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ABSTRACT 

 

RNase P is a bacterial ribozyme that catalyzes the maturation of tRNA and is 

conserved across Gram-positive bacteria, including methicillin-resistant Staphylococcus 

aureus (MRSA). RNase P consists of a RNA component and a protein component, RnpA. 

In Gram-positive bacteria, RnpA itself possesses ribonuclease activity. The Dunman 

group demonstrated that inhibition of RnpA activity alone or as part of the RNase P 

complex was sufficient to inhibit RNA degradation and exert antimicrobial activity in 

MRSA. Because of its low amino acid homology to mammalian homologs, RnpA may 

represent a novel, selective antimicrobial target for MRSA.  

A high throughput screen by the Dunman group identified a number of 

compounds which inhibit RnpA activity, including RNPA1000. However, RNPA1000 

demonstrated cytotoxic effects at higher concentrations and required a high dose to 

achieve efficacy in a murine model of MRSA infection. We therefore selected another 

“hit” from the screen (RNPA2000), which contains metabotoxic hydrazide, thiourea and 

furan moieties, as the starting point for hit to lead activities.  

We sought to replace these groups, as well as the isopropylphenoxy group, to 

provide enhanced inhibitory potency against RNase P and RnpA, as well as lowered MIC 

values against MRSA1000. We designed and synthesized analogs posessing bioisosteres 

for these moieties and evaluated their effects in an RNase P assay as well as a RNA 

degradation assay. Compounds with acceptable results in both assays were tested for their 

antimicrobial effects in MRSA cultures. As a result of this work, several compounds with 
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improved potency for RnpA inhibition were identified, although improved MIC was not 

seen. Two compounds demonstrated synergy with mupirocin, an isoleucyl-tRNA 

synthase inhibitor, which may represent a potential way to re-sensitize resistant bacteria 

to mupirocin.  
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CHAPTER 1 

BACKGROUND AND INTRODUCTION 

1.1 Staphylococcus aureus 

Staphylococcus aureus infections are often associated with high rates of morbidity and 

mortality.1 In 2005, S. aureus caused more deaths in the U.S. than HIV and AIDS.2,3 S. 

aureus has developed resistance to all standard-of-care antibiotics, including 

vancomycin, linezolid, methicillin, daptomycin and tigecycline.4-7 Since their discovery 

in 1961, methicillin-resistant strains of S. aureus (MRSA) have become a significant 

issue to the healthcare field.8,9 The incidence of MRSA has decreased since 2005 due to 

increased awareness and careful aseptic practices.10 However, there has been an increase 

in hyper-resistant strains that respond poorly to both methicillin and vancomycin, which 

are often used to treat MRSA. Therefore, there is an unmet need for new classes of 

antibiotics that act through different pathways than antibiotics currently on the market. 

 

1.1.1 RNA Processing in S. aureus – RNase P and RnpA 

 In S. aureus, the production of virulence factors helps the bacteria to colonize host 

tissue, evade immune responses, and respond to environmental challenges.11 The 

expression of these virulence factors is controlled by growth phase-regulated mRNA 

turnover. This turnover may be catalyzed by the mRNA degradation proteins; thus 

targeting mRNA degradation may represent a good antimicrobial target.12 mRNA 

degradation in Gram-negative bacteria has been well studied.  In E. coli, degradation is 
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catalyzed by an RNA degradosome complex, which consists of RNase E, polynucleotide 

phosphorylase (PNPase), enolase (Eno) and RNase helicase B (RhIB).13,14,15 RNase E is 

an essential enzyme which catalyzes the rate-limiting endoribonucleolytic event and is a 

scaffold for assembling the other subunits of the degradosome.16,17,18 RNase E also 

catalyzes the maturation of other RNA species, including tRNAs and rRNAs.19-24 RNase 

E is therefore a promising antimicrobial target in Gram-negative bacteria.  However, 

Gram-positive bacteria do not have an RNAse E ortholog.25  

 The Dunman group recently discovered that S. aureus mRNA degradation is 

likely catalyzed by an RNA degradosome-like complex, similar to that of Bacillus 

subtilis, which consists of enolase, RNA helicase, RNase J1, RNase J2, RNase Y, 

PNPase, phosphofructokinase (Pfk) and RnpA.26,27 This complex is a good potential 

antimicrobial target for several reasons. Firstly, at least five of the subunits, RnpA, 

RNase J1, RNase J2, enolase and Pfk, are thought to be required for viability.28 Secondly, 

the subunits and mechanisms differ fundamentally from those of eukaryotic cells, which 

could help in the development of therapeutic agents that selectively target bacteria.29 

Finally, these inhibitors would be first-in-class agents that would differ from current 

antibiotic classes and therefore would be less likely to be susceptible to the current 

antibiotic resistance mechanisms employed by bacteria.  

 In addition to participating in the RNA degradosome complex, RnpA is involved 

in tRNA maturation in S. aureus.30 In Gram-negative E. coli and Gram-positive B. 

subtilis and S. aureus, RnpA interacts with rnpB, a 350-400 nucleotide RNA ribozyme, to 

form RNase P (Figure 1), a ribonucleoprotein complex that catalyzes the removal of 5’-
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leader sequences from precursor tRNAs through hydrolysis of the phosphodiester bond, 

leading to mature tRNA molecules.30-35 The enzyme complex is ubiquitous and contains 

divalent metal ions such as magnesium and manganese.31 RNase P recognizes the tertiary 

structure of tRNA, as well as the 3’-CCA sequence.36 RnpA assists with the binding of 

precursor tRNA to rnpB, possibly through the differentiation of precursor tRNA from 

mature tRNA.37 RnpA is not essential under high salt conditions, so it is hypothesized 

that it may block unfavorable electrostatic interactions between rnpB and the precursor 

tRNA.36 In eukaryotes the RNase P complex consists of 10 proteins and in archaea, 4-5 

proteins.31 In addition to its role in the maturation of tRNA, in E. coli and B. subtilis 

RNase P digests double stranded RNA templates including guide-RNA and 4.5s RNA, 

and RnpA is required for this cleavage.38,39,40 Therefore, RnpA is a desirable 

antimicrobial target as inhibitors may interfere with both RNA degradation and tRNA 

processing. This dual role of RnpA inhibitors may mean that bacterial resistance may 

develop slowly, as RnpA mutations may inactivate one holoenzyme (e.g., the RNA 

degradosome) but be tolerated by the other holoenzyme (e.g., RNase P).  

       

Figure 1. Crystal Structure (left) and Model (right) of RNase P. Crystal structure of 

RNase P holoenzyme in complex with tRNA; RnpA is shown in purple. (Pdb structure 

(3Q1R))41 Model of RNase P consisting of rnpB (gold) and RnpA (teal) in complex with 

tRNA (magenta).31 

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCNzR7KGk0cgCFQQ-PgodlLkMSw&url=http://www.rcsb.org/pdb/explore.do?structureId%3D3q1q&psig=AFQjCNHxikNIX7liK0TQojZOAB2cTU95NQ&ust=1445438519069768
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RnpA contains 117 amino acids, possesses an arginine-rich region for binding of 

double-stranded RNA and has a ribonucleoprotein-like fold consisting of an α-β 

sandwich (Figure 2). Both RnpA and rnpB are essential in S. aureus.30  

 

Figure 2. Structure of RnpA (Pdb structure (1D6T))42 

 

1.2 Known Inhibitors of RNase P  

 Direct inhibitors of RnpA have not been reported in the literature; however, 

inhibitors of RNase P exist (Figure 3). There are many different strategies to inhibit 

RNase P (Figure 4) such as blocking binding of RnpA to rnpB (i.e. with 

peptidomimetics), blocking catalysis through the displacement of Mg2+ ions, inhibiting 

binding of the precursor tRNA substrate or affecting the stability or folding of rnpB.43, 44  

One strategy that has received much attention is the blocking of metal ion binding 

through molecules that bind to RNA. Aminoglycosides such as neomycin B (Figure 3), 

kanamycin A and kanamycin B (structures not shown) inhibit RNase P activity by 

displacing magnesium ions in the active site (Ki= 35-275 µM).45 Aminoglycoside- 
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Figure 3. Inhibitors of RNase P 
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Figure 4. Methods of Inhibiting RNase P43 

 

arginine conjugates (Figure 3) were designed to block RNase P assembly, as RNA-

binding proteins contain arginine-rich sequences. However, rather than block RNase 

assembly, these compounds still inhibited RNase P activity through displacement of 

magnesium ions (IC50≈ 0.5 µM).44  

Message Pharmaceuticals developed a series of benzamide inhibitors which 

contain guanylhydrazine moieties similar to the arginine moieties of the aminoglycoside-

arginine conjugates, indicating that the mode of inhibition may be similar. These 

inhibitors, including MES 10609 (Figure 3), possessed potencies in the micromolar to 

millimolar range.46 However, compounds that block metal ion binding are not very 

selective, although some selectivity for bacterial RNase P enzymes over eukaryotic 

RNase P enzymes has emerged in later generations of compounds.43   

Compounds that inhibit RNase P by blocking the binding of tRNA to RNase P 

have been developed either through binding to the tRNA itself or through competing with 
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tRNA for its binding site on RNase P. The former includes a series of benzimidazole 

compounds (Figure 3) which displayed IC50 values between 5.3- 20.8 µM.47 Porphines, 

such as T4MPyP, and porphyrins, such as Protoporphyrin IX (Figure 3), are thought to 

bind to tRNA, although the exact method of inhibition is unknown since they form 1:1 

complexes with rnpB.  These compounds inhibit RNase P activity with Ki values of 0.8- 

4.1 µM.48   

Peptidyltransferase inhibitor puromycin (Figure 3) mimics the 3’-terminal CCA 

sequence of tRNA and thus is a competitive inhibitor of tRNA precursor cleavage by 

RNase P. Structurally similar compounds amicetin and blasticidin S (Figure 3) also 

inhibit RNase P, although through a noncompetitive mechanism.49 However, all of these 

inhibitors that block the binding of tRNA to RNase P show no selectivity for bacterial 

over eukaryotic RNase P.  

Retinoids, including acitretin (Figure 3) and retinol, inhibit RNase P 

competitively in humans and D. discoideum (Ki= 8-1475 µM) although the mechanism of 

inhibition is unknown.50  

 

1.3 High-Throughput Screen for RnpA Inhibitors 

 Since there was no structural precedence for RnpA inhibitors, the Dunman group 

performed a high-throughput screen on a library of over 29,000 small molecules (Figure 

5) derived from the ActiProb-25K and Natural Product Collections (TimTec Inc, Newark, 
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DE).12 They identified five confirmed molecules that inhibited RnpA-associated RNA-

degrading activity, including RNPA1000, RNPA2000 and RNPA3000 (Figure 6).  

 

Figure 5. High-Throughput Screening Results for RnpA Inhibitors. The dark blue arrow 

is substrate alone (negative control), the gray arrow is enzyme (positive control); the light 

blue arrows are compounds that inhibited RnpA activity by ≥ 50%12 

 

1.3.1. RNPA1000 

 RNPA1000 showed moderate antimicrobial activity in vitro against the 

predominant MRSA lines in the U.S. (MIC = 26 µg/mL) and demonstrated selectivity for 

RnpA over other ribonucleases including E. coli RNase HI, RNase A, RNase I and S. 

aureus RNase J1. The compound only had off-target ribonuclease activity at E.coli   

RNase III with an IC50 of 500-750 µM. In S. aureus cells, RNPA1000 reduced mRNA 

degradation. In addition, the MIC of RNPA1000 in bacteria depleted of RnpA was 8 

µg/mL, indicating that the mechanism of action has at least partial dependence on RnpA. 

When tested on S. aureus biofilms, the efficacy of RNPA1000 was equal to or greater 
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than that of daptomycin, linezolid and vancomycin.  RNPA1000 also reduced S. aureus 

pathogenesis in vivo in a systemic mouse infection model, thus demonstrating that RnpA 

 

Figure 6. RNPA1000, RNPA2000 and RNPA3000 

inhibitors can be used as antimicrobial agents.  Overt cytotoxicity of the compound was 

measured using an MTT cell proliferation assay. After 24 hours of exposure, no human 

HepG2 cell toxicity was observed but 48 hours of exposure showed mild cytotoxicity at 

25 µg/mL, which is the minimum inhibitory concentration for most of the MRSA cell 

lines tested.12 RNPA1000 is also unattractive as a potential drug as it contains a reactive 

Michael acceptor (Figure 6) and has a high effective dose. Another hit found in the 

library, RNPA3000, displayed a high MIC (128 µg/mL).   

 

1.3.2 RNPA2000 

 RNPA2000 possesses IC50 values of 275 µM for RnpA and 140 µM for RNase P 

(Table 1). The compound demonstrated antimicrobial activity toward Gram-positive 

bacteria, including MRSA (MIC= 16 µg/mL) and vancomycin-resistant S. aureus 

(VRSA) (MIC= 8 µg/mL) and did not display significant mammalian cytotoxicity. In 
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addition RNPA1000 is a bacteriostatic agent (prevents the growth of bacteria), while 

RNPA2000 is bactericidal (kills bacteria) towards S. aureus. RNPA2000 was evaluated 

for its effect on tRNA processing, and the molecule has been shown to inhibit both 

RnpA-mediated RNA degradation and tRNA maturation, while RNPA1000 only inhibits 

RNA degradation. RNPA2000 displays no detectable spontaneous resistance frequency 

(<1 x 10-13) and did not show human HepG2 cell toxicity at concentrations of up to 128 

µg/mL. RNPA2000 also demonstrated antimicrobial activity and inhibited RNase P 

activity in efflux-deficient Gram-negative bacteria.25 Thus, we selected RNPA2000 as the 

starting point for our hit-to-lead studies. 

Table 1. Biological Properties of RNPA2000 

RnpA IC50, µM* RNase P IC50, µM* MRSA1000 

MIC*, µg/mL 

logP 

275 140 16 2.14 

*Experimental for these assays are provided in Chapters 2 and 5 

 

RNPA2000 possesses suitable drug-like properties to serve as a starting point for 

optimization (Table 2). The compound is highly soluble in aqueous media (maximum 

aqueous solubility > 200 µM). The compound did not significantly inhibit the three major 

human metabolizing CYP450 enzymes (CYP3A4, CYP2D6, CYP2C9) at concentrations 

up to 10 µM, suggesting a low probability for drug-drug interactions. The compound is 

highly permeable in the bidirectional Caco-2 cellular model and shows low potential for 

p-glycoprotein efflux as indicated by no significant difference in the two directional 

measurements. RNPA2000 did not inhibit the human ether-a-go-go (hERG) related ion 

channel at concentrations up to 10 µM in a ThallosTM assay.51 The compound is highly 
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stable to oxidative and hydrolytic metabolism in human liver microsomes (t1/2 = 57.9 

minutes). The stability in mouse liver microsomes is moderate, and we will look to 

enhance mouse metabolic stability as we prosecute the SAR studies. 

Table 2. in Vitro ADME Data for RNPA2000. 

Aqueous 

Solubility 

Human Liver 

Microsomes 

Mouse Liver 

Microsomes 

CYP450 

Inhibition 

IC50 

Caco-2* 

Papp x 

10-6 

hERG 

Inhibition 

> 200 µM Clint = 23.9† 

t1/2 = 57.9 min 

Clint = 

108.02† 

t1/2 = 14.5 min 

3A4 > 10,000 

nM 

2D6 > 10,000 

nM 

2C9 > 10,000 

nM 

A-B = 

21.3 

B-A = 

24.7 

7% @  

10 µM 

† Units for Clint = µL/min.mg; * Units for Papp = cm/second. 

 

1.4 Preliminary Data 

 Following the selection of RNPA2000 as the starting point for optimization, a 

small number of commercially available analogs were purchased from Tim Tec, Inc. 

(Newark, DE) and tested. The limited availability of organized structural modification 

made it impossible to pursue a systematic stepwise structure-activity study where one 

group in the RNPA2000 scaffold was altered and the effect on RnpA processing of 

mRNA and RNase P processing of tRNA determined (assay protocols provided in 

Experimental Section). However, some overall trends in the SAR were suggested (Table 

3). 

The only direct analogs of RNPA2000 with the isopropylphenoxyacetic acid 

moiety intact were ST5523314 (row 2), where the furan group at the other end of the 
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molecule was replaced with a small cycloalkyl group (cyclopropyl) and ST5528839 (row 

3), where the furan group was replaced with a long alkoxyalkyl chain. These 

modifications essentially eliminated both the RNase P and the RnpA inhibitory activities 

of the scaffold, indicating the need for an aryl moiety in this position. 

A number of analogs that maintained the furan in place and varied the 

isopropylphenoxyacetic acid end of the molecule were obtained and tested. Substituting 

in the ortho position of the phenoxy ring (ST5524693, row 6) eliminated RnpA inhibitory 

activity, a trend that was seen with other phenoxy analogs with 2,4-bis substitution 

(ST5682846, row 4 and ST5525958, row 5). Additional lipophilic bulk in the 4-position 

(substituting the t-butyl group in ST5524527, row 7 for the isopropyl group in 

ST5524693, row 6) improved potency for RNase P activity slightly, while eliminating the 

4-substituent on this ring entirely (ST5682778, row 8 and ST5522690, row 9) eliminated 

inhibitory activity for both targets. Likewise, rearranging the atoms in the 

isopropylphenoxyacetic acid group to move the position of the phenyl ring relative to the 

thiahydrazide group (ST5529685, row 10) also eliminated RnpA and RNase P inhibitory 

activity. Our hypothesis that the lipophilic substitutent of the isoproylphenoxy ring and 

the carbonyl of the acetic acid moieties must be forming specific binding interactions 

with the target(s) is supported by the observation that shortening this distance (rows 11 – 

15) eliminates both activities. Replacing the ether group with an amide and inserting a 

phenyl ring (ST5524997, row 16), did increase activity at RNase P but slightly lowered 

activity at RnpA. 
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Table 3.  RnpA and RNase P Inhibition of Commercially Available RNPA2000 Analogs 

Row Identifier Structure 
RnpA 

IC50, µM 

RNase 

P IC50, 

µM 

 

 

1 

 

 

RNPA2000 

 

 

 

275 

 

 

140 

 

 

2 

 

 

ST5523314 

 

 

 

> 500 

 

 

> 500 

 

 

3 

 

 

ST5528839 

 

 

 

500 

 

 

>500 

 

 

4 

 

 

ST5682846 
 

 

 

> 500 

 

 

80 

 

 

5 

 

 

ST5525958 
 

 

 

> 500 

 

 

125 

 

 

6 

 

 

ST5524693 

 

 

 

> 500 

 

 

350 

 

 

7 

 

 

ST5524527 

 

 

 

> 500 

 

 

200 

 

 

8 

 

 

ST5682778 
 

 

 

> 500 

 

 

> 500 

 

 

9 

 

 

ST5522690 

 

 

 

> 500 

 

 

> 500 
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Table 3.  RnpA and RNase P Inhibition of Commercially Available RNPA2000 Analogs 

(continued) 

Row Identifier Structure 
RnpA 

IC50, µM 

RNase 

P IC50, 

µM 

 

 

10 

 

 

ST5529685 

 

 

 

> 500 

 

 

> 500 

 

 

11 

 

 

ST5682126 

 

 

 

500 

 

 

> 500 

 

 

12 

 

 

ST5642600 
 

 

 

> 500 

 

 

> 500 

 

 

13 

 

 

ST5254069 
 

 

 

> 500 

 

 

> 500 

 

 

14 

 

 

ST4145527 
 

 

 

> 500 

 

 

> 500 

 

 

15 

 

 

ST5254078 
 

 

 

> 500 

 

 

> 500 

 

 

 

16 

 

 

ST5524997 

 

 

 

300 

 

 

 

70 

 

 

17 

 

 

ST5523210 

 

 

 

45 

 

 

110 

 

 

18 

 

 

ST5254083 

  

 

 

90 

 

 

 

75 
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Table 3.  RnpA and RNase P Inhibition of Commercially Available RNPA2000 Analogs 

(continued) 

Row Identifier Structure 
RnpA 

IC50, µM 

RNase 

P IC50, 

µM 

 

 

19 

 

 

ST5524465 

 

 

 

45 

 

 

65 

 

 

20 

 

 

ST5522821 

 

 

 

35 

 

 

220 

 

 While we can’t draw definitive conclusions from the analogs where both ends of 

the scaffold were changed simultaneously because of the presence of multiple variables, 

some intriguing increases in activity were observed which helped us formulate our SAR 

strategies. Lengthening the distance between the terminal lipophilic groups and their 

closest carbonyl moieties increased inhibitory potency for both RnpA and RNase P, 

regardless of the group at the other end of the molecule (ST5523210, row 17 and 

ST5254083, row 18). Increasing the distance between the terminal lipophilic regions and 

their closest carbonyl groups at both ends provided the most potent analog of the 

purchased compounds, ST5524465 (row 19). There was also evidence that some 

structural changes selectively affected one activity more than the other.  For example, the 

2,4-dichloro substitution pattern in ST5682846 (row 4) enhanced potency for RNase P 

yet eliminated activity on RnpA, while another bis-substitution pattern on the 

phenoxyacetic acid ring combined with adding additional lipophilic bulk in the form of a 

bromo group to the furan selectively enhanced RnpA potency (ST5522821, row 20). 
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These complex results, coupled with the possibility that we may be addressing different 

SARs for two separate targets, convinced us that a systematic pharmacophoric approach 

was needed wherein the structural requirements of a single region of the scaffold are 

assessed and then the best results from those SAR studies are crossed with structural 

changes to another region of the scaffold to arrive at the best molecules for inhibiting 

both RnpA and RNase P.  Three general regions of the RNPA2000 scaffold will be 

examined to test the hypotheses presented below (Figure 7). 

 

Figure 7. Regions of RNPA2000 to Be Modified. 
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CHAPTER TWO 

SPECIFIC AIMS, HYPOTHESES, DESIGN OF ANALOGS AND 

RETROSYNTHETIC ANALYSIS 

 

2.1 Specific Aims and Hypotheses 

Specific Aim 1: Design RNPA2000 analogs that do not possess the potentially 

metabotoxic hydrazide, thiourea and furan moieties to improve affinity and MIC and 

generate SAR data. 

Hypothesis 1: Bioisosteric replacement of the isopropylphenoxy group will 

provide analogs with similar or superior inhibitory potency against RnpA and 

RNase P, lower MIC values against MRSA1000 and improved in vitro 

microsomal stability in mouse liver microsomes compared to RNPA2000. 

Hypothesis 2: Bioisosteric replacement of the acyl hydrazide and thiourea 

moieties will provide analogs with similar or superior inhibitory potency against 

RnpA and RNase P, lower MIC values against MRSA1000 and improved in vitro 

microsomal stability in mouse liver microsomes compared to RNPA2000. 

Hypothesis 3: Bioisosteric replacement of the furan group will provide analogs 

with similar or superior inhibitory potency against RnpA and RNase P, lower 

MIC values against MRSA1000 and improved in vitro microsomal stability in 

mouse liver microsomes compared to RNPA2000. 

Specific Aim 2: Develop synthetic routes to the proposed compounds. 
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Specific Aim 3: Test the synthesized molecules for inhibitory activity at RnpA and 

RNase P, as well as antimicrobial activity, cytotoxicity and physiochemical properties.  

Specific Aim 4: Design photoaffinity labeled analogs of RNPA2000 in order to generate 

information about the binding pocket of RnpA and allow the use of X-ray crystal 

structures for structure-based design. 

 

2.1.1 Specific Aim 1 

Specific Aim 1: Design RNPA2000 analogs that do not possess the potentially 

metabotoxic hydrazide, thiourea and furan moieties to improve affinity and MIC and 

generate SAR data. 

Multiple functional groups in RNPA2000 are at risk for being metabolized to 

toxic species (Figure 8). Furans that are unsubstituted on the positions next to the oxygen 

atom can undergo CYP450-mediated oxygenation in those positions, leading to ring 

opening and formation of reactive ene-dione Michael acceptors (Figure 8).52 If one of the 

two acylhydrazide amide bonds were to be hydrolyzed, the resulting hydrazide might 

pose a metabotoxic threat, given the known propensity for acyl hydrazides like 

iproniazide to undergo a series of monoamine oxidase-A associated oxygenations and 

dehydrations to ultimately yield reactive acyldiazonium species (Figure 8).53 Thioureas 

are well known to display pulmonary toxicity due to their ability to be metabolized by 

CYP450s or flavin monooxygenases to reactive sulfinic acids, which can further react 

with endogenous bases to lose sulfur dioxide and give reactive carbodiimides (Figure 
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8).54,55,56 In addition, the isopropylphenoxy group and the multiple amide moieties may 

represent metabolically labile groups. We will need to identify suitable bioisosteres for 

all of these functional groups before the scaffold can be considered drug-like.  

 

 

Figure 8. Potential Metabotoxic Activation of the Groups in RNPA2000. Furans 

unsubstituted in the 5-position can be oxidized by CYP450s to give reactive ene-diones;  

hydrazides can go through multiple oxidations/dehydrations to give reactive 

acyldiazonium species; thioureas can be oxidized by both CYP450s and flavin 

monooxygenases to give reactive sulfinic acids, which can also lose sulfur dioxide to give 

reactive carbodiimides. 

 

2.1.1.1 Hypothesis 1 

Hypothesis 1: Bioisosteric replacement of the isopropylphenoxy group will 

provide analogs with similar or superior inhibitory potency against RnpA and RNase P, 

lower MIC values against MRSA1000 and improved in vitro microsomal stability in 

mouse liver microsomes compared to RNPA2000. 
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 The compounds in Table 4 were designed to test Hypothesis 1. Compound NL1 

was designed to confirm the necessity of a lipophilic group in the 4-position of the phenyl 

ring.  If an unsubstituted aryl ring is sufficient, then the logP would be lowered compared 

to the isopropyl analog. Preliminary data (Table 3, rows 8 and 9) suggest that a lipophilic 

substituent in the 4-position of this aryl ring is beneficial but the direct analog of 

RNPA2000 with an unsubstituted ring was not examined. The data from testing NL1 will 

confirm the need for substitution in the 4-position of this aryl ring.  

Preliminary data (Table 3, row 19) also suggest that, if 4-substitution is necessary, 

then the isopropyl group may not be optimal. To understand the SAR of this position 

better, the t-butyl analog NL2 and phenyl analog NL3 were designed. There are examples 

where t-butyl groups are stable to oxidative metabolism where isopropyl groups are not.57 

Ethers would lower the logP of the molecule (although they would also increase the 

chances of oxidative metabolic instability) so compounds NL4 – NL6 were synthesized 

to further understand the SAR of this position. Compound NL7 also investigates the SAR 

of the 4-position with a methyl group, although the ethoxy group of RNPA2000 has been 

replaced by a shorter methylene moiety. 

Preliminary data (Table 3, row 17) suggest that an isopropyl group in the 2-

position of the phenyl ring (rather than the 4-position) may be beneficial, although the 

fact that the furan end of the molecule was also modified in this preliminary example 

makes it difficult to assess how impactful the switch from 4-isopropyl to 2-isopropyl 

really is. To better understand this result, we synthesized compound NL8 containing a 2-

isopropyl group (with the rest of the RNPA2000 scaffold intact), as well as the analogous  
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Table 4. Analogs to Test Hypothesis 1 

 

Compound # R Compound # R 

NL1 

 

NL11 

 

NL2 

 

NL12 

 

NL3 

 

NL13 

 

NL4 

 

NL14 

 

NL5 

 

NL15 

 

NL6 

 

NL16 
 

NL7 

 

NL17 

 

NL8 

 

NL18 

 

NL9 

 

NL19 

 

NL10 
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t-butyl derivative NL9. Substitution at the 2-position is also investigated with groups that 

would lower the logP, such as an ethyl ether (NL10) and a hydroxyl group (NL11). 

Compounds NL14 and NL15 examine the effect of combining the isopropyl group and 

the chloro moiety in the 2- and 4-positions of the phenyl ring, which was also 

recommended from the preliminary data (Table 3, rows 4 and 5). 

Preliminary data (Table 3, row 20) also support examining the effect of 

substitution in the 3-position of the phenyl ring. To examine the effect of 3-substitution 

and 3,4-bis substitution we designed compounds NL12 and NL13 containing the 3-

isopropyl group and the 3-isopropyl group combined with the 4-chloro substitutent, 

respectively. 

As discussed, preliminary data (Table 3, rows 11-15) support the need for at least 

a 3-atom distance between the phenyl group and the carbonyl of the (4-

isopropylphenoxy)acetyl group in RNPA2000. The carbon next to the oxygen of the 

phenoxy group in RNPA2000 as well as the aromatic positions ortho to the position 

containing the oxygen represent potential sites for oxidative metabolism. Therefore, we 

designed compound NL16 to determine if this ether oxygen is necessary.   

Preliminary data (Table 3, row 18) show that rigidifying the conformation of the 

left-hand side of RNPA2000 can be beneficial, although it is not clear if adding the 

isopropyl group will provide additional benefit. We first synthesized compound NL17, 

which is similar to ST5254083 except the furan and phenyl group are not reversed. We 

also synthesized compound NL18 where the cinnamoyl group of ST5254083 is 

substituted in the 4-position of the phenyl ring with an isopropyl group. The cinnamoyl 
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group is known to act as a Michael acceptor, making it a risk for toxicity. We therefore 

designed compound NL19 where the double bond of the cinnamoyl group is replaced by 

the known bioisosteric cyclopropyl moiety. 

 

2.1.1.2 Hypothesis 2 

Hypothesis 2: Bioisosteric replacement of the acyl hydrazide and thiourea 

moieties will provide analogs with similar or superior inhibitory potency against RnpA 

and RNase P, lower MIC values against MRSA1000 and improved in vitro microsomal 

stability in mouse liver microsomes compared to RNPA2000. 

 Since there is no structural precedence for RnpA inhibitors it is not clear what role 

the three carbonyl groups and the hydrazine moiety in RNPA2000 play in its binding.  

