evaporated off under reduced 

pressure and the resultant crude was suspended in DI water (2 mL). The organic product was 

extracted using ethyl acetate (3 x 2 mL), washed with brine (3 x 2 mL), and the combined 
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organic layers were dried over anhydrous Na2SO4. The solvent was then removed by evaporation 

under reduced pressure yielding a crude product mixture which was subjected to purification 

through recrystallization with a di-solvent system of a 1:3 ratio dichloromethane and hexane to 

afford the corresponding 2-((1-phenyl-1H-tetrazol-5-yl)thio)-N-acetamide. 

 2-Chloro-N-2-thiazolylacetamide  

 

2-aminothiazole (100 mg, 0.933 mmol) was used in this reaction and followed the general 

procedure along with literature precedence to isolate the amide intermediate needed to be carried 

over for the next step.34 

2-((1-phenyl-1H-tetrazol-5-yl)thio)-N-(thiazol-2-yl)acetamide (1a) 

 

 

2-Chloro-N-2-thiazolylacetamide intermediate (30.0 mg, 0.163 mmol) was used in this reaction. 

The crude mixture of 1f was purified with DCM/Hexane (1:3) recrystallization solvents to afford 

1f as a white crystalline solid (31.0mg, 62%): mp 214-215 ̊ C. 1H NMR (500 MHz, DMSO-d6) δ 

12.55 (s, 1H), 7.74 – 7.63 (m, 5H), 7.51 (d, J = 3.5 Hz, 1H), 7.26 (d, J = 3.5 Hz, 1H), 4.47 (s, 

2H).  13C NMR (126 MHz, DMSO) δ 165.64, 165.54, 158.14, 154.26, 138.31, 133.45, 131.22, 

130.59, 130.33, 124.94, 114.38, 60.23, 40.50, 40.33, 40.17, 40.00, 39.83, 39.67, 39.50, 36.71, 

21.25, 14.56. HRMS (ESI): C12H10N6OS2Na [M+Na]+: calcd.: 341.0255; found: 341.0260. 
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2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(thiazol-2-yl)acetamide (3a) 

 

 

2-Chloro-N-2-thiazolylacetamide intermediate (30.0 mg, 0.163 mmol) was used in this reaction. 

The crude mixture of 3a was purified with DCM/Hexane (1:3) recrystallization solvents to afford 

3a as a white solid (30.79 mg, 57%): mp 157-159 ̊ C. 1H NMR (500 MHz, Chloroform-d) δ 

11.23 (s, 1H), 7.53 – 7.46 (m, 2H), 7.44 – 7.36 (m, 2H), 7.39 – 7.29 (m, 2H), 7.00 (d, J = 3.6 Hz, 

1H), 6.34 (s, 1H), 3.55 (s, 2H), 2.28 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 165.54, 158.63, 

149.96, 139.03, 136.79, 132.29, 128.98, 128.07, 125.26, 125.13, 114.12, 112.02, 77.29, 77.04, 

76.78, 39.11, 13.66. HRMS (ESI): C15H15N4OS2 [M+H]+: calcd.: 331.0687; found: 331.0682. 

2-Chloro-N-3-isoxazolylacetamide 

 

 

3-aminoisoxazole (100 mg, 1.18 mmol) was used in this reaction and followed the general 

procedure along with literature precedence to isolate the amide intermediate needed to be carried 

over for the next step.35 
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N-(isoxazol-3-yl)-2-((1-phenyl-1H-tetrazol-5-yl)thio)acetamide (1b) 

 

 

 

2-Chloro-N-3-isoxazolylacetamide intermediate (30.0 mg, 0.186 mmol) was used in this 

reaction. The crude mixture of 1b was purified with DCM/Hexane (1:3) recrystallization 

solvents to afford 1b as a white crystalline solid (38.2 mg, 68%): mp 179-180 ̊ C. 1H NMR (500 

MHz, Chloroform-d) δ 10.05 (s, 1H), 8.30 (d, J = 1.7 Hz, 1H), 7.64 – 7.54 (m, 5H), 7.02 (d, J = 

1.7 Hz, 1H), 4.19 (s, 2H). 13C NMR (126 MHz, CDCl3) δ 165.36, 159.41, 159.12, 156.99, 

153.74, 133.15, 130.65, 130.09, 123.70, 99.36, 99.04, 77.28, 77.03, 76.77, 42.48, 36.61. HRMS 

(ESI): C12H10N6O2SNa [M+Na]+: calcd.: 325.0484; found: 325.0488. 

N-(isoxazol-3-yl)-2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)acetamide (3b) 

 

 

2-Chloro-N-3-isoxazolylacetamide intermediate (30.0 mg, 0.186 mmol) was used in this 

reaction. The crude mixture of 3b was purified with DCM/Hexane (1:3) recrystallization 

solvents to afford 3b as a white solid (44.8 mg, 77%): mp 119-121 ̊ C. 1H NMR (500 MHz, 

Chloroform-d) δ 9.15 (s, 1H), 8.29 (dd, J = 1.8, 0.6 Hz, 1H), 7.54 – 7.48 (m, 2H), 7.48 – 7.41 (m, 

2H), 7.41 – 7.34 (m, 1H), 6.99 (d, J = 1.8 Hz, 1H), 6.32 (s, 1H), 3.50 (s, 2H), 2.29 (s, 3H), 1.31 – 
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1.23 (m, 0H). 13C NMR (126 MHz, CDCl3) δ 165.59, 159.10, 156.83, 150.03, 139.00, 132.32, 

129.09, 128.26, 125.27, 111.38, 99.11, 77.28, 77.02, 76.77, 39.62, 13.65. HRMS (ESI): 

C15H15N4O2S [M+H]+: calcd.: 315.0916; found: 315.0909. 

Chloroacetanilide 

 

 

Aniline (100 mg, 1.07 mmol) was used in this reaction and followed the general procedure along 

with literature precedence to isolate the amide intermediate needed to be carried over for the next 

step.36 

N-phenyl-2-((1-phenyl-1H-tetrazol-5-yl)thio)acetamide(1c) 

 

 

Chloroacetanilide intermediate (30.0 mg, 0.176 mmol) was used in this reaction.The crude 

mixture of 1e was purified with DCM/Hexane (1:3) recrystallization solvents to afford 1c as a 

fluffy white solid (42.3 mg, 77%): mp 162-164 ̊ C. 1H NMR (500 MHz, Chloroform-d) δ 9.43 (s, 

1H), 7.64 – 7.54 (m, 7H), 7.37 – 7.29 (m, 2H), 7.12 (tt, J = 7.4, 1.2 Hz, 1H), 4.08 (s, 

2H). 13C NMR (126 MHz, CDCl3) δ 165.32, 154.55, 137.69, 133.13, 130.67, 130.09, 129.05, 

124.69, 123.70, 119.83, 77.28, 77.02, 76.77, 36.99. HRMS (ESI): C15H13N5OSNa [M+Na]+: 

calcd.: 334.0739; found: 334.0721. 
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2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-phenylacetamide (3c) 

 

 

Chloroacetanilide intermediate (30.0 mg, 0.176 mmol) was used in this reaction. The crude 

mixture of 3c was purified by column chromatography using ethyl acetate/hexane (30/70)to 

afford 3c as a white solid (66%): mp oil. 1H NMR (500 MHz, Chloroform-d) δ 8.16 (s, 1H), 7.55 

– 7.47 (m, 2H), 7.44 (dd, J = 8.6, 6.8 Hz, 2H), 7.40 – 7.24 (m, 5H), 7.12 (tt, J = 7.2, 1.4 Hz, 1H), 

6.32 (s, 1H), 3.49 (s, 2H), 2.29 (s, 3H), 1.76 – 1.66 (m, 0H), 1.33 (s, 2H), 0.93 – 0.79 (m, 

2H).13C NMR (126 MHz, CDCl3) δ 165.12, 150.16, 139.27, 139.04, 137.05, 133.09, 130.92, 

129.10, 128.99, 128.81, 128.16, 125.22, 124.84, 119.83, 114.07, 111.05, 77.30, 77.05, 76.79, 

66.22, 40.18, 38.85, 37.10, 36.64, 33.82, 33.20, 31.92, 30.15, 30.03, 29.69, 29.65, 29.51, 29.36, 

29.16, 28.95, 27.08, 26.73, 25.90, 24.68, 23.38, 22.69, 14.13, 13.64, 10.89. HRMS (ESI): 

C18H18N3OS [M+H]+: calcd.: 324.1171; found: 324.1165. 

