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Abstract 

The discovery of new drug scaffol ds is a time-consuming and costly process. As 

new technologies are developed and implemented into the drug discovery pro cess, 

these costs are being lessened. Of these methods, computer-aided drug discovery is the 

most widely implemented as it reduce s the number of compounds that need to be 

explored syntheticall y. Computer -aided drug discovery has also become a powerful tool 

as it envelops a wide range of computational methods that can be used to identify or 

optimize lead compounds for vario us disease states or drug targets. 

The first part of the dissertation presents the design, synthesis, and biological 

evaluation of sulfony l piperazine LpxH inhibitors. The emergence of widespread 

antibiotic resistance among Gram-negative pathogens has led to an urgent need for a 

new class of antibiotics to fight mult idrug -resistant Gram-negative bacteria. Lipid A is a 

critical component of lipopolysaccharides present on the outer membrane of Gram-

negative bacteria that prevents penetration of the membrane by external detergents and 

antibiotics . The biosynthesis of lipid A occurs through the  Raetz pathway via 9 distinct 

enzymes, one of which is known as LpxH. The dual mechanism of cell killing due to the 

inhibition of LpxH and its presence in the majority of Gram-negative bacteria makes it 

an attractive target for novel antibiotics.  Based on the structure of AZ1 , a small molecule 

inhibitor of LpxH identi fied by  AstraZ eneca, we have synthesized and evaluated a series 
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of sulfonyl piperazine LpxH inhibitors. Our study allowed for the establishment of a 

comprehensive structure-activity relationshi p of the various components of AZ1 . We 

also obtained the first crystal structure of Klebsiella pneumoniae LpxH in complex with a 

sulfonyl piperazine LpxH inhibitor which illuminated how this class of LpxH inhibitors 

fits into the binding pocket of LpxH and  guided the design of inhibitors with increased 

potency. Our findings will  be instrumental in t he discovery of new antibiotics against 

multidrug -resistant Gram-negative pathogens. 

The second part of the dissertation describes the modification of existing T RPM8 

ligands and the search for alternative scaffolds towards  the development of a new 

TRPM8 agonist for the treatment of dry eye di sease. As the use of technology continues 

to increase, so does the incidence of dry eye disease, especially in younger individual s. 

Modulation of the transient receptor potential cation channel TRPM8 has been 

implicat ed as a route for  the treatment of dry eye disease as TRPM8 plays a critical role 

in basal tear production , eye blinking, and is the sensor for eye dryness. Current well -

known modulators of TRPM8 such as menthol, icil in, and WS-12, are not suitable for 

ocular use as they have undesirable physical properties and off-target effects on other 

transient receptor potential channels. The recently discovered small molecule cryosim-3 

which was  identified as a TRPM8 specific agonist provides a good starting point for the 

development of a new agonist suitable for ocular studies. Through th e use of cryo-

electron microscopy, molecular docking, and virtual scre ening, we have begun to 
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understand the different binding or ientations of various TRPM8 ligands. This 

information has aided us in probing new chemical space for the identification of a 

TRPM8 agonist with improved pote ncy, selectivity, and phy sical properties over 

existing agonists.  
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1. Introduction  

1.1 Medicinal Chemistry as an Evolving Science  

The drug discovery p rocess is an extremely costly and time-consuming process 

that can take anywhere from 7-14 years and $800 millionτ$1.8 billion to develop a new 

drug .1-3 Given this enormous investment , it would be imperative  to ensure that a drug 

candidate makes it through the process and reaches the market, but in reality, 90% of 

drug candidates that enter clinical studies fail out.4 As it stands, the drug discovery 

process is not sustainable and more efficient, effective, and low -cost methods are 

necessary to see novel drugs make it  to market. To overcome these hurdles and reduce 

the time and cost associated with discovery, medicinal chemistry is evolving  into a more 

interdiscipl inary science.  

At its core, the design and development  of novel drug candidates is an iterative 

process that involves design, synthesis, in vitro/in vivo testing, and analy sis of results to 

inform the next cycle of design (Figure 1). Within this process, the synthetic step is the 

most time-consuming step that sets the pace for the rest of the process.5 Therefore, the 

identification of relevant compounds (termed hits) and the  further  design of those hits is 

of crucial importance for setting this pace. It is vital to ensure that the compounds being 

synthesized have the desired properties and potency for the intend ed biological target . 