They could be forming actual binding interactions with the protein or they could be 

serving essentially as a spacer group between the furan and the 4-isopropylphenoxy 

functionality. We designed and synthesized bioisosteres of the bis-acylhydrazide that lack 

the potentially metabotoxic components to examine the SAR of this region and test 

Hypothesis 2.  

Compound NL20 (Figure 9) evaluates the necessity for a thiocarbonyl group. In 

the event that a carbonyl-like group is required in the position occupied by the 

thiocarbonyl moiety in RNPA2000 we will be able to eliminate one of the metabotoxicity 

risks if the carbonyl is a suitable replacement for the thiocarbonyl. 
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Figure 9.  Analog NL20 Testing the Need for a Thiocarbonyl Group  

 

 

 To examine the role of the hydrazine NH groups we designed the two methyl 

derivatives NL21 and NL22 (Figure 10). The addition of these alkyl groups will examine 

if the presence of one or more of the hydrogen bonding NH groups is necessary and could 

also affect the conformation of the molecule around the diacylhydrazide moiety due to 

steric hindrance. An alternate approach to this strategy is compound NL23 (Figure 10) 

where the hydrazide nitrogens are incorporated into a 5-membered ring.  This molecule 

would constrain the carbonyl and thiocarbonyl into a cis-like conformation and the 

incorporation of the hydrazine into the pyrazolidine ring would eliminate the possibility 

of hydrolysis to a potentially metabotoxic primary hydrazide group. We also designed 

compound NL24 (Figure 10) to test the need for nitrogens by eliminating the hydrazine 

nitrogens completely but maintaining the distance between the furan and phenyl groups 

by replacing them with carbons. The sulfur has also been replaced by an oxygen atom, 

but compound NL20 will tell us if this is an acceptable substitution. 

We synthesized compound NL25 (Figure 10) to further study the need for the 

consecutive hydrogen bond donor groups inherent in the hydrazine moiety. The resulting 

compound is not drug-like, containing multiple amide bonds that will likely be reactive to 

hydrolytic enzymes. This molecule serves mainly as a tool to further assess the necessity 

of the hydrazine group as well as to study the effect of moving the phenoxyacetyl 
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Figure 10.  Analogs of RNPA2000 to Study SAR of Hydrazine Moiety.  

 

carbonyl closer to the thiocarbonyl group. Analog NL26 was also synthesized, which is 

similar to NL25 but preserves the 2 atom distance between the phenyl ring and start of 

the hydrazide moiety in RNPA2000. 

 Compounds NL27 – NL30 (Table 5) explore the binding motif of the B region 

carbonyls and determine if they are cis or require some degree of rotational freedom 

when binding to RnpA. The squarate moiety is a well-known bioisostere for a number of 

functional groups, including amino acids, ureas and phosphates.58 Its carbonyl groups are 

hydrogen bond acceptors and, in the case of squaric acid amides, the NH groups are weak 

hydrogen bond donors as in the hydrazine NH groups in RNPA2000. Thus, squaric acid 

analogs should provide some information regarding the necessity of the carbonyl groups 

and the NH groups of the hydrazine as well as whether or not the carbonyl groups need to 

be cis-oid to each other.  Because it is not clear which two of the three carbonyl groups 
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would be mimicked by a squaric acid amide moiety we varied the length of the two 

spacer chains L1 and L2.   

Table 5. Squaric Acid Amide Analogs 

 

 
 

Compound # L1 L2 

NL27 1 1 

NL28 1 2 

NL29 2 1 

NL30 2 2 

 

Compound NL31 (Figure 11) resembles MES 10609 (Figure 3), a compound 

reported to inhibit RNase P in the micromolar to millimolar range.46 The structural 

changes in NL31 eliminate both the potentially metabotoxic hydrazide and thiourea 

moieties, although the impact of these structural changes on susceptibility to hydrolysis is 

unknown. 

  

Figure 11.  MES 10609-like Analog NL31 and Des-carbonyl Analog NL32. 
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 In compound NL32 (Figure 11) the third carbonyl has been removed.  The results 

from testing this compound should provide information on the role of the third carbonyl 

group.   

 

2.1.1.3 Hypothesis 3 

Hypothesis 3: Bioisosteric replacement of the furan group will provide analogs 

with similar or superior inhibitory potency against RnpA and RNase P, lower MIC values 

against MRSA1000 and improved in vitro microsomal stability in mouse liver 

microsomes compared to RNPA2000. 

 The compounds in Table 6 were designed to test Hypothesis 3. Compound NL33 

evaluates the effect of attaching the furan at the 3- position instead of the 2-position. 

Compounds NL34 and NL35 assess the impact of substituents on the 3- and 5- positions 

of the furan.    

According to the preliminary data (Table 3, rows 19 and 20), RnpA may prefer 

liphophilic substituents on the furan group. Again, the comparison is not optimal since 

neither of the preliminary compounds contain the 4-isopropylphenoxy group on the left 

hand side of the molecule like RNPA2000, but the impressive increase in potency 

recommends testing the effect of substitution. Compounds NL36 and NL37 investigate 

added lipophilicity in the 5-position of the furan group, including an aryl ring, and a 

bromo moiety that will not raise the logP as much as aryl rings.  
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Table 6:  Analogs to Test Hypothesis 3 

 

Compound # R Compound # R 

NL33 

 

NL51 

 

NL34 

 

NL52 

 

NL35 
 

NL53 

 

NL36 
 

NL54 

 

NL37 
 

NL55 

 

NL38 
 

NL56 

 

NL39 
 

NL57 

 

NL40 

 

NL58 

 

NL41 
 

NL59 

 

NL42 

 

NL60 

 

NL43 
 

NL61 
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Table 6:  Analogs to Test Hypothesis 3 (continued) 

Compound # R Compound # R 

NL44 

 

NL62 

 

NL45 
 

NL63 

 

NL46 
 

NL64 

 

NL47 
 

NL65 
 

NL48 
 

NL66 
 

NL49 
 

NL67 

 
    

NL50 

 
 

  

 

Compounds NL38 – NL40 and NL45 – NL47 determine the impact of nitrogen 

atoms in the ring, either in addition to the furan oxygen (NL38, NL39) or in place of the 

furan oxygen (NL40, NL45 – NL47). The addition of nitrogen or substitution of nitrogen 

reduces the lipophilicity of the molecules compared to the analogous furan derivatives.  

The exact role of the furan oxygen in RnpA and/or RNase P inhibitory activity is 

not clear. It might be participating in a weak hydrogen bond, inducing electronegativity 

into the aryl ring or simply serving as a non-binding ring atom. Compounds NL41 and 

NL42 evaluate the placement of a sulfur instead of an oxygen in the form of a thiophene 

ring. This will examine both the size of the ring and the electronegativity requirements. 
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Furthermore, compounds NL43 and NL44 assess whether a heteroatom-containing ring 

like the furan of RNPA2000 is needed in this position or if the pharmacophore tolerates a 

non-heteroatom-containing ring like a phenyl group. The methoxy group in compound 

NL44 further explores the effect of added ring electronegativity and possibly the 

orientation of the phenyl ring relative to the carbonyl group (i.e., the steric clash between 

the ortho-methoxy group and the carbonyl will force the phenyl ring into a perpendicular 

conformation).  If the phenyl derivative proves to be active but the methoxy analog does 

not, meta- and para-methoxy analogs will be prepared to understand if the lack of activity 

is caused by the electron donating effect or the induced perpendicular conformation.  

Compounds NL48 – NL64 build upon the observation in the preliminary data 

(Table 3, rows 19 and 20) that addition of lipophilic aromatic bulk to the terminal end of 

the molecule enhances inhibitory potency. Fused and non-fused phenyl rings are 

appended to various 5- and 6-membered ring heterocycles that presumably reside at or 

near the binding site of the furan group. The compounds were designed to better 

understand the structural requirements for what seems to be a larger than anticipated or 

additional lipophilic binding region. 

 Compounds NL65 – NL67 help to further understand the proposed lipophilic 

binding region described in the previous paragraph by studying the effect of lengthening 

the distance between the terminal carbonyl group and the furan/benzofuran moiety. This 

distance is systematically lengthened by adding a methylene group (NL65), a linear trans 

double bond (NL66) and a linear trans double bond coupled with the added lipophilic 
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bulk of a benzofuran group (NL67) to get an idea of the size of this proposed lipophilic 

binding region. 

 

2.1.2 Specific Aim 2 

Specific Aim 2: Develop synthetic routes to the proposed compounds. 

 

2.1.2.1 Synthesis of RNPA2000 

 RNPA2000 can be synthesized in one pot (Scheme 1) using the general method 

described by Li et al.59  The commercially available reagents 2-furoyl chloride and 

ammonium thiocyanate are reacted to give the intermediate furan-2-isothiocyanate, which 

is then treated with the commercially available 2-(4-isopropylphenoxy)acetohydrazide to 

provide the final product.  This simple synthetic scheme should serve to synthesize most 

of the required analogs that contained the bis-acylhydrazide-amide core of RNPA2000. 

 

Scheme 1. Synthesis of RNPA2000 
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2.1.2.2 Retro-Synthetic Analysis of Compounds NL1-NL19 and NL33-NL67 

 

Scheme 2. Retro-Synthetic Analysis for Compounds NL1 – NL19, NL33 – NL67  

Compounds that have a bioisostere in place of the isopropylphenoxy group 

(Hypothesis 1) or furan group (Hypothesis 3) (1, Scheme 2) can be synthesized using the 

method described by Li et al.59, from an appropriate hydrazide 2 and a suitable acid 

chloride 3 by reacting them with ammonium thiocyanate. If ammonium thiocyanate does 

not give reasonable yields then potassium thiocyanate can be used in its place.  

Hydrazides 2 that are not commercially available can be derived from the coupling of 

hydrazine with the required acid 4, and the acid chloride 3 can be prepared from the acid 

5 by treatment with oxalyl chloride. 

2.1.2.3 Retro-Synthetic Analysis of Compound NL20 

 

Scheme 3. Retro-Synthetic Analysis for Compound NL20 
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Compound NL20 (Scheme 3), where the thiocarbonyl has been replaced by a 

carbonyl, can be prepared from the method of Li et al.59, wherein RNPA2000 is treated 

with potassium iodate. 

 

2.1.2.4 Retro-Synthetic Analysis of Compounds NL21 and NL22 

Methyl derivative NL21 (Scheme 4) can be synthesized from 2-furoyl chloride 6 

and hydrazide 7 using the general method of Li et al.59. The required protected methyl 

 

 

Scheme 4. Retro-Synthetic Analysis for Compounds NL21 and NL22 
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hydrazine reagent 9 can be prepared through the use of protecting group chemistry.  The 

use of the BOC protecting group adds an additional step but circumvents the potential 

problem of bis-coupling to both ends of the hydrazine during formation of the hydrazide 

7.  Compound 7 is formed from the coupling of acid 8 with BOC protected methyl 

hydrazine 9 followed by removal of the BOC protecting group. Compound 9 is 

synthesized by the removal of the carboxybenzyl (Cbz) group of 10, which is synthesized 

by addition of a BOC protecting group to 11, which is originally prepared from methyl 

hydrazine 12 by treating it with benzyl chloroformate.60 Compound NL22 can be 

similarly prepared, with the exception that the isomer of BOC-protected methyl 

hydrazine required to affect this synthesis is commercially available.  

 

2.1.2.5 Retro-Synthetic Analysis of Compound NL23 

Pyrazolidine analog NL23 (Scheme 5) will require multiple steps to synthesize, 

but can be prepared from 2-furoyl chloride 6, potassium thiocyanate and hydrazide 1461, 

which can be synthesized by the coupling of intermediate 15 with commercially available 

acid 8. A similar protecting group strategy to that described for the preparation of 

compound NL21 is used here. Compound 15 is formed from removal of the 

carboxybenzyl protecting group of 16, which is synthesized from the doubly protected 

hydrazine 17 by reaction with dibromopropane. Installation of the carboxybenzyl 

protecting group on BOC-protected hydrazine 18 yields 17. 
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Scheme 5. Retro-Synthetic Analysis of Compound NL23 

 

2.1.2.6 Retro-Synthetic Analysis of Compound NL24 

Compound NL24 can be synthesized (Scheme 6) from the coupling of commercially 

available 2-furamide (19) and acid 20. The furan in intermediate 21 is opened to give acid 

20. Intermediate 21 can be synthesized by removal of the protecting group for the 

aldehyde in intermediate 22, which is formed from the reaction of phenol with 

intermediate 23. Protection of the aldehyde in intermediate 24 gives intermediate 23. 

Intermediate 24 is formed from the chlorination of 5-hydroxymethylfurfural (25). 
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Scheme 6. Retro-Synthetic Analysis of Compound NL24 

 

2.1.2.7 Retro-Synthetic Analysis of Compounds NL25 and NL26 

Compounds NL25 and NL26 can be produced by the Li et al. method59 (Scheme 

7), using potassium thiocyanate, 2-furoyl chloride and the urea 26, which can be 

synthesized from reacting amine 27 with potassium cyanide. 

 

Scheme 7. Retro-Synthetic Analysis of Compounds NL25 - NL26 
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2.1.2.8 Retro-Synthetic Analysis of Compounds NL27 – NL30 

Squaric acid compounds NL27 – NL30 can be prepared (Scheme 8) from 

treatment of diisopropyl squarate 30 sequentially with furan-containing alkylamines 28 

 

Scheme 8. Retro-Synthetic Analysis of Compounds NL27 – NL30 

and isopropylphenyl-containing alkylamines 27, according to the procedure of Kinney et 

al.62 Diisopropyl squarate (a solid) is used instead of diethyl squarate (a liquid) to 

minimize the volatility and risk of exposure to this known class of sensitizer. 

 

2.1.2.9 Retro-Synthetic Analysis of Compound NL31 

 

Scheme 9. Retro-Synthetic Analysis of Compound NL31 
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Compound NL31, where the thioacyl hydrazide group has been replaced by a 

diaminoethane moiety (Scheme 9), can be prepared by coupling commercially available 

furan-2-carboxylic acid (31) to intermediate amine 32, which is synthesized from the 

coupling of commercially available acid 8 with commercially available BOC-protected 

ethylene diamine (33), followed by removal of the BOC group.63 

 

2.1.2.10 Retro-Synthetic Analysis of Compound NL32 

 

Scheme 10. Retro-Synthetic Analysis of Compound NL32 

Compound NL32 (Scheme 10) can be prepared through the coupling of hydrazide 

34 with furfuryl amine (28a) using bis(1-benzotriazolyl)methanethione, a known 

thiophosgene equivalent.64   

 

2.1.3 Specific Aim 3 

Specific Aim 3: Test the synthesized molecules for inhibitory activity at RnpA 

and RNase P, as well as antimicrobial activity, cytotoxicity and physiochemical 

properties. 
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Compounds were tested for their inhibition of RnpA and RNase P, their MIC 

values against MRSA1000 strains and their overt cytotoxicity. Compounds were also 

assessed in vitro for two physicochemical/ADME properties: aqueous solubility and 

stability in mouse and human liver microsomes. The ability of the compounds to inhibit 

mRNA degradation was examined using purified S. aureus RnpA obtained by 

transfection in E. coli. Inhibitory effects on tRNA maturation by RNase P were measured 

in the presence of equimolar amounts of S. aureus RnpA and rnpB. Antimicrobial 

susceptibility testing using the S. aureus UAMS-1 strain was performed according to 

Clinical and Laboratory standards guidelines (CLSI) on a 96-well platform.65 Minimum 

inhibitory concentrations (MICs) are defined as the lowest concentrations of test 

compounds at which there is no visible bacterial growth.  Overt cytotoxicity was assessed 

in human HepG2 hepatocytes using the MTT method and a commercially available kit 

from American Type Culture Collection (Manassas, VA).66 

 

2.1.4 Specific Aim 4 

Specific Aim 4: Design photoaffinity labeled analogs of RNPA2000 in order to 

generate information about the binding pocket of RnpA and allow the use of X-ray 

crystal structures/homology modeling for structure-based design. 

The binding pocket of RnpA and/or RNase P for our compounds is currently 

unknown. Identification of these binding pockets would allow us to use the known X-ray 

crystal structures of RnpA to pursue a structure-based design approach.42 One method for 

obtaining structural information about a binding pocket that has been used successfully is 
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photoaffinity labeling. In this approach, a representative molecule that is thought to bind 

to the site of interest is labeled with a tolerated group that is normally unreactive but upon 

photolysis forms an extremely reactive intermediate that will covalently bind to a 

nucleophile in the binding pocket.67 Proteomics can then be used to determine which 

amino acid residue(s) formed covalent bonds with the labeling reagent. This information 

can be used to focus molecular modeling docking studies aimed at developing a binding 

model for the chemical scaffold under investigation. 

To generate potential photoaffinity labeling reagents, we kept the basic structure 

of RNPA2000 in order to retain binding to RnpA. RnpA contains a number of 

nucleophilic side chain-containing amino acids, such as arginine, lysine and serine, in its 

structure so there is a good likelihood that this approach will be successful. Without 

knowledge of the exact binding motif it is difficult to predict where the photo-reactive 

substituent should be placed. From the preliminary binding data, it seems that the region 

of the protein around the furan ring prefers lipophilic substituents so we placed the 

reactive substituent in the 4-position of the phenoxyacetyl ring since that position seems 

to tolerate at least halogen groups which may be forming weak hydrogen bonds. 

  

2.1.4.1. Retro-Synthetic Analysis of Compound NL68 

We designed three photoaffinity candidates, the 4-azido, 4-benzophenone and 4-

diazirine analogs (NL68, NL69 and NL70, respectively). Azides have been widely used 

as a photolabeling substituent for many years.68 Upon irradiation, the azide forms a 
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singlet nitrene which can lead to a triplet nitrene. The maximum absorption wavelength 

for irradiation is less than 300 nm, which can cause damage to biological systems. The 

azide compound (NL68, Scheme 11) can theoretically be synthesized using the general 

method of Li et al.59 with 2-furoyl chloride (6), thiocyanate and hydrazide 35. 

Intermediate 35 should be available by coupling acid 36 with hydrazine. The azide would 

be installed on 37 through diazotization chemistry using sodium nitrite and sodium azide 

to yield 36. Compound 37 can be formed by deprotection of intermediate 38, which is 

synthesized from acetaminophen (39) and ethyl chloroacetate. 

 

 

Scheme 11. Retro-Synthetic Analysis of Compound NL68 
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2.1.4.2 Retro-Synthetic Analysis of Compound NL69 

Another photoreactive group is the benzophenone moiety, which is activated at 

wavelengths in the 350-360 nm range. This range is actually preferred due to lessened 

protein degradation. When it is irradiated, the benzophenone produces a triplet carbonyl 

state that reacts with C-H bonds (Figure 12).69 The fact that a 4-phenyl substituent on the 

phenoxyacetyl ring enhances activity bodes well for this analog serving as a good 

photoaffinity reagent. 

Figure 12. Photoactivation of Benzophenone 

Compound NL69 can theoretically be prepared (Scheme 12) from 2-furoyl 

chloride (6), thiocyanate and hydrazide 40. Intermediate 40 should be available by 

coupling hydrazine with acid 41, which would be prepared from commercially available 

phenol 42. 

 

Scheme 12. Retro-Synthetic Analysis of Compound NL69 
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 2.1.4.3 Retro-Synthetic Analysis of Compound NL70 

An alternative to azides and the bulky benzophenone is the diazirine group, which 

can also function as a photoreactive substituent. Similar to benzophenones, diazirines are 

irradiated at 350-380 nm. Diazirines form a carbene when irradiated (Figure 13) that can 

form a covalent bond by C-C, C-H, O-H or X-H insertion. 

 

  

Figure 13. Photoactivation of Diazirines 

Compound NL70 can theoretically be prepared (Scheme 13) by bubbling ammonia 

through a solution of 43, followed by the addition of hydroxylamine-O-sulfonic acid.70 

Intermediate 43 should be available through the reaction of 2-furoyl chloride (6), 

 

Scheme 13. Retro-Synthetic Analysis of Compound NL70 
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thiocyanate and hydrazide 44, which can be formed through the coupling of hydrazine 

with commercially available acid 45.  

The three photoaffinity labels were synthesized and tested first for their activity at 

RnpA. The most potent one will be used for photoaffinity labeling. 
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CHAPTER THREE 

SYNTHESIS AND METHOD DEVELOPMENT 

3.1 Synthesis of Compounds NL1 – NL19 and NL33 – NL67 

The synthesis for compounds NL1 – NL19, where the furan group has been 

replaced with bioisosteres, and compounds NL33 – NL67, where the isopropylphenoxy 

group has been replaced with various bioisosteres, will be discussed individually.  

 

3.1.1 Synthesis of Compounds NL1 – NL19 

Compounds NL1 – NL19 were synthesized as shown in Scheme 14, where R is various 

bioisosteres for the isopropylphenoxy group. Most of the hydrazides 2a-o were not 

commercially available and had to be synthesized.  Initial attempts to produce hydrazides 

2 involved coupling acid 4 with hydrazine using the coupling agents 

hydroxybenzotriazole (HOBt) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

(EDC).71 However, hydrazide 2 was never recovered after using this method. Assuming 

that bis-coupling was taking place, mono BOC-protected hydrazine was then used instead 

of hydrazine, with EDC as the coupling agent, and the BOC-protected hydrazide 46 was 

recovered.72 Deprotection with TFA in dichloromethane gave hydrazide 2, which was 

reacted with 2-furoyl chloride and potassium thiocyanate according to the method of Li et 

al.59 to give compounds NL1 – NL19 (overall yields: 4-14%, Table 7). NL3 (the 4-phenyl 

analog) could not be synthesized despite repeated attempts. Even though the hydrazide 

was prepared, the product never formed. In a few cases, the acid chloride of the required  
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Table 7. Synthesis of Compounds NL1 – NL19 

 

Compound 

# 
R 

Yield 

(%) 

Compound 

# 
R 

Yield 

(%) 

NL1 

 

7 NL10 
 

5 

NL2 

 

9 NL11 
 

5 

NL4 
 

10 NL12 

 

8 

NL5 

 

5 NL16 
 

4 

NL6 
 

8 NL17 
 

6 

NL7 
 

9 NL18 

 

14 

NL8 

 

7 NL19 

 

11 

NL9 

 

5    

*Compounds NL3, NL13 – NL15 were not prepared. 
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acid 4 was commercially available, and this was reacted directly with BOC-protected 

hydrazine in methanol to give the BOC-protected hydrazide 46. 

 

 

Scheme 14. Synthesis of Compounds NL1 – NL19 

Most of the starting acids 4 are commercially available, but in some cases (NL13- 

NL15), the phenoxyacetic acid had to be synthesized. We attempted to prepare the 

substituted phenoxyacetic acids for compounds NL13 – NL15 as shown in Scheme 15.  

Oxone with potassium chloride as a chlorine source, can regioselectively chlorinate at the 

para position to the hydroxyl group.73 These reagents were used with 3-isopropyl phenol 

(47) to yield 48. In the case of NL15 (53), the para position is blocked by the isopropyl 

group, so chlorination occurs at the ortho position. Intermediate 48 was reacted with 

chloroacetic acid but the reaction did not occur to form 49. We switched the conditions 

from sodium hydroxide and water to potassium carbonate and DMF, and heated the 

reaction in the microwave but intermediate 49 was still not formed. We also tried using 
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ethyl chloroacetate instead of chloroacetic acid, running a Finklestein reaction with 

sodium iodide in the reaction so that the iodoacetic acid is generated in situ, and adding 

18-crown-6 ether to the reaction so that a naked anion is formed. However, none of these 

reactions were successful. As we could not form intermediate 49, we also attempted to 

chlorinate 2-(4-isopropylphenoxy)acetohydrazide (34) with oxone and potassium 

chloride. No reaction occurred at room temperature, and after heating, an unknown side 

product formed. For NL14, 5-chloro-2’-hydroxyacetophenone 50 was reacted with the 

methyl Grignard reagent, followed by removal of the hydroxyl group using triethyl silane 

and boron trifluoride etherate to give 51.74  However, we also were not able to form the 

phenoxyacetic acid 52.  With our inability to prepare intermediates 49, 52 and 55, the 

synthesis of final targets NL13 – NL15 was not accomplished. 

 

Scheme 15. Unsuccessful Syntheses of Substituted Phenoxyacetic Acids for the 

Preparation of NL13 – NL15  
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3.1.2 Synthesis of Compounds NL33 – NL67 

The method of Li et al.59 provides a general one-pot procedure for synthesizing 

analogs of RNPA2000 with bioisosteric groups replacing the furan moiety (Scheme 16). 

In this method acid chlorides (3) containing the furan bioisostere (purchased 

commercially or prepared from the corresponding carboxylic acids (5) using oxalyl 

chloride) are treated with a thioisocyanate salt.75 The resulting acylisothiocyanate is not 

isolated, but rather treated with 2-(4-isopropylphenoxy)acetohydrazide (34) to yield the 

desired final compounds (NL33 – NL67). Although we initially synthesized RNPA2000 

with 90% yield, for other R groups, we found that in some cases higher yields (4-69%, 

Table 8) could be obtained when the conditions originally used by Li et al.59 (ammonium 

isothiocyanate, PEG400, methylene chloride) were modified (potassium isothiocyanate, 

acetonitrile). The indole substituted at the 6-position with a fluorine (NL59), was not 

synthesized as the product never formed. Occasionally, depending on the R group, the 

acid chloride (3) did not completely react with the isothiocyanate salt and a byproduct 

(NL71 – NL82) missing the thiocarbonyl group was obtained in 8-67% yields (Scheme 

16), especially with the use of ammonium isothiocyanate and PEG400. For NL61, the 

pyrrole with the phenyl ring attached, only the byproduct formed.  

 

Scheme 16. Synthesis of Compounds NL33 – NL67 and NL71- NL82 
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Table 8. Synthesis of Compounds NL33 – NL67 

 

Compound 

# 
R Yield (%) 

Compound 

# 
R Yield (%) 

NL33 
 

46 NL50 
 

14 

NL34 
 

11 NL51 
 

47 

NL35 
 

27 NL52 
 

14 

NL36 
 

59 NL53 

 

14 

NL37 
 

13 NL54 

 

8 

NL38 
 

58 NL55 

 

4 

NL39 
 

6 NL56 

 

13 

NL40 
 

6 NL57 

 

9 

NL41 
 

68 NL58 

 

9 

NL42 

 

49 NL60 

 

6 

NL43 
 

44 NL62 

 

14 

NL44 

 

26 NL63 
 

12 
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Table 8. Synthesis of Compounds NL33 – NL67 (continued) 

Compound 

# 
R Yield (%) 

Compound 

# 
R Yield (%) 

NL45 
 

38 NL64 
 

14 

NL46 
 

69 NL65 
 

6 

NL47 
 

27 NL66 
 

11 

NL48 
 

40 NL67 
 

49 

NL49 
 

8    

Compounds NL59, NL61 were not prepared. 

The byproducts that were formed are shown in Table 9. Eight of these formed as 

side products in the reaction (NL72, NL73, NL76 – NL81). Results published after this 

project began indicated that the chemical scaffold inherent in the byproducts can display 

antimicrobial activity (mechanism not disclosed) and anticancer activity through the 

inhibition of matrix metalloproteins-2 and -12.76,77,78 Therefore, NL71, the analog of 

RNPA2000 without the thiourea group, the two thiophene analogs, NL74 and NL75, and 

analog NL82, were synthesized using the Li et al. reaction without potassium thiocyanate 

and tested for antibacterial activity. 

 The Li et al. method worked well when the acid chloride was an aryl or 

cinnamoyl acid chloride. However, compound NL65, the homologated thiohydrazide 

analog, did not form under these conditions. The byproduct, NL81, was isolated, but 

running both steps of the reaction for multiple days and heating up to 80oC after the 

addition of the hydrazide did not yield NL65. We also tried to isolate the intermediate  
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Table 9. Analogs Synthesized without Thiourea Group or Obtained as Byproducts 

 

 

 

Compound # R 
Yield 

(%) 
Compound # R 

Yield 

(%) 

NL71 
 

51 NL77 

 

17 

NL72 

 

23 NL78 

 

17 

NL73 
 

26 NL79 

 

18 

NL74 
 

11 NL80 
 

8 

NL75 

 

13 NL81 
 

19 

NL76 

 

67 NL82 
 

5 
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from the reaction of the acid chloride and potassium thiocyanate, and then proceed with 

addition of the hydrazide, but this was also not successful. Instead of oxalyl chloride, 

dichlorotriphenylphosphine was used to form the acid chloride; however, NL65 was not 

formed.  

Reasoning that the acidic protons on the methylene between the carboxyl group 

and the furan moiety were interfering with the isothiocyanate formation, we developed an 

alternate synthetic scheme to produce NL65 (Scheme 17). 2-(4-isopropylphenoxy)acetic 

acid (8) was converted to its acid chloride (56), with oxalyl chloride and then treated with 

semicarbathiazide to give the resulting carbothioamide (57), which was subsequently 

reacted with sodium hydride and then the acid chloride 58.  Desired compound NL65 was 

isolated, albeit in low yield (6%).  

 

Scheme 17. Synthesis of Homologated Compound NL65 
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3.2 Synthesis of Compounds NL20 – NL32 

 3.2.1 Synthesis of Compound NL20 

For compounds NL20 – NL32, where the bis-acylhydrazide was replaced by 

bioisosteres, various synthetic strategies were used. RNPA2000 was prepared from as 

shown in Scheme 1. RNPA2000 was refluxed with potassium iodate in water (Scheme 

18) to give NL20 in low yields (5%).59 To improve the yield, we also tried grinding 

RNPA2000 with 30% hydrogen peroxide in a mortar and pestle for 10 minutes according 

to the method of Wang et al, but the reaction did not proceed.79 

Scheme 18. Synthesis of Compound NL20 

 

3.2.2 Synthesis of Compounds NL21 and NL22 

The methylated hydrazide derivative NL22 was synthesized (Scheme 19) 

beginning with (4-isopropylphenoxy)acetic acid (8), which was coupled with 

commercially available BOC-protected methyl hydrazine using EDC. Deprotection with 

trifluoroacetic acid (TFA) led to hydrazide 13, which was reacted with 2-furoyl chloride 

(6) and potassium thiocyanate to give NL22 in 23% overall yield.  
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We were not able to synthesize the other methylated derivative, NL21, where the 

BOC-protected methyl hydrazine isomer is not commercially available (Scheme 19). 