2-(Chloroacetylamino)pyridine  
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2-aminopyridine (100 mg, 1.06 mmol) was used in this reaction and followed the general 

procedure along with literature precedence to isolate the amide intermediate needed to be carried 

over for the next step.37  

2-((1-phenyl-1H-tetrazol-5-yl)thio)-N-(pyridine-2-yl)acetamide (1d) 

 

 

The 2-(Chloroacetylamino)pyridine intermediate (30.0 mg, 0.175 mmol) was used in the 

reaction. The crude mixture of 1d was purified with DCM/Hexane (1:3) recrystallization 

solvents to afford 1d as a white crystalline solid (21 mg, 38%): mp 158-160 ̊ C. 1H NMR (500 

MHz, Chloroform-d) δ 9.49 (s, 1H), 8.33 (tdd, J = 4.9, 1.9, 0.9 Hz, 1H), 8.17 (dd, J = 22.6, 8.4 

Hz, 1H), 7.72 (dddd, J = 19.3, 8.3, 7.3, 1.9 Hz, 1H), 7.62 – 7.53 (m, 4H), 7.14 – 7.03 (m, 1H), 

4.22 (s, 2H). 13C NMR (126 MHz, CDCl3) δ 165.47, 153.71, 150.96, 148.14, 138.35, 133.28, 

130.52, 130.03, 123.71, 120.31, 114.25, 77.28, 77.03, 76.77, 37.34. HRMS (ESI): C14H12N6OSNa 

[M+Na]+: calcd.: 335.0691; found: 335.0715. 

2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(pyridine-2-yl)acetamide (3d) 

 

 

2-(Chloroacetylamino)pyridine intermediate (30.0 mg, 0.175 mmol) was used in the reaction. 

The crude mixture of 3d was purified by column chromatography using ethyl acetate/hexane 
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(30/70) to afford 3d as a brown oil (17.59 mg, 31%): mp oil. 1H NMR (500 MHz, Chloroform-

d) δ 8.73 (s, 1H), 8.28 (ddd, J = 4.9, 2.0, 0.9 Hz, 1H), 8.11 (d, J = 8.4 Hz, 1H), 7.70 (ddd, J = 

8.5, 7.3, 1.9 Hz, 1H), 7.55 – 7.49 (m, 2H), 7.43 (dd, J = 8.5, 7.0 Hz, 2H), 7.39 – 7.32 (m, 1H), 

7.07 (ddd, J = 7.4, 4.9, 1.1 Hz, 1H), 6.33 (s, 1H), 3.49 (s, 2H), 2.28 (s, 3H), 1.26 (s, 

1H). 13C NMR (126 MHz, CDCl3) δ 165.83, 150.66, 149.98, 147.93, 139.08, 138.39, 132.78, 

129.04, 128.09, 125.26, 120.29, 113.88, 111.14, 77.28, 77.02, 76.77, 40.04, 29.70, 13.66. HRMS 

(ESI): C17H17N4OS [M+H]+: calcd.: 325.1123; found: 325.1124. 

2-Chloro-N-(5-chloro-2-pyridinyl)acetamide 

 

 

2-amino-5-chloropyridine (100 mg, 0.777 mmol) was used in this reaction and followed the 

general procedure along with literature precedence to isolate the amide intermediate needed to be 

carried over for the next step.38 

N-(5-chloropyridin-2-yl)-2-((1-phenyl-1H-tetrazol-5-yl)thio)acetamide (1e) 

 

 

2-Chloro-N-(5-chloro-2-pyridinyl)acetamide (30.0 mg, 0.146 mmol) was used in this 

reaction.The crude mixture of 1e was purified with DCM/Hexane (1:3) recrystallization solvents 

to afford 1e as a white solid (27 mg, 53%): mp 183-185 ̊ C. 1H NMR (500 MHz, Chloroform-d) 

δ 9.56 (s, 1H), 8.19 (dd, J = 2.6, 0.8 Hz, 1H), 8.07 (d, J = 8.9 Hz, 1H), 7.59 (dd, J = 8.8, 2.6 Hz, 
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1H), 7.52 (s, 4H), 7.55 – 7.48 (m, 1H), 4.13 (s, 2H). 13C NMR (126 MHz, CDCl3) δ 165.58, 

153.76, 149.25, 146.81, 137.92, 133.20, 130.60, 130.07, 127.33, 123.68, 114.83, 77.28, 77.02, 

76.77, 37.13. HRMS (ESI): C14H12ClN6OS [M+H]+: calcd.: 347.0482; found: 347.0495. 

N-(5-chloropyridin-2-yl)-2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)acetamide (3f) 

 

 

2-Chloro-N-(5-chloro-2-pyridinyl)acetamide (30.0 mg, 0.146 mmol) was used in this reaction. 

The crude mixture of 3f was purified with DCM/Hexane (1:3) recrystallization solvents to afford 

3f as a white solid (17.48 mg 33%): mp 72-73 ̊ C. 1H NMR (500 MHz, Chloroform-d) δ 8.70 (s, 

1H), 8.22 (d, J = 2.5 Hz, 1H), 8.09 (d, J = 8.9 Hz, 1H), 7.66 (dd, J = 8.8, 2.6 Hz, 1H), 7.57 – 7.48 

(m, 2H), 7.43 (dd, J = 8.7, 6.9 Hz, 2H), 7.39 – 7.32 (m, 1H), 6.32 (s, 1H), 3.48 (s, 2H), 2.29 (s, 

3H). 13C NMR (126 MHz, CDCl3) δ 165.84, 150.02, 148.92, 146.76, 146.59, 139.02, 138.14, 

137.99, 132.50, 129.07, 128.16, 127.33, 125.26, 114.55, 114.50, 111.34, 77.28, 77.03, 76.78, 

42.70, 40.04, 13.65. HRMS (ESI): C17H16ClN4OS [M+H]+: calcd.: 359.0733; found: 359.0759. 

 2-Chloro-N-2-pyrazinylacetamide 

 

 

Aminopyrazine (100 mg, 1.05 mmol)was used in this reaction and followed the general 

procedure along with literature precedence to isolate the amide intermediate needed to be carried 

over for the next step.39 
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2-((1-phenyl-1H-tetrazol-5-yl)thio)-N-(pyrazin-2-yl)acetamide (1f) 

 

 

2-Chloro-N-2-pyrazinylacetamide intermediate (30.0 mg, 0.174 mmol) was used in this 

reaction.The crude mixture of 1f was purified with DCM/Hexane (1:3) recrystallization solvents 

to afford 1f as a red/orange crystalline solid (31.2 mg, 57%): mp 143-145 ̊ C. 1H NMR (500 

MHz, Chloroform-d) δ 9.79 (s, 1H), 9.48 (s, 1H), 8.37 (d, J = 2.5 Hz, 1H), 8.29 (dd, J = 2.6, 1.6 

Hz, 1H), 7.64 – 7.54 (m, 5H), 4.21 (s, 2H). 13C NMR (126 MHz, CDCl3) δ 165.71, 153.86, 

147.83, 142.37, 140.75, 137.06, 133.13, 130.69, 130.12, 123.66, 77.28, 77.02, 76.77, 36.84. 

HRMS (ESI): C13H11N7OSNa [M+Na]+: calcd.: 336.0644; found: 336.0665. 

2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(pyrazin-2-yl)acetamide (3h) 

 

 

2-Chloro-N-2-pyrazinylacetamide intermediate (30.0 mg, 0.174 mmol) was used in this 

reaction.The crude mixture of 3h was purified by column chromatography using ethyl 

acetate/hexane (30/70) to afford 3h as a brown oil (19.6mg, 34.54%): mp oil. 1H NMR (500 

MHz, Chloroform-d) δ 9.42 (s, 1H), 8.63 (s, 1H), 8.37 (d, J = 2.6 Hz, 1H), 8.24 (dd, J = 2.6, 1.6 

Hz, 1H), 7.55 – 7.48 (m, 2H), 7.42 (dd, J = 8.7, 7.0 Hz, 2H), 7.38 – 7.30 (m, 1H), 6.35 (s, 1H), 

3.51 (s, 2H), 2.29 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 165.85, 150.08, 147.38, 142.09, 
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140.78, 138.99, 136.79, 132.23, 129.07, 128.13, 125.28, 111.56, 77.28, 77.03, 76.78, 65.86, 

39.92, 31.93, 30.16, 29.70, 29.36, 22.70, 15.28, 14.13, 13.66. HRMS (ESI): C16H16N5OS 

[M+H]+: calcd.: 326.1076; found: 326.1078. 