Traditionally this was diff icult to do because there was limited information about 

biological targets and most of the information about a drug candidate came from in vivo  
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Figure 1: The iterative drug design process . 

 

testing after the compound  had already been synthesized.6, 7 The first big evolution to 

the drug discovery process came from the development of high -throughput sc reening 

(HTS) methods. HTS uses automated equipment to  rapidly e xplore large libraries  of 

synthetic compounds in min iaturized in vi tro assays to identify hits that modulate the 

intended biological target. 8 While HTS has become an integral part of identifying hits 

and has evolved to become more efficient over time, there are still  relatively  high  costs 

associated with the process.9 Due to these costs, the second big evolution to medici nal 



 

3 

chemistry was the integration of c omputation al methods which has become to be known 

as computer-aided drug discov ery (CADD).  

CADD  methods have reduced the scale, time, and cost issues associated with 

tradi tional drug di scovery methods by limiting  the number of compounds that need to 

be explored synthetically .3 Virtual screening is a method with in CADD that , like HTS, 

allows for the rapid  screening of millions of compounds for the  identi fication of hit s. 

Depending on the structural  information avai lable for the target protein, th ere are two 

main approaches to CADD: structure-based drug discovery (SBDD) and ligand -based 

drug discovery ( LBDD).3 With LBDD,  the structure is not known  and virtual scr eening 

methods will utiliz e known ligands  to elucidate the connection between the 

physicochemical proper ties of the compounds and their  biological activity to identify 

structurally similar  compounds. When the target structure is known , SBDD docks the 

target protein with libraries of commerciall y available drug -like compounds.  In either 

LBDD or SBDD, the identified compounds are assigned a score based on their  structural 

similarity or the bi nding force of the docked complex.9, 10 With the revolution ary 

advancements that have been made in structural and molecular biology , the 3D 

structures of >100,000 proteins are available and SBDD is quickly becoming a 

fundamental part of drug d iscovery in both industry an d academic settings. 

Additio nally,  when the 3D structure of a target protein is not available through NMR , X-
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ray crystallography, or cryo-electron microscopy (cryo-EM), homology modeling or ab 

initio  modeling can be used to predict the structure.2, 3, 11  

Another significant hurdle in d rug discovery  is deficiencies in ADME-Tox which 

accounts for 40-60% of drug fail ures in the late stages of drug development.3 It has been 

shown that addressing ADME properties early in the drug discovery p rocess can greatly 

reduce the rate of failure of candidates later on.12 In addition to screening large chemical 

databases, virtual screening can also be used to rapidly evaluate the ADME -Tox 

properties to filter out undesirable compounds either pr ior to  SB/LB screening or after 

the identification of hits .3  

In addition  to the use of CADD methods in the identification of hits with drug -

like propertie s, LBDD and SBDD have also reduced the cost of drug discovery  through 

involvement  in lead optimization . Once hits have been identified, molecular docking can 

be used to more thoroughly  investigate the binding  conformations of hit s with the target 

active site.2 Molecular docking  determines the position and or ientation of various 

li gands by performing multiple iterations of binding pose  calculations that separate 

binders from inactive compounds. Once the major binding pose that produ ces the 

minimal energy s tate is identified,  the ligand -binding is assessed by various scoring 

functions  that calculate binding affinity .2, 13 As protein s are flexible, this flexibility plays a 

role in how ligands bind.  Therefore, it is important this f lexibility be represented in 

docking simulations  to accurately design novel ligands. Representing this flexibility  
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computational ly  is currently a challenge, but methods are rapidly developing to a ddress 

the issue. Currently  multiple crystallographic structures of the same protein bound to  

 

 

Figure 2: Methods of computer -aided drug design . 

 

dif ferent lig ands have been used to simulate flexibility as well as multiple structure s 

derived f rom NMR studies. In the absence of experimental data, molecular dynamics 

can be used to explore molecular conformations. Molecular dynamics integrates 

Newtonɀs equations of motion to compute the movements of atoms along time, reducing 

the calculation compl exity and overcoming the high computational cost  typically 

associated with  simulating protein f lexibility .3, 9, 14 
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While LBDD is no longer the preferred method for virtual screening, other LBDD 

methods are useful in the analysis and optimization  stage of the drug discovery cycle. 