Isolating the BOC-protected methyl hydrazine (9)60, proved to be a challenge. The 

compound appeared to be volatile and its presence was hard to confirm. Moving forward 

with the material we had isolated, and performing the same reactions as those for NL22, 

we were able to form what appeared to be NL21, but in very small yields (always less 

than a milligram), and the limited material was never completely pure even after 

reversed-phase purification. 

 

 

Scheme 19. Synthesis of Compounds NL21 and NL22 

 

3.2.3 Synthesis of Compound NL23 

Pyrazolidine analog NL23 was synthesized as shown in Scheme 20.   

Commercially available BOC-protected hydrazine was protected with a 
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carboxybenzyloxy (Cbz) group using benzyl chloroformate and N-methyl morpholine 

(NMM). The doubly protected hydrazine 17 was then reacted with sodium hydride and 

dibromopropane to give intermediate 16. Removal of the carboxybenzyl group with 

hydrogenation yielded intermediate 15,61 which was coupled with (4-

isopropylphenoxy)acetic acid using EDC. Subsequent deprotection gave intermediate 14, 

which was reacted with potassium thiocyanate and 2-furoyl chloride to give NL23 in 2% 

overall yield.  

 

Scheme 20. Synthesis of Compound NL23 

 

3.2.4 Synthesis of Compound NL24 

We attempted to synthesize compound NL24 as shown in Scheme 21. We first 

chlorinated 5-hydroxymethylfurfural (25) using hydrochloric acid and DCM to give 

intermediate 24. We then attempted to protect the aldehyde with 1-butanol and 

hydrochloric acid to form 23 after the procedure of Chang et al.80, but the product was not 

formed; instead, the butanol replaced the chlorine. We also tried to use a methoxy 

protecting group with iodine and methanol to form 59, but similarly the chlorine was 

replaced instead by methanol. We then decided to not protect the aldehyde and instead 
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just react 24 with phenol and potassium carbonate in dimethylsulfoxide (DMSO), which 

provided intermediate  21.80 We attempted to open the furan of 21 by reacting it with 

30% hydrogen peroxide;81 however, intermediate 20 was not formed. We then tried a 

two-step ring opening procedure for which there was literature precedence. We were able 

to oxidize 21 with meta-chloroperoxybenzoic acid (mCPBA) in dichloromethane,82 

which did give intermediate 60. However, all attempts to open the ring by sonicating the 

compound with zinc and acetic acid according to the method of Cottier et al.83 proved 

unsuccessful. 

 

Scheme 21. Attempted Synthesis of Compound NL24 
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3.2.5 Synthesis of Compounds NL25 and NL26 

To eliminate the hydrazide group we designed some analogs where one of 

hydrazide nitrogens was translocated to a position closer to the isopropyl ring (NL25, 

NL26).  Since we were uncertain of the role of this –NH group in binding to RnpA we 

adjusted the distance between the resulting extended urea group and the isopropyl ring 

with one (NL25) and two (NL26) methylene moieties.   

 Compound NL25 (Scheme 22) was synthesized beginning with 4-commercially 

available isopropylbenzylamine (27a), which upon reaction with potassium cyanide gave 

the urea 61.84 Reaction of the urea with 2-furoyl chloride and potassium thiocyanate led 

to NL25 in 6% overall yield. Compound NL26 was prepared in a similar manner in 3% 

overall yield, except the starting amine 27b was not commercially available.  It was 

obtained by reducing 4-isopropylphenylacetonitrile (62) to the required amine with 

borane dimethyl sulfide complex.  

 

 

Scheme 22. Synthesis of Compounds NL25 and NL26 
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3.2.6 Synthesis of Compounds NL27 – NL30 

As a potential bioisostere of the central core region of RNPA2000 we designed 

and prepared a series of squaric acid amide analogs. The desired compounds were 

synthesized (Scheme 23) according to the method of Kinney et al.62 We used diisopropyl 

squarate (a solid) as the starting material rather than diethyl squarate (a liquid), a known 

irritant and skin sensitizer. Diisopropyl squarate (30) was treated with furan-containing 

alkylamines (28a- b) to generate intermediate 29a – b in 50-76% yields, followed by 

treatment with isopropylphenyl-containing alkylamines (27a - b) to yield NL27 – NL30  

 

 

Scheme 23. Synthesis of Compounds NL27 – NL30 

 

in 8-54% yields (Table 10). The reaction of diisopropyl squarate with 2-furanethanamine 

(28b), which was used as a hydrochloride salt, required a catalytic amount of 4-

dimethylaminopyridine (DMAP). Amine 27b was synthesized according to Scheme 22.  

Table 10. Synthesis of Compounds NL27 – NL30 

Compound # L1 L2 Overall Yield (%) 

NL27 1 1 29 

NL28 1 2 27 

NL29 2 1 6 

NL30 2 2 11 
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3.2.7 Synthesis of Compound NL31 

Compound NL31 replaces the thioacylhydrazide group with an ethylene diamine 

moiety. The thio-carbonyl is eliminated altogether. Compound NL31 was synthesized 

(Scheme 24) by first coupling commercially available BOC-protected ethylene diamine 

(33) with 4-isopropylphenoxyacetic acid (8) using the coupling agent 4-(4,6-Dimethoxy-

1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM) to give intermediate 64.63 

Deprotection yielded intermediate 31, which was coupled with furan-2-carboxylic acid 

(32) using N-methyl morpholine (NMM) and (Benzotriazol-1-

yloxy)tris(dimethylamino)phosphonium hexafluorophosphate (BOP)85 to give NL31 in 

9% overall yield. 

 

Scheme 24. Synthesis of Compound NL31 

 

3.2.8 Synthesis of Compound NL32 

Compound NL32 tests the necessity of the carbonyl group next to the lipophilic 

moiety (furan in the case of RNPA2000). It was synthesized using bis(1-

benzotriazolyl)methanethione (65), a known thiophosgene equivalent (Scheme 25). The 

one-pot method of Katritzky et al. did not provide NL32.64 However, reacting bis(1-
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benzotriazolyl)methanethione (65)  with furfurylamine (28a) and isolating intermediate 

66, and then treating this activated thiourea with hydrazide 34, led to NL32 in 22% 

overall yield.  

 

Scheme 25. Synthesis of Compound NL32 

 

 

3.3 Synthesis of Photoaffinity Labeled Compounds 

 3.3.1 Synthesis of Compound NL68 

For proposed azide NL68 (Scheme 26), synthesis began with the reaction of 

acetaminophen (39) with ethyl choroacetate to form intermediate 38, which was 

deprotected to give aminophenoxyacetic acid 37.86 The azide was formed by reacting 37 

with sodium nitrite, followed by treatment with sodium azide.87 A few times we were 

able to isolate what appeared to be the azide, which precipitated out of solution, but at 

other times no precipitant formed. Regardless of reaction temperature, after 

approximately two hours the reaction would start to foam, which we took to be 

degradation of the azide. When we were able to isolate azide 36, we coupled it with mono 

BOC-protected hydrazine, followed by removal of the BOC group. As azides are 
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sensitive to acid, cerium ammonium nitrate was used for the deprotection.88 When we 

reacted the hydrazide 35 with 2-furoyl chloride and potassium thiocyanate, we were 

never able to identify or isolate compound NL68. As an alternative, we also attempted to 

form the azide in the last step of the synthesis by converting 37 to the corresponding acyl 

hydrazide (67) and then reacting this molecule with 2-furoyl chloride (6) and potassium 

thiocyanate to give 68. However, all attempts to convert 68 to the desired azide NL68 

through treatment with sodium nitrite and sodium azide failed. 

 

 

Scheme 26. Attempted Syntheses of NL68 

 

3.3.2 Synthesis of Compound NL69 

Benzophenone NL69 was synthesized as shown in Scheme 27. 4-Commercially 

available hydroxybenzophenone (42) was reacted with ethyl chloroacetate and potassium 

carbonate in acetone to give intermediate 69. Hydrolysis of the ester produced 
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intermediate 41, which was coupled with mono BOC-protected hydrazine. Removal of 

the BOC group under acidic conditions generated hydrazide 40. Reaction with potassium 

thiocyanate and 2-furoyl chloride (6) led to NL69.  

 

Scheme 27. Synthesis of NL69 

 

 3.3.3 Synthesis of Compound NL70 

We attempted to synthesize diazirine compound NL70 (Scheme 28) beginning 

with commercially available 4-acetylphenoxyacetic acid (45), which was coupled with 

mono BOC-protected hydrazine and subsequently deprotected to form hydrazide 44. 

Reaction with 2-furoyl chloride and potassium thiocyanate formed intermediate 43. 

However, this compound was always formed in low yields and was very difficult to 

isolate and confirm. Unfortunately, when 43 was treated with ammonia gas in methanol, 

followed by addition of hydroxylamine-O-sulfonic acid and titrated with iodine in 

methanol,70,89 the diazirine product (NL70) was not formed.  Attempts to form the 

diazirine of the starting material 45, using the same conditions, also failed to provide 

product. We then attempted to form the diazirine through the tosylated oxime. We first 
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reacted 4-acetylphenoxyacetic acid (45) with hydroxylamine hydrochloride and sodium 

acetate in ethanol to form oxime 70.90 We then attempted to selectively tosylate the 

oxime, but reaction with tosyl chloride, pyridine and DMAP91 led to the di-tosylated 

product 71. Since selectively tosylating the oxime group in the presence of the carboxylic 

acid was not possible, we then tried to protect the acid first. We reacted 45 with methyl 

iodide and potassium carbonate to form intermediate 72.92 When we attempted to form 

the oxime on the protected compound, we got, instead, a side product that appeared to be 

the hydroxamic acid 73. This reaction had to be run in methanol because when it was run 

in ethanol, the methyl ester transesterified to an ethyl ester. We attempted to circumvent 

the presence of oxime-acid 70 during the tosylation step in other manners, including by 

reacting oxime 70 with mono BOC-protected hydrazine to form intermediate 74, as this 

would have to be done later in the synthesis anyway. Attempts to tosylate this molecule 

to form intermediate 75 were unsuccessful. We also protected the carboxylic acid with a 

BOC group to form intermediate 76,93 which was then reacted to form oxime 77 under 

the previous conditions. Attempts to tosylate this molecule to form intermediate 78 were 

also unsuccessful. Lastly, we attempted to first form the tosylated hydroxylamine and 

then add it to the starting material 45 to give the tosylated oxime directly. N-BOC 

hydroxylamine (79) was tosylated with tosyl chloride and triethylamine to form 

intermediate 80 and removal of the BOC group gave tosylated hydroxylamine (81).94 

However, all attempts to react this compound with 4-acetylphenoxyacetic acid (45)95 to 

form intermediate 82 were unsuccessful.  
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Scheme 28. Attempted Syntheses of NL70 
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Scheme 28. Attempted Syntheses of NL70 (continued) 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 Tests of Hypotheses 

The aims of this study were to design RNPA2000 analogs that do not possess the 

potentially metabotoxic hydrazide, thiourea and furan moieties in order to improve the 

affinity and MIC values and generate SAR data. Synthetic routes to these compounds 

were developed and the molecules were tested for inhibitory activity at RnpA and RNase 

P, as well as antimicrobial activity, cytotoxicity in HepG2 cells and physiochemical 

properties. The results section will present data that supports or refutes the hypotheses.  

Hypothesis 1: Bioisosteric replacement of the isopropylphenoxy group will 

provide analogs with similar or superior inhibitory potency against RnpA and 

RNase P, lower MIC values against MRSA1000 and improved in vitro 

microsomal stability in mouse liver microsomes compared to RNPA2000. 

Hypothesis 2: Bioisosteric replacement of the acyl hydrazide and thiourea 

moieties will provide analogs with similar or superior inhibitory potency against 

RnpA and RNase P, lower MIC values against MRSA1000 and improved in vitro 

microsomal stability in mouse liver microsomes compared to RNPA2000. 

Hypothesis 3: Bioisosteric replacement of the furan group will provide analogs 

with similar or superior inhibitory potency against RnpA and RNase P, lower 

MIC values against MRSA1000 and improved in vitro microsomal stability in 

mouse liver microsomes compared to RNPA2000. 
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4.1.1 Test of Hypothesis 1 

Hypothesis 1: Bioisosteric replacement of the isopropylphenoxy group will 

provide analogs with similar or superior inhibitory potency against RnpA and RNase P, 

lower MIC values against MRSA1000 and improved in vitro microsomal stability in 

mouse liver microsomes compared to RNPA2000. 

 

4.1.1.1 Results 

Analogs were synthesized where the 4-isopropylphenoxy moiety was replaced 

with bioisosteres, as this group has the potential to be metabolically labile. The results 

from the biological as well as physiochemical testing can be seen in Table 11. 

 

4.1.1.2 Discussion 

Most of the changes made to the 4-isopropoxy group resulted in analogs that lost 

inhibitory activity for RnpA and RNase P. Removal of the isopropyl group (NL1), as well 

as replacing the isopropyl group with alkoxy groups like methoxy (NL4) or ethoxy (NL5) 

substituent eliminated the inhibitory activity for RnpA and RNase P. The analog with a t-

butyl group in place of isopropyl (NL2) had slightly better activity against RNase P, but 

no inhibitory activity against RnpA. N-Propoxy (NL6) and methyl groups (NL7) in the 4-

position had some activity against RNase P but none against RnpA, with MICs in the 64-

128 µg/mL range. Based on these results (and that from the 4-phenyl analog 19, Table 3),  
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Table 11. Results for Compounds NL1 – NL19 
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Table 11. Results for Compounds NL1 – NL19 (continued) 
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it seems that the isopropyl group may be occupying a highly lipophilic pocket on RNase 

P and RnpA. The lipophilic pocket on RNase P may be somewhat larger than that on 

RnpA, given the fact that the t-butyl group was accommodated by RNase P but its 

presence eliminated activity versus RnpA. The presence of some activity (at least against 

RNase P) seen with the n-propoxy group (NL6) argues that this SAR is more the result of 

the lipophilicity of the R group rather than the R group’s electronic effects on the pendant 

phenyl ring. 

All of the 4-substituted analogs had higher MIC values versus MRSA1000 that 

that of RNPA2000 (32 µg/mL). One analog, NL7, displayed some antimicrobial activity 

despite being devoid of inhibitory activity against both RNase P and RnpA. This 

compound had a methyl group in place of the isopropyl moiety of RNPA2000 and also 

lacked the methoxy bridge between the phenyl ring and the first carbonyl group of the 

acylthiahydrazone. The compound was not overtly toxic to HepG2 cells, suggesting that 

some alternative antimicrobial activity could be coming into play for this analog. 

Most of the 4-substituted compounds displayed similar microsomal stability 

compared to that seen with RNPA2000 (t1/2 in mouse liver microsomes – 14.5 min; t1/2 in 

human liver microsomes = 57.8 min, Table 2) and the same trend of having greater 

stability in the human system compared to the mouse system. The one exception was the 

ethoxy analog NL5, which was also unstable in human liver microsomes. 

Direct analogs of RNPA2000 with R-groups in the 2-position of the phenyl ring 

(instead of the 4-position) also gave interesting results. The 2-isopropyl derivative NL8 

has some inhibitory activity against RnpA but none versus RNase P. Conversely, the t-
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butyl analog NL9 displayed inhibitory activity against RNase P but none versus RnpA.  

Neither compound showed appreciable antimicrobial activity. One conclusion that could 

be drawn from these results is that both RnpA and RNase P inhibition are required for 

antimicrobial activity. When the methoxy linker between the phenyl ring and the 

carbonyl of the acylthiahydrazone was removed (NL10 and NL11), we once again 

obtained compounds that were devoid of inhibitory activity against RNase P and RnpA 

but had antimicrobial activity. These results suggest that, like NL7, the two compounds 

may be killing bacteria through another mechanism. The data obtained from these 2-

substituted compounds were disappointing based on the encouraging results seen with 

ST55232190 (compound 17, Table 3). However, ST55232190 also has structural 

modifications to the opposite end of the molecule. Based on these results, it seems that 

the binding of this left-hand portion of the molecule is strongly affected by how the right-

hand portion of the molecule binds since structural changes to that right-hand portion had 

much greater effects on RNase and RnpA activities than did the changes that we made to 

the left-hand region (discussed below for Hypothesis 3). 

Microsomal stability assessment revealed that, in general, the 2-substituted 

analogs were more susceptible to human microsomal metabolism compared to analogous 

4-substituted analogs (e.g., t1/2 for isopropyl derivative NL8 = 3.7 min., compared to t1/2 

for RNPA2000 = 57.8 minutes). The t-butyl analog NL9 was surprisingly stable to mouse 

microsomal metabolism, but this was likely the result of the compound’s poor aqueous 

solubility (< 2 µM in phosphate buffered saline/1% DMSO). The good microsomal 
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stability seen for the 2-hydroxy compound NL11 indicates that a major site for 

metabolism is in the alkyl moiety of the 2-substitutent in the mouse system. 

Moving the isopropyl group to the 3-position (NL12) eliminated inhibitory 

activity against RnpA and RNase P, as well as the antimicrobial activity against 

MRSA1000. Replacing the oxygen in the ether moiety with a carbon (NL16) removed 

what little degree of inhibition of RNase P that was seen with analogous compound NL1.  

Interestingly, the presence of a propyl linker in NL16 eliminated the unexpected 

antimicrobial activity seen for compounds NL7, NL10 and NL11. This result provides 

some confidence that compounds possessing the ether linker group are exerting their 

antimicrobial activity through inhibition of RNase P and RnpA and not through the 

unknown mechanism that drives the antimicrobial activity of NL7, NL10 and NL11. 

Substitution of a trans double bond for the ether moiety of RNPA2000 (NL17 and 

NL18) retained some inhibitory activity against RnpA (NL18) and RNase P (NL17 and 

NL18). The MIC of NL17 was surprisingly good (64 µg/mL) considering the lack of 

RnpA activity. Perhaps this reflects a greater degree of penetration into the bacteria due 

to the lower logP (1.68), although this assertion would need to be tested with a number of 

compounds to be considered valid. The MIC of NL18 cannot be interpreted since it 

coincides with concentrations that also cause cytotoxicity in HepG2 cells. The compound 

possessing a cyclopropyl bioisostere for the trans double bond (NL19) had no activity 

against RnpA, yet a lower MIC value (32 µg/mL) than the compounds with the double 

bond. Again, it is not clear if these data are the result of a lower logP compared to 
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RNPA2000 (1.66 for NL19 versus 2.14 for RNPA2000) and accompanying increases in 

bacterial cell permeability or some other factor. 

The 3-isopropyl analog NL12 showed similar stability in mouse liver microsomes 

compared to that of RNPA2000 and lower stability in human liver microsomes, despite 

poor aqueous solubility (4 µM). All of the analogs where the oxygen in the ether linker 

was removed were more stable to mouse microsomal metabolism than RNPA2000, even 

the 4-isopropyl derivative NL18. Interestingly, the cyclopropyl compound NL19 was 

somewhat more labile to human microsomal metabolism compared to RNPA2000 (t1/2 for 

NL19 = 31.7 minutes, compared to 57.8 minutes for RNPA2000). 

 

4.1.1.3 Conclusions 

Hypothesis is partially true 

 Bioisosteric analogs with increased mouse microsomal stability were identified. 

Those analogs had carbon linkers between the phenyl and the carbonyl group of 

the acylthiahydrazone. 

 Analogs possessing bioisosteric replacement groups for the 4-isopropyl moiety 

did not show enhanced potency against RNase P and RnpA, nor did they show 

superior MIC values compared to RNPA2000.  Many changes to the R group 

eliminated inhibitory activity for RNase P, RnpA or both. 

 The one compound that displayed more potent antimicrobial activity that that seen 

with RNPA2000 (NL10) was not an inhibitor of RNase P or RnpA processing.  
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The antimicrobial activity was likely caused by some other mechanism which 

resulted from changing the methoxy linker. 

 

 4.1.2 Test of Hypothesis 2 

Hypothesis 2: Bioisosteric replacement of the acyl hydrazide and thiourea 

moieties will provide analogs with similar or superior inhibitory potency against RnpA 

and RNase P, lower MIC values against MRSA1000 and improved in vitro microsomal 

stability in mouse liver microsomes compared to RNPA2000. 

 

 4.1.2.1 Results 

Since the thiourea and acyl hydrazide moieties are either metabotoxic or can lead 

to metabolites that are further metabolized to give toxic species we decided to look for 

bioisosteric replacements. Analogs were synthesized as described in Chapter 3. The 

results from the biological and physiochemical testing are shown in Table 12. 

 

4.1.2.2 Discussion 

Replacement of sulfur with an oxygen (NL20) provided an analog that was twice 

as effective as RNPA2000 at inhibiting both RNase P and RnpA. However, no 

antimicrobial activity against MRSA1000 was seen with this compound despite its 

reasonable solubility. The hydrogen bonding NH groups of the hydrazine also appear to  
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Table 12. Results for Compounds NL20 – NL32 
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be beneficial for antimicrobial activity. We were able to prepare one of the two possible 

analogs where the hydrazine –NH was methylated (NL22). This compound displayed 

weak RNase P inhibitory activity, was devoid of RnpA inhibitory activity and showed no 

antimicrobial activity up to 256 µg/mL. When the hydrazine nitrogens were constrained 

in a 5-membered ring (NL23), activity against RnpA was retained but RNase P activity 

was lost. The overlap of antimicrobial activity and cytotoxicity make it impossible to 

comment on the MIC of 256 µg/mL. The urea analogs (NL25 and NL26) had better 

activity against RNase P and retained some activity against RnpA in the case of NL25.  

Unfortunately, neither compound possessed antimicrobial activity.  

The bioisosteric replacement for the thiourea and hydrazine moieties that 

imparted the most potent inhibitory activity against both RNase P and RnpA was the 

squaric acid amide (compounds NL27 – NL30). Since we could not predict with any 

certainty which two of the three carbonyl groups in RNPA2000 that the two carbonyls in 

the squarate moiety would mimic we prepared a series of analogs with 1- and 2- atom 

spacers between the squarate and the isopropylphenyl group on the left and the furan 

moiety on the right. The analog with the shortest linker length (one atom on both sides of 

the molecule, NL27), was the most potent inhibitor of RnpA (25 µM) and RNase P (50 

µM) of the series, although the MIC value was an unimpressive 128 µg/mL. The 

molecule with a linker of two atoms on both sides (NL30), had an IC50 value of 50 µM at 

both RnpA and RNase P. With a linker length of two on one side of the molecule and one 

on the other side (NL28 and NL29), the IC50 values at RnpA and RNase P were both 250 

µM, and there was no antimicrobial activity. Overall, the squaric acids were also  
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cytotoxic at concentrations where bactericidal activity was seen, making it impossible to 

comment on whether or not these molecules qualify as true antimicrobial agents.  

The analog without the thiourea moiety (NL31) possessed no inhibitory activity 

against RNase P and RnpA and was actually more toxic to HepG2 cells than to 

MRSA1000. The analog without the third carbonyl (NL32) had no activity against RnpA 

but had an IC50 value of 100 µM at RNase P. The compound showed an unimpressive 

MIC value of 128 µg/mL. 

There was a tendency for compounds within this series that either had two 

carbonyl groups in a cis-like conformation (either by structural constraint or by hydrogen 

bonding stabilization) to be fairly potent inhibitors of RNase P. This is not surprising 

since RNase P is known to have two magnesium ions at the center of its catalytic site.  

Based on this observation, it is reasonable to hypothesize that at least part of the binding 

of this class of molecule to RNase P may involve coordination of two of the three 

carbonyl groups in the center of the molecule to magnesium. The trend seen with the 

squarates is different. RnpA inhibitory activity seems to be controlled more by the length 

of the spacers than by the nature of center of the molecule. This could indicate that 

binding to RnpA is driven more by the distance between the left hand substituted aryl 

moiety and the right-hand aryl group and that the acylthiahydazide is serving more as a 

spacer than an actual primary binding group. 

Most of the compounds designed to eliminate the acylthiahydrazide group 

displayed poor aqueous solubility, the exceptions being the ones where the amides could 

not form a series of internal hydrogen bonds (NL22, NL23, NL31). The squarate analogs 
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had very low aqueous solubility. All of these analogs were not stable in the presence of 

mouse liver microsomes and most were less stable than RNPA2000 in the presence of 

human liver microsomes, even the poorly soluble analog NL30. The only exceptions to 

this trend were NL20 and NL32, which had the unsubstituted acylthiahydrazide group 

more or less intact.   

 

4.1.2.3 Conclusions 

Hypothesis is partially true. 

 Several acylthiahydrazide bioisosteric molecules displayed more potent inhibitory 

activity against RNase P and RnpA than that seen with RNPA2000 (NL20, NL25, 

NL27, NL30).  

 However, this increase in potency did not translate into more potent antimicrobial 

activity. 

 Solubility for most of these analogs was lower than that seen with RNPA2000.  

Also, with a few exceptions, microsomal stability for these compounds was lower 

than that seen with RNPA2000. 

 

4.1.3 Test of Hypothesis 3 

Hypothesis 3: Bioisosteric replacement of the furan group will provide analogs 

with similar or superior inhibitory potency against RnpA and RNase P, lower MIC values 
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against MRSA1000 and improved in vitro microsomal stability in mouse liver 

microsomes compared to RNPA2000. 

 

4.1.3.1 Results 

Analogs with bioisosteres of the furan moiety were synthesized to replace this 

moiety as it is potentially metabotoxic. The results from the biological and 

physiochemical testing are shown in Table 13. 

 

4.1.3.2 Discussion 

The SAR results for the furan bioisosteres were complex. Attaching the furan in 

the 3- position (NL33), as opposed to the 2-, did not affect activity for RNase P; however, 

cytotoxicity was observed for the 3-furyl compound. Adding lipophilic substituents to the 

2-furyl ring (NL34 - NL37), improved potency against RnpA and retained or enhanced 

potency for RNase P somewhat. This was particularly true for the 5-phenyl derivative 

NL36. Unfortunately, higher MIC values were seen with all of these analogs compared to 

that for RNPA2000. In addition, there was no separation between the MIC for NL36 and 

the concentration at which cytotoxicity became evident in HepG2 cells.     

The substitution of the furan for other five-membered heteroaromatic rings, 

including isoxazole and oxazole (NL38, NL39), pyrrole (NL40) and 3-thienyl (NL42), 

eliminated inhibitory effects against RnpA, and the oxazoles and pyrrole displayed  
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Table 13. Results for Compounds NL33 – NL67 
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Table 13. Results for Compounds NL33 – NL67 (continued) 
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Table 13. Results for Compounds NL33 – NL67 (continued) 

 



84 

 

significant cytotoxicity. Interestingly, most of these analogs were reasonably potent at 

inhibiting RNase P with the exception of the isoxazole derivative NL38. Despite a lack of 

inhibition of both RNase P and RnpA, the isoxazole derivative displayed similar 

antibacterial potency to that seen with RNPA2000 (MIC = 16 µg/mL), again suggesting 

the possibility of another antimicrobial mechanism. The 2-thienyl analog (NL41) showed 

similar inhibitory potency against RnpA as that seen for RNPA2000, but had 

significantly improved potency against RNase P. The compound with a phenyl ring 

substituted for the 2-furyl group (NL43) lost inhibitory activity against RnpA but retained 

potency versus RNase P. Like many of these furan bioisostere-containing compounds, 

NL43 did not show any separation between MIC and HepG2 cytotoxicity. The 2-

methoxyphenyl analog NL44 was designed to mimic the furan oxygen on a phenyl 

scaffold. Unfortunately, this compound was less potent than RNPA2000 in all tests. 

 The 3-pyridyl and 4-pyridyl derivatives (NL46 and NL47, respectively) both lost 

their potency against RnpA, although they retained their potency against RNase P. Both 

showed antibacterial activity against MRSA1000 but were less potent than RNPA2000.  

Surprisingly, the 2-pyridyl derivative NL45 showed increased potency against RnpA and 

was one of the most potent RNase P inhibitors synthesized in this study. This compound 

displayed antimicrobial activity (MIC = 32 µg/mL) and was not cytotoxic to HepG2 

cells. These results suggest that there is something privileged about structures containing 

a lipophilic aromatic ring with a heteroatom in the 2-position. 

 Encouraged by the positive results obtained with furan derivatives containing a 

lipophilic substituent in the 5-position (NL35, NL36, NL37), our next step was to 
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examine compounds where aromatic heterocycles were fused to phenyl rings. If it turned 

out that the furan ring was a requirement for this end of the molecule, we rationalized that 

the presence of the fused phenyl ring (i.e. benzofuran) would eliminate the metabotoxic 

potential of the furan. We therefore synthesized the benzofuran analogs NL48 and NL49 

as well as the 2-benzothiophene derivative NL50. Like the non-fused analogs, the 3-

benzofuran NL49 and the 2-benzothiophene NL50 were not as potent as the 2-benzofuran 

NL49. The 2-benzothiophene derivative also lost its antimicrobial potency, possibly 

because of the high logP value (logP = 4.56). In fact, NL48 was one of the most potent 

analogs against both RnpA and RNase P that we identified. Like the potent 2-pyridyl 

derivative NL45, the 2-benzofuran NL48 showed a reasonable MIC value (32 µg/mL) 

and no cytotoxicity in HepG2 cells. These results suggested that either the lipophilic 

binding pockets occupied by the furan group of RNPA2000 on both RnpA and RNase P 

is longer than expected or that there may be a second lipophilic binding site distal to that 

interacting with the furan on both targets. 