N-Benzyl-2-chloroacetamide 

 

 

Benzylamine (100 mg, 0.933 mmol) was used in this reaction and followed the general 

procedure along with literature precedence to isolate the amide intermediate needed to be carried 

over for the next step.40 

N-benzyl-2-((1-phenyl-1H-tetrazol-5-yl)thio)acetamide (1g) 

 

 

N-Benzyl-2-chloroacetamide intermediate (30.0 mg, 0.163 mmol) was used in this reaction. The 

crude mixture of 1g was purified with DCM/Hexane (1:3) recrystallization solvents to afford 1g 

as a fluffy white solid (41 mg,81%): mp 103-104 ̊ C.1H NMR (500 MHz, Chloroform-d) δ 7.62 

– 7.52 (m, 5H), 7.35 (d, J = 6.7 Hz, 1H), 7.35 – 7.27 (m, 2H), 7.30 – 7.21 (m, 3H), 4.47 (d, J = 

5.9 Hz, 2H), 4.01 (s, 2H). 13C NMR (126 MHz, CDCl3) δ 167.02, 154.08, 137.58, 133.23, 

130.53, 130.02, 128.73, 127.63, 127.59, 123.71, 77.28, 77.02, 76.77, 44.05, 36.05. HRMS 

(ESI): C13H11N7OSNa [M+Na]+: calcd.: 348.0895; found: 348.0916. 
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2-chloro-N-(thiazol-2-yl)propanamide 

 

 

2-aminothiazole (100 mg, 0.933 mmol) was used in this reaction and followed the general 

procedure along with literature precedence to isolate the amide intermediate needed to be carried 

over for the next step.41 

2-((1-phenyl-1H-tetrazol-5-yl)thio)-N-(thiazol-2-yl)propanamide (2a) 

 

 

2-chloro-N-(thiazol-2-yl)propanamide intermédiate (30.0 mg, 0.157 mmol) was used in this 

reaction.The crude mixture of 2a was purified with DCM/Hexane (1:3) recrystallization solvents 

to afford 2a as a white solid (18.0 mg, 35%): mp 188-190 ̊ C. 1H NMR (500 MHz, Chloroform-

d) δ 11.81 (s, 1H), 7.62 – 7.52 (m, 6H), 7.04 (d, J = 3.6 Hz, 1H), 4.88 (q, J = 7.2 Hz, 1H), 1.80 

(d, J = 7.2 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 168.27, 158.13, 153.58, 137.72, 133.18, 

130.57, 130.03, 123.73, 114.26, 77.28, 77.02, 76.77, 45.15, 17.40. HRMS (ESI): C13H13N6OS2 

[M+H]+: calcd.: 333.0592; found: 333.0609. 

2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(thiazol-2-yl)propanamide (4a) 
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2-chloro-N-(thiazol-2-yl)propanamide intermédiate (30.0 mg, 0.157 mmol) was used in this 

reaction.The crude mixture of 4a was purified with DCM/Hexane (1:3) recrystallization solvents 

to afford 4a as an oil (31.32 mg, 60%): mp oil. 1H NMR (500 MHz, Chloroform-d) δ 10.99 (s, 

1H), 7.47 – 7.41 (m, 2H), 7.39 – 7.23 (m, 4H), 6.99 (d, J = 3.6 Hz, 1H), 6.34 (s, 1H), 3.61 (q, J = 

7.1 Hz, 1H), 2.27 (s, 3H), 1.45 (d, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 168.84, 

158.59, 149.71, 139.02, 136.95, 130.18, 128.72, 127.85, 125.54, 114.36, 113.94, 77.28, 77.02, 

76.77, 47.11, 31.59, 22.66, 17.21, 14.13, 13.64. HRMS (ESI): C16H17N4OS2 [M+H]+: calcd.: 

345.0844; found: 345.0856. 

2-chloro-N-(isoxazol-3-yl)propanamide 

 

 

3-aminoisoxazole (100 mg,, 1.18 mmol) was used in this reaction and followed the general 

procedure along with literature precedence to isolate the amide intermediate needed to be carried 

over for the next step.42 

N-(isoxazol-3-yl)-2-((1-phenyl-1H-tetrazol-5-yl)thio)propanamide (2b) 

 

2-chloro-N-(isoxazol-3-yl)propanamide intermediate (30.0 mg, 0.206 mmol) was used in this 

reaction.The crude mixture of 2b was purified with DCM/Hexane (1:3) recrystallization solvents 

to afford 2b as a white solid (29.21 mg, 45%): mp 139-141 ̊ C. 1H NMR (500 MHz, Chloroform-

d) δ 10.20 (s, 1H), 8.29 (d, J = 1.8 Hz, 1H), 7.63 – 7.52 (m, 5H), 7.03 (d, J = 1.8 Hz, 1H), 4.74 



35 

 

 

 

(q, J = 7.3 Hz, 1H), 1.73 (d, J = 7.3 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 168.67, 159.02, 

157.06, 153.76, 133.16, 130.61, 130.04, 123.74, 99.38, 77.28, 77.03, 76.77, 44.96, 22.19, 16.77. 

HRMS (ESI): C13H12N6O2SNa [M+Na]+: calcd.: 339.0640; found: 339.0644. 

N-(isoxazol-3-yl)-2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)propanamide (4b) 

 

 

2-chloro-N-(isoxazol-3-yl)propanamide intermediate (30.0 mg, 0.206 mmol) was used in this 

reaction. The crude mixture of 4b was purified with DCM/Hexane (1:3) recrystallization 

solvents to afford 4b as a white solid (27.0 mg, 40%): mp 98-100 ̊ C. 1H NMR (500 MHz, 

Chloroform-d) δ 9.10 (s, 1H), 8.27 (d, J = 1.7 Hz, 1H), 7.51 – 7.44 (m, 2H), 7.43 – 7.36 (m, 2H), 

7.36 – 7.30 (m, 1H), 6.97 (d, J = 1.8 Hz, 1H), 6.35 (s, 1H), 3.57 (q, J = 7.2 Hz, 1H), 2.29 (s, 3H), 

1.43 (d, J = 7.2 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 169.22, 159.25, 158.89, 157.01, 149.78, 

139.08, 130.78, 128.87, 128.07, 125.54, 113.63, 99.22, 99.08, 77.28, 77.03, 76.77, 48.11, 22.11, 

17.25, 13.64. HRMS (ESI): C16H17N4O2S [M+H]+: calcd.: 329.1072; found: 329.1055. 

2-Chloro-N-phenylpropanamide 

 

 

Aniline (100 mg, 1.07 mmol)was used in this reaction and followed the general procedure along 

with literature precedence to isolate the amide intermediate needed to be carried over for the next 

step.43  
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N-phenyl-2-((1-phenyl-1H-tetrazol-5-yl)thio)propanamide (2c) 

 

 

2-Chloro-N-phenylpropanamide intermediate (40.0 mg, 0.217 mmol) was used in this 

reaction.The crude mixture of 2c was purified with DCM/Hexane (1:3) recrystallization solvents 

to afford 2c as a white solid (23.0 mg, 47%): mp 123-125 ̊ C. 1H NMR (500 MHz, Chloroform-

d) δ 9.48 (s, 1H), 7.61 (d, J = 1.3 Hz, 1H), 7.61 – 7.52 (m, 6H), 7.35 – 7.28 (m, 2H), 7.15 – 7.06 

(m, 1H), 4.68 (q, J = 7.3 Hz, 1H), 1.71 (d, J = 7.2 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 

168.21, 154.52, 137.86, 133.16, 130.59, 130.01, 129.02, 124.49, 123.76, 119.73, 77.28, 77.03, 

76.78, 45.08, 16.61. HRMS (ESI): C16H15N5OSNa [M+Na]+: calcd.: 348.0900; found: 348.0914. 