The addition of a fused aryl ring to the pyrrole group of NL40 confirmed the trend 

seen with other monocyclic heteroaryl rings. The 2-indolyl compound NL51 was the 

most potent RNase P inhibitor prepared in this study (IC50 = < 0.5 µM) and was also a 

potent inhibitor of RnpA.  Furthermore, this compound was not cytotoxic and displayed a 

similar MIC against MRSA1000 as that seen with RNPA2000 (16 µg/mL). Moving the 

substitution to the 3-position of the indole ring (NL52) resulted in a less potent molecule 

against both targets, as did adding a second nitrogen (to give the benzimidazole NL52) 

and eliminating the weak hydrogen bond donating –NH group by methylating the 
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nitrogen (NL54). All of these indole-based bioisosteres showed varying degrees of 

antimicrobial activity and were not appreciably cytotoxic in HepG2 cells.   

We next studied the effect of substituents on the indole ring. The 5- and 6-

methoxy indole derivatives NL55 and NL56 (respectively) were reasonably potent 

inhibitors of both RNase P and RnpA, with the 5-methoxy analog being slightly more 

potent than the 6-methoxy compound against RNase P, an advantage that manifested 

itself in the form of slightly greater antimicrobial potency. The corresponding chloro 

derivatives showed reduced potency against RnpA compared to the methoxy analogs and 

the order of potencies for the two positional isomers were switched compared to the 

methoxy compound. Surprisingly, the 6-chloroindole NL57 showed good antimicrobial 

potency (16 µg/mL). The 5-fluoro derivative NL59 was also a reasonable inhibitor of 

both RnpA and RNase P but that potency did not translate to good antimicrobial potency 

for reasons that are not well understood.   

To round out the SAR around the encouraging results obtained with the pyridine 

bioisostere (NL45), we generated the bi-aryl quinolines NL63 and NL64 as well as the 5-

phenyl-2-pyridyl analog NL62. All of these changes resulted in losses in potency against 

both targets compared to NL45, which translated to a loss of antimicrobial activity. The 

reasons for this diversion from the furan SAR are not clear, although it could indicate that 

the aromatic ring of the 2-pyridyl ring binds in a different conformation compared to the 

furan, thiophene and pyrrole rings. 
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To get an idea of how long the furan binding pocket is, we homologated the furan 

ring with a methylene group (NL65) and a trans double bond (NL66) and also 

homologated the benzofuran ring with a trans double bond (NL67). All three 

homologated analogs displayed good potency against RNase P. Surprisingly, the 

methylene-furan derivative NL65 and the trans double bond-benzofuran analog NL67 

showed some of the most potent inhibitory potency against RnpA of all the compounds 

prepared in this study. None of these homologated compounds were cytotoxic to HepG2 

cells and NL65 showed antimicrobial potency (MIC = 16 µg/mL) which was equal to that 

seen with RNPA2000. Unfortunately, like RNPA2000, NL65 also contains a 2-furan 

group that has the potential to be metabolized to toxic species (which would not show up 

in the HepG2 cells because they have lost their ability to metabolize through the P450 

enzyme systems). 

The solubilities of these bioisosteric analogs tended to track with logP, as one 

might expect. The higher the logP value the compound had, the lower its aqueous 

solubility tended to be. However, with the possible exception of NL54 (the N-methyl 

indole derivative, maximum aqueous solubility < 2 µM), the solubilities of all of these 

compounds were sufficient to provide confidence in the microsomal stability data, where 

the compounds are tested at a concentration of 1 µM. Most of the compounds displayed 

poor to moderate stability in mouse liver microsomes, similar to RNPA2000. There were 

a few exceptions where t1/2 values in mouse liver microsomes approached 60 minutes 

(NL41, NL49, NL50, NL56, NL63, NL67), but none of these more metabolically stable 

analogs displayed high potency for RNase P and RnpA and good antimicrobial activity. 
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One trend that was noticed was that compounds containing a sulfur atom (the thiophene 

NL41 and the benzothiophene NL50) were more stable to microsomal metabolism. In 

general, t1/2 values in human microsomes tended to be moderate as well for these 

compounds (in the range of 20 – 45 min). None of the compounds that possessed potent 

inhibitory activity against both RnpA and RNase P and reasonable antimicrobial activity 

against MRSA1000 were as stable in human liver microsomes as was RNPA2000. 

 

4.1.3.3 Conclusions 

Hypothesis is true, but a molecule possessing good biological potency AND 

suitable physicochemical/ADME properties was not identified. 

Several bioisosteric replacements for the 2-furyl group imparted better inhibitory 

potency against RnpA and RNase P, including 2-benzofuran, 2-pyridyl and 2-indolyl.  

MIC value was never lowered below the initial MIC of RNPA2000, 16 µg/mL, but 

several analogs displayed similar MIC values and the antimicrobial potency seemed to 

correlate to potent inhibition of BOTH RNase P and RnpA. In general, there seemed to 

be an inverse correlation between MIC values and logP, with higher lipophilic 

compounds giving MIC values that were higher than would be expected from their IC50 

values against RNase P and RnpA. This is not unexpected, as antibiotic agents, in 

general, tend to have lower logP values than other therapeutic classes as well as a larger 

number of heteroatoms that can form hydrogen bonds and, in the case of Gram-negative 
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bacteria, promote their movement through aquaporin channels in the bacterial cell 

walls.96 

Several compounds were identified that displayed good stability in both mouse 

and human liver microsomes (t1/2 values > 60 min). Unfortunately, none of these 

metabolically stable analogs displayed suitable potency against RNase P and/or RnpA 

and reasonable antimicrobial potency against MRSA1000. 

 

4.2 Analogs without Thiourea Moiety  

4.2.1 Results 

We obtained a number of byproducts from our synthetic work in which the 

thioisocyanate component did not participate in the reaction, but rather the acyl chloride 

coupled directly to the acyl hydrazide. These byproducts were tested for their ability to 

inhibit RNA processing by RnpA and RNase P as well as their antibacterial activity 

against MRSA1000. The results from testing these byproducts are shown in Table 14.  

 

4.2.2 Discussion 

Most of the compounds did not possess inhibitory activity against RnpA and 

RNase P. The three exceptions to this trend were the indole NL77, the 6-methoxy indole 

NL79 and the 2-benzofuranyl analog with the trans double bond linker NL82. These three 

furan bioisosteres also imparted good inhibitory activity against the two targets to the  



90 

 

Table 14. Results for Compounds without Thiourea Moiety 
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original acylthiahydrazide scaffold of RNPA2000. However, unlike the 

acylthiahydrazides, these compounds which were missing the thiocarbonyl group showed 

little or no antimicrobial activity. Of these three, only NL77 possessed antimicrobial 

activity, with an unimpressive MIC value of 128 µg/mL. In addition, most of the 

molecules without the thiourea moiety were cytotoxic and had low microsomal stability.  

 

4.2.3 Conclusions 

The presence of all three carbonyl groups in the linker (connecting the furan and 

the isopropylphenyl moieties) appears to be important for imparting RnpA and RNase P 

inhibitory activity AND bestowing antimicrobial activity.  

 

4.3 Squaric Acid Analogs 

 4.3.1 Results 

As the squaric acid bioisostere was the best replacement for the thiourea and 

hydrazine moieties, we combined this bioisostere with some of the best bioisosteres for 

the furan groups. The results from these synthesized compounds are in Table 15. 

 

4.3.2 Discussion 

The 2-pyridyl derivative NL84, the 2-benzofuranyl analog NL85 and the 5-

methoxy-2-indolyl compound NL87 retained the RnpA and RNase inhibitory potency  
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Table 15. Results for Squaric Acid Analogs 
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seen with the 2-furyl analog NL27 (Table 12) but, like previous squaric acid derivatives, 

were devoid of antimicrobial activity. Except for NL84, all of the compounds had very 

low solubility but good stability in mouse liver microsomes (which may have been 

caused, to a certain extent, by the low solubility). Cytotoxicity was observed at higher 

concentrations for all of the compounds. Many of the compounds were labile to human 

microsomal metabolism, which is similar to the furan-containing derivatives described 

earlier (Table 12). 

 

4.3.3 Conclusions 

Although inhibitory potency for RnpA and RNase P were retained, compounds 

did not possess any antimicrobial activity, were cytotoxic, showed poor aqueous 

solubility and did not possess suitable stability in both mouse and human liver 

microsomes. 

 

4.4 Mupirocin Synergy 

Antibiotics that function within the same biochemical pathway often display 

synergy. A classic example is the synergy seen between sulfonamides and trimethoprim 

which both function within the folic acid biosynthesis pathway.97 RNPA2000, an 

inhibitor of bacterial RNA processing, was previously shown to synergize with 

mupirocin, an inhibitor of isoleucyl-tRNA synthase used topically for decolonization. 

However, the effectiveness of this approach has come into question due to the emergence 
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of bacterial resistance to mupirocin.98 Since a synergistic approach represents a potential 

means of re-sensitizing resistant bacteria to mupirocin we explored the potential synergy 

of the present series with mupirocin. 

Compounds that displayed RnpA and RNase P inhibitory activity, reasonable 

antimicrobial activity (MIC < 64 µg/mL) and a lack of general cytotoxicity in HepG2 

cells were examined for their ability to synergize with mupirocin as previously 

described25 by determining their fractional inhibitory concentration99 index (FICI) using a 

“chequerboard” approach.100 To determine if both inhibitory activities (RnpA and RNase 

P) were required to effect the synergistic effect we tested RNase P inhibitors that did and 

did not possess appreciable RnpA inhibitory effects. Individual wells of a 96-well 

microtiter plate were inoculated with 1 x 105 CFU of S. aureus UAMS-1. Each row 

contained increasing concentrations of the test compound in 2-fold increments (0, 0.5, 1, 

2, 4, 8, 16, 32 µg/mL). Each column contained increasing increments of mupirocin (0, 

0.03125, 0.0625, 0.125 µg/mL). The plates were incubated for 18 hours at 37oC and 

growth was measured. The FICIs were determined using the formula:  FICI = (MIC of 

test compound in combination/MIC of test compound alone) + (MIC of mupirocin in 

combination/MIC of mupirocin alone). A potential synergistic combination was defined 

as showing an FICI ≤ 0.5.100 Results are summarized in Table 16. 

Many of the compounds tested showed a tendency toward synergy with 

mupirocin but compounds NL37 and NL48 were shown to be truly synergistic based on 

the recommended guidelines,100 exhibiting FICI values of < 0.5 at multiple sub-MIC dose 

combinations. The superior synergy seen with these compounds compared to RNPA2000 
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Table 16. Synergy of Compounds with Mupirocin 

                                                 

Compound # R group Conc. (µg/mL) Mupirocin (µg/mL) FICI

1 0.125 0.56

4 0.0625 0.49

0.5 0.0625 0.53

4 0.03125 0.5

0.5 0.125 0.515

2 0.0625 0.3125

8 0.03125 0.375

8 0.0625 0.625

16 0.03125 0.5

0.5 0.125 0.516

8 0.0625 0.5

16 0.03125 0.625

0.5 0.125 0.508

4 0.0625 0.3125

8 0.03125 0.25

1 0.0625 0.56

8 0.03125 0.75

1 0.125 0.53

8 0.0625 0.5

NL48

NL51

NL54

RNPA2000

NL45

NL42

NL35

NL37
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and the other analogs tested correlated most closely with their ability to more potently 

inhibit both RnpA and RNase P activities. This hypothesis is supported by two 

observations. First, previously reported data shows that RNPA1000, which inhibits 

RnpA-mediated mRNA degradation but does not prevent RNase P-associated tRNA 

maturation, did not synergize with mupirocin.25 Secondly, compounds like NL45 and 

NL51 which showed potent RNase P inhibitory activity but lacked potent RnpA 

inhibitory activity, also failed to show definitive synergistic effects (Table 16). Taken 

together, these data suggest that both RnpA and RNase P inhibition must be present for 

these analogs to synergize with mupirocin. 

 

4.5 Photoaffinity Labeled Compounds 

 

Table 17. Results for Compound NL69 

RnpA IC50 (µM) RNase P IC50 (µM) MIC (µg/mL) logP 

>500 150 128 2.11 

 

The biological results from the only potential photoaffinity ligand we were able to 

synthesize, NL69, are shown in Table 17. Unfortunately, the compound lost its inhibitory 

activity against RnpA, which meant that we could not use it to develop a binding model 

for RnpA. It might still be considered for photoaffinity labeling of RNase P. However, 
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several more potent inhibitors of both RnpA and RNase P within different chemical 

scaffolds were identified subsequent to the initial work on potential photoaffinity ligands,  

which should be considered for exploration before any labor-intensive proteomic studies 

are performed with NL69. 

 

4.6 Future Work 

More compounds for Hypothesis 1 (isopropylphenoxy group) and 2 (bis-

acylhydrazide group) should be synthesized, as a suitable bioisostere for both of these 

groups with good affinity, antimicrobial activity and drug-like properties was not 

identified.  

As the SAR for RNPA2000 is so complex, a homology model of the binding site 

on the protein RnpA and the ribonucleotide rnpb (where we presume these compounds 

bind to inhibit RNase P activity) would help in the discovery of new analogs and in 

unraveling two separate SARs that seem to diverge at times. As described in the 

background, a crystal structure of the RNase P holoenzyme exists, as does a crystal 

structure of RnpA alone and a model of the rnpb-RnpA-tRNA interaction. However, a 

lack of knowledge of the binding sites of our molecules makes any docking studies 

purely speculative. In addition, the structural models for RNase P all involve rnpb bound 

to RnpA and tRNA. There is no guarantee that the unbound monomers of the 

holoenzyme will retain the same conformation as when in the bound state. Another 

interesting molecule modeling approach that might enhance our understanding of the 
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SARs of the various sub-scaffolds would be to use various compounds to develop a 

pharmacophore model, perhaps through a Comparative Molecular Field Analysis 

(COMFA) approach.  Such a model could provide structural insight and enhance 

compound design going forward. 

Unfortunately, we were not able to generate an RNPA2000-like molecule with a 

photoreactive group on the left-hand aryl ring (the one with the isopropyl group in 

RNPA2000). Some additional effort should be put into attempting to prepare the azide 

(NL68) and the diazirine (NL70) since these small groups may be accommodated by the 

binding pocket where the benzoyl group was not. Although the binding region that 

accommodates the right hand heteroaryl ring seems to also prefer lipophilic groups, one 

could explore attaching a photoreactive group to this end of the molecule.   

Another issue that needs resolution is whether we are looking at one or two 

molecular targets. Since the SARs for inhibition of RnpA and RNase P seem to diverge at 

points, and since RnpA’s presence is required in the RNase P assay, we are still not 

certain whether these molecules are binding to one or both targets. The photoaffinity 

approach described above would help resolve this issue, but another approach might be to 

install linker groups that could be used to connect RNPA2000 (or some more potent 

analog) to beads or biotin so that “pull down” experiments could be performed. 

Finally, another possible way to determine the binding site of RnpA and/or rnpb 

would be to use site-directed mutagenesis, where specific changes can be made to the 

DNA encoding these targets. If changes in the molecules’ activities are seen in mutated 

versions of either target, then we could not only identify the biological target for these 
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molecules but also use that data to hone in on the actual binding site and focus docking 

studies to help arrive at a binding model. 

Another issue that needs to be explored further is what other antibacterial targets 

these molecules may be acting through.  In some cases we identified molecules that 

possessed neither RnpA nor RNase P inhibitory activity yet were still displayed 

antibacterial activity. Once alternative mechanisms have been identified it will be 

important to go back and screen all of the analogs that display activity against 

MRSA1000 against these alternative mechanisms to separate out their effects from those 

induced by RnpA/RNase P inhibition.   

 

4.7 Summary 

Previous work by the Dunman group identified RNPA2000 as an agent to treat 

bacterial infection, including MRSA. The compound inhibits the processing of mRNA by 

the protein RnpA and inhibits maturation of tRNA by the holoenzyme RNase P, two 

novel antibacterial mechanisms. The overarching goal of this project was to identify 

novel analogs of RNPA2000 that did not possess the potentially metabotoxic components 

that were contained within its structure, namely the unsubstituted furan group, the 

thiourea moiety and the acylhydrazide, yet maintain (or improve) inhibitory activity 

against RnpA and RNase P as well as antimicrobial activity against MRSA1000.   

We designed and synthesized over 80 derivatives examining bioisosteric 

replacement on three regions of the chemical scaffold. Modification to the left hand 
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portion of the molecule (the 4-isopropylphenyl group) revealed that lipophilic 

substituents are preferred and that moving the substitutent from the 4-position to the 2- or 

3-positions resulted in a decrease in inhibitory potency against the two targets as well as a 

loss of antibacterial activity. Bioisosteric replacement of the central core of the molecule 

(the acylthiahydrazide) with the squaric acid amide moiety provided potent inhibitors of 

both RnpA and RNase P activity. However, these compounds did not display 

accompanying increases in antibacterial potency. The greatest enhancement in both 

RnpA and RNase P inhibitory potency was realized when the 2-furyl group of 

RNPA2000 was replaced with fused heteroaryl rings (e.g., benzofuran, indole) or when a 

small linker group was inserted between the furan bioisostere and the carbonyl group.  

The most potent inhibitors of RNA processing were obtained by this approach, although 

the antibacterial potency against MRSA never exceeded that seen for RNPA2000 (16 

µg/mL).   

While the best compounds from these efforts did not exceed the profile of 

RNPA2000 as antibacterial agents, they did display superior synergism compared to 

RNPA2000 when combined with mupirocin, an agent used for nasal decolonization. Our 

data indicate that optimal synergism is achieved when the compound from our series 

displays both RnpA and RNase P inhibitory activity. This finding somewhat mitigates the 

fact that we were unable to identify potent RnpA/RNase P inhibitors that displayed both 

good antibacterial activity AND suitable in vitro physicochemical and ADME properties 

to support systemic administration. Nasal decolonization is a topical application and 

circumvents systemic metabolism.   
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For future work, it would be advantageous to develop a homology model of the 

binding sites for this class of compound with RnpA and rnpb (the ribonucleotide 

component of RNase P) to drive future drug design. Also, it will be important to 

determine unequivocally if these molecules truly target RnpA, RNase P (i.e., rnpb) or 

both. Finally, some of our analogs displayed no inhibitory activity against RnpA and 

RNase P yet were active in the screen against MRSA1000. These results indicate the 

presence of one or more alternative antimicrobial mechanisms that should be identified in 

order to better understand the exact role of RnpA and/or RNase P inhibition as a potential 

antimicrobial targets. 
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CHAPTER FIVE 

EXPERIMENTAL SECTION 

5.1 General  

Reagents were purchased from commercial suppliers and used without further 

purification. Unless stated otherwise, reactions were run in the presence of normal 

atmospheric conditions. 1H-NMR data (Appendix A) were collected on a Bruker 400 

mHz Avance III spectrometer at ambient temperature in the identified solvent. Peak 

positions are given in parts per million downfield from tetramethylsilane as the internal 

standard. LC-MS analysis was performed on an Agilent Technologies 1200 series LC 

system coupled to a 6300 quadrapole MS. Silica gel chromatography was performed 

using a Teledyne ISCO Combiflash Rf system with UV detection at 220 nM and 254 nM. 

Reverse phase chromatography was performed on a Gilson 281 automated HPLC system 

using a Phenomenex 5u Gemini C-18 column and a gradient of 10-100% acetonitrile in 

water with 0.1% trifluoroacetic acid. 

 

5.2 Chemistry 

5.2.1 Synthesis of RNPA2000 

 



103 

 

N-(2-(2-(4-Isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)furan-2-carboxamide 

(RNPA2000) 

2-furoyl chloride (1.51 mL, 15.3 mmol, 1 eq), ammonium thiocyanate (1.979 g, 26.0 

mmol, 1.7 eq) and 1 drop of PEG-400 in 100 mL of DCM were stirred for 1 hour. 2-(4-

Isopropylphenoxy)acetohydrazide (3.09 g, 14.9 mmol, 0.97 eq) was added and the 

reaction was stirred for 0.5 hours. The product precipitated out and was collected by 

filtration to give the desired product as a white solid (4.8 g, 90%). 1H NMR (DMSO-d6, ) 

δ 12.31 (s, 1H), 11.60 (s, 1H), 11.00 (s, 1H), 8.09 (d, 1H, J= 1.5 Hz), 7.87 (d, 1H, J= 3.6 

Hz), 7.19 (d, 2H, J= 8.6 Hz), 6.94 (d, 2H, J= 8.6 Hz), 6.77 (dd, 1H, J= 1.5 Hz, 3.6 Hz), 

4.70 (s, 2H), 2.86 (m, 1H, J= 6.8 Hz), 1.19 (d, 6H, J= 6.8 Hz).    362 (M+H)+ 

 

5.2.2 Synthesis of Compounds 46a - o  

To the carboxylic acid (1 eq) in dichloromethane (DCM), tert-butyl carbazate (2 eq) was 

added, followed by 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) (1.02 eq). 

The reaction was stirred for 16 hours. Additional DCM was added and the mixture was 

washed with sat. aq. NaHCO3 and brine, dried over MgSO4, filtered and concentrated.  
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tert-Butyl 2-(2-phenoxyacetyl)hydrazine-1-carboxylate (46a) 

Prepared from phenoxyacetic acid (50 mg, 0.329 mmol), tert-butyl carbazate (87 mg, 

0.658 mmol) and EDC (64 mg, 0.336 mmol) in 2 mL of DCM. Brown oil; quantitative 

yield. 289 (M+Na)+ 

 

 

tert-Butyl 2-(2-(4-(tert-butyl)phenoxy)acetyl)hydrazine-1-carboxylate (46b) 

Prepared from 4-tert-butylphenoxyacetic acid (50 mg, 0.240 mmol), tert-butyl carbazate 

(63 mg, 0.480 mmol), and EDC (47 mg, 0.245 mmol) in 2 mL of DCM. Brown oil; 

quantitative yield. 1H NMR (CDCl3) δ 7.26 (d, 2H, J= 8.9 Hz), 6.79 (d, 2H, J= 8.9 Hz), 

4.84 (s, 2H), 1.42 (s, 9H), 1.23 (s, 9H). 345 (M+Na)+ 

 

 

tert-Butyl 2-(2-(4-methoxy)phenoxy)acetyl)hydrazine-1-carboxylate (46c) 
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Prepared from 4-methoxyphenoxyacetic acid (50 mg, 0.275 mmol), tert-butyl carbazate 

(73 mg, 0.550 mmol) and EDC (54 mg, 0.281 mmol) in 2 mL of DCM. Yellow oil; 

quantitative yield. 319 (M+Na)+ 

 

 

tert-Butyl 2-(2-(4-ethoxyphenoxy)acetyl)hydrazine-1-carboxylate (46d) 

Prepared from 4-ethoxyphenoxyacetic acid (50 mg, 0.255 mmol), tert-butyl carbazate (67 

mg, 0.510 mmol) and EDC (50 mg, 0.260 mmol) in 2 mL of DCM. Yellow oil; 

quantitative yield. 333 (M+Na)+ 

 

 

tert-Butyl 2-(2-(4-propoxyphenoxy)acetyl)hydrazine-1-carboxylate (46e) 

Prepared from 4-propoxyphenoxyacetic acid (50 mg, 0.238 mmol), tert-butyl carbazate 

(63 mg, 0.476 mmol) and EDC (47 mg, 0.243 mmol) in 2 mL of DCM. Brown oil; 

quantitative yield. 347 (M+Na)+ 
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tert-Butyl 2-(4-methylbenzoyl)hydrazine-1-carboxylate (46f) 

To tert-butyl carbazate (43 mg, 0.326 mmol, 1.01 eq), and triethylamine (67 µL, 0.485 

mmol, 1.5 eq) in 2 mL of DCM at 0oC, p-toluoyl chloride (43 µL, 0.323 mmol, 1 eq) was 

added. The reaction was warmed to room temperature overnight. The reaction was 

concentrated to give the desired product as a brown oil; quantitative yield. 273 (M+Na)+ 

 

 

tert-Butyl 2-(2-(2-isopropylphenoxy)acetyl)hydrazine-1-carboxylate (46g) 

Prepared from 2-isopropylphenoxyacetic acid (100 mg, 0.515 mmol), tert-butyl carbazate 

(136 mg, 1.030 mmol) and EDC (101 mg, 0.526 mmol) in 2 mL of DCM. Yellow oil; 

quantitative yield. 1H NMR (CDCl3) δ 8.12 (s, 1H), 7.28 (dd, 1H), 7.20 (dt, 1H), 7.05 (dt, 

1H), 6.84 (dd, 1H), 4.66 (s, 2H), 3.34 (m, 1H, J= 6.9 Hz), 1.52 (s, 9H), 1.28 (d, 6H, J= 

6.9 Hz). 331 (M+Na)+ 
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tert-Butyl 2-(2-(2-(tert-butyl)phenoxy)acetyl)hydrazine-1-carboxylate (46h) 

Prepared from 2-tert-butylphenoxyacetic acid (100 mg, 0.481 mmol), tert-butyl carbazate 

(127 mg, 0.962 mmol) and EDC (94 mg, 0.491 mmol) in 2 mL of DCM. Yellow oil; 

quantitative yield. 1H NMR (CDCl3) δ 8.07 (s, 1H), 7.35 (dd, 1H), 7.22 (dt, 1H), 7.03 (dt, 

1H), 6.89 (dd, 1H), 4.70 (s, 2H), 1.57 (s, 9H), 1.44 (s, 9H). 345 (M+Na)+ 

 

 

tert-Butyl 2-(2-hydroxybenzoyl)hydrazine-1-carboxylate (46j) 

Prepared from 2-hydroxybenzoate (50 mg, 0.362 mg), tert-butyl carbazate (96 mg, 0.724 

mmol) and EDC (71 mg, 0.369 mmol) in 2 mL of DCM. Brown oil; quantitative yield.   

1H NMR (DMSO-d6) δ 10.18 (s, 1H), 9.10 (s, 1H), 8.85 (s, 1H), 7.66 (d, 1H), 7.26 (t, 

1H), 6.73 (m, 2H), 1.24 (s, 9H). 276 (M+Na)+ 
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tert-Butyl 2-(2-(3-isopropylphenoxy)acetyl)hydrazine-1-carboxylate (46k) 

Prepared from 3-isopropylphenoxyacetic acid (50 mg, 0.258 mmol), tert-butyl carbazate 

(68 mg, 0.516 mmol) and EDC (50 mg, 0.263 mmol) in 2 mL of DCM. Yellow oil; 68 

mg (86%). 1H NMR (CDCl3) δ 8.22 (s, 1H), 7.25 (d, 1H), 6.93 (d, 1H), 6.84 (s, 1H), 6.75 

(dd, 1H), 4.64 (s, 2H), 2.93 (m, 1H, J= 6.9 Hz), 1.51 (s, 9H), 1.26 (d, 6H, J= 6.9 Hz). 331 

(M+Na)+ 

 

 

tert-Butyl 2-(3-phenylpropanoyl)hydrazine-1-carboxylate (46l) 

Prepared from hydrocinnamic acid (50 mg, 0.333 mmol), tert-butyl carbazate (88 mg, 

0.666 mmol) and EDC (65 mg, 0.340 mmol) in 2 mL of DCM. Yellow oil; quantitative 

yield. 287 (M+Na)+ 
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tert-Butyl 2-cinnamoylhydrazine-1-carboxylate (46m) 

To tert-butyl carbazate (80 mg, 0.604 mmol, 1.01 eq), and triethylamine (124 µL, 0.898 

mmol, 1.5 eq) in 2 mL of DCM at 0oC, cinnamoyl chloride (100 mg, 0.598 mmol, 1 eq) 

was added. The reaction was warmed to room temperature overnight. The reaction was 

concentrated to give the desired product as a yellow oil; quantitative yield. 284 (M+Na)+ 

 

 

tert-Butyl (E)-2-(3-(4-isopropylphenyl)acryloyl)hydrazine-1-carboxylate (46n) 

Prepared from 4-isopropylcinnamic acid (50 mg, 0.263 mmol), tert-butyl carbazate (69 

mg, 0.526 mmol), and EDC (52 mg, 0.268 mg) in 2 mL of DCM. Yellow oil; quantitative 

yield.  
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tert-Butyl 2-((1R,2R)-2-phenylcyclopropane-1-carbonyl)hydrazine-1-carboxylate (46o) 

To tert-butyl carbazate (37 mg, 0.279 mmol, 1.01 eq), and triethylamine (58 µL, 0.414 

mmol, 1.5 eq) in 2 mL of DCM at 0oC, trans-2-phenyl-1-cyclopropanecarbonyl chloride 

(43 µL, 0.5276 mmol, 1 eq) was added. The reaction was warmed to room temperature 

overnight. The mixture was filtered and the filtrate was concentrated to give the desired 

product as a brown oil; quantitative yield. 299 (M+Na)+     

 

5.2.3 Synthesis of Compounds 2a - o 

The BOC-protected hydrazide was stirred in 1 mL of TFA and 1 mL of DCM for one 

hour. The reaction was then concentrated.  

 

 

2-Phenoxyacetohydrazide (2a) 

Prepared from 46a (88 mg, 0.329 mmol). Yellow solid; quantitative yield. 167 (M+H)+ 
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2-(4-(tert-Butyl)phenoxy)acetohydrazide (2b) 

Prepared from 46b (77 mg, 0.240 mmol). Brown oil; quantitative yield. 1H NMR 

(CDCl3) δ 7.25 (d, 2H, J= 8.8 Hz), 6.78 (d, 2H, J= 8.8 Hz), 4.56 (s, 2H), 1.21 (s, 9H). 223 

(M+H)+ 

 

 

2-(4-Methoxyphenoxy)acetohydrazide (2c) 

Prepared from 46c (81 mg, 0.275 mmol). Brown oil; quantitative yield. 197 (M+H) 

 

 

2-(4-Ethoxyphenoxy)acetohydrazide (2d) 

Prepared from 46d (79 mg, 0.255 mmol). Brown oil; quantitative yield. 211 (M+H)+ 
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2-(4-Propoxyphenoxy)acetohydrazide (2e) 

Prepared from 46e (77 mg, 0.238 mmol). Brown solid; quantitative yield. 225 (M+H)+ 

 

 

4-Methylbenzohydrazide (2f) 

Prepared from 46f (81 mg, 0.323 mmol). Yellow oil; quantitative yield. 151 (M+H)+ 

 

 

2-(2-Isopropylphenoxy)acetohydrazide (2g) 

Prepared from 46g (159 mg, 0.515 mmol). Brown solid; quantitative yield. 1H NMR 

(CDCl3) δ 7.31 (m, 1H), 7.21 (m, 1H), 7.06 (m, 1H), 6.83 (m, 1H), 4.74 (s, 2H), 3.35 (m, 

1H, J= 6.9 Hz), 1.29 (d, 6H, J= 6.9 Hz). 209 (M+H)+ 
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2-(2-(tert-Butyl)phenoxy)acetohydrazide (2h) 

Prepared from 46h (155 mg, 0.481 mmol). Yellow solid; quantitative yield. 1H NMR 

(CDCl3) δ 7.25 (dd, 1H), 7.11 (dt, 1H), 6.92 (dt, 1H), 6.70 (d, 1H), 4.64 (s, 1H), 1.31 (s, 

9H). 223 (M+H)+ 

 

 

2-Ethoxybenzohydrazide (2i) 

To 2-ethoxybenzoyl chloride (42 µL, 0.270 mmol, 1 eq) in 1 mL of methanol, hydrazine 

(17 µL, 0.540 mmol, 2 eq) was added. The reaction was stirred at 60oC for 0.5 hours. The 

reaction was concentrated to give the desired product as a brown oil; quantitative yield. 

181 (M+H)+ 
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2-Hydroxybenzohydrazide (2j) 

Prepared from 46j (91 mg, 0.362 mmol). Brown oil; quantitative yield.  

 

 

2-(3-Isopropylphenoxy)acetohydrazide (2k) 

Prepared from 46k (68 mg, 0.221 mmol). Yellow oil; quantitative yield. 209 (M+H)+ 

 

 

3-Phenylpropanehydrazide (2l) 

Prepared from 46l (88 mg, 0.333 mmol). Brown oil; quantitative yield.  
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Cinnamohydrazide (2m) 

Prepared from 46m (157 mg, 0598 mmol). Yellow solid; quantitative yield. 163 (M+H)+ 

 

 

 

(E)-3-(4-Isopropylphenyl)acrylohydrazide (2n) 

Prepared from 46n (80 mg, 0.263 mmol). Yellow oil; quantitative yield. 205 (M+H)+ 

 

 

(1R, 2R)-2-Phenylcyclopropane-1-carbohydrazide (2o) 
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Prepared from 46o (76 mg, 0.276 mmol). Brown oil; quantitative yield. 1H NMR 

(DMSO-d6) δ 7.22 (t, 2H, J= 7.2 Hz), 7.14 (d, 1H, J= 7.2 Hz), 7.08 (t, 2H, J= 7.2 Hz), 

2.31 (m, 1H), 1.90 (m, 1H), 1.36 (m, 2H). 177 (M+H)+ 

 

5.2.4 Synthesis of Compounds NL1 – NL19 

2-Furoyl chloride (1 eq) and potassium thiocyanate (1.7 eq) in CH3CN were stirred for 1 

hour. The hydrazide (0.97 eq) was added and the reaction was stirred for 0.5 hours. 

 

 

N-(2-(2-Phenoxyacetyl)hydrazine-1-carbonothioyl)furan-2-carboxamide (NL1) 

Prepared from 2-furoyl chloride (34 µL, 0.339 mmol), potassium thiocyanate (56 mg, 

0.576 mmol) and 2a (55 mg, 0.329 mmol) in 2 mL of CH3CN. The reaction was 

concentrated and purified by reverse phase chromatography (modifier of 0.1% NH4OH, 

XBridge BEH300 Prep C-18 column) to give the desired product as a white solid (7 mg, 

7%). 1H NMR (DMSO-d6) δ 12.29 (s, 1H), 11.58 (s, 1H), 11.00 (s, 1H), 8.07 (d, 1H, J= 

1.6 Hz), 7.84 (d, 1H, J= 3.6 Hz), 7.32 (m, 2H), 7.00 (m, 3H), 6.75 (dd, 1H, J= 1.6 Hz, 3.6 

Hz), 4.71 (s, 2H). 320 (M+H)+ 
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N-(2-(2-(4-(tert-Butyl)phenoxy)acetyl)hydrazine-1-carbonothioyl)furan-2-carboxamide 

(NL2) 

Prepared from 2-furoyl chloride (24 µL, 0.247 mmol), potassium thiocyanate (41 mg, 

0.420 mmol) and 2b (53 mg, 0.240 mmol) in 2 mL of CH3CN. The reaction was 

concentrated and purified by reverse phase chromatography to give the desired product as 

a white solid (8 mg, 9%). 1H NMR (CDCl3) δ 7.60 (d, 1H, J= 1.4 Hz), 7.42 (d, 1H, J= 3.4 

Hz), 7.26 (d, 2H, J= 8.9 Hz), 6.88 (d, 2H, J= 8.9 Hz), 6.59 (dd, 1H, J= 1.4 Hz, 3.4 Hz), 

5.35 (s, 2H), 1.22 (s, 9H). 376 (M+H)+ 

 

 

N-(2-(2-(4-Methoxyphenoxy)acetyl)hydrazine-1-carbonothioyl)furan-2-carboxamide 

(NL4) 

Prepared from 2-furoyl chloride (28 µL, 0.284 mmol), potassium thiocyanate (47 mg, 

0.482 mmol) and 2c (54 mg, 0.275 mmol) in 2 mL of CH3CN. The reaction was 
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concentrated and purified by reverse phase chromatography to give the desired product as 

a yellow solid (10 mg, 10%). 1H NMR (DMSO-d6) δ 11.58 (s, 1H), 10.94 (s, 1H), 8.07 

(d, 1H, J= 1.4 Hz), 7.84 (d, 1H, J= 3.6 Hz), 6.95 (d, 2H, J= 9.2 Hz), 6.87 (d, 2H, J= 9.2 

Hz), 6.76 (dd, 1H, J= 1.4 Hz, 3.6 Hz), 4.64 (s, 2H), 3.71 (s, 3H). 350 (M+H)+ 

 

 

N-(2-(2-(4-Ethoxyphenoxy)acetyl)hydrazine-1-carbonothioyl)furan-2-carboxamide 

(NL5) 

Prepared from 2-furoyl chloride (26 µL, 0.263 mmol), potassium thiocyanate (43 mg, 

0.447 mmol) and 2d (54 mg, 0.255 mmol) in 2 mL of CH3CN. The reaction was 

concentrated and purified by reverse phase chromatography to give the desired product as 

a white solid (5 mg, 5%). 1H NMR (DMSO-d6) δ 12.03 (s, 1H), 11.68 (s, 1H), 10.94 (s, 

1H), 8.09 (d, 1H, J= 1.5 Hz), 7.84 (d, 1H, J= 3.6 Hz), 6.92 (d, 2H, J= 9 Hz), 6.87 (d, 2H, 

J= 9 Hz), 6.76 (dd, 1H, J= 1.5 Hz, 3.6 Hz), 4.63 (s, 2H),  3.96 (m, 2H, J= 6.8 Hz), 1.30 (t, 

2H, J= 6.8 Hz). 364 (M+H)+ 
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N-(2-(2-(4-Propoxyphenoxy)acetyl)hydrazine-1-carbonothioyl)furan-2-carboxamide 

(NL6) 

Prepared from 2-furoyl chloride (24 µL, 0.245 mmol), potassium thiocyanate (40 mg, 

0.417 mmol) and 2e (53 mg, 0.238 mmol) in 2 mL of CH3CN. The reaction was 

concentrated and purified by reverse phase chromatography to give the desired product as 

a yellow solid (7 mg, 8%). 1H NMR (DMSO-d6) δ 12.30 (s, 1H), 11.58 (s, 1H), 10.94 (s, 

1H), 8.07 (d, 1H, J= 1.6 Hz), 7.84 (d, 1H, J= 3.7 Hz), 6.92 (d, 2H, J= 9.2 Hz), 6.87 (d, 

2H, J= 9.2 Hz), 6.76 (dd, 1H, J= 1.6 Hz, 3.7 Hz), 4.63 (s, 2H), 3.87 (t, 2H, J= 6.5 Hz), 

1.70 (m, 2H, J= 6.5 Hz, 7.4 Hz), 0.96 (t, 3H, J= 7.4 Hz). 364 (M+H)+ 

 

 

N-(2-(4-Methylbenzoyl)hydrazine-1-carbonothioyl)furan-2-carboxamide (NL7) 

Prepared from 2-furoyl chloride (33 µL, 0.333 mmol), potassium thiocyanate (55 mg, 

0.566 mmol) and 2f (49 mg, 0.323 mmol) in 2 mL of CH3CN. The reaction was 

concentrated and purified by reverse phase chromatography to give the desired product as 
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a yellow solid (9 mg, 9%). 1H NMR (MeOD) δ 7.75 (d, 1H, J= 1.4 Hz), 7.73 (d, 2H, J= 

8.1 Hz), 7.40 (d, 1H, J= 3.6 Hz), 7.24 (d, 2H, J= 8.1 Hz), 6.61 (dd, 1H, J= 1.4 Hz, 3.6 

Hz), 2.33 (s, 3H). 304 (M+H)+ 

 

 

N-(2-(2-(2-Isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)furan-2-carboxamide 

(NL8) 

Prepared from 2-furoyl chloride (53 µL, 0.531 mmol), potassium thiocyanate (88 mg, 

0.903 mmol) and 2g (107 mg, 0.515 mmol) in 2 mL of CH3CN. The reaction was 

concentrated and purified by reverse phase chromatography (gradient of 50-100% 

acetonitrile in water) to give the desired product as a white solid (13 mg, 7%). 1H NMR 

(DMSO-d6) δ 12.62 (s, 1H), 11.73 (s, 1H), 11.02 (s, 1H), 8.16 (d, 1H, J= 1.4 Hz), 7.94 (d, 

1H, J= 3.5 Hz), 7.32 (dd, 1H), 7.24 (dt, 1H), 7.05 (m, 2H), 6.85 (dd, 1H, J= 1.4 Hz, 3.5 

Hz), 4.84 (s, 2H), 1.29 (d, 6H). 362 (M+H)+ 
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N-(2-(2-(2-(tert-Butyl)phenoxy)acetyl)hydrazine-1-carbonothioyl)furan-2-carboxamide 

(NL9) 

Prepared from 2-furoyl chloride (84 µL, 0.853 mmol), potassium thiocyanate (141 mg, 

1.449 mmol) and 2h (184 mg, 0.827 mmol) in 4 mL of CH3CN. The reaction was 

concentrated and purified by reverse phase chromatography (gradient of 50-100% 

acetonitrile in water) to give the desired product as a white solid (16 mg, 5%). 1H NMR 

(DMSO-d6) δ 12.54 (s, 1H), 11.62 (s, 1H), 11.03 (s, 1H), 8.07 (d, 1H, J= 1.4 Hz), 7.85 (d, 

1H, J= 3.4 Hz), 7.20 (m, 2H), 6.95 (m, 2H), 6.76 (dd, 1H, J= 1.4 Hz, 3.4 Hz), 4.76 (s, 

2H), 1.37 (s, 9H). 376 (M+H)+ 

 

 

N-(2-(2-Ethoxybenzoyl)hydrazine-1-carbonothioyl)furan-2-carboxamide (NL10) 

Prepared from 2-furoyl chloride (28 µL, 0.285 mmol), potassium thiocyanate (47 mg, 

0.485 mmol) and 2i (50 mg, 0.276 mmol) in 2 mL of CH3CN. The reaction was 

concentrated and purified by reverse phase chromatography to give the desired product as 
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a white solid (5 mg, 5%). 1H NMR (DMSO-d6) δ 13.65 (s, 1H), 11.83 (s, 1H), 11.57 (s, 

1H), 8.08 (d, 1H, J= 1.5 Hz), 8.06 (dd, 1H, J= 1.8 Hz, 7.8 Hz), 7.87 (d, 1H, J= 3.7 Hz), 

7.62 (dt, 1H, J= 1.8 Hz, 8.5 Hz), 7.29 (d, 1H, J= 8.5 Hz), 7.16 (t, 1H, J= 7.8 Hz), 6.77 

(dd, 1H, J= 1.5 Hz, 3.7 Hz), 4.33 (q , 2H, J= 7 Hz), 1.56 (t, 3H, J= 7 Hz). 334 (M+H)+ 

 

 

N-(2-(2-Ethoxybenzoyl)hydrazine-1-carbonothioyl)furan-2-carboxamide (NL11) 

Prepared from 2-furoyl chloride (37 µL, 0.373 mmol), potassium thiocyanate (61 mg, 

0.634 mmol) and 2j (55 mg, 0.362 mmol) in 2 mL of CH3CN. The reaction was 

concentrated and purified by reverse phase chromatography to give the desired product as 

a white solid (6 mg, 5%). 1H NMR (DMSO-d6) δ 13.43 (s, 1H), 11.93 (s, 1H), 11.77 (s, 

1H), 8.09 (d, 1H, J= 1.4 Hz), 7.97 (dd, 1H), 7.87 (d, 1H, J= 3.5 Hz), 7.47 (dt, 1H), 7.02 

(m, 2H), 6.77 (dd, 1H, J= 1.4 Hz, 3.5 Hz). 306 (M+H)+ 
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N-(2-(2-(3-Isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)furan-2-carboxamide 

(NL12) 

Prepared from 2-furoyl chloride (23 µL, 0.228 mmol), potassium thiocyanate (38 mg, 

0.388 mmol) and 2k (46 mg, 0.221 mmol) in 2 mL of CH3CN. The reaction was 

concentrated and purified by reverse phase chromatography to give the desired product as 

a white solid (6 mg, 8%). 1H NMR (DMSO-d6) δ 13.08 (s, 1H), 8.06 (d, 1H), 7.74 (d, 

1H), 7.24 (t, 1H), 6.96 (s, 1H), 6.91 (m, 2h), 6.77 (dd, 1H), 5.51 (s, 2H), 2.87 (m, 1H, J= 

7 Hz), 1.19 (d, 6H, J= 7 Hz). 362 (M+H)+ 

 

 

N-(2-(3-Phenylpropanoyl)hydrazine-1-carbonothioyl)furan-2-carboxamide (NL16) 

Prepared from 2-furoyl chloride (34 µL, 0.343 mmol), potassium thiocyanate (57 mg, 

0.583 mmol) and 2l (55 mg, 0.333 mmol) in 2 mL of CH3CN. The reaction was 

concentrated and purified by reverse phase chromatography (modifier of 0.1% NH4OH, 
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XBridge BEH300 Prep C-18 Column) and repurified by reverse phase chromatography 

(modifier of 0.1% TFA) to give the desired product as a white solid (4 mg, 4%). 1H NMR 

(DMSO-d6) δ 12.23 (s, 1H), 11.31 (s, 1H), 10.71 (s, 1H), 7.89 (d, 1H, J= 1.6 Hz), 7.66 (d, 

1H, J= 3.6 Hz), 7.09 (m, 5H), 6.58 (dd, 1H, J= 1.6 Hz, 3.6 Hz), 2.71 (t, 2H, J= 8.3 Hz), 

2.42 (t, 2H, J= 8.3 Hz). 318 (M+H)+ 

 

 

N-(2-Cinnamoylhydrazine-1-carbonothioyl)furan-2-carboxamide (NL17) 

Prepared from 2-furoyl chloride (60 µL, 0.616 mmol), potassium thiocyanate (102 mg, 

1.480 mmol) and 2m (98 mg, 0.598 mmol) in 2 mL of CH3CN. The reaction was 

concentrated and purified by reverse phase chromatography to give the desired product as 

a white solid (11 mg, 6%). 1H NMR (DMSO-d6) δ 11.58 (s, 1H), 11.24 (s, 1H), 8.12 (d, 

1H, J= 15.2 Hz), 8.08 (d, 1H, J= 1.3 Hz), 7.85 (d, 1H, J= 3.6 Hz), 7.63 (m, 3H), 7.45 (m, 

2H), 6.96 (d, 1H, J= 15.2 Hz), 6.76 (dd, 1H, J= 1.3 Hz, 3.6 Hz). 316 (M+H)+ 
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(E)-N-(2-(3-(4-Isopropylphenyl)acryloyl)hydrazine-1-carbonothioyl)furan-2-

carboxamide (NL18) 

Prepared from 2-furoyl chloride (27 µL, 0.271 mmol), potassium thiocyanate (45 mg, 

0.461 mmol) and 2n (54 mg, 0.263 mmol) in 2 mL of CH3CN. The reaction was 

concentrated and purified by reverse phase chromatography to give the desired product as 

a white solid (13 mg, 14%). 1H NMR (DMSO-d6) δ 12.82 (s, 1H), 11.57 (s, 1H), 11.21 (s, 

1H), 8.08 (d, 1H, J= 1.6 Hz), 7.85 (d, 1H, J= 3.6 Hz), 7.57 (d, 1H, J= 15.9 Hz), 7.55 (d, 

1H, J= 8.2 Hz), 7.33 (d, 1H, J= 8.2 Hz), 6.92 (d, 1H, J= 15.9 Hz), 6.76 (dd, 1H, J= 1.6 

Hz, 3.6 Hz), 2.93 (m, 1H, J= 6.9 Hz), 1.22 (d, 6H, J= 6.9 Hz). 358 (M+H)+ 

 

 

N-(2-((1R, 2R)-2-Phenylcyclopropane-1-carbonyl)hydrazine-1-carbonothioyl)furan-2-

carboxamide (NL19) 

Prepared from 2-furoyl chloride (28 µL, 0.284 mmol), potassium thiocyanate (47 mg, 

0.483 mmol) and 2o (49 mg, 0.276 mmol) in 2 mL of CH3CN. The reaction was 
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concentrated and purified by reverse phase chromatography to give the desired product as 

a white solid (10 mg, 11%). 1H NMR (DMSO-d6) δ 9.30 (s, 1H), 9.00 (s, 1H), 7.53 (d, 

1H, J= 1.6 Hz), 7.32 (d, 1H, J= 3.6 Hz), 7.21 (m, 3H), 7.05 (d, 2H), 6.56 (dd, 1H, J= 1.6 

Hz, 3.6 Hz), 4.69 (m, 1H), 2.58 (m, 1H), 1.71 (m, 2H). 330 (M+H)+ 

 

5.2.5 Synthesis of Compounds NL20 – NL32 

 

N-(Furan-2-carbonyl)-2-(2-(4-Isopropylphenoxy)acetyl)hydrazine-1-carboxamide 

(NL20) 

RNPA2000 (361 mg, 1.000 mmol, 1 eq) and potassium iodate (321 mg, 1.500 mmol, 1.5 

eq) in 8 mL of water were stirred at 100oC for 0.5 hours. The product precipitated out and 

was collected by filtration. The precipitant was by reverse phase chromatography to give 

the desired product as a yellow solid (16 mg, 5%). 1H NMR (CDCl3) δ 10.01 (s, 1H), 

8.52 (s, 1H), 8.37 (s, 1H), 7.50 (d, 1H, J= 1.4 Hz), 7.30 (d, 1H, J= 3.6 Hz), 7.11 (d, 2H, 

J= 8.6 Hz), 6.81 (d, 2H, J= 8.6 Hz), 6.54 (dd, 1H, J= 1.4 Hz, 3.6 Hz), 4.58 (s, 2H), 2.81 

(m, 1H, J= 6.9 Hz), 1.16 (d, 6H, J= 6.9 Hz). 346 (M+H)+ 
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tert-Butyl 2-(2-(4-Isopropylphenoxy)acetyl)-1-methylhydrazine-1-carboxylate 

To 4-Isopropylphenoxyacetic acid (8, 100 mg, 0.515 mmol, 1 eq) in 2 mL of DCM, 1-

Boc-1-methylhydrazine (153 µL, 1.031 mmol, 2 eq) was added, followed by EDC (101 

mg, 0.525 mmol, 1.02 eq). The reaction was stirred for 16 hours. 2 mL of DCM was 

added and the mixture was washed with 2 mL of sat. aq. NaHCO3 and brine, dried over 

MgSO4, filtered and concentrated to give the desired product as a brown oil; quantitative 

yield. 1H NMR (CDCl3) δ 7.09 (d, 2H, J= 8.7 Hz), 6.79 (d, 2H, J= 8.7 Hz), 4.50 (s, 2H), 

3.10 (s, 3H), 2.81 (m, 1H, J= 6.9 Hz), 1.41 (s, 9H), 1.16 (d, 6H, J= 6.9 Hz). 345 (M+Na)+     

 

 

2-(4-Isopropylphenoxy)-N’-methylacetohydrazide (13) 

tert-Butyl 2-(2-(4-Isopropylphenoxy)acetyl)-1-methylhydrazine-1-carboxylate (114 mg, 

0.515 mmol) in 1 mL of DCM and 1 mL of TFA was stirred for 1 hour. The reaction was 

concentrated to give the desired product as a brown oil; quantitative yield. 1H NMR 
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(CDCl3) δ 7.16 (d, 2H, J= 8.6 Hz), 6.85 (d, 2H, J= 8.6 Hz), 4.65 (s, 2H), 2.98 (s, 3H), 

2.86 (m, 1H, J= 7 Hz), 1.20 (d, 6H, J= 7 Hz). 223 (M+H)+ 

 

 

N-(2-(2-(4-Isopropylphenoxy)acetyl)-1-methylhydrazine-1-carbonothioyl)furan-2-

carboxamide (NL22) 

2-Furoyl chloride (53 µL, 0.531 mmol, 1 eq) and potassium thiocyanate (88 mg, 0.903 

mmol, 1.7 eq) in 2 mL of CH3CN were stirred for 1 hour. 13 (115 mg, 0.515 mmol, 0.97 

eq) was added and the reaction was stirred for 0.5 hours. The reaction was concentrated 

purified by reverse phase chromatography to give the desired product as a white solid (45 

mg, 23%). 1H NMR (DMSO-d6) δ 10.72 (s, 2H), 7.97 (d, 1H, J= 1.4 Hz), 7.46 (d, 1H), 

7.01 (d, 1H, J= 3.6 Hz), 6.99 (d, 2H, J= 8.2 Hz), 6.73 (d, 2H, J= 8.2 Hz), 6.71 (dd, 1H, J= 

1.4 Hz, 3.6 Hz), 4.52 (s, 2H), 3.52 (s, 3H), 2.46 (m, 1H, J= 6.8 Hz), 1.14 (d, 6H, J= 6.8 

Hz). 376 (M+H)+ 
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1-Benzyl 2-(tert-butyl) hydrazine-1,2-dicarboxylate (17) 

To tert-butyl carbazate (150 mg, 1.137 mmol, 1 eq) and N-methyl morpholine (NMM) 

(123 µL, 1.137 mmol, 1 eq) in 6 mL of THF at 0oC, benzyl chloroformate (162 µL, 1.137 

mmol, 1 eq) was added dropwise. The reaction was warmed to room temperature 

overnight. The mixture was filtered and the filtrate was concentrated. The oil residue was 

purified by chromatography on silica gel using a gradient of 0-100% ethyl acetate in 

hexanes to give the desired product as a clear oil (220 mg, 73%). 1H NMR (CDCl3) δ 

7.38 (m, 5H), 5.20 (s, 2H), 1.49 (s, 9H). 289 (M+Na)+     

 

 

1-Benzyl 2-(tert-butyl) pyrazolidine-1,2-dicarboxylate (16) 

To sodium hydride (66 mg, 1.654 mmol, 2 eq) in 5 mL of DMF at 0oC, 17 (220 mg, 

0.827 mmol, 1 eq) in 5 mL of DMF was added, followed by 1,3-dibromopropane (84 µL, 

0.827 mmol, 1 eq). The reaction was warmed to room temperature overnight and then 

concentrated. The solid residue was dissolved in 5 mL of EtOAc and washed with 4 mL  
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of 0.1 M citric acid, aq. NaHCO3 (2 mL sat. aq. NaHCO3 + 2 mL H2O), and brine, dried 

over MgSO4, filtered and concentrated. The oil residue was purified by chromatography 

on silica gel using a gradient of 0-100% ethyl acetate in hexanes to give the desired 

product as a clear oil (120 mg, 47%). 1H NMR (CDCl3) δ 7.36 (m, 5H), 5.16 (s, 2H), 3.92 

(m, 2H), 3.24 (m, 2H), 2.02 (m, 2H), 1.43 (s, 9H). 329 (M+Na)+     

 

 

tert-Butyl pyrazolidine-1-carboxylate (15) 

16 (120 mg, 0.392 mmol, 1 eq) and 10% palladium on carbon (8 mg, 0.0392 mmol, 0.1 

eq) in 3 mL of methanol were stirred under a hydrogen atmosphere for 16 hours. The 

mixture was filtered through celite and the filtrate was concentrated to give the desired 

product as a brown oil (53 mg, 79%). 1H NMR (CDCl3) δ 3.30 (t, 2H), 2.89 (t, 2H), 1.89 

(m, 2H), 1.34 (s, 9H). 

 

 

tert-Butyl 2-(2-(4-Isopropylphenoxy)acetyl)pyrazolidine-1-carboxylate  
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To 4-Isopropylphenoxyacetic acid (60 mg, 0.308 mmol, 1 eq) in 2 mL of DCM, 15 (53 

mg, 0.308 mmol, 1 eq) was added, followed by EDC (60 mg, 0.314 mmol, 1.02 eq). The 

reaction was stirred for 16 hours. 2 mL of DCM was added and the reaction mixture was 

washed with 2 mL of sat. aq. NaHCO3 and brine, dried over MgSO4, filtered and 

concentrated. 15 was still remaining so an additional 35 mg of 4-isopropylphenoxyacetic 

acid and 35 mg of EDC were added in 2 mL of DCM. The reaction was stirred for 16 

hours. 2 mL of DCM was added and the reaction mixture was washed with 2 mL of sat. 

aq. NaHCO3 and brine, dried over MgSO4, filtered and concentrated to give the desired 

product as a brown oil (81 mg, 76%). 350 (M+H)+ 

 

 

2-(4-Isopropylphenoxy)-1-(pyrazolidin-1-yl)ethan-1-one (14) 

tert-Butyl 2-(2-(4-Isopropylphenoxy)acetyl)pyrazolidine-1-carboxylate (81 mg, 0.233 

mmol) in 1 mL of TFA and 1 mL of DCM was stirred for 1.5 hours. The reaction was 

concentrated to give the desired product as a brown oil; quantitative yield. 249 (M+H)+ 
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N-(2-(2-(4-Isopropylphenoxy)acetyl)pyrazolidine-1-carbonothioyl)furan-2-carboxamide 

(NL23) 

2-Furoyl chloride (24 µL, 0.240 mmol, 1 eq) and potassium thiocyanate (40 mg, 0.408 

mmol, 1.7 eq) in CH3CN were stirred for 1 hour. 14 (58 mg, 0.233 mmol, 0.97 eq) was 

added and the reaction was stirred for 0.5 hours. The reaction was concentrated and 

purified by reverse phase chromatography to give the desired product as a white solid (10 

mg, 11%). 1H NMR (CDCl3) δ 9.23 (s, 1H), 7.49 (d, 1H, J= 1.4 Hz), 7.26 (d, 1H, J= 3.6 

Hz), 6.99 )d, 2H, J= 8.6 Hz), 6.75 (d, 2H, J= 8.6 Hz), 6.54 (dd, 1H, J= 1.4 Hz, 3.6 Hz), 

4.77 (s, 2H), 2.75 (m, 1H, J= 6.9 Hz), 2.14 (m, 2H), 1.80 (m, 4H), 1.11 (d, 6H, J= 6.9 

Hz). 402 (M+H)+ 

 

 

1-(4-Isopropylbenzyl)urea (61) 



133 

 

To 4-isopropylbenzylamine (27a, 108 µL, 0.671 mmol, 1 eq) in 1 mL of 1N HCl, 

potassium cyanide (82 mg, 1.007 mmol, 1.5 eq) in 0.5 mL of H2O was added. The 

reaction was stirred for 64 hours. The product precipitated out and was washed with H2O 

and diethyl ether to give the desired product as a white solid (92 mg, 71%). 1H NMR 

(MeOD) δ 7.21 (d, 4H), 4.27 (s, 2H), 2.89 (m, 1H, J= 6.9 Hz), 1.24 (d, 6H, J= 6.9 Hz). 

193 (M+H)+ 

 

 

N-(((4-Isopropylbenzyl)carbamoyl)carbamothioyl)furan-2-carboxamide (NL25) 

2-Furoyl chloride (49 µL, 0.494 mmol, 1 eq) and potassium thiocyanate (81 mg, 0.840 

mmol, 1.7 eq) in CH3CN were stirred for 1 hour. 61 (92 mg, 0.479 mmol, 0.97 eq) was 

added and the reaction was stirred overnight. The reaction was concentrated and purified 

by reverse phase chromatography to give the desired product as a white solid (15 mg, 

9%). 1H NMR (DMSO-d6) δ 8.06 (d, 1H, J= 1.6 Hz), 7.49 (d, 1H, J= 3.6 Hz), 7.23 (s, 

4H), 6.78 (dd, 1H, J= 1.6 Hz, 3.6 Hz), 4.35 (s, 2H), 2.87 (m, 1H, J= 6.9 Hz), 1.19 (d, 6H, 

J= 6.9 Hz). 346 (M+H)+ 
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2-(4-Isopropylphenyl)ethan-1-amine (27b) 

To 4-isopropylphenylacetonitrile (62, 312 µL, 1.887 mmol, 1 eq) in 3 mL of THF under a 

nitrogen atmosphere, borane dimethyl sulfide complex (2 M in THF, 1.038 mL, 2.076 

mmol, 1.1 eq) was added. The reaction was refluxed at 65oC for 3 hours. The reaction 

was concentrated and 5 mL of methanol was added. After bubbling had stopped, the 

mixture was filtered and the filtrate was concentrated to give the desired product as a 

yellow oil; quantitative yield. 164 (M+H)+ 

 

 

1-(4-Isopropylphenethyl)urea (63) 

To 27b (309 mg, 1.887 mmol, 1 eq) in 3 mL of 1N HCl, potassium cyanide (228 mg, 

2.832 mmol, 1.5 eq) in 1.5 mL of H2O was added. The reaction was stirred for 16 hours. 