2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-phenylpropanamide (4c) 

 

 

2-Chloro-N-phenylpropanamide intermediate (40.0 mg, 0.217 mmol) was used in this 

reaction.The crude mixture of 4c was purified with DCM/Hexane (1:3) recrystallization solvents 

to afford 4c as a white solid (26.0 mg,31%): mp 132-134 ̊ C. 1H NMR (500 MHz, Chloroform-d) 

δ 7.82 (s, 1H), 7.52 – 7.46 (m, 2H), 7.43 (ddd, J = 7.9, 6.9, 1.4 Hz, 2H), 7.43 – 7.33 (m, 1H), 

7.36 – 7.26 (m, 4H), 7.11 (tt, J = 6.9, 1.6 Hz, 1H), 6.36 (s, 1H), 3.58 (q, J = 7.3 Hz, 1H), 2.29 (s, 

3H), 2.29 (s, 1H), 1.47 (d, J = 7.2 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 168.79, 149.99, 
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139.14, 137.22, 131.78, 128.98, 128.08, 125.47, 124.64, 119.71, 112.76, 77.27, 77.02, 76.77, 

49.18, 17.77, 13.65. HRMS (ESI): C19H20N3OS [M+H]+: calcd.: 338.1327; found: 338.1306. 

2-chloro-N-2-pyridinyl- propanamide 

 

 

2-aminopyridine (100 mg, 1.06 mmol) was used in this reaction and followed the general 

procedure along with literature precedence to isolate the amide intermediate needed to be carried 

over for the next step.44 

2-((1-phenyl-1H-tetrazol-5-yl)thio)-N-(pyridin-2-yl)propanamide (2d) 

 

 

2-chloro-N-2-pyridinyl- propanamide intermediate (30.0 mg, 0.192 mmol) was used in this 

reaction.The crude mixture of 2d was purified with DCM/Hexane (1:3) recrystallization solvents 

to afford 2d as a white solid (26.0 mg, 46%): mp 141-143 ̊ C. 1H NMR (500 MHz, Chloroform-

d) δ 9.57 (s, 1H), 8.32 (ddd, J = 4.9, 2.0, 0.9 Hz, 1H), 8.16 (dd, J = 8.3, 1.2 Hz, 1H), 7.69 

(ddd, J = 8.4, 7.4, 1.9 Hz, 1H), 7.62 – 7.51 (m, 5H), 7.05 (ddd, J = 7.4, 4.9, 1.0 Hz, 1H), 4.76 

(q, J = 7.3 Hz, 1H), 1.74 (d, J = 7.3 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 168.81, 153.71, 

151.06, 148.21, 138.24, 133.28, 130.47, 129.98, 123.76, 120.17, 114.18, 77.28, 77.02, 76.77, 

45.81, 17.16. HRMS (ESI): C15H14N6OSNa [M+Na]+: calcd.: 349.0848; found: 349.0832. 
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2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(pyridine-2-yl)propanamide (4d) 

 

 

2-chloro-N-2-pyridinyl- propanamide intermediate (30.0 mg, 0.192 mmol) was used in this 

reaction. The crude mixture of 4d was purified with DCM/Hexane (1:3) recrystallization 

solvents to afford 4d as a white solid (38.6 mg, 45%): mp 130-132 ̊ C. 1H NMR (500 MHz, 

Chloroform-d) δ 8.42 (s, 1H), 8.26 (ddd, J = 4.9, 2.0, 0.9 Hz, 1H), 8.10 – 8.04 (m, 1H), 7.68 

(ddd, J = 8.7, 7.2, 2.0 Hz, 1H), 7.51 – 7.45 (m, 2H), 7.42 – 7.35 (m, 2H), 7.34 – 7.27 (m, 1H), 

7.05 (ddd, J = 7.3, 4.9, 1.0 Hz, 1H), 6.36 (s, 1H), 3.54 (q, J = 7.2 Hz, 1H), 2.28 (s, 3H), 1.44 

(d, J = 7.2 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 169.44, 150.80, 149.77, 147.89, 139.14, 

138.29, 131.24, 128.86, 127.92, 125.51, 120.09, 113.83, 113.24, 77.28, 77.03, 76.77, 48.73, 

17.49, 13.65. HRMS (ESI): C18H19N4OS [M+H]+: calcd.: 339.1280; found: 339.1289. 

2-chloro-N-(5-chloropyridin-2-yl)propanamide 

 

 

2-amino-5-chloropyridine (100 mg, 0.777 mmol) was used in this reaction and followed the 

general procedure along with literature precedence to isolate the amide intermediate needed to be 

carried over for the next step.45 
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N-(5-chloropyridin-2-yl)-2-((1-phenyl-1H-tetrazol-5-yl)thio)propanamide (2e) 

 

 

2-chloro-N-(5-chloropyridin-2-yl)propanamide intermédiate (30.0 mg, 0.136 mmol) was used in 

this reaction.The crude mixture of 2e was purified with DCM/Hexane (1:3) recrystallization 

solvents to afford 2e as a white solid (20.0 mg, 41%): mp 116-117 ̊ C. 1H NMR (500 MHz, 

Chloroform-d) δ 9.73 (s, 1H), 8.26 (dd, J = 2.6, 0.8 Hz, 1H), 8.18 – 8.12 (m, 1H), 7.65 (dd, J = 

8.9, 2.6 Hz, 1H), 7.62 – 7.52 (m, 5H), 4.73 (q, J = 7.3 Hz, 1H), 1.72 (d, J = 7.3 Hz, 

3H).13C NMR (126 MHz, CDCl3) δ 168.82, 153.76, 149.39, 146.86, 137.82, 133.22, 130.55, 

130.01, 127.16, 123.72, 114.80, 77.28, 77.02, 76.77, 45.42, 16.86. HRMS (ESI): C15H14ClN6OS 

[M+H]+: calcd.: 361.0638; found: 361.0639. 

2-chloro-N-(pyrazin-2-yl)propanamide 

 

 

Aminopyrazine (100 mg, 1.05 mmol)was used in this reaction and followed the general 

procedure along with literature precedence to isolate the amide intermediate needed to be carried 

over for the next step.39 
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2-((1-phenyl-1H-tetrazol-5-yl)thio)-N-(pyrazin-2-yl)propanamide (2f) 

 

 

2-chloro-N-(pyrazin-2-yl)propanamide intermediate (30.0 mg, 0.161 mmol) was used in this 

reaction.The crude mixture of 2f was purified with DCM/Hexane (1:3) recrystallization solvents 

to afford 2f as a white solid (32%): mp 137-139 ̊ C. 1H NMR (500 MHz, Chloroform-d) δ 9.94 

(s, 1H), 9.50 (d, J = 1.6 Hz, 1H), 8.35 (d, J = 2.6 Hz, 1H), 8.29 (dd, J = 2.6, 1.6 Hz, 1H), 7.57 (tq, 

J = 6.0, 3.3, 2.6 Hz, 5H), 4.77 (q, J = 7.3 Hz, 1H), 1.74 (d, J = 7.3 Hz, 3H), 1.33 – 1.23 (m, 

1H).13C NMR (126 MHz, CDCl3) δ 168.89, 153.86, 148.00, 142.42, 142.23, 141.03, 140.57, 

137.07, 136.78, 133.15, 130.63, 130.05, 123.70, 77.29, 77.03, 76.78, 45.02, 34.67, 31.59, 29.06, 

25.28, 22.66, 22.31, 16.71, 14.13, 11.44. HRMS (ESI): C14H14N7OS [M+H]+: calcd.: 328.0981; 

found: 328.0977. 

2-Chloro-N-(phenylmethyl)propanamide 

 

 

Benzylamine (100 mg, 0.933 mmol) was used in this reaction and followed the general 

procedure along with literature precedence to isolate the amide intermediate needed to be carried 

over for the next step.46 
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N-benzyl-2-((1-phenyl-1H-tetrazol-5-yl)thio)propanamide (2g) 

 

 

2-Chloro-N-(phenylmethyl)propanamide intermediate (30.0 mg, 0.151 mmol) was used in this 

reaction.The crude mixture of 2g was purified with DCM/Hexane (1:3) recrystallization solvents 

to afford 2g as a white solid (22.0 mg, 43%): mp 74-76 ̊ C. 1H NMR (500 MHz, Chloroform-d) δ 

7.61 – 7.52 (m, 3H), 7.55 – 7.48 (m, 2H), 7.39 (d, J = 6.6 Hz, 1H), 7.33 – 7.18 (m, 5H), 4.57 

(q, J = 7.3 Hz, 1H), 4.45 (d, J = 5.8 Hz, 2H), 1.66 (d, J = 7.3 Hz, 3H). 13C NMR (126 MHz, 

CDCl3) δ 170.23, 154.07, 137.77, 133.24, 130.48, 129.95, 128.68, 127.61, 127.50, 123.79, 77.28, 

77.02, 76.77, 44.68, 43.92, 16.99. HRMS (ESI): C17H17N5OSNa [M+H]+: calcd.: 362.1052; found: 

362.1067. 