The product precipitated out and was collected by filtration to give the desired product as 

a white solid (307 mg, 79%). 1H NMR (MeOD) δ 7.04 (m, 4H), 3.39 (q, 2H, J= 6.7 Hz), 

2.76 (m, 1H, J= 6.9 hz), 1.13 (d, 6H, J= 6.9 Hz), 1.10 (t, 2H, J= 6.7 Hz). 207 (M+H)+ 
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N-(((4-Isopropylphenethyl)carbamoyl)carbamothioyl)furan-2-carboxamide (NL26) 

2-Furoyl chloride (152 µL, 1.536 mmol, 1 eq) and potassium thiocyanate (253 mg, 2.611 

mmol, 1.7 eq) in CH3CN were stirred for 1 hour. 63 (307 mg, 1.490 mmol, 0.97 eq) was 

added and the reaction was stirred for 64 hours. The reaction was concentrated and the 

solid residue by reverse phase chromatography to give the desired product as a white 

solid (24 mg, 4%). 1H NMR (DMSO-d6) δ 8.06 (d, 1H, J= 1.7 Hz), 7.47 (d, 1H, J= 3.6 

Hz), 7.18 (m, 4H), 6.78 (dd, 1H, J= 1.7 Hz, 3.6 Hz), 3.42 (t, 2H, J= 7 Hz), 2.86 (m, 1H, 

J= 6.9 Hz), 2.74 (t, 2H, J= 7 Hz), 1.19 (d, 6H, J= 6.9 Hz). 360 (M+H)+ 

 

 

3-((Furan-2-ylmethyl)amino)-4-isopropoxycyclobut-3-ene-1,2,-dione (29a) 

Diisopropyl squarate (30, 41 mg, 0.207 mmol, 1 eq) and furfuryl amine (28a, 19 µL, 

0.207 mmol, 1 eq) were stirred in 2 mL of THF for 64 hours. The reaction was 

concentrated and purified by chromatography on silica gel using a gradient of 0-100% 

ethyl acetate in hexanes to give the desired product as a white solid (37 mg, 76%). 1H 



136 

 

NMR (CDCl3) δ 7.32 (d, 1H, J= 1.8 Hz), 6.28 (dd, 1H, J= 1.8 Hz, 3.2 Hz), 6.23 (d, 1H, 

J= 3.2 Hz), 5.37 (s, 1H), 4.53 (s, 2H), 1.71 (m, 1H, J= 5.2 Hz) 1.37 (d, 6H, J= 5.2 Hz). 

236 (M+H)+ 

 

 

3-((Furan-2-ylmethyl)amino)-4-((4-isopropylbenzyl)amino)cyclobut-3-ene-1,2-dione 

(NL27) 

29a (31 mg, 0.131 mmol, 1 eq) and 4-isopropylbenzylamine (27a, 21 µL, 0.131 mmol, 1 

eq) were refluxed in 2 mL of EtOH for 16 hours. The product precipitated out and was 

collected by filtration to give the desired product as a white solid (16 mg, 38%). 1H NMR 

(DMSO-d6) δ 7.64 (d, 1H, J= 1.8 Hz), 7.23 (s, 4H), 6.42 (dd, 1H, J= 1.8 Hz, 3.2 Hz), 6.34 

(d, 1H, J= 3.2 Hz), 4.72 (s, 2H), 4.67 (s, 2H), 2.87 (m, 1H, J= 6.9 Hz), 1.18 (d, 6H, J= 6.9 

Hz). 325 (M+H)+ 
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3-((Furan-2-ylmethyl)amino)-4-((4-isopropylphenethyl)amino)cyclobut-3-ene-1,2-dione 

(NL29) 

29a (37 mg, 0.156 mmol, 1 eq) and 27b (26 mg, 0.157 mmol, 1 eq) were refluxed in 2 

mL of EtOH for 16 hours. 1 mL of hexanes was added to aid in product precipitation and 

the product was collected by filtration to give the desired product as a white solid (4 mg, 

8%). 1H NMR (DMSO-d6) δ 7.53 (d, 1H, J= 1.9 Hz), 7.24 (s, 4H), 6.37 (dd, 1H, J= 1.9 

Hz, 2.7 Hz), 6.16 (d, 1H, J= 2.7 Hz), 4.65 (d, 2H, J= 3.9 Hz), 3.77 (d, 2H, J= 3.9 Hz), 

2.89 (s, 2H), 2.88 (m, 1H, J= 6.8 Hz), 1.19 (d, 6H, J= 6.8 Hz). 339 (M+H)+ 

 

 

3-((2-(Furan-2-yl)ethyl)amino)-4-Isopropoxycyclobut-3-ene-1,2-dione (29b) 

Diisopropyl squarate (30, 76 mg, 0.384 mmol, 1 eq) and 2-furanethanamine 

hydrochloride (28b, 57 mg, 0.384 mmol, 1 eq) with a catalytic amount of DMAP were 

refluxed in 2 mL of THF for 64 hours. The reaction was concentrated and purified by 
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chromatography on silica gel using a gradient of 0-100% ethyl acetate in hexanes to give 

the desired product as a white solid (48 mg, 50%). 1H NMR (CDCl3) δ 7.36 (s, 1H), 6.33 

(s, 1H), 6.13 (s, 1H), 5.44 (s, 1H), 3.75 (t, 2H, J= 6.4 Hz), 2.98 (t, 2H, J= 6.4 Hz), 1.71 

(m, 1H, J= 6.1 Hz), 1.45 (d, 6H, J= 6.1 Hz).  250 (M+H)+ 

 

 

3-((2-(Furan-2-yl)ethyl)amino)-4-((4-isopropylbenzyl)amino)cyclobut-3-ene-1,2-dione 

(NL28) 

29b (48 mg, 0.192 mmol, 1 eq) and 4-isopropylbenzylamine (27a, 31 µL, 0.92 mmol, 1 

eq) were refluxed in 2 mL of EtOH for 16 hours. The product precipitated out and was 

collected by filtration to give the desired product as a white solid (35 mg, 54%). 1H NMR 

(DMSO-d6) δ 7.64 (d, 1H, J= 1.8 Hz), 7.16 (m, 4H), 6.43 (dd, 1H, J= 1.8 Hz, 2.9 Hz), 

6.33 (d, 1H, J= 2.9 Hz), 4.70 (t, 2H, J= 5.2 Hz), 3.73 (s, 2H), 2.85 (m, 1H, J= 6.9 Hz), 

2.80 (t, 2H, J= 5.2 Hz), 1.18 (d, 6H, J= 6.9 Hz). 339 (M+H)+ 
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3-((2-(Furan-2-yl)ethyl)amino)-4-((4-isopropylphenethyl)amino)cyclobut-3-ene-1,2-

dione (NL30) 

29b (38 mg, 0.152 mmol, 1 eq) and 27b (82 mg, 0.500 mmol, 3.3 eq (impure)) were 

refluxed in 2 mL of EtOH for 16 hours. The product precipitated out and was collected 

by filtration to give the desired product as a white solid (12 mg, 22%). 1H NMR (DMSO-

d6) δ 7.55 (d, 1H), 7.15 (m, 4H), 6.38 (dd, 1H), 6.16 (d, 1H), 3.65 (m, 4H), 2.81 (m, 4H), 

1.77 (m, 1H, J= 6.9 Hz), 1.18 (d, 6H, J= 6.9 Hz). 353 (M+H)+ 

 

 

tert-Butyl (2-(2-(4-isopropylphenoxy)acetamido)ethyl)carbamate (64) 

4-Isopropylphenoxyacetic acid (8, 50 mg, 0.258 mmol, 1 eq) and N-Boc-ethylenediamine 

(33, 45 µL, 0.284 mmol, 1.1 eq) in 2 mL of THF were stirred for 10 minutes. 4-(4,6-

Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM) (79 mg, 0.284 

mmol, 1.1 eq) was added and the reaction was stirred for 3 hours. 5 mL of H2O was 

added and the product was extracted with 3 x 2 mL of diethyl ether. The combined 
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organic layers were washed sequentially with 3 mL of sat. aq. Na2CO3, H2O, 1 N HCl, 

H2O and brine, dried over MgSO4, filtered and concentrated to give the desired product 

as a white solid (72 mg, 83%). 1H NMR (CDCl3) δ 7.09 (d, 2H, J= 8.7 Hz), 6.79 (d, 2H, 

J= 8.7 Hz), 4.40 (s, 2H), 3.39 (q, 1H, J= 5.6 Hz), 3.23 (q, 2H, J= 5.6 Hz), 2.80 (m, 1H, J= 

6.9 Hz), 1.36 (s, 9H), 1.16 (d, 6H, J= 6.9 Hz). 359 (M+Na)+ 

 

 

N-(2-Aminoethyl)-2-(4-isopropylphenoxy)acetamide (31) 

64 (67 mg, 0.199 mmol) in 1 mL of TFA and 1 mL of DCM was stirred for 1 hour. The 

reaction was concentrated to give the desired product as a yellow oil; quantitative yield. 

1H NMR (CDCl3) δ 7.19 (d, 2H, J= 8.6 Hz), 6.83 (d, 2H, J= 8.6 Hz), 4.54 (s, 2H), 3.72 

(m, 2H), 3.35 (m, 2H), 2.89 (m, 1H, J= 6.9 Hz), 1.24 (d, 6H, J= 6.9 Hz). 237 (M+H)+  

 

 

N-(2-(2-(4-Isopropylphenoxy)acetamido)ethyl)furan-2-carboxamide (NL31) 
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To 31 (47 mg, 0.198 mmol, 1 eq) in 2 mL of DMF, (benzotriazol-1-

yloxy)tris(dimethylamino)phosphonium hexafluorophosphate (BOP, 88 mg, 0.198 mmol, 

1 eq), 2-furoic acid (32, 27 mg, 0.238 mmol, 1.2 eq) and N-methyl morpholine (NMM, 

87 µL, 0.792 mmol, 4 eq) were added. The reaction was stirred for 16 hours. 4 mL of 0.2 

N NaOH was added and the mixture was stirred for 0.5 hours. An additional 2 mL of 0.2 

N NaOH was added and the mixture was again stirred for 0.5 hours. The product 

precipitated out and was collected by filtration to give the desired product as a white solid 

(7 mg, 11%). 1H NMR (CDCl3) δ 7.38 (d, 1H, J= 1.7 Hz), 7.08 (d, 2H, J= 8.7 Hz), 7.03 

(d, 1H, J= 3.4 Hz), 6.86 (s, 1H), 6.78 (d, 2H, J= 8.7 Hz), 6.42 (dd, 1H, J= 1.7 Hz, 3.4 Hz), 

4.41 (s, 2H), 3.53 (m, 4H), 2.79 (m, 1H, J= 6.9 Hz), 1.15 (d, 6H, J= 6.9 Hz). 683 

(2M+Na)+ 

 

 

N-(Furan-2-ylmethyl)-1H-benzo[d][1,2,3]triazole-1-carbothioamide (66) 

To bis(1-benzotriazolyl)methanethione (65, 40 mg, 0.144 mmol, 1 eq) in 2 mL of DCM, 

furfurylamine (28a, 13 µL, 0.144 mmol, 1 eq) was added. The reaction was stirred for 16 

hours. The reaction was concentrated and the solid residue was dissolved in 3 mL of 

EtOAc and washed sequentially with 2 mL of 10% aq. Na2CO3, H2O and brine, dried 

over MgSO4, filtered and concentrated to give the desired product as a brown solid (29 
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mg, 78%). 1H NMR (CDCl3) δ 9.22 (s, 1H), 8.85 (d, 1H, J= 8.3 Hz), 8.04 (d, 1H, J= 8.3 

Hz), 7.59 (t, 1H, J= 8.3 Hz), 7.43 (t, 1H, J= 8.3 Hz), 7.41 (d, 1H, J= 1.4 Hz), 6.38 (d, 1H, 

J= 3.2 Hz), 6.33 (dd, 1H, J= 1.4 Hz, 3.2 Hz), 4.97 (s, 2H).  

 

 

N-(Furan-2-ylmethyl)-2-(2-(4-isopropylphenoxy)acetyl)hydrazine-1-carbothioamide 

(NL32) 

To 66 (29 mg, 0.112 mmol, 1 eq) in 2 mL of DCM, 2-(4-

isopropylphenoxy)acetohydrazide (34, 23 mg, 0.112 mmol, 1 eq) was added, followed by 

triethylamine (31 µL, 0.224 mmol, 2 eq). The reaction was stirred for 16 hours. The 

reaction was concentrated and the oil was dissolved in 3 mL of EtOAc. The mixture was 

washed sequentially with 2 mL of 10% aq. Na2CO3, 1M HCl, H2O and brine, dried over 

MgSO4, filtered and concentrated. The oil residue was purified by reverse phase 

chromatography to give the desired product as a white solid (11 mg, 28%). 1H NMR 

(CDCl3) δ 7.29 (d, 1H, J= 1.8 Hz), 7.11 (d, 2H, J= 8.7 Hz), 6.84 (d, 2H, J= 8.7 Hz), 6.42 

(d, 1H, J= 3.2 Hz), 6.26 (dd, 1H, J= 1.8 Hz, 3.2 Hz), 5.32 (s, 2H), 5.06 (s, 2H), 2.81 (m, 

1H, J= 6.9 Hz), 1.16 (d, 6H, J= 6.9 Hz). 348 (M+H)+ 
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5.2.6 Synthesis of Compounds NL33 – NL67 

General Method A. The acid chloride (1 eq), ammonium thiocyanate (1.7 eq) and 1 drop 

of PEG-400 in DCM were stirred for 1 hour. 2-(4-Isopropylphenoxy)acetohydrazide 

(0.97 eq) was added and the reaction was stirred for 0.5 hours.  

General Method B. The acid chloride (1 eq) and potassium thiocyanate (1.7 eq) in 

CH3CN were stirred for 1 hour. 2-(4-Isopropylphenoxy)acetohydrazide (0.97 eq) was 

added and the reaction was stirred for 0.5 hours. 

General Method for Synthesis of Acid Chlorides. To the acid (1 eq) in 1 mL of THF and 

1 drop of DMF at 0oC, oxalyl chloride (1.2 eq) was added. The reaction was stirred under 

nitrogen for 1.5 hours and then the solution was concentrated. The acid chloride was 

continued to the next step.  

 

 

N-(2-(2-(4-Isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)furan-3-carboxamide 

(NL33) 

Prepared using General Method B from 3-furoyl chloride (13 mg, 0.0991 mmol), 

potassium thiocyanate (16 mg, 0.168 mmol) and 2-(4-isopropylphenoxy)acetohydrazide 

(20 mg, 0.0962 mmol) in 2 mL of CH3CN. The product precipitated out and was 
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collected by filtration to give the desired product as a white solid (16 mg, 46%). 1H NMR 

(DMSO-d6) δ 12.51 (s, 1H), 11.65 (s, 1H), 10.99 (s, 1H), 8.70 (s, 1H), 7.84 (t, 1H, J= 1.5 

Hz), 7.17 (d, 2H, J= 8.6 Hz), 7.06 (d, 1H, J= 1.5 Hz), 6.92 (d, 2H, J= 8.6 Hz), 4.68 (s, 

2H), 2.84 (m, 1H, J= 6.8 Hz), 1.18 (d, 6H, J= 6.8 Hz). 362 (M+H)+ 

 

 

N-(2-(2-(4-Isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)-3-methylfuran-2-

carboxamide (NL34) 

Prepared using General Method B from 3-methylfuran-2-carbonyl chloride (12 µL, 0.101 

mmol), potassium thiocyanate (17 mg, 0.171 mmol) and 2-(4-

isopropylphenoxy)acetohydrazide (20 mg, 0.0978 mmol) in 2 mL of CH3CN. The 

mixture was concentrated and purified by reverse phase chromatography to give the 

desired product as a white solid (4 mg, 11%). 1H NMR (CDCl3) δ 12.98 (s, 1H), 9.98 (s, 

1H), 8.95 (s, 1H), 7.33 (d, 1H, J= 1.5 Hz), 7.06 (d, 2H, J= 8.6 Hz), 6.79 (d, 2H, J= 8.6 

Hz), 6.33 (d, 1H, J= 1.5 Hz), 4.56 (s, 2H), 2.74 (m, 1H, J= 6.9 Hz), 2.31 (s, 3H), 1.10 (d, 

6H, J= 6.9 Hz). 376 (M+H)+ 
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N-(2-(2-(4-Isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)-5-methylfuran-2-

carboxamide (NL35) 

Prepared using General Method B from 5-methylfuran-2-carbonyl chloride (12 µL, 0.101 

mmol), potassium thiocyanate (17 mg, 0.171 mmol) and 2-(4-

isopropylphenoxy)acetohydrazide (20 mg, 0.0978 mmol) in 2 mL of CH3CN.  The 

product precipitated out and was collected by filtration to give the desired product as a 

white solid (10 mg, 27%). 1H NMR (DMSO-d6) δ 12.32 (s, 1H), 11.44 (s, 1H), 10.95 (s, 

1H), 7.76 (d, 1H, J= 3.4 Hz), 7.17 (d, 2H, J= 8.6 Hz), 6.92 (d, 2H, J= 8.6 Hz), 6.40 (d, 

1H, J= 3.4 Hz), 4.67 (s, 2H), 2.84 (m, 1H, J= 6.8 Hz), 1.18 (d, 6H, J= 6.8 Hz). 376 

(M+H)+ 

 

 

N-(2-(2-(4-Isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)-5-phenylfuran-2-

carboxamide (NL36) 
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Prepared using General Method B from 5-phenylfuran-2-carbonyl chloride (21 mg, 0.101 

mmol), potassium thiocyanate (17 mg, 0.171 mmol) and 2-(4-

isopropylphenoxy)acetohydrazide (20 mg, 0.0978 mmol) in 2 mL of CH3CN. The 

product precipitated out and was collected by filtration to give the desired product as a 

white solid (25 mg, 59%).  1H NMR (DMSO-d6) δ 12.44 (s, 1H), 11.81 (s, 1H), 11.01 (s, 

1H), 7.99 (d, 2H, J= 7.2 Hz), 7.84 (d, 1H, J= 3.8 Hz), 7.51 (t, 2H, J= 7.2 Hz), 7.45 (m, 

1H), 7.25 (d, 1H, J= 3.8 Hz), 7.18 (d, 2H, J= 8.6 Hz), 6.94 (d, 2H, J= 8.6 Hz), 4.69 (s, 

2H), 2.85 (m, 1H, J= 6.9 Hz), 1.18 (d, 6H, J= 6.9 Hz). 438 (M+H)+ 

 

 

5-Bromo-N-(2-(2-(4-isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)furan-2-

carboxamide (NL37) 

5-bromofuran-2-carbonyl chloride (3e) was prepared using the general method from 5-

bromo-2-furoic acid (20 mg, 0.105 mmol) and oxalyl chloride (11 µL, 0.126 mmol). 

NL39 was prepared using General Method B from 3e (22 mg, 0.105 mmol), potassium 

thiocyanate (17 mg, 0.179 mmol) and 2-(4-isopropylphenoxy)acetohydrazide (21 mg, 

0.102 mmol) in 2 mL of CH3CN. After addition of the hydrazide, the reaction was stirred 

for 16 hours. The mixture was concentrated and purified by reverse phase 

chromatography to give the desired product as a white solid (6 mg, 13%). 1H NMR 
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(CDCl3) δ 12.76 (s, 1H), 9.90 (s, 1H), 8.86 (s, 1H), 7.16 (d, 1H, J= 3.6 Hz), 7.01 (d, 2H, 

J= 8.6 Hz), 6.74 (d, 2H, J= 8.6 Hz), 6.40 (d, 1H, J= 3.6 Hz), 4.50 (s, 2H), 2.70 (m, 1H, J= 

6.9 Hz), 1.05 (d, 6H, J= 6.9 Hz). 440 (M+H)+ 

 

 

N-(2-(2-(4-Isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)isoxazole-5-carboxamide 

(NL38) 

Prepared using General Method A from 5-isoxazolecarbonyl chloride (19.6 mg, 0.202 

mmol), ammonium thiocyanate (26 mg, 0.342 mmol) and 2-(4-

isopropylphenoxy)acetohydrazide (40 mg, 0.196 mmol) in 4 mL of DCM. The mixture 

was concentrated and purified by reverse phase chromatography to give the desired 

product as a white solid (41 mg, 58%). 1H NMR (DMSO-d6) δ 12.11 (s, 2H), 11.03 (s, 

1H), 8.86 (d, 1H, J= 1.9 Hz), 7.64 (d, 1H, J= 1.9 Hz), 7.17 (d, 2H, J= 8.6 Hz), 6.92 (d, 

2H, J= 8.6 Hz), 4.68 (s, 2H), 2.85 (m, 1H, J= 6.9 Hz), 1.18 (d, 6H, J= 6.9 Hz). 363 

(M+H)+ 
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N-(2-(2-(4-Isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)oxazole-5-carboxamide 

(NL39) 

5-Oxazolecarbonyl chloride (3g) was prepared using the general method from 5-

oxazolecarboxylic acid (20 mg, 0.177 mmol) and oxalyl chloride (18 µL, 0.212 mmol). 

NL39 was prepared using General Method B from 3g  (22 mg, 0.177 mmol), potassium 

thiocyanate (18 mg, 0.177 mmol) and 2-(4-isopropylphenoxy)acetohydrazide (36 mg, 

0.171 mmol) in 2 mL of CH3CN. The mixture was concentrated and purified by reverse 

phase chromatography to give the desired product as a white solid (4 mg, 6%). 1H NMR 

(CDCl3) δ 8.08 (s, 1H), 8.02 (s, 1H), 7.22 (d, 2H, J= 8.6 Hz), 6.94 (d, 2H, J= 8.6 Hz), 

4.71 (s, 2H), 2.91 (m, 1H, J= 6.9 Hz), 1.25 (d, 6H, J= 6.9 Hz). 363 (M+H)+ 

 

 

N-(2-(2-(4-Isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)-1H-pyrrole-2-

carboxamide (NL40) 
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Pyrrole-2-carbonyl chloride (3h) was prepared using the general method from pyrrole-2-

carboxylic acid (40 mg, 0.360 mmol) and oxalyl chloride (37 µL, 0.432 mmol). NL40 

was prepared using General Method B from 3h (46 mg, 0.360 mmol) and potassium 

thiocyanate (59 mg, 0.612 mmol), which were stirred for 16 hours, and 2-(4-

isopropylphenoxy)acetohydrazide (73 mg, 0.349 mmol) in 2 mL of CH3CN. The mixture 

was concentrated and purified by reverse phase chromatography to give the desired 

product as a white solid (8 mg, 6%). 1H NMR (DMSO-d6) δ 12.71 (s, 1H), 12.02 (s, 1H), 

11.34 (s, 1H), 10.96 (s, 1H), 7.45 (m, 1H), 7.18 (d, 2H, J= 8.6 Hz), 7.16 (m, 1H), 6.92 (d, 

2H, J= 8.6 Hz), 6.23 (m, 1H), 4.69 (s, 2H), 2.84 (m, 1H, J= 6.9 Hz), 1.18 (d, 6H, J= 6.9 

Hz). 361 (M+H)+ 

 

 

N-(2-(2-(4-Isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)thiophene-2-

carboxamide (NL41) 

Prepared using General Method A from 2-thiophene carbonyl chloride (14.6 µL, 0.136 

mmol), ammonium thiocyanate (18 mg, 0.231 mmol) and 2-(4-

isopropylphenoxy)acetohydrazide (27 mg, 0.132 mmol) in 2 mL of DCM. The product 

precipitated out and was collected by filtration to give the desired product as a white solid 

(34 mg, 68%). 1H NMR (DMSO-d6) δ 12.40 (s, 1H), 11.84 (s, 1H), 10.99 (s, 1H), 8.36 (d, 
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1H, J= 3.9 Hz), 8.06 (d, 1H, J= 5 Hz), 7.25 (dd, 1H, J= 3.9 Hz, 5 Hz), 7.17 (d, 2H, J= 8.6 

Hz), 6.93 (d, 2H, J= 8.6 Hz), 4.68 (s, 2H), 2.85 (m, 1H, J= 6.8 Hz), 1.18 (d, 6H, J= 6.8 

Hz). 378 (M+H)+ 

 

 

N-(2-(2-(4-Isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)thiophene-3-

carboxamide (NL42) 

Prepared using General Method A from thiophene-3-carbonyl chloride (14.8 mg, 0.101 

mmol), ammonium thiocyanate (13 mg, 0.171 mmol) and 2-(4-

isopropylphenoxy)acetohydrazide (20 mg, 0.0978 mmol) in 2 mL of DCM. The product 

precipitated out and was collected by filtration to give the desired product as a white solid 

(18 mg, 49%). 1H NMR (DMSO-d6) δ 12.59 (s, 1H), 11.63 (s, 1H), 11.02 (s, 1H), 8.73 (s, 

1H), 7.68 (d, 2H, J= 2 Hz), 7.17 (d, 2H, J= 8.6 Hz), 6.92 (d, 2H, J= 8.6 Hz), 4.69 (s, 2H), 

2.84 (m, 1H, J= 6.9 Hz), 1.17 (d, 6H, J= 6.9 Hz). 378 (M+H)+ 
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N-(2-(2-(4-Isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)benzamide (NL43) 

Prepared using General Method B from benzoyl chloride (12 µL, 0.0992 mmol), 

potassium thiocyanate (16 mg, 0.169 mmol) and 2-(4-isopropylphenoxy)acetohydrazide 

(20 mg, 0.0962 mmol) in 2 mL of CH3CN. The product precipitated out and was 

collected by filtration to give the desired product as a white solid (16 mg, 44%). 1H NMR 

(DMSO-d6) δ 12.58 (s, 1H), 11.80 (s, 1H), 11.03 (s, 1H), 7.95 (m, 2H), 7.66 (m, 1H), 

7.53 (m, 2H), 7.18 (d, 2H, J= 8.6 Hz), 6.93 (d, 2H, J= 8.6 Hz), 4.70 (s, 2H), 2.85 (m, 1H, 

J= 6.9 Hz), 1.18 (d, 6H, J= 6.9 Hz). 372 (M+H)+ 

 

 

N-(2-(2-(4-Isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)-2-methoxybenzamide 

(NL44) 

Prepared using General Method A from 2-methoxybenzoyl chloride (15 µL, 0.101 mmol) 

and ammonium thiocyanate (13 mg, 0.171 mmol) in 2 mL of DCM, which were stirred 

for 16 hours. 2-(4-isopropylphenoxy)acetohydrazide (20 mg, 0.0978 mmol) was added 

and the reaction was stirred for 1 hour. The mixture was filtered and the filtrate was 

purified by chromatography on silica gel using a gradient of 0-10% methanol in 

dichloromethane. The solid residue was repurified by reverse phase chromatography to 
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give the desired product as a white solid (10 mg, 26%). 1H NMR (CDCl3) δ 13.28 (s, 

1H), 10.86 (s, 1H), 10.02 (s, 1H), 8.04 (dd, 1H, J= 1.8 Hz, 8 Hz), 7.41 (dt, 1H, J= 1.8 Hz, 

8 Hz), 7.01 (d, 2H, J= 8.6 Hz), 6.97 (t, 1H, J= 8 Hz), 6.86 (d, 1H, J= 8 Hz), 6.75 (d, 2H, 

J= 8.6 Hz), 4.51 (s, 2H), 3.91 (s, 3H), 2.70 (m, 1H, J= 6.9 Hz), 1.05 (d, 6H, J= 6.9 Hz). 

402 (M+H)+ 

 

 

N-(2-(2-(4-Isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)picolinamide (NL45) 

Prepared using General Method B from 2-pyridinecarbonyl chloride hydrochloride (18 

mg, 0.101 mmol), potassium thiocyanate (20 mg, 0.202 mmol) and 2-(4-

isopropylphenoxy)acetohydrazide (20 mg, 0.0978 mmol) in 2 mL of CH3CN. The 

product precipitated out and was collected by filtration to give the desired product as a 

white solid (14 mg, 38%). 1H NMR (DMSO-d6) δ 11.10 (s, 1H), 10.85 (s, 1H), 8.79 (d, 

1H, J= 4.5 Hz), 8.23 (d, 1H, J = 7.6 Hz), 8.15 (dt, 1H, J= 1.5 Hz, 7.6 Hz), 7.80 (dt, 1H, J= 

1.5 Hz, 4.5 Hz), 7.17 (d, 2H, J= 8.7 Hz), 6.93 (d, 2H, J= 8.7 Hz), 4.68 (s, 2H), 2.85 (m, 

1H, J= 6.7 Hz), 1.17 (d, 6H, J = 6.7 Hz). 373 (M+H)+ 
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N-(2-(2-(4-Isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)nicotinamide (NL46) 

Prepared using General Method B from 3-pyridinecarbonyl chloride hydrochloride (18 

mg, 0.101 mmol), potassium thiocyanate (20 mg, 0.202 mmol) and 2-(4-

isopropylphenoxy)acetohydrazide (20 mg, 0.0978 mmol) in 2 mL of CH3CN. The 

product precipitated out and was collected by filtration to give the desired product as a 

white solid (25 mg, 69%). 1H NMR (DMSO-d6) δ 12.44 (s, 1H), 12.09 (s, 1H), 11.07 (s, 

1H), 9.09 (s, 1H), 8.83 (d, 1H, J= 4.9 Hz), 8.37 (m, 1H), 7.63 (dd, 1H, J= 5.6 Hz, 8 Hz), 

7.18 (d, 2H, J= 8.6 Hz), 6.93 (d, 2H, J= 8.6 Hz), 4.70 (s, 2H), 2.85 (m, 1H, J= 6.8 Hz), 

1.18 (d, 6H, J= 6.8 Hz). 373 (M+H)+ 

 

 

N-(2-(2-(4-Isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)isonicotinamide (NL47) 

Prepared using General Method B from 4-pyridinecarbonyl chloride hydrochloride (18 

mg, 0.101 mmol), potassium thiocyanate (20 mg, 0.202 mmol) and 2-(4-

isopropylphenoxy)acetohydrazide (20 mg, 0.0978 mmol) in 2 mL of CH3CN. The 
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product precipitated out and was collected by filtration to give the desired product as a 

white solid (10 mg, 27%). 1H NMR (DMSO-d6) δ 11.04 (s, 1H), 8.78 (d, 2H, J= 6 Hz), 

7.83 (d, 2H, J= 6Hz), 7.18 (d, 2H, J= 8.6 Hz), 6.93 (d, 2H, J= 8.6 Hz), 4.69 (s, 2H), 2.85 

(m, 1H, J= 6.7 Hz), 1.18 (d, 6H, J= 6.7 Hz).   373 (M+H)+ 

 

 

N-(2-(2-(4-Isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)benzofuran-2-

carboxamide (NL48) 

Prepared using General Method A from benzofuran-2-carbonyl chloride (18 mg, 0.101 

mmol), ammonium thiocyanate (13 mg, 0.171 mmol) and 2-(4-

isopropylphenoxy)acetohydrazide (20 mg, 0.0978 mmol) in 2 mL of DCM. After 

addition of the hydrazide the reaction was stirred at room temperature for 16 hours and 

then at 45oC for 24 hours. The mixture was concentrated and purified by chromatography 

on silica gel using a gradient of 0-10% methanol in dichloromethane to give the desired 

product as a white solid (16 mg, 40%).  1H NMR (DMSO-d6) δ 12.27 (s, 1H), 11.81 (s, 

1H), 11.01 (s, 1H), 8.22 (s, 1H), 7.85 (d, 1H, J= 8 Hz), 7.75 (d, 1H, J= 8 Hz), 7.56 (t, 1H, 

J= 7.8 Hz), 7.40 (t, 1H, J= 7.8 Hz), 7.18 (d, 2H, J= 8.6 Hz), 6.93 (d, 2H, J= 8.6 Hz), 4.68 

(s, 2H), 2.85 (m, 1H, J= 6.9 Hz), 1.18 (d, 6H, J= 6.9 Hz). 412 (M+H)+ 
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N-(2-(2-(4-Isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)benzofuran-3-

carboxamide (NL49) 

Benzofuran-3-carbonyl chloride (3q) was prepared using the general method from 

benzofuran-3-carboxylic acid (40 mg, 0.247 mmol) and oxalyl chloride (25 µL, 0.296 

mmol). NL49 was prepared using General Method B from 3q (44 mg, 0.247 mmol), 

potassium thiocyanate (41 mg, 0.420 mmol) and 2-(4-isopropylphenoxy)acetohydrazide 

(50 mg, 0.240 mmol) in 2 mL of CH3CN. The mixture was concentrated and purified by 

reverse phase chromatography to give the desired product as a white solid (8 mg, 8%). 1H 

NMR (DMSO-d6) δ 12.27 (s, 1H), 11.63 (s, 1H), 10.79 (s, 1H), 8.90 (s, 1H), 7.85 (dd, 

1H, J= 1.5 Hz, 7 Hz), 7.50 (dd, 1H, J= 1.5 Hz, 7 Hz), 7.21 (dt, 2H, J= 1.5 Hz, 7 Hz), 6.95 

(d, 2H, J= 8.7 Hz), 6.70 (d, 2H, J= 8.7 Hz), 4.47 (s, 2H), 2.62 (m, 1H, J= 6.9 Hz), 0.95 (d, 

6H, J= 6.9 Hz). 412 (M+H)+ 
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N-(2-(2-(4-Isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)benzo[b]thiophene-2-

carboxamide (NL50) 

Prepared using General Method A from benzo[b]thiophene-2-carbonyl chloride (22 mg, 

0.116 mmol), ammonium thiocyanate (18 mg, 0.236 mmol) and 2-(4-

isopropylphenoxy)acetohydrazide (20 mg, 0.0962 mmol) in 2 mL of DCM. After 

addition of the hydrazide, the reaction was stirred at 40oC for 16 hours.  The product 

precipitated out and was collected by filtration to give the desired product as a white solid 

(5.8 mg, 14% yield). 1H NMR (CDCl3) δ 12.98 (s, 1H), 10.00 (s, 1H), 8.88 (s, 1H), 7.92 

(s, 1H), 7.85 (t, 2H, J= 7.6 Hz), 7.45 (m, 1H), 7.42 (m, 1H), 7.13 (d, 2H, J= 8.6 Hz), 6.86 

(d, 2H, J= 8.6 Hz), 4.63 (s, 2H), 2.82 (m, 1H, J= 7  Hz), 1.18 (d, 6H, J= 7 Hz). 428 

(M+H)+ 
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N-(2-(2-(4-Isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)1H-indole-2-

carboxamide (NL51) 

1H-Indole-2-carbonyl chloride (3s) was prepared using the general method from indole-

2-carboxylic acid (20 mg, 0.124 mmol) and oxalyl chloride (13 µL, 0.149 mmol). NL51 

was prepared using General Method B from 3s (22 mg, 0.124 mmol), potassium 

thiocyanate (20 mg, 0.211 mmol), which were stirred for 16 hours, and 2-(4-

isopropylphenoxy)acetohydrazide (25 mg, 0.120 mmol) in 2 mL of CH3CN. The product 

precipitated out and was collected by filtration to give the desired product as a white solid 

(23 mg, 47%). 1H NMR (DMSO-d6) δ 12.59 (s, 1H), 11.97 (s, 1H), 11.75 (s, 1H), 11.03 

(s, 1H), 7.80 (s, 1H), 7.69 (d, 1H, J= 8.1 Hz), 7.48 (d, 1H, J= 8.1 Hz), 7.30 (t, 1H, J = 7.8 

Hz), 7.18 (d, 2H, J = 8.6 Hz), 7.10 (t, 1H, J= 7.8 Hz), 6.94 (d, 2H, J = 8.6 Hz), 4.70 (s, 

2H), 2.84 (m, 1H, J = 6.7 Hz), 1.19 (d, 6H, J = 6.7 Hz). 411 (M+H)+   
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N-(2-(2-(4-Isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)1H-indole-3-

carboxamide (NL52) 

1H-Indole-3-carbonyl chloride (3t) was prepared using the general method from indole-

3-carboxylic acid (20 mg, 0.124 mmol) and oxalyl chloride (13 µL, 0.149 mmol). NL52 

was prepared using General Method B from 3t (22 mg, 0.124 mmol), potassium 

thiocyanate (20 mg, 0.211 mmol) and 2-(4-isopropylphenoxy)acetohydrazide (25 mg, 

0.120 mmol) in 2 mL of CH3CN. The mixture was concentrated and purified by reverse 

phase chromatography to give the desired product as a white solid (7 mg, 14%). 1H NMR 

(DMSO-d6) δ 12.83 (s, 1H), 12.10 (s, 1H), 11.27 (s, 1H), 10.89 (s, 1H), 8.66 (s, 1H), 8.11 

(d, 1H, J= 7.2 Hz), 7.45 (d, 1H, J = 7.2 Hz), 7.18 (m, 1H), 7.17 (m, 1H), 7.14 (d, 2H, J= 

8.6 Hz), 6.90 (d, 2H, J=8.6 Hz), 4.66 (s, 2H), 2.80 (m, 1H, J=6.9 Hz), 1.14 (d, 6H, J= 6.9 

Hz). 411 (M+H)+   
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N-(2-(2-(4-Isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)1H-benzo[d]imidazole-

2-carboxamide (NL53) 

1H-Benzimidazole-2-carbonyl chloride (3u) was prepared using the general method from 

1H-benzimidazole-2-carboxylic acid (20 mg, 0.123 mmol) and oxalyl chloride (13 µL, 

0.148 mmol). NL53 was prepared using General Method B from 3u (22 mg, 0.123 

mmol), potassium thiocyanate (20 mg, 0.209 mmol) and 2-(4-

isopropylphenoxy)acetohydrazide (25 mg, 0.119 mmol) in 2 mL of CH3CN. The product 

precipitated out and was collected by filtration to give the desired product as a white solid 

(7 mg, 14%). 1H NMR (DMSO-d6) δ 11.04 (s, 1H), 7.73 (s, 2H), 7.40 (m, 2H), 7.18 (d, 

2H, J= 8.6 Hz), 6.94 (d, 2H, J= 8.6 Hz), 4.68 (s, 2H), 2.85 (m, 1H, J= 6.9 Hz), 1.18 (d, 

6H, J= 6.9 Hz). 412 (M+H)+ 
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N-(2-(2-(4-Isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)-1-methyl-1H-indole-2-

carboxamide (NL54) 

1-Methyl-1H-indole-2-carboxylic acid (3v) was prepared using the general method from 

1-methylindole-2-carboxylic acid (20 mg, 0.105 mmol) and oxalyl chloride (11 µL, 0.126 

mmol). NL54 was prepared using General Method B from 3v (22 mg, 0.114 mmol), 

potassium thiocyanate (19 mg, 0.194 mmol) and 2-(4-isopropylphenoxy)acetohydrazide 

(23 mg, 0.111 mmol) in 2 mL of CH3CN. After addition of the hydrazide, the reaction 

was stirred for 16 hours. The mixture was concentrated and purified by reverse phase 

chromatography to give the desired product as a white solid (4 mg, 8%). 1H NMR 

(DMSO-d6) δ 12.22 (s, 1H), 11.51 (s, 1H), 10.79 (s, 1H), 7.49 (d, 1H, J= 8.2 Hz), 7.42 (s, 

1H), 7.38 (d, 1H, J= 8.2 Hz), 7.16 (m, 1H), 6.95 (d, 2H, J= 8.6 Hz), 6.92 (m, 1H), 6.71 (d, 

2H, J= 8.6 Hz), 4.48 (s, 2H), 3.77 (s, 3H), 2.63 (m, 1H, J= 6.9 Hz), 0.96 (d, 6H, J= 6.9 

Hz). 425 (M+H)+      

Also isolated from the reaction was:  
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N’-(2-(4-Isopropylphenoxy)acetyl)-1-methyl-1H-indole-2-carbohydrazide (NL78) 

White solid (7 mg, 17%). 1H NMR (DMSO-d6) δ 10.40 (s, 1H), 10.22 (s, 1H), 7.67 (d, 

1H, J= 7.9 Hz), 7.56 (d, 1H, J= 8.3 Hz), 7.32 (t, 1H, J= 8.3 Hz), 7.21 (s, 1H), 7.19 (d, 2H, 

J= 8.7 Hz), 7.13 (t, 1H, J= 7.9 Hz), 6.95 (d, 2H, J= 8.7 Hz), 4.63 (s, 2H), 3.99 (s, 3H), 

2.85 (m, 1H, J= 6.9 Hz), 1.18 (d, 6H, J= 6.9 Hz). 366 (M+H)+ 

 

 

N-(2-(2-(4-Isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)-6-methoxy-1H-indole-

2-carboxamide (NL55) 

6-Methoxy-1H-indole-2-carbonyl chloride (3w) was prepared using the general method 

from 6-methoxy-1H-indole-2-carboxylic acid (20 mg, 0.105 mmol) and oxalyl chloride 

(11 µL, 0.126 mmol). NL55 was prepared using General Method B from 3w (22 mg, 

0.105 mmol), potassium thiocyanate (17 mg, 0.179 mmol), which were stirred for 16 

hours, and 2-(4-isopropylphenoxy)acetohydrazide (21 mg, 0.102 mmol) in 2 mL of 

CH3CN. The mixture was concentrated and purified by reverse phase chromatography to 

give the desired product as a white solid (2 mg, 4%). 1H NMR (DMSO-d6) δ 12.62 (s, 

1H), 11.78 (s, 1H), 11.64 (s, 1H), 11.01 (s, 1H), 7.76 (s, 1H), 7.56 (d, 1H, J=8.7 Hz), 7.18 
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(d, 2H, J=8.6 Hz), 6.93 (d, 2H, J= 8.6 Hz), 6.90 (s, 1H), 6.75 (d, 1H, J=8.7 Hz), 4.70 (s, 

2H), 3.80 (s, 3H), 2.85 (m, 1H, J=6.9 Hz), 1.18 (d, 6H, J= 6.9 Hz). 441 (M+H)+ 

Also isolated from the reaction: 

  

N’-(2-(4-Isopropylphenoxy)acetyl)-6-methoxy-1H-indole-2-carbohydrazide (NL79) 

White solid (7 mg, 18%). 1H NMR (DMSO-d6) δ 11.53 (s, 1H), 10.29 (s, 1H), 10.18 (s, 

1H), 7.51 (d, 1H, J= 8.8 Hz), 7.18 (d, 2H, J= 8.7 Hz), 7.17 (s, 1H), 6.95 (d, 2H, J= 8.7 

Hz), 6.89 (d, 1H, J= 2.2 Hz), 6.71 (dd, 1H, J= 2.2 Hz, 8.7 Hz), 4.63 (s, 2H), 3.77 (s, 3H), 

2.85 (m, 1H, J= 6.9 Hz), 1.18 (d, 6H, J= 6.9 Hz). 382 (M+H)+ 

 

 

 

N-(2-(2-(4-Isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)-5-methoxy-1H-indole-

2-carboxamide (NL56) 
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5-Methoxy-1H-indole-2-carbonyl chloride (3x) was prepared using the general method 

from 5-methoxy-1H-indole-2-carboxylic acid (20 mg, 0.105 mmol) and oxalyl chloride 

(11 µL, 0.126 mmol). NL56 was prepared using General Method B from 3x (22 mg, 

0.105 mmol), potassium thiocyanate (17 mg, 0.179 mmol) and 2-(4-

isopropylphenoxy)acetohydrazide (21 mg, 0.102 mmol) in 2 mL of CH3CN. The mixture 

was concentrated and purified by reverse phase chromatography to give the desired 

product as a white solid (6 mg, 13%). 1H NMR (DMSO-d6) δ 12.70 (s, 1H), 11.93 (s, 

1H), 11.78 (s, 1H), 11.11 (s, 1H), 7.79 (s, 1H), 7.46 (d, 1H, J= 8.9 Hz), 7.27 (d, 2H, J= 

8.6 Hz), 7.21 (s, 1H), 7.05 (d, 1H, J= 8.9 Hz), 7.02 (d, 2H, J= 8.6 Hz), 4.79 (s, 2H), 3.87 

(s, 3H), 2.94 (m, 1H, J= 6.8 Hz), 1.27 (d, 6H, J=6.8 Hz). 441 (M+H)+  

 

 

6-Chloro-N-(2-(2-(4-isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)-1H-indole-2-

carboxamide (NL57) 

6-Chloro-1H-indole-2-carbonyl chloride (3y) was prepared using the general method 

from 6-chloro-1H-indole-2-carboxylic acid (20 mg, 0.102 mmol) and oxalyl chloride (11 

µL, 0.122 mmol). NL57 was prepared using General Method B from 3y (22 mg, 0.102 

mmol), potassium thiocyanate (17 mg, 0.173 mmol) and 2-(4-
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isopropylphenoxy)acetohydrazide (21 mg, 0.0989 mmol) in 2 mL of CH3CN. The 

mixture was concentrated and purified by reverse phase chromatography to give the 

desired product as a white solid (4 mg, 9%). 1H NMR (DMSO-d6) δ 12.54 (s, 1H), 12.09 

(s, 1H), 11.87 (s, 1H), 11.02 (s, 1H), 7.83 (s, 1H), 7.72 (d, 1H, J= 8.5 Hz), 7.50 (s, 1H), 

7.18 (d, 2H, J= 8.7 Hz), 7.11 (d, 1H, J= 8.5 Hz), 6.94 (d, 2H, J= 8.7 Hz), 4.69 (s, 2H), 

2.84 (m, 1H, J= 6.9 Hz), 1.18 (d, 6H, J= 6.9 Hz). 445 (M+H)+   

 

 

5-Chloro-N-(2-(2-(4-isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)-1H-indole-2-

carboxamide (NL58) 

5-Chloro-1H-indole-2-carbonyl chloride (3z) was prepared using the general method 

from 5-chloro-1H-indole-2-carboxylic acid (20 mg, 0.102 mmol) and oxalyl chloride (11 

µL, 0.122 mmol). NL58 was prepared using General Method B from 3z (22 mg, 0.102 

mmol), potassium thiocyanate (17 mg, 0.173 mmol) and 2-(4-

isopropylphenoxy)acetohydrazide (21 mg, 0.0989 mmol) in 2 mL of CH3CN. The 

mixture was concentrated and purified by reverse phase chromatography to give the 

desired product as a white solid (4 mg, 9%). 1H NMR (DMSO-d6) δ 12.54 (s, 1H), 12.16 

(s, 1H), 11.84 (s, 1H), 11.03 (s, 1H), 7.78 (s, 2H), 7.49 (d, 1H, J= 8.8 Hz), 7.30 (d, 1H, J= 
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8.8 Hz), 7.18 (d, 2H, J= 8.6 Hz), 6.93 (d, 2H, J= 8.6 Hz), 4.70 (s, 2H), 2.85 (m, 1H, J= 

6.7 Hz), 1.17 (d, 6H, J= 6.7 Hz). 445 (M+H)+   

 

 

5-Fluoro-N-(2-(2-(4-isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)-1H-indole-2-

carboxamide (NL60) 

5-Fluoro-1H-indole-2-carbonyl chloride (3aa) was prepared using the general method 

from 5-fluoro-1H-indole-2-carboxylic acid (20 mg, 0.112 mmol) and oxalyl chloride (12 

µL, 0.134 mmol). NL60 was prepared using General Method B 3aa (22 mg, 0.112 

mmol), potassium thiocyanate (18 mg, 0.190 mmol) and 2-(4-

isopropylphenoxy)acetohydrazide (23 mg, 0.109 mmol) in 2 mL of CH3CN. mixture was 

concentrated and purified by reverse phase chromatography to give the desired product as 

a white solid (3 mg, 6%). 1H NMR (DMSO-d6) δ 12.56 (s, 1H), 12.07 (s, 1H), 11.80 (s, 

1H), 11.03 (s, 1H), 7.78 (s, 1H), , 7.21 (s, 1H), 7.18 (d, 2H, J= 8.7 Hz), 6.94 (d, 2H, J= 

8.7 Hz), 4.70 (s, 2H), 2.85 (m, 1H, J= 6.8 Hz), 1.18 (d, 6H, J= 6.8 Hz). 429 (M+H)+ 

 



166 

 

 

N-(2-(2-(4-Isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)-6-phenylpicolinamide 

(NL62) 

6-phenylpyridine-2-carbonyl chloride (3ab) was prepared from the general method using 

6-phenylpicolinic acid (20 mg, 0.101 mmol) and oxalyl chloride (10 µL, 0.121 mmol). 

NL62 was prepared using General Method B from 3ab (11 mg, 0.0505 mmol), potassium 

thiocyanate (9 mg, 0.0855 mmol) and 2-(4-isopropylphenoxy)acetohydrazide (10 mg, 

0.0489 mmol) in 2 mL of CH3CN. The reaction was stirred for 16 hours. The reaction 

was concentrated and purified by reverse phase chromatography to give the desired 

product as a yellow solid (3 mg, 14%). 1H NMR (CDCl3) δ 10.89 (s, 1H), 10.15 (s, 1H), 

8.15 (dd, 1H), 7.96 (m, 4H), 7.46 (m, 3H), 7.13 (d, 2H, J= 8.6 Hz), 6.88 (d, 2H, J= 8.6 

Hz), 4.64 (s, 2H), 2.81 (m, 1H, J= 7 Hz), 1.17 (d, 6H, J= 7 Hz). 449 (M+H)+ 

 

 

N-(2-(2-(4-Isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)quinoline-2-carboxamide 

(NL63) 
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Prepared using General Method B from quinaldoyl chloride (19 mg, 0.101 mmol), 

potassium thiocyanate (17 mg, 0.171 mmol), and 2-(4-isopropylphenoxy)acetohydrazide 

(20 mg, 0.0978 mmol) in 2 mL of CH3CN. The reaction was concentrated and purified by 

reverse phase chromatography to give the desired product as a blue solid (5 mg, 12%). 1H 

NMR (DMSO-d6) δ 11.11 (s, 1H), 11.07 (s, 1H), 8.73 (d, 1H, J= 8.5 Hz), 8.28 (dd, 2H), 

8.18 (d, 1H, J= 8.5 Hz), 7.95 (dt, 1H), 7.84 (dt, 1H), 7.18 (d, 2H, J= 8.6 Hz), 6.94 (d, 2H, 

J= 8.6 Hz), 4.70 (s, 2H), 2.85 (m, 1H, J= 6.9 Hz), 1.18 (d, 6H, J= 6.9 Hz). 423 (M+H)+ 

 

 

N-(2-(2-(4-Isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)quinoline-3-carboxamide 

(NL64) 

3-Quinolinecarbonyl chloride (3ad) was prepared using the general method from 3-

quinolinecarboxylic acid (20 mg, 0.115 mmol) and oxalyl chloride (12 µL, 0.139 mmol). 

NL64 was prepared using General Method B from 3ad (17 mg, 0.0863 mmol), potassium 

thiocyanate (14 mg, 0.147 mmol) and 2-(4-isopropylphenoxy)acetohydrazide (17 mg, 

0.0840 mmol) in 2 mL of CH3CN. The reaction was concentrated and purified by reverse 

phase chromatography to give the desired product as a blue solid (5 mg, 14%). 1H NMR 

(DMSO-d6) δ 12.53 (s, 1H), 12.18 (s, 1H), 11.08 (s, 1H), 9.27 (d, 1H, J= 2 Hz), 9.06 (d, 
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1H, J= 2 Hz), 8.17 (d, 1H, J= 8.4 Hz), 8.12 (d, 1H, J= 8.4 Hz), 7.95 (dt, 1H), 7.76 (dt, 

1H), 7.18 (d, 2H, J= 8.6 Hz), 6.94 (d, 2H, J= 8.6 Hz), 4.71 (s, 2H), 2.85 (m, 1H, J= 6.9 

Hz), 1.18 (d, 6H, J= 6.9 Hz). 423 (M+H)+ 

 

 

2-(Furan-2-yl)-N-(2-(2-(4-isopropylphenoxy)acetyl)hydrazine-1-carbonothioyl)acetamide 

(NL65) 

(4-Isopropylphenoxy)acetyl chloride (53 mg, 0.258 mmol) and thiosemicarbazide (40 

mg, 0.438 mmol) were stirred in 2 mL of CH3CN for 16 hours. The solution was 

concentrated and purified by reverse phase chromatography to give the intermediate (57) 

as a white solid (22 mg, 32%).  The intermediate (57, 22 mg, 0.0821 mmol) was 

dissolved in 1 mL of THF and sodium hydride (3 mg, 0.0821 mmol) was added. The 

reaction was stirred for 1 hour. 2-Furanacetyl chloride (12 mg, 0.0821 mmol) was added 

and the reaction was stirred at 60oC for 16 hours. The solution was concentrated and 

purified by reverse phase chromatography to give the desired product as a white solid (2 

mg, 6%). 1H NMR (CDCl3) δ 12.77 (s, 1H), 9.91 (s, 1H), 8.48 (s, 1H), 7.39 (d, 1H, J= 2 

Hz), 7.11 (d, 2H, J= 8.6 Hz), 6.82 (d, 2H, J= 8.6 Hz), 6.34 (dd, 1H, J=2 Hz, 3.2 Hz), 6.28 
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(d, 1H, J= 3.2 Hz) 4.90 (s, 2H), 3.72 (s, 2H), 2.80 (m, 1H, J= 6.9 Hz), 1.15 (d, 6H, J= 6.9 

Hz). 376 (M+H)+ 

 

 

(E)-3-(Furan-2-yl)-N-(2-(2-(4-isopropylphenoxy)acetyl)hydrazine-1-

carbonothioyl)acrylamide (NL66) 

3-(2-furanyl)-2-propenoyl chloride (3ae) was prepared using the general method from 3-

(2-furyl)acrylic acid (20 mg, 0.145 mmol) and oxalyl chloride (15 µL, 0.174 mmol). 

NL66 was prepared using General Method B from 3ae (23 mg, 0.145 mmol), potassium 

thiocyanate (24 mg, 0.247 mmol) and 2-(4-isopropylphenoxy)acetohydrazide (29 mg, 

0.141 mmol) in 2 mL of CH3CN. The mixture was concentrated and purified by reverse 

phase chromatography to give the desired product as a white solid (6 mg, 11%). 1H NMR 

(DMSO-d6) δ 12.50 (s, 1H), 11.76 (s, 1H), 10.97 (s, 1H), 7.92 (s, 1H), 7.56 (d, 1H, J= 

15.6 Hz), 7.17 (d, 2H, J= 8.6 Hz), 7.00 (d, 1H, J= 4 Hz), 6.92 (d, 2H, J= 8.6 Hz), 6.74 (d, 

1H, J= 15.6 Hz), 6.68 (m, 1H), 4.67 (s, 2H), 2.85 (m, 1H, J= 6.8 Hz), 1.18 (d, 6H, J= 6.8 

Hz). 387 (M+H)+  
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(E)-3-(Benzofuran-2-yl)-N-(2-(2-(4-isopropylphenoxy)acetyl)hydrazine-1-

carbonothioyl)acrylamide (NL67) 

(2E)-3-(1-benzofuran-2-yl)prop-2-enoyl chloride (3af) was prepared using the general 

method from (2E)-3-(1-benzofuran-2-yl)prop-2-enoic acid (20 mg, 0.106 mmol) and 

oxalyl chloride (11 µL, 0.128 mmol). NL67 was prepared using General Method B from 

3af (22 mg, 0.106 mmol), potassium thiocyanate (10 mg, 0.106 mmol) and 2-(4-

isopropylphenoxy)acetohydrazide (21 mg, 0.103 mmol) in 2 mL of CH3CN. The product 

precipitated out and was collected by filtration to give the desired product as a white solid 

(22 mg, 49%). 1H NMR (DMSO-d6) δ 12.47 (s, 1H), 11.86 (s, 1H), 11.00 (s, 1H), 7.75 (s, 

1H), 7.74 (d, 1H, J= 15.3 Hz), 7.64 (d, 1H, J= 7.7 Hz), 7.45 (t, 1H), 7.43 (d, 1H), 7.31 (t, 

1H, J= 7.5 Hz), 7.18 (d, 2H, J= 8.6 Hz), 7.03 (d, 1H, J= 15.3 Hz), 6.92 (d, 2H, J= 8.6 Hz), 

4.68 (s, 2H), 2.85 (m, 1H, J= 6.9 Hz), 1.18 (d, 6H, J= 6.9 Hz). 438 (M+H)+    

 

5.2.7 Synthesis of Compounds NL71 – NL77, NL80 – NL82 

 

N’-(2-(4-Isopropylphenoxy)acetyl)furan-2-carbohydrazide (NL71) 
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Prepared using General Method A from 2-furoyl chloride (10 µL, 0.101 mmol) and 2-(4-

isopropylphenoxy)acetohydrazide (20 mg, 0.0978 mmol) in 2 mL of DCM. The product 

was collected by filtration and purified by chromatography on silica gel using a gradient 

of 0-10% methanol in dichloromethane to give the desired product as a white solid (15 

mg, 51%). 1H NMR (DMSO-d6) δ 10.35 (s, 2H), 8.02 (d, 1H, J= 1.4 Hz), 7.35 (d, 1H, J= 

3.2 Hz), 7.29 (d, 2H, J= 8.6 Hz), 7.04 (d, 2H, J= 8.6 Hz), 6.78 (dd, J= 1.4 Hz, 3.2 Hz), 

4.72 (s, 2H), 2.96 (m, 1H, J= 6.9 Hz), 1.29 (d, 6H, J= 6.9 Hz). 303 (M+H)+  

 

 

N’-(2-(4-Isopropylphenoxy)acetyl)-3-methylfuran-2-carbohydrazide (NL72) 

Prepared using General Method A from 3-methylfuran-2-carbonyl chloride (12 µL, 0.101 

mmol), ammonium thiocyanate (13 mg, 0.171 mmol) and 2-(4-

isopropylphenoxy)acetohydrazide (20 mg, 0.0978 mmol) in 2 mL of DCM. The 

precipitant was purified by reverse phase chromatography to give the desired product as a 

white solid (7 mg, 23%). 1H NMR (DMSO-d6) δ 10.07 (s, 2H), 7.75 (d, 1H, J= 1.5 Hz), 

7.18 (d, 2H, J= 8.6 Hz), 6.93 (d, 2H, J= 8.6 Hz), 6.55 (d, 1H, J= 1.5 Hz), 4.58 (s, 2H), 

2.85 (m, 1H, J=6.9 Hz), 2.29 (s, 3H), 1.18 (d, 6H, J= 6.9 Hz). 317 (M+H)+ 
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N’-(2-(4-Isopropylphenoxy)acetyl)-5-methylfuran-2-carbohydrazide (NL73) 

Prepared using General Method A from 5-methylfuran-2-carbonyl chloride (12 µL, 0.101 

mmol), ammonium thiocyanate (13 mg, 0.171 mmol) and 2-(4-

isopropylphenoxy)acetohydrazide (20 mg, 0.0978 mmol) in 2 mL of DCM. The 

precipitant was purified by chromatography on silica gel using a gradient of 0-10% 

methanol in dichloromethane to give the desired product as a white solid (8 mg, 26%). 1H 

NMR (DMSO-d6) δ 10.06 (s, 1H), 10.03 (s, 1H), 7.08 (d, 2H, J= 8.6 Hz), 7.04 (d, 1H, J= 

3.4 Hz), 6.83 (d, 2H, J= 8.6 Hz), 6.20 (d, 1H, J= 3.4 Hz), 4.50 (s, 2H), 2.75 (m, 1H, J= 

6.9 Hz), 2.26 (s, 3H), 1.08 (d, 6H, J= 6.9 Hz). 317 (M+H)+ 

 

 

N’-(2-(4-Isopropylphenoxy)acetyl)thiophene-2-carbohydrazide (NL74) 

Prepared using General Method A from 2-thiophene carbonyl chloride (21.6 µL, 0.202 

mmol) and 2-(4-isopropylphenoxy)acetohydrazide (40 mg, 0.196 mmol) in 2 mL of 
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DCM. The precipitant was purified by reverse phase chromatography to give the desired 

product as a white solid (7 mg, 11%). 1H NMR (DMSO-d6) δ 7.96 (d, 2H, J= 4.6 Hz), 

7.29 (dt, 3H, J= 8.7 Hz, 4.6 Hz), 7.04 (d, 2H, J= 8.7 Hz), 4.73 (s, 2H), 2.96 (m, 1H, J= 7 

Hz), 1.29 (d, 6H, J= 7 Hz). 319 (M+H)+ 

 

 

N’-(2-(4-Isopropylphenoxy)acetyl)thiophene-3-carbohydrazide (NL75) 

Prepared using General Method A from thiophene-3-carbonyl chloride (29.6 mg, 0.202 

mmol) and 2-(4-isopropylphenoxy)acetohydrazide (40 mg, 0.196 mmol) in 2 mL of 

DCM. The precipitant was purified by reverse phase chromatography to give the desired 

product as a white solid (8 mg, 13%). 1H NMR (DMSO-d6) δ 10.34 (s, 1H), 8.33 (d, 1H, 

J= 2.9 Hz), 7.73 (dd, 1H, J= 2.9 Hz, 5 Hz), 7.63 (d, 1H, J= 5 Hz), 7.27 (d, 2H, J= 8.6 Hz), 

7.02 (d, 2H, J= 8.6 Hz), 4.71 (s, 2H), 2.94 (m, 1H, J- 6.8 Hz), 1.27 (d, 6H, J= 6.8 Hz). 