N-benzyl-2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)propanamide (4e) 

 

 

2-Chloro-N-(phenylmethyl)propanamide intermediate (30.0 mg, 0.151 mmol) was used in this 

reaction.The crude mixture of 4e was purified with DCM/Hexane (1:3) recrystallization solvents 

to afford 4e as a white solid (23.96 mg, 37%): mp 97-99 ̊ C. 1H NMR (500 MHz, Chloroform-d) 

δ 7.47 – 7.37 (m, 4H), 7.40 – 7.32 (m, 1H), 7.31 (dddd, J = 11.0, 6.9, 4.3, 2.3 Hz, 3H), 7.14 – 

7.08 (m, 2H), 6.38 (t, J = 5.6 Hz, 1H), 6.21 (s, 1H), 4.33 (dd, J = 14.8, 6.0 Hz, 1H), 4.27 (dd, J = 
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14.7, 5.7 Hz, 1H), 3.54 (q, J = 7.3 Hz, 1H), 2.29 (s, 3H), 1.43 (d, J = 7.3 Hz, 3H), 1.32 – 1.22 (m, 

0H). 13C NMR (126 MHz, CDCl3) δ 170.62, 149.83, 139.18, 137.71, 132.46, 128.94, 128.74, 

127.96, 127.69, 127.65, 125.25, 112.04, 77.28, 77.02, 76.77, 48.17, 43.76, 22.34, 17.95, 13.64. 

HRMS (ESI): C20H22N3OS [M+H]+: calcd.: 352.1484; found: 352.1485. 

2-Chloro-N-(5-methyl-2-pyridinyl)acetamide 

 

 

2-amino-5-picoline (100 mg, 0.924 mmol)was used in this reaction and followed the general 

procedure along with literature precedence to isolate the amide intermediate needed to be carried 

over for the next step.47 

2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(5-methylpyridin-2-yl)acetamide (3e) 

 

 

2-Chloro-N-(5-methyl-2-pyridinyl)acetamide intermediate (30.0 mg, 0.161 mmol) was used in 

this reaction.The crude mixture of 3e was purified by column chromatography using ethyl 

acetate/hexane (30/70) to afford 3e as a white solid (22.44 mg, 41%): mp 114-115 ̊ C. 

1H NMR (500 MHz, Chloroform-d) δ 8.71 (s, 1H), 8.09 (d, J = 2.3 Hz, 1H), 8.01 (d, J = 8.4 Hz, 

1H), 7.56 – 7.48 (m, 3H), 7.43 (dd, J = 8.7, 7.0 Hz, 2H), 7.39 – 7.32 (m, 1H), 6.32 (s, 1H), 3.49 

(s, 2H), 2.29 (d, J = 12.5 Hz, 6H), 1.26 (d, J = 3.9 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 

165.61, 149.96, 148.50, 147.83, 139.10, 138.91, 132.93, 129.73, 129.03, 128.08, 125.24, 113.39, 
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111.00, 77.28, 77.03, 76.77, 39.97, 29.70, 17.85, 13.66, 1.02. HRMS (ESI): C18H19N4OS 

[M+H]+: calcd.: 339.1280; found: 339.1271. 

 2-Chloro-N-2-pyrimidinylacetamide 

 

 

2-aminopyrimidine (100 mg, 1.07 mmol) was used in this reaction and followed the general 

procedure along with literature precedence to isolate the amide intermediate needed to be carried 

over for the next step.48 

2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(pyrimidin-2-yl)acetamide (3g) 

 

 

 2-Chloro-N-2-pyrimidinylacetamide intermediate (30.0 mg, 0.194 mmol) was used in this 

reaction. The crude mixture of 3g was purified with DCM/Hexane (1:3) recrystallization solvents 

to afford 3g as a white solid (46.22 mg, 81%): mp 159-161 ̊ C. 1H NMR (500 MHz, Chloroform-

d) δ 9.34 (s, 1H), 8.54 (d, J = 4.9 Hz, 2H), 7.49 – 7.43 (m, 2H), 7.37 – 7.30 (m, 2H), 7.30 – 7.23 

(m, 1H), 6.95 (t, J = 4.9 Hz, 1H), 6.31 (s, 1H), 3.88 (s, 2H), 2.21 (s, 3H). 13C NMR (126 MHz, 

CDCl3) δ 158.32, 156.99, 149.75, 139.30, 128.88, 127.84, 125.25, 116.51, 111.62, 77.29, 77.03, 

76.78, 40.65, 13.66. HRMS (ESI): C16H16N5OS [M+H]+: calcd.: 326.1076; found: 326.1072. 
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2-Chloro-N-(6-chloro-2-pyrazinyl)acetamide 

 

 

2-amino-6-chloropyrazine (100 mg, 0.772 mmol) was used in this reaction and followed the 

general procedure along with literature precedence to isolate the amide intermediate needed to be 

carried over for the next step.49 

N-(6-chloropyrazin-2-yl)-2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)acetamide (3i) 

 

 

2-Chloro-N-(6-chloro-2-pyrazinyl)acetamide (30.0 mg, 0.146 mmol) intermediate was used in 

this reaction. The crude mixture of 3i was purified by column chromatography using ethyl 

acetate/hexane (30/70) to afford 3i as an oil (46%): mp oil. 1H NMR (500 MHz, Chloroform-d) 

δ 9.31 (s, 2H), 8.57 (s, 2H), 8.37 (d, J = 0.6 Hz, 2H), 7.52 – 7.46 (m, 4H), 7.45 – 7.38 (m, 4H), 

7.38 – 7.31 (m, 2H), 6.35 (s, 2H), 3.50 (s, 4H), 2.30 (s, 6H), 1.28 (dd, J = 11.3, 2.2 Hz, 1H), 1.28 

(s, 1H), 1.26 (s, 1H), 0.91 – 0.82 (m, 1H).13C NMR (126 MHz, CDCl3) δ 165.95, 150.15, 

146.34, 146.20, 139.80, 138.89, 133.80, 131.93, 129.10, 128.19, 125.34, 111.89, 77.28, 77.03, 

76.78, 40.18, 31.59, 29.70, 22.66, 14.13, 13.65. HRMS (ESI): C16H15ClN5OS [M+H]+: calcd.: 

360.0686; found: 360.0689. 
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Chloro-N,N-diethylacetamide 

 

 

Dietheylamine (100 mg, 0.683 mmol) was used in this reaction and followed the general 

procedure along with literature precedence to isolate the amide intermediate needed to be carried 

over for the next step.50 

N,N-diethyl-2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)acetamide (3j) 

 

The Chloro-N,N-diethylacetamide intermediate (30.0 mg, 0.147 mmol) was used in this reaction. 

The crude mixture of 3j was purified after workup to afford 3j as a clear oil (18.20 mg, 30%): 

mp oil. 1H NMR (500 MHz, Chloroform-d) δ 7.61 – 7.55 (m, 2H), 7.48 – 7.41 (m, 2H), 7.45 – 

7.32 (m, 1H), 7.26 (s, 1H), 6.34 (d, J = 1.5 Hz, 1H), 3.50 (d, J = 1.6 Hz, 2H), 3.32 (qd, J = 7.2, 

1.6 Hz, 2H), 3.15 (qd, J = 7.2, 1.5 Hz, 2H), 2.32 (d, J = 1.6 Hz, 3H), 1.25 (s, 0H), 1.08 (td, J = 

7.1, 1.3 Hz, 6H). (126 MHz, CDCl3) δ 166.34, 149.60, 139.46, 133.93, 128.89, 128.70, 127.76, 

125.63, 125.15, 111.98, 77.28, 77.02, 76.77, 42.42, 40.51, 38.20, 29.70, 14.26, 13.68, 12.89. 

HRMS (ESI): C16H22N3OS [M+H]+: calcd.: 304.1484; found: 303.1477. 

2-(Chloroacetamido)benzimidazole 
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2-aminobenzimidazole (100 mg, 0.751 mmol) was used in this reaction and followed the general 

procedure along with literature precedence to isolate the amide intermediate needed to be carried 

over for the next step.51 

N-(1H-benzo[d]imidazol-2-yl)-2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)acetamide (3k) 

 

 

2-(Chloroacetamido)benzimidazole intermediate (30.0 mg, 0.143 mmol) was used in this 

reaction. The crude mixture of 3k was purified with DCM/Hexane (1:3) recrystallization 

solvents to afford 3k as a white solid (26.83 mg, 52%): mp 174-176 ̊ C. 1H NMR (500 MHz, 

Chloroform-d) δ 11.83 (s, 2H), 7.46 (dd, J = 7.7, 1.6 Hz, 2H), 7.40 (dt, J = 7.5, 3.7 Hz, 2H), 7.33 

– 7.19 (m, 5H), 6.27 (s, 1H), 3.62 (s, 2H), 2.24 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 168.80, 

149.71, 147.51, 139.11, 132.36, 128.76, 127.76, 125.10, 122.81, 112.54, 77.28, 77.02, 76.77, 

39.86, 29.70, 13.62. HRMS (ESI): C19H18N5OS [M+H]+: calcd.: 364.1232; found: 364.1223. 

Preparation of 2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)sulfonyl)-N-(pyridin-2-yl)acetamide 

(5a) 

 

Procedure: 

To a tall clear 4 dram vial, equipped with a magnetic stir rod/flea bar, 2-((3-methyl-1-phenyl-1H-

pyrazol-5-yl)thio)-N-(pyridine-2-yl)acetamide (50.0 mg, 0.163 mmol) (1.0 eq) was added in the 
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presence of urea-hydrogen peroxide (5.0 eq) and pthalic anhydride (5.0eq) suspended in ethyl 

acetate (0.3M). The reaction mixture was allowed to stir for 8 hours at ambient room 

temperature. After 8 hours, HPLC analysis showed complete consumption of starting material 

resulting in direct conversion to the sulfone species. The reaction mixture was subjected to an 

aqueous workup where the organic layer was digested with a solution of 10% sodium sulfite 

(2mL) as well as a solution of aqueous 10% sodium carbonate (2mL). The organic layer was 

condensed into a yellow solid which was suspended in the anti-solvent diethyl ether where heat 

was introduced expelling the impurities. After filtration, the resultant pure sulfone was isolated 

as a white solid52 (30.08 mg, 52%): mp 148-150°C. 1H NMR (500 MHz, Chloroform-d) δ 10.83 

(s, 1H), 8.28 – 8.21 (m, 2H), 7.65 – 7.57 (m, 2H), 7.51 – 7.41 (m, 3H), 7.31 (ddd, J = 8.6, 7.7, 

1.5 Hz, 1H), 7.04 (ddd, J = 7.6, 6.4, 1.9 Hz, 1H), 6.92 (s, 1H), 4.15 (s, 2H), 2.36 (s, 3H). 13C 

NMR (126 MHz, CDCl3) δ 159.14, 148.87, 143.49, 139.29, 138.30, 137.42, 129.81, 129.07, 

127.89, 127.19, 119.77, 115.39, 114.23, 77.28, 77.02, 76.77, 62.22, 13.46. 
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CHAPTER THREE  

PROPOSED N-LINKED SERIES OF INHIBITORS OF OF N-SUCCINYL-L,L-

DIAMINOPIMELIC ACID DESSUCINYLASE 

Proposed Scheme  

Encouraged by the docking results, the synthesis of pyrazole analog 4 was designed 

following reported methods starting from the commercially available Boc-protected L-alanine 

amino acid was allowed to react  in the presence of EDCI, N-methylmorpholine, and 2-

aminothiazole as the amino derivative. The carboxylic acid reacted with the amine through base-

mediated coupling  to give the L-alanine amide analog 1 which was isolated and purified through 

column chromatography and characterized by HPLC and NMR. 

 

Scheme 5. Attempted Synthetic routes toward preparation of pyrazole analog 4. Reagents and 

conditions: (a) EDCI.HCl, HOBt, NMM, DMF, 50 ºC, overnight; (b) CF3COOH, CH2Cl2, rt, 2 h; 
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(c) ethyl acetoacetate, NMM, PEG-300, 80º C, 4 h; (d) phenylhydrazine; (e) phenylhydrazine, 

ethyl acetoacetate, acetic acid, 118 ºC, 4 h; (f) edaravone, POCl3, 120 ºC, 12 h; (g) L-alanine, 

K2CO3, DMSO, 80 ºC, 6 h  

 

During the course of this work, we deviated from routinely using EDCI and transitioned 

to the superior coupling reagent propylphosphonic anhydride (T3P).53 T3P gave better yields 

with higher purities without the need for column chromatography. Following this reaction, we 

removed the Boc-protecting group using TFA to give the L-alanine amide derivative 3 which 

was characterized by HPLC and NMR. 

 

 

 Scheme 6. Nucleophilic acyl substitution of B-keto ester with L-amide derivative under basic 

conditions. 

  

According to a published procedure, aliphatic amines have been reacted with β-keto 

esters in the presence of PEG-300 under basic conditions to yield a resultant β-ketoamide. 54 As 

part of our synthetic design, ethyl acetoacetate was allowed to react with the L-alanine amide 

derivative with NMM in PEG-300. The reactions that I attempted included conditions varying in 

temperature with 60 ºC insufficient for the reaction rate while temperatures above 80 ºC yielded 

hydrolysis of the 2-aminothiazole amide without formation of the β-ketoamide. The results of 

temperatures above 80 ºC include the decomposition of the amide and possible loss of chirality. 
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Monitoring the reaction by HPLC, it was observed that a multitude of new peaks corresponding 

to byproducts did not include the desired compound. 

 

 

Scheme 7.  Synthesis of L- alanine b-betoamide from L-alanine and TMD. 

Our approach to forming the pyrazole ring involved the condensation of phenylhydrazine 

with β-ketoesters and β-ketoamides. Our synthesis, starting with the commercially available 

amino acids being readily converted to their β-ketoamide derivatives which should undergo 

cyclization with phenylhydrazine, or a substituted hydrazine, to form the pyrazole ring, enabling 

point derivatizations in driving SAR. L-Alanine was utilized in exploring and optimizing 

reaction conditions to make the pyrazole derivative. The synthesis of the β-ketoamide analogs of 

the amino acids is achieved by reacting L-alanine and with the diketene-acetone adduct, 2,2,6-

trimethyl-4H-1,3-dioxin-4-one (TMD). TMD is a stable derivative of diketene which can be 

pyrolyzed at temperatures above 90ºC providing the acetyldiketene and acetone through a 

pseudo-retro Diels Alder reaction.55 In our reactions with TMD we followed the general 

procedure from Garden, who did not employ amino acids but explored aliphatic amines. L-

Alanine β-ketoamide was synthesized by reacting L-alanine with TMD and K2CO3 in water and 

isolated 59% yield (Scheme 3). 56 In parallel, with the successful synthesis of L-alanine β-

ketoamide we investigated a few selected reaction conditions to access the 5-aminopyrazole from 
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β-ketoamide-L-phenylalanine that was explored by our research member Thahani Habeeb. All of 

the condensation reaction conditions investigated in synthesizing L-phenylalanine pyrazole 

analog were not successful due to the hydrolysis of the β-ketoamide and were monitored by 

HPLC. The desired product was not identified by NMR.  

  

 

Scheme 8: SNAr reaction of edaravone with POCl3 to yield 5-chloro-1-phenyl-3-methyl-pyrazole 

and attempted synthesis of 5-aminopyrazole. Reagents and conditions: (a) cesium carbonate, 

DMSO, 80 °C, 2h; (b) TEA, DCM, rt, 2h; (c) sodium bicarbonate, ethanol, 80 °C, 48h; (d) 

cesium carbonate, CuI, DMSO, 80 °C, 48h. 

 

Moving forward, we investigated several selected reaction conditions to access the 5-

aminopyrazole starting with the commercially available compound Edaravone and reacting it 

with phosphorous oxychloride to yield a 5-chloropyrazole.57, 58 This was accomplished by 

reacting the enol form59 of edaravone with phosphorous oxychloride in a SNAr reaction to give 

the 5-chloro-1-phenyl-3-methyl-pyrazole. 

With 5-chloro-1-phenyl-3-methyl-pyrazole in hand additional SNAr conditions based on 

of a limited number of published methods to couple 5-chlororpyrazoles with a primary amine. 60-

62 The primary amine in our case would be L-alanine or other amino acids. To the best of our 

knowledge there are no reported methods for synthesizing substituted amino-pyrazole derivatives 

from L-amino acids. The reaction conditions consisted of the 5-chloropyrazole in the presence of 
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L-alanine in polar aprotic solvents and base. These reactions conditions were monitored by 

HPLC and showed no consumption of starting material.  