319 (M+H)+ 
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N’-(2-(4-Isopropylphenoxy)acetyl)-2-methoxybenzohydrazide (NL76) 

Prepared using General Method A from 2-methoxybenzoyl chloride (15 µL, 0.101 

mmol), ammonium thiocyanate (13 mg, 0.171 mmol) and 2-(4-

isopropylphenoxy)acetohydrazide (20 mg, 0.0978 mmol) in 2 mL of DCM. After 

addition of the hydrazide the reaction was stirred for 16 hours and then for 24 hours at 

45oC. The mixture was filtered and the filtrate was purified by chromatography on silica 

gel using a gradient of 0-10% methanol in dichloromethane to give the desired product as 

a white solid (22 mg, 67%). 1H NMR (DMSO-d6) δ 10.39 (s, 1H), 9.95 (s, 1H), 7.74 (dd, 

1H, J= 1.8 Hz, 7.6 Hz), 7.53 (dt, 1H, J= 1.8 Hz, 7.6 Hz), 7.18 (m, 1H), 7.17 (d, 2H, J= 8.7 

Hz), 7.07 (t, 1H, J= 7.6 Hz), 6.93 (d, 2H, J= 8.7 Hz), 4.60 (s, 2H), 3.89 (s, 3H), 2.85 (m, 

1H, J= 6.9 Hz), 1.18 (d, 6H, J= 6.9 Hz). 343 (M+H)+ 

 

 

N’-(2-(4-Isopropylphenoxy)acetyl)-1H-indole-2-carbohydrazide (NL77) 
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1H-indole-2-carbonyl chloride (3s) was prepared using the general method from indole-

2-carboxylic acid (20 mg, 0.124 mmol) and oxalyl chloride (13 µL, 0.149 mmol). NL77 

was prepared using General Method B from 3s (22 mg, 0.124 mmol), potassium 

thiocyanate (12 mg, 0.124 mmol) and 2-(4-isopropylphenoxy)acetohydrazide (25 mg, 

0.120 mmol) in 2 mL of CH3CN. The reaction mixture was concentrated and purified by 

reverse phase chromatography to give the desired product as a white solid (7 mg, 17%). 

1H NMR (DMSO-d6) δ 11.72 (s, 1H), 10.42 (s, 1H), 10.23 (s, 1H), 7.64 (d, 1H, J= 8.3 

Hz), 7.44 (d, 1H, J= 8.3 Hz),  7.22 (m, 2H, J= 7.4 Hz), 7.19 (d, 2H, J= 8.7 Hz), 7.06 (t, 

1H, J= 7.4 Hz), 6.96 (d, 2H, J= 8.7 Hz), 4.65 (s, 2H), 2.85 (m, 1H, J= 6.8 Hz), 1.18 (d, 

6H, J= 6.8 Hz). 352 (M+H)+ 

 

 

N’-(2-(4-Isopropylphenoxy)acetyl)-5-phenyl-1H-pyrrole-2-carbohydrazide (NL80) 

5-phenyl-1H-pyrrole-2-carbonyl chloride (3ag) was prepared using the general method 

from 5-phenyl-1H-pyrrole-2-carboxylic acid (40 mg, 0.214 mmol) and oxalyl chloride 

(22 µL, 0.257 mmol). NL80 was prepared using General Method B from 3ag (44 mg, 

0.214 mmol), potassium thiocyanate (35 mg, 0.364 mmol) and 2-(4-

isopropylphenoxy)acetohydrazide (43 mg, 0.208 mmol) in 2 mL of CH3CN. The reaction 
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was concentrated and purified by reverse phase chromatography to give the desired 

product as a white solid (6 mg, 8%). 1H NMR (DMSO-d6) δ 11.84 (s, 1H), 10.13 (s, 1H), 

9.96 (s, 1H), 7.82 (d, 2H, J= 7.4 Hz), 7.38 (t, 2H, J= 7.4 Hz), 7.24 (t, 1H, J= 7.4 Hz), 7.18 

(d, 2H, J= 8.6 Hz), 6.96 (m, 1H), 6.94 (d, 2H, J= 8.6 Hz), 6.62 (m, 1H), 4.63 (s, 2H), 2.85 

(m, 1H, J= 6.9 Hz), 1.18 (d, 6H, J= 6.9 Hz). 378 (M+H)+ 

 

 

2-(Furan-2-yl)-N’-(2-(4-isopropylphenoxy)acetyl)acetohydrazide (NL81) 

2-Furanacetyl chloride (58) was prepared using the general method from 2-furanacetic 

acid (30 mg, 0.238 mmol) and oxalyl chloride (24.5 µL, 0.286 mmol). NL81 was 

prepared using General Method A from 58 (30 mg, 0.209 mmol), ammonium thiocyanate 

(27 mg, 0.356 mmol) and 2-(4-isopropylphenoxy)acetohydrazide (42 mg, 0.203 mmol) in 

2 mL of DCM. The reaction was stirred for 16 hours. The precipitant was purified by 

reverse phase chromatography to give the desired product as a white solid (12 mg, 19%). 

1H NMR (DMSO-d6) δ 10.17 (s, 1H), 10.12 (s, 1H), 7.56 (d, 1H, J= 8.3 Hz), 7.15 (d, 2H, 

J= 8.6 Hz), 6.89 (d, 2H, J= 8.6 Hz), 6.39 (m, 1H, J= 3.2 Hz), 6.27 (dd, 1H, J= 3.2 Hz, 8.3 

Hz), 4.56 (s, 2H), 3.57 (s, 2H), 2.83 (m, 1H, J= 6.9 Hz), 1.17 (d, 6H, J= 6.9 Hz). 317 

(M+H)+ 
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€-3-(Benzofuran-2-yl)-N’-(2-(4-isopropylphenoxy)acetyl)acrylohydrazide (NL82) 

(2E)-3-(1-benzofuran-2-yl)prop-2-enoyl chloride (3af) was prepared using the general 

method from (2E)-3-(1-benzofuran-2-yl)prop-2-enoic acid (20 mg, 0.106 mmol) and 

oxalyl chloride (11 µL, 0.128 mmol). NL82 was prepared using General Method B from 

3af (22 mg, 0.106 mmol) and 2-(4-isopropylphenoxy)acetohydrazide (21 mg, 0.103 

mmol) in 2 mL of CH3CN. The precipitant was purified by reverse phase 

chromatography to give the desired product as a white solid (2 mg, 5%). 1H NMR 

(DMSO-d6) δ 10.32 (s, 2H), 7.69 (d, 1H, J= 7.7 Hz), 7.62 (d, 1H), 7.54 (d, 1H, J= 15.6 

Hz), 7.41 (t, 1H, J= 7.7 Hz), 7.30 (m, 2H), 7.18 (d, 2H, J= 8.6 Hz), 6.92 (d, 2H, J= 8.6 

Hz), 6.74 (d, 1H, J= 15.6 Hz), 4.61 (s, 2H), 2.85 (m, 1H, J= 6.8 Hz), 1.18 (d, 6H, J= 6.8 

Hz). 379 (M+H)+ 
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5.2.8 Synthesis of Compounds NL83 – NL87 

 

 

3-Isopropoxy-4-(((5-methylfuran-2-yl)methyl)amino)cyclobut-3-ene-1,2-dione 

Diisopropyl squarate (30, 42 mg, 0.212 mmol, 1 eq) and 5-methylfurfurylamine (23 µL, 

0.212 mmol, 1 eq) in 2 mL of THF were stirred for 16 hours at room temperature and 

then refluxed for 24 hours. The reaction was concentrated and the oil residue was purified 

by chromatography on silica gel using a gradient of 0-100% ethyl acetate in hexanes to 

give the desired product as a white solid (38 mg, 72%). 250 (M+H)+ 

 

 

 

3-((4-Isopropylphenethyl)amino)-4-(((5-methylfuran-2-yl)methyl)amino)cyclobut-3-ene-

1,2-dione (NL83) 

3-Isopropoxy-4-(((5-methylfuran-2-yl)methyl)amino)cyclobut-3-ene-1,2-dione (38 mg, 

0.152 mmol, 1 eq) and 27b (117 mg, 0.713 mmol, 4.7 eq (impure)) in 2 mL of ethanol 

were refluxed for 88 hours. The product precipitated out and was collected by filtration to 

give the desired product as a white solid (18 mg, 33%). 1H NMR (DMSO-d6) δ 7.29 (m, 
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4H), 6.32 (d, 1H, J= 2.9 Hz), 6.15 (d, 1H, J= 2.9 Hz), 4.77 (m, 2H), 3.86 (s, 2H), 2.95 (m, 

2H), 2.92 (m, 1H, J= 7 Hz), 2.37 (s, 3H), 1.31 (d, 6H, J= 7 Hz). 353 (M+H)+ 

 

 

3-Isopropoxy-4-((4-isopropylphenethyl)amino)cyclobut-3-ene-1,2-dione 

Diisopropyl squarate (30, 95 mg, 0.479 mmol, 1 eq) and 27b (79 mg, 0.479 mmol, 1 eq) 

in 4 mL of THF were stirred for 64 hours. An additional 48 mg of 27b was added and the 

reaction was stirred for 7 hours, followed by an additional 48 mg of 27b and the reaction 

was stirred for 64 hours. The reaction was concentrated and purified by chromatography 

on silica gel using a gradient of 0-100% ethyl acetate in hexanes to give the desired 

product as a white solid (139 mg, 97%). 1H NMR (CDCl3) δ 7.20 (d, 2H, J= 7.7 Hz), 7.12 

(d, 2H, J= 7.7 Hz), 4.37 (t, 2H, J= 7.4 Hz), 2.52 (t, 2H, J= 7.4 Hz), 2.29 (m, 2H), 1.45 (d, 

6H), 1.24 (d, 6H). 302 (M+H)+ 

 

3-((4-Isopropylphenethyl)amino)-4-((pyridine-2-ylmethyl)amino)cyclobut-3-ene-1,2-

dione (NL84) 
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3-Isopropoxy-4-((4-isopropylphenethyl)amino)cyclobut-3-ene-1,2-dione (30 mg, 0.0993 

mmol, 1 eq) and 2-picolylamine (10 µL, 0.0993 mmol, 1 eq) in 2 mL of ethanol were 

refluxed for 64 hours. The mixture was filtered and the filtrate was purified by reverse 

phase chromatography to give the desired product as a white solid (7 mg, 20%). 1H NMR 

(MeOD) δ 8.66 (d, 1H, J= 5.5 Hz), 8.22 (t, 1H, J= 7.8 Hz), 7.74 (d, 1H, J= 7.8 Hz), 7.67 

(t, 1H, J= 5.5 Hz), 7.17 (m, 4H), 3.88 (s, 2H), 3.57 (m, 2H), 2.92 (m, 1H, J= 6.9 Hz), 2.89 

(m, 2H), 1.22 (d, 6H, J= 6.9 Hz). 350 (M+H)+ 

 

 

3-((Benzofuran-2-ylmethyl)amino)-4-isopropoxycyclobut-3-ene-1,2-dione  

Diisopropyl squarate (30, 72 mg, 0.364 mmol, 1 eq) and 1-benzofuran-2-ylmethanamine 

hydrochloride (67 mg, 0.364 mmol, 1 eq) in 2 mL of ethanol were stirred at room 

temperature for 16 hours and then refluxed for 5 hours. A catalytic amount of DMAP was 

added and the reaction was refluxed for 16 hours. The reaction was concentrated and 

purified by reverse phase chromatography to give the desired product as a white solid (16 

mg, 15%). 1H NMR (MeOD) δ 7.58 (d, 1H, J= 6.8 Hz), 7.47 (d, 1H, J= 8 Hz), 7.30 (t, 

1H, J= 6.8 Hz), 7.22 (t, 1H, J= 8 Hz), 6.77 (s, 1H), 4.76 (s, 2H), 1.47 (d, 6H).  
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3-((Benzofuran-2-ylmethyl)amino)-4-((4-isopropylphenethyl)amino)cyclobut-3-ene-1,2-

dione (NL85) 

3-((Benzofuran-2-ylmethyl)amino)-4-isopropoxycyclobut-3-ene-1,2-dione (16 mg, 

0.0559 mmol, 1 eq) and 27b (59 mg, 0.357 mmol, 6.4 eq (impure)) in 2 mL of ethanol 

were refluxed for 16 hours. 2 mL of hexanes was added to aid in precipitation of the 

product and the product was collected by filtration as a white solid (4 mg, 18%). 1H NMR 

(DMSO-d6) δ 7.62 (d, 1H, J= 7 Hz), 7.56 (d, 1H, J= 7.8 Hz), 7.29 (dt, 1H, J= 1.3 Hz, 7 

Hz), 7.24 (dt, 1H, J= 1.3 Hz, 7.8 Hz), 7.14 (m, 4H), 6.80 (s, 1H), 4.87 (m, 2H), 3.74 (s, 

2H), 2.82 (m, 2H), 2.80 (m, 1H, J= 6.9 Hz), 1.16 (d, 6H, J= 6.9 Hz). 389 (M+H)+ 

 

 

3-(((1H-benzo[d]imidazol-2-yl)methyl)amino)-4-((4-isopropylphenethyl)amino)cyclobut-

3-ene-1,2-dione (NL86) 
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3-Isopropoxy-4-((4-isopropylphenethyl)amino)cyclobut-3-ene-1,2-dione (30 mg, 0.0993 

mmol, 1 eq) and 2-(aminomethyl)benzimidazole dihydrochloride (22 mg, 0.0993 mmol, 1 

eq) in 2 mL of ethanol were refluxed for 3 days. The product precipitated out and was 

collected by filtration. Additional product was recovered by purifying the filtrate by 

reverse phase chromatography to give the desired product as a purple solid (7 mg, 18%). 

1H NMR (MeOH) δ 7.80 (dd, 2H, J= 3.2 Hz, 6.2 Hz), 7.63 (dd, 2H, J= 3.2 Hz, 6.2 Hz), 

7.19 (m, 4H), 5.32 (s, 2H), 2.94 (t, 2H), 2.85 (m, 1H, J= 7 Hz), 1.22 (d, 6H, J= 7 Hz). 389 

(M+H)+ 

 

 

3-Isopropoxy-4-(((5-methoxy-1H-indol-2-yl)methyl)amino)cyclobut-3-ene-1,2-dione 

Diisopropyl squarate (30, 142 mg, 0.717 mmol, 1 eq) and [(5-methoxy-1H-indol-2-

yl)methyl]amine methanesulfonate (195 mg, 0.717 mmol, 1 eq) with a catalytic amount 

of DMAP in 4 mL of ethanol were refluxed for 16 hours. The reaction was concentrated 

and purified by reverse phase chromatography to give the desired product as a white solid 

(166 mg, 74%). 1H NMR (DMSO-d6) δ 10.86 (s, 1H), 7.22 (d, 1H, J= 8.7 Hz), 6.98 (d, 

1H, J= 2.4 Hz), 6.70 (dd, 1H, J= 2.4 Hz, 8.7 Hz), 6.24 (s, 1H), 5.26 (m, 1H, J= 6.2 Hz), 

3.73 (s, 3H), 1.35 (d, 6H, J= 6.2 Hz). 315 (M+H)+ 
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3-((4-Isopropylphenethyl)amino)-4-(((5-methoxy-1H-indol-2-yl)methyl)amino)cyclobut-

3-ene-1,2-dione (NL87) 

3-Isopropoxy-4-(((5-methoxy-1H-indol-2-yl)methyl)amino)cyclobut-3-ene-1,2-dione 

(166 mg, 0.529 mmol, 1 eq) and 27b (88 mg, 0.537 mmol, 1.02 eq (impure)) in 2 mL of 

ethanol were refluxed for 16 hours. An additional 247 mg of 27b was added and the 

reaction was refluxed for 16 hours. The product precipitated out and was collected by 

filtration. Impurities were dissolved in a water/acetonitrile mixture and the product was 

obtained by filtration as a white solid (18 mg, 8%). 1H NMR (DMSO-d6) δ 10.92 (s, 1H), 

7.23 (d, 1H, J= 8.8 Hz), 7.15 (m, 4H), 6.99 (d, 1H, J= 2.5 Hz), 6.71 (dd, 1H, J= 2.5 Hz, 

8.8 Hz), 6.25 (s, 1H), 4.82 (m, 2H), 3.73 (s, 2H), 2.84 (m, 2H), 2.81 (m, 1H, J= 6.7 Hz), 

1.17 (d, 6H, J= 6.7 Hz). 418 (M+H)+ 
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5.2.9 Synthesis of Compound NL69 

 

 

Ethyl 2-(4-benzoylphenoxy)acetate (69) 

4-Hydroxybenzophenone (42, 200 mg, 1.010 mmol, 1 eq), ethyl chloroacetate (216 µL, 

2.020 mmol, 2 eq) and potassium carbonate (836 mg, 6.060 mmol, 6 eq) in 8 mL of 

acetone were refluxed for 16 hours. 10 mL of water was added and the product 

precipitated out and was collected by filtration to give the desired product as a white solid 

(227 mg, 79%). 1H NMR (DMSO-d6) δ 7.74 (d, 2H, J= 8.9 Hz), 7.67 (m, 3H), 7.56 (t, 

2H), 7.10 (d, 2H, J= 8.9 Hz), 4.92 (s, 2H), 4.19 (q, 2H, J= 7.1 Hz), 1.23 (t, 3H, J= 7.1 

Hz). 285 (M+H)+ 

 

 

2-(4-Benzoylphenoxy)acetic acid (41) 
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To 69 (227 mg, 0.796 mmol, 1 eq) in 4 mL of THF, 1 M NaOH (7.965 mL, 7.965 mmol, 

10 eq) was added. The reaction was stirred for 16 hours. 3 mL of acetic acid was added 

followed by 6 mL of water. The product was extracted with 2 x 10 mL of ethyl acetate. 

The combined organic layers were dried over MgSO4, filtered and concentrated to give 

the desired product as a white solid; quantitative yield. 1H NMR (DMSO-d6) δ 7.73 (d, 

2H, J= 8.8 Hz), 7.68 (m, 3H), 7.55 (t, 2H), 7.05 (d, 2H, J= 8.8 Hz), 4.73 (s, 2H). 257 

(M+H)+ 

 

 

tert-Butyl 2-(2-(4-benzoylphenoxy)acetyl)hydrazine-1-carboxylate 

To 41 (205 mg, 0.796 mmol, 1 eq) in 4 mL of DCM, tert-butyl carbazate (210 mg, 1.592 

mmol, 2 eq) was added, followed by EDC (156 mg, 0.812 mmol, 1.02 eq). The reaction 

was stirred for 16 hours. 2 mL of DCM was added and the mixture was washed with 2 

mL of sat. aq. NaHCO3 and brine, dried over MgSO4, filtered and concentrated to give 

the desired product as a brown oil (269 mg, 91%). 1H NMR (CDCl3) δ 8.12 (s, 1H), 7.78 

(d, 2H, J= 8.9 Hz), 7.68 (m, 2H), 7.51 (m, 1H), 7.42 (t, 2H), 7.26 (s, 1H), 6.94 (d, 2H, J= 

8.8 Hz), 4.64 (s, 2H), 1.44 (s, 9H). 393 (M+Na)+ 
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2-(4-Benzoylphenoxy)acetohydrazide (40) 

tert-Butyl 2-(2-(4-benzoylphenoxy)acetyl)hydrazine-1-carboxylate (269 mg, 0.725 

mmol) in 1 mL of TFA and 1 mL of DCM was stirred for 2 hours. The reaction was 

concentrated to give the desired product as a yellow oil; quantitative yield. 1H NMR 

(CDCl3) δ 7.77 (d, 2H, J= 8.6 Hz), 7.65 (m, 2H), 7.52 (m, 1H), 7.42 (t, 2H), 6.95 (d, 2H, 

J= 8.6 Hz), 4.71 (s, 2H). 271 (M+H)+ 

 

 

N-(2-(2-(4-Benzoylphenoxy)acetyl)hydrazine-1-carbonothioyl)furan-2-carboxamide 

(NL69) 

2-Furoyl chloride (74 µL, 0.747 mmol, 1 eq) and potassium thiocyanate (123 mg, 1.271 

mmol, 1.7 eq) in 4 mL of CH3CN were stirred for 1 hour. 40 (197 mg, 0.725 mmol, 0.97 

eq) was added and the reaction was stirred for 1.5 hours. The reaction was concentrated 

and purified by reverse phase chromatography to give the desired product as a white solid 
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(10 mg, 3%). 1H NMR (CDCl3) δ 9.89 (s, 1H), 8.93 (s, 1H), 7.68 (d, 2H, J= 8.8 Hz), 7.60 

(m, 2H), 7.44 (d, 1H, J= 1.7 Hz), 7.30 (m, 1H), 7.30 (t, 2H), 7.23 (d, 1H, J= 3.6 Hz), 6.88 

(d, 2H, J= 8.8 Hz), 6.46 (dd, 1H, J= 1.7 Hz, 3.6 Hz), 4.61 (s, 2H). 424 (M+H)+ 

 

5.3 Biological Testing 

RNA Degradation Assay. RnpA-mediated RNA degradation assays are performed by 

incubating either 1 µg of total S. aureus RNA or 1 pmol of in vitro-synthesized spa 

mRNA with 20 pmol of RnpA at 37oC for 15 to 30 min in reaction buffer (50 mM Tris-

HCl [pH 8.0], 2 mM NaCl, 2 mM MgCl2) in the absence or presence of the indicated 

compound. The reactions are stopped by adding an equal volume of 2x RNA loading dye 

(95% formamide, 0.025% SDS, 0.025% bromophenol blue, 0.025% xylene cyanol FF, 

0.5 mM EDTA), run on a denaturing 1.0% agarose-0.66 M formaldehyde gel, and stained 

with ethidium bromide. The RNA substrates and corresponding degradation products are 

visualized using a FluorChem 5500 system (Alpha Innotech, San Leandro, CA). The 

inhibitory effects of the test compounds are measured using the ImageJ densitometry 

software (National Institutes of Health, Bethesda, MD) to quantify the signal intensity of 

the RNA band(s) in the negative control (RNA alone), positive control (RnpA plus RNA 

plus dimethyl sulfoxide [DMSO]), and experimental samples (RnpA plus RNA plus test 

compound). The percent enzyme inhibition of the test compounds is calculated using the 

following equation: percent inhibition = [(experimental signal – positive 

control)/(negative-control signal – positive-control signal)] x 100.  
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RNase P ptRNA Processing Assay. S. aureus RNase P activity assays are performed 

under the conditions previously used to measure B. subtilis RNase P-mediated cleavage 

of precursor tRNA Tyr 5’ leader in low-salt buffer (50 mM Tris-HCl [pH 8.0], 5 mM 

MgCl2) or in high-salt buffer (50 mM Tris-HCl [pH 8.0], 100 mM MgCl2, 800 mM 

NH4Cl).84 For all the reactions, ptRNATyr, tRNATyr, or rnpB RNA species are first 

denatured by heating to 95oC for 3 min and then being slowly cooled to room 

temperature. RNase P is reconstituted by mixing an equimolar ratio of rnpB and RnpA 

for 15 min at 37oC. The precursor tRNA processing reactions (20 µL) are performed by 

mixing 1.25 pmol of RNase P (RnpA plus rnpB), RnpA or rnpB with an equal volume of 

2x low-salt buffer or 2x high-salt buffer and 10 pmol of ptRNATyr. The mixtures are 

incubated for 15 min at 37oC. The reactions are stopped by adding 20 µL of 2x RNA 

loading dye (95% formamide, 0.025% SDS, 0.025% bromophenol blue, 0.025% xylene 

cyanol FF, 0.5 mM EDTA), and 30 µL of each sample is electrophoresed in a 7 M urea-

8% polyacrylamide gel and then stained with ethidium bromide (0.5 µg/mL). Where 

indicated, the reactions are repeated in the presence of the indicated amount of putative 

RnpA inhibitors or dimethyl sulfoxide (DMSO). A FluorChem 5500 imaging system is 

used to visualize the RNA, and the relative abundance of the mature tRNATyr band in the 

positive control (RNase P plus DMSO) or in samples containing the test compounds is 

measured using ImageJ densitometry software (NIH). The percent RNase P activity is 

then calculated using the following equation: (test compound tRNATyr signal/ positive-

control tRNATyr signal) x 100.  
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Antimicrobial Susceptibility Testing. MIC testing is performed according to Clinical 

and Laboratory Standards Institute (CLSI) guidelines.82 Briefly, individual wells of a 96-

well microtiter plate are inoculated with ~ 1 x 105 CFU of the indicated organism, 

containing 2-fold increasing concentrations (0 to 256 µg mL-1) of the indicated antibiotic 

or putative RnpA inhibitor, and incubated at 37oC for 18 h in Mueller-Hinton broth. The 

assays are also performed in the presence of 2.5% bovine serum albumin. The MIC is 

defined as the lowest concentration of antibiotic at which there was no visible bacterial 

growth in the wells.  

Calculated logP.  Predicted octanol/water partition coefficients (logP) were calculated 

using the Marvin calculator plugin available in MarvinSketch from ChemAxon 

(Budapest, Hungary).  The logP calculator employs a variation85 on the atomic fragment 

method originally described by Viswanadhan et al.86 

Solubility Assays.  Solubility assays are performed using Millipore MultiScreen®HTS-

PFC Filter Plates designed for solubility assays (EMD Millipore, Billerica, MA).  The 96-

well plates consist of two chambers separated by a filter.  Liquid handling is performed 

using JANUS® Verispan and MTD workstations (Perkin Elmer, Waltham, MA).  4 uL of 

drug solutions (10 mM in DMSO) are added to 196 uL of phosphate-buffered saline in 

top chamber to give a final DMSO concentration of 2% and a theoretical drug 

concentration of 200 uM.  Plates are gently shaken for 90 minutes and then subjected to 

vacuum.  Insoluble drug is captured on the filter.  160 uL of the filtrate is transferred to 

96-well Griener UV Star® analysis plates (Sigma-Aldrich, St. Louis, MO) containing 40 

uL of acetonitrile.  The drug concentration in the filtrate is measured by UV absorbance 
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on a Spectromax® Plus microplate reader (Molecular Devices, Sunnyvale, CA) using 

Softmax Pro software v. 5.4.5.  Absorbances at 5 wavelengths (280, 300, 320, 340, and 

360 nM) are summed to generate the UV signal.  Assays are performed in triplicate.  

Standard curves are generated by adding 4 uL of 50x of five concentrations of test 

compounds in DMSO to 40 uL of acetonitrile in UV Star plates followed by 156 uL of 

phosphate-buffered saline.  Analysis and statistics are performed using GraphPad® Prism 

v. 5.04.  Data are reported as the maximum concentration observed in the filtrate. 

Microsomal Stability.  The clearance of test compounds in mouse liver microsomes is 

determined at 37oC.  Assays are conducted in 96-deep well polypropylene plates.  Test 

compounds (1 uM) are incubated in 0.5 mL of 100 mM potassium phosphate buffer (pH 

7.4) with 0.5 mg/mL pooled liver microsomes from male CD-1 mice (Life Technologies, 

Grand Island, NY), 2 mM tetra-sodium NADPH and 3 mM magnesium chloride for 60 

minutes at 37oC with gentle shaking.  At five time points, 75 uL of reaction mixture is 

transferred to 96-shallow well stop plates on ice containing 225 mL of acetonitrile with 

0.1 uM propafenone.  Control reactions (lacking NADPH) are performed in a similar 

manner to demonstrate NADPH dependency of compound loss.  Standard curves for test 

compounds are generated using 5 concentrations in duplicate that are processed as above 

but with zero incubation time.  Stop plates are centrifuged at 2,000 xg for 10 minutes and 

then 170 uL of the supernatants are transferred to a Waters Aquity® UPLC 700 uL 96-

well sample plate with cap mat (Waters, Milford, MA).  The amount of compound 

remaining in the supernatant is quantified by LC/MS/MS using a Waters TQ MS 

(electrospray positive mode) coupled to a Waters Aquity® UPLC (BEH column, C18 1.7 
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uM, 2.1 x 50 cm, gradient of acetonitrile/water/0.1% formic acid).  Propafenone is used 

as the internal standard.  GraphPad® Prism v 5.04 is used for nonlinear fitting of time 

course data to generate Clint values. 
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