 

 

Scheme 9. Cross-coupling to access N-linked tetrazole analogs. 

Additionally, we investigated a synthetic route derived from a patent procedure.63 This 

reaction incorporates the cross-coupling between the commercially available 5-chloro-1H-

tetrazole in the presence of methyl ester protected L-alanine, copper, potassium carbonate and 

palladium chloride at 120̊C for 24hrs. Through the course of monitoring the reaction over four 

days the monitoring resulted in no consumption of starting materials. Additional screenings of 

conditions were explored with varying lower temperatures as well as differentiating from 

potassium carbonate to the softer cesium carbonate; however, the narrative was universally 

continuous in that monitoring resulted in no consumption of starting materials. 
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Conclusion 

 

Scheme 10. Proposed synthetic route to access N-linked tetrazoles. 

A new proposed synthetic route begins by reacting methyl chlorooxoacetate in the 

presence of 5-amino-1H-tetrazole to produce the respective tetrazole intermediate 1. In regards 

to methyl chlorooxoacetate’s ability to partake in a nucleophilic acyl substitution reaction, there 

are literature sources referencing methyl chlorooxoacetate as a coupling potential. The reported 

conditions mirror that of acyl substitutions that have been successfully synthesized for the S-

linked series. Once the tetrazole amide intermediate 1 is in hand, 1 will undergo a Buchwald-

Hartwig reaction using literature conditions coupling the aryl halide to the NH position on the 

tetrazole. The literature source showcases the success of the cross coupling of the 5-amino-1H-

tetrazole, there are no procedures for the tetrazole amide moiety, if this step is problematic, then 
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we can cross couple 5-amino-1H-tetrazole with an aryl halide prior to reacting it with the acid 

chloride. The resulting phenyl-tetrazole amide species would yield intermediate 2 which would 

then have the amide bond reduced. The literature source for this step highlights how selective the 

conditions are for amide reductions in the presence of esters. From 3 to 4 the methyl ester 

transformation to carboxylic acid is from a patent procedure. Once the carboxylic acid 

intermediate is isolated this procedure demonstrates reacting non-nucleophilic amino 

heterocycles utilizing the BOP coupling reagent. Alternatively, the phosphonium salt derivative, 

PyBOP is far superior given its reactivity and quenching ability at larger scales. This synthesis 

would allow us to scale up intermediate 4, from there we can branch out and react at smaller 

scales with a variety of amino heterocycles. 
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APPENDIX A  

 

SUPPLEMENTAL DATA FOR CHAPTER TWO 
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HRMS AND NMR SPECTRA OF COMPOUNDS REPORTED IN CHAPTER TWO 

 

2-((1-phenyl-1H-tetrazol-5-yl)thio)-N-(thiazol-2-yl)acetamide (1a) 

 
 

 
1H spectrum of 2-((1-phenyl-1H-tetrazol-5-yl)thio)-N-(thiazol-2-yl)acetamide (1a) 
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13C spectrum of 2-((1-phenyl-1H-tetrazol-5-yl)thio)-N-(thiazol-2-yl)acetamide (1a) 
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HRMS data of 2-((1-phenyl-1H-tetrazol-5-yl)thio)-N-(thiazol-2-yl)acetamide (1a)  
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N-(isoxazol-3-yl)-2-((1-phenyl-1H-tetrazol-5-yl)thio)acetamide (1b) 

 

 
1H spectrum of N-(isoxazol-3-yl)-2-((1-phenyl-1H-tetrazol-5-yl)thio)acetamide (1b) 
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13C spectrum of N-(isoxazol-3-yl)-2-((1-phenyl-1H-tetrazol-5-yl)thio)acetamide (1b)  
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 HRMS data of N-(isoxazol-3-yl)-2-((1-phenyl-1H-tetrazol-5-yl)thio)acetamide (1b)  
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N-phenyl-2-((1-phenyl-1H-tetrazol-5-yl)thio)acetamide(1c) 

 

 
1H spectrum of N-phenyl-2-((1-phenyl-1H-tetrazol-5-yl)thio)acetamide(1c) 
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13C spectrum of N-phenyl-2-((1-phenyl-1H-tetrazol-5-yl)thio)acetamide(1c) 
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 HRMS data of N-phenyl-2-((1-phenyl-1H-tetrazol-5-yl)thio)acetamide(1c) 
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2-((1-phenyl-1H-tetrazol-5-yl)thio)-N-(pyridine-2-yl)acetamide (1d) 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
1H spectrum of 2-((1-phenyl-1H-tetrazol-5-yl)thio)-N-(pyridine-2-yl)acetamide (1d) 
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13C spectrum of 2-((1-phenyl-1H-tetrazol-5-yl)thio)-N-(pyridine-2-yl)acetamide (1d) 
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HRMS data of 2-((1-phenyl-1H-tetrazol-5-yl)thio)-N-(pyridine-2-yl)acetamide (1d) 
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N-(5-chloropyridin-2-yl)-2-((1-phenyl-1H-tetrazol-5-yl)thio)acetamide (1e) 

 

 
1H spectrum of N-(5-chloropyridin-2-yl)-2-((1-phenyl-1H-tetrazol-5-yl)thio)acetamide (1e) 
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13C spectrum of N-(5-chloropyridin-2-yl)-2-((1-phenyl-1H-tetrazol-5-yl)thio)acetamide (1e) 
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 HRMS data of N-(5-chloropyridin-2-yl)-2-((1-phenyl-1H-tetrazol-5-yl)thio)acetamide (1e) 
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2-((1-phenyl-1H-tetrazol-5-yl)thio)-N-(pyrazin-2-yl)acetamide (1f) 

 
 

 
 

1H spectrum of 2-((1-phenyl-1H-tetrazol-5-yl)thio)-N-(pyrazin-2-yl)acetamide (1f) 
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13C spectrum of 2-((1-phenyl-1H-tetrazol-5-yl)thio)-N-(pyrazin-2-yl)acetamide (1f) 
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HRMS data of 2-((1-phenyl-1H-tetrazol-5-yl)thio)-N-(pyrazin-2-yl)acetamide (1f) 
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N-benzyl-2-((1-phenyl-1H-tetrazol-5-yl)thio)acetamide (1g) 

 
 

 
 

1H spectrum of N-benzyl-2-((1-phenyl-1H-tetrazol-5-yl)thio)acetamide (1g) 
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13C spectrum of N-benzyl-2-((1-phenyl-1H-tetrazol-5-yl)thio)acetamide (1g) 
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HRMS data of N-benzyl-2-((1-phenyl-1H-tetrazol-5-yl)thio)acetamide (1g) 
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2-((1-phenyl-1H-tetrazol-5-yl)thio)-N-(thiazol-2-yl)propanamide (2a) 

 

 
1H spectrum of 2-((1-phenyl-1H-tetrazol-5-yl)thio)-N-(thiazol-2-yl)propanamide (2a) 
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13C spectrum of 2-((1-phenyl-1H-tetrazol-5-yl)thio)-N-(thiazol-2-yl)propanamide (2a) 
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HRMS data of 2-((1-phenyl-1H-tetrazol-5-yl)thio)-N-(thiazol-2-yl)propanamide (2a) 
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N-(isoxazol-3-yl)-2-((1-phenyl-1H-tetrazol-5-yl)thio)propanamide (2b) 

 

 
1H spectrum of N-(isoxazol-3-yl)-2-((1-phenyl-1H-tetrazol-5-yl)thio)propanamide (2b) 
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13C spectrum of N-(isoxazol-3-yl)-2-((1-phenyl-1H-tetrazol-5-yl)thio)propanamide (2b) 
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 HRMS data of N-(isoxazol-3-yl)-2-((1-phenyl-1H-tetrazol-5-yl)thio)propanamide (2b) 
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N-phenyl-2-((1-phenyl-1H-tetrazol-5-yl)thio)propanamide (2c) 

 

 

 
 

1H spectrum of N-phenyl-2-((1-phenyl-1H-tetrazol-5-yl)thio)propanamide (2c) 
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13C spectrum of N-phenyl-2-((1-phenyl-1H-tetrazol-5-yl)thio)propanamide (2c) 
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 HRMS data of N-phenyl-2-((1-phenyl-1H-tetrazol-5-yl)thio)propanamide (2c) 
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2-((1-phenyl-1H-tetrazol-5-yl)thio)-N-(pyridin-2-yl)propanamide (2d) 

 
 

 
1H spectrum of 2-((1-phenyl-1H-tetrazol-5-yl)thio)-N-(pyridin-2-yl)propanamide (2d) 
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13C spectrum of 2-((1-phenyl-1H-tetrazol-5-yl)thio)-N-(pyridin-2-yl)propanamide (2d) 
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 HRMS data of 2-((1-phenyl-1H-tetrazol-5-yl)thio)-N-(pyridin-2-yl)propanamide (2d) 
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N-(5-chloropyridin-2-yl)-2-((1-phenyl-1H-tetrazol-5-yl)thio)propanamide (2e) 

 
 

 
1H spectrum of N-(5-chloropyridin-2-yl)-2-((1-phenyl-1H-tetrazol-5-yl)thio)propanamide (2e) 
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13C spectrum of N-(5-chloropyridin-2-yl)-2-((1-phenyl-1H-tetrazol-5-yl)thio)propanamide (2e) 
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 HRMS data of N-(5-chloropyridin-2-yl)-2-((1-phenyl-1H-tetrazol-5-yl)thio)propanamide (2e) 
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2-((1-phenyl-1H-tetrazol-5-yl)thio)-N-(pyrazin-2-yl)propanamide (2f) 

 
 

 
 

1H spectrum of 2-((1-phenyl-1H-tetrazol-5-yl)thio)-N-(pyrazin-2-yl)propanamide (2f) 
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13C spectrum of 2-((1-phenyl-1H-tetrazol-5-yl)thio)-N-(pyrazin-2-yl)propanamide (2f) 
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 HRMS data of 2-((1-phenyl-1H-tetrazol-5-yl)thio)-N-(pyrazin-2-yl)propanamide (2f) 
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N-benzyl-2-((1-phenyl-1H-tetrazol-5-yl)thio)propanamide (2g) 

 

 
1H spectrum of N-benzyl-2-((1-phenyl-1H-tetrazol-5-yl)thio)propanamide (2g) 
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13C spectrum of N-benzyl-2-((1-phenyl-1H-tetrazol-5-yl)thio)propanamide (2g) 
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 HRMS data of N-benzyl-2-((1-phenyl-1H-tetrazol-5-yl)thio)propanamide (2g) 
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2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(thiazol-2-yl)acetamide (3a) 

 

 
1H spectrum of 2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(thiazol-2-yl)acetamide (3a) 
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13C spectrum of -((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(thiazol-2-yl)acetamide (3a) 
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 HRMS data of -((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(thiazol-2-yl)acetamide (3a) 
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N-(isoxazol-3-yl)-2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)acetamide (3b) 

 
 

 
 

1H spectrum of N-(isoxazol-3-yl)-2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)acetamide (3b) 
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13C spectrum of N-(isoxazol-3-yl)-2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)acetamide (3b) 
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 HRMS data of N-(isoxazol-3-yl)-2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)acetamide (3b) 

 

 

 

 

 

 



104 

 

 

 

2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-phenylacetamide (3c) 

 

 
1H spectrum of 2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-phenylacetamide (3c) 
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13C spectrum of 2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-phenylacetamide (3c) 
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 HRMS data of 2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-phenylacetamide (3c) 
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2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(pyridine-2-yl)acetamide (3d) 

 
 

 
 

1H spectrum of 2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(pyridine-2-yl)acetamide (3d) 
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13C spectrum of 2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(pyridine-2-yl)acetamide (3d) 
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 HRMS data of 2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(pyridine-2-yl)acetamide (3d) 
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2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(5-methylpyridin-2-yl)acetamide (3e) 

 

 
1H spectrum of 2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(5-methylpyridin-2-yl)acetamide 

(3e) 
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13C spectrum of 2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(5-methylpyridin-2-

yl)acetamide (3e) 
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 HRMS data of 2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(5-methylpyridin-2-yl)acetamide 

(3e) 
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N-(5-chloropyridin-2-yl)-2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)acetamide (3f) 

 
 

 
 

1H spectrum of N-(5-chloropyridin-2-yl)-2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)acetamide 

(3f) 
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13C spectrum of N-(5-chloropyridin-2-yl)-2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)acetamide 

(3f) 
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 HRMS data of N-(5-chloropyridin-2-yl)-2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)acetamide 

(3f) 
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2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(pyrimidin-2-yl)acetamide (3g) 

 

 
1H spectrum of 2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(pyrimidin-2-yl)acetamide (3g) 
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13C spectrum of 2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(pyrimidin-2-yl)acetamide (3g) 
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 HRMS data of 2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(pyrimidin-2-yl)acetamide (3g) 
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2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(pyrazin-2-yl)acetamide (3h) 

 
 

 
1H spectrum of 2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(pyrazin-2-yl)acetamide (3h) 
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13C spectrum of 2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(pyrazin-2-yl)acetamide (3h) 
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 HRMS data of 2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(pyrazin-2-yl)acetamide (3h) 
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N-(6-chloropyrazin-2-yl)-2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)acetamide (3i) 

 
 

 
1H spectrum of N-(6-chloropyrazin-2-yl)-2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)acetamide 

(3i) 
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13C spectrum of N-(6-chloropyrazin-2-yl)-2-((3-methyl-1-phenyl-1H-pyrazol-5-

yl)thio)acetamide (3i) 
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 HRMS data of N-(6-chloropyrazin-2-yl)-2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)acetamide 

(3i) 
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N,N-diethyl-2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)acetamide (3j) 

 
 

 
 

1H spectrum of N,N-diethyl-2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)acetamide (3j) 
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13C spectrum of N,N-diethyl-2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)acetamide (3j) 
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 HRMS data of N,N-diethyl-2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)acetamide (3j) 
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N-(1H-benzo[d]imidazol-2-yl)-2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)acetamide (3k) 

 
 

 
 

1H spectrum of N-(1H-benzo[d]imidazol-2-yl)-2-((3-methyl-1-phenyl-1H-pyrazol-5-

yl)thio)acetamide (3k) 
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13C spectrum of N-(1H-benzo[d]imidazol-2-yl)-2-((3-methyl-1-phenyl-1H-pyrazol-5-

yl)thio)acetamide (3k) 
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 HRMS data of N-(1H-benzo[d]imidazol-2-yl)-2-((3-methyl-1-phenyl-1H-pyrazol-5-

yl)thio)acetamide (3k) 
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2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(thiazol-2-yl)propanamide (4a) 

 
 

 
 

1H spectrum of 2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(thiazol-2-yl)propanamide (4a) 
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13C spectrum of 2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(thiazol-2-yl)propanamide (4a) 
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 HRMS data of 2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(thiazol-2-yl)propanamide (4a) 
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N-(isoxazol-3-yl)-2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)propanamide (4b) 

 
 

 
 

1H spectrum of N-(isoxazol-3-yl)-2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)propanamide (4b) 
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13C spectrum of N-(isoxazol-3-yl)-2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)propanamide 

(4b) 
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 HRMS data of N-(isoxazol-3-yl)-2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)propanamide (4b) 
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2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-phenylpropanamide (4c) 

 
 

 
 

1H spectrum of 2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-phenylpropanamide (4c) 
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13C spectrum of 2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-phenylpropanamide (4c) 
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 HRMS data of 2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-phenylpropanamide (4c) 
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2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(pyridine-2-yl)propanamide (4d) 

 
 

 
 

1H spectrum of 2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(pyridine-2-yl)propanamide (4d) 

 

 

 

 



141 

 

 

 

 
 

13C spectrum of 2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(pyridine-2-yl)propanamide 

(4d) 
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 HRMS data of 2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)-N-(pyridine-2-yl)propanamide (4d) 
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N-benzyl-2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)propanamide (4e) 

 
 

 
 

1H spectrum of N-benzyl-2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)propanamide (4e) 
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13C spectrum of N-benzyl-2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)propanamide (4e) 
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 HRMS dataof N-benzyl-2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)thio)propanamide (4e) 
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2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)sulfonyl)-N-(pyridin-2-yl)acetamide (5a) 

 

 

 
 

 
1H spectrum of 2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)sulfonyl)-N-(pyridin-2-yl)acetamide(5a) 
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13C spectrum of 2-((3-methyl-1-phenyl-1H-pyrazol-5-yl)sulfonyl)-N-(pyridin-2-yl)acetamide(5a) 
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