Both pharmacophore modeli ng and QSAR studies are used to analyze the properties of 

lead compounds to infor m the next iteration of analogs. Pharmacophore modeling is 

based on the idea that ligands with common chemical features in a similar arrangement 

wi ll lead to biologic al activity with in the same protein. There are a defined set of 

features that are typicall y looked at that in clude: hydrogen bond acceptors/donors, 

hydrophobic areas, positiv ely and negatively ionizable groups , aromatic groups, and 

metal coordinating areas. With pharmacophore models focusing on the se features and 

not the atoms themselves, the model is a good method for recognizing similarities 

between molecules.6 QSAR is a classic method in drug discovery that  uses compounds 

with known biological activi ties to generate a mathematical model that best correlates 

molecular descriptors  (i.e. geometric, steric, and electronic propertie s) with biolo gical 

activity .11 A structurally di verse set of compounds is ideal for model building to ensure 

prediction accuracy. Once the model is built , the statistical stability  and predictive 

power can be determined by a set of known ligands that were not used for training the  

model.3, 15  

As has been discussed, there are a variety of both SBDD and LBDD tools to be 

used at various stages of the drug discovery p rocess. With this has come the use of 

CADD methods  for  the discovery and/or optimiz ation of  a wide range of drugs from 
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various disease areas including cancer, diabetes, multi -drug r esistant bacteria, and 

neurodegenerative disorders.16 Ad ditionally, as these methods grow in popularity, more  

examples arise which demonstrate their ability t o reduce the time and cost of traditional 

methods. A notable example of which  is the search for novel transforming growth 

factor-ϕ1 receptor kinase inhibitors by Eli Lilly and Biogen Idec. Eli Lilly used tra ditional 

HTS and in vi tro assays to identify and develop a lead compound. Alternatively, Biogen 

Idec used virtual HTS to identify hits, of which the best hit was identical in structure to 

the lead compound developed by Eli Lill y.17 As technology continues to develop further , 

more of these examples will arise as the predictive power of CADD  methods improve as 

well . 

 

1.2 Goals of Dissertation 

Integration of computation al methods into t he drug discovery process can be a 

powerful tool for the identi fication of drugs for novel pr otein targets. Additionally, these 

methods can lead to more informed decisions for lead optimization to reduce the 

amount of time spent in the synthesis phase. This dissertation will  be focused on the use 

of both structure -based and ligand-based drug design methods to develop novel drug 

scaffolds. Chapter 2 will focus on the efforts that have been made towards the 

development of novel sulfonyl piperazine LpxH inhibitors targeting Gram -negative 

pathogens. Our efforts will lead to the establishment  of a comprehensive structure-
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activity relationshi p as well as elucidation  of how sulfonyl p iperazine LpxH inhibitors 

bind to the protein. This information will then be used to inform the next round of 

inhibitor designs  for analogs with increased potency and physical properties . In chapter 

3, the use of virtual screening and molecular docking methods for the identification of 

novel scaffolds targeting the TRPM8 ion channel will be discussed.    
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2. Synthetic and Biological Studies Towards LpxH 
Inhibitors 

2.1 Introduction 

The work described here was done in conjunction with  various members of the 

Hong l ab inclu ding Dr. Minhee Lee, Myungju Lee , Dr. Seung-Hwa Kwak , Dr. Won 

Young Lim, Dr. Caroline Webster, and Patrick A. Dome. The biological testing of all 

reported inhibitors and the X-ray crystallo graphy  was done by Dr. Jae Cho, C. Skyler 

Cochrane, Dr. Jinshi Zhao, and Helen C. Guerra in Dr. Pei Zhouɀs lab. The solution -

phase 19F NMR  was done by Dr. Benjamin A. Fenton in Dr. Pei Zhouɀs lab (Biochemistry, 

Duke). 

 

2.1.1 History of Antibiotics 

Typically,  the Ɂantibiotic eraɂ is associated with the discovery of penicillin  in the 

late 1920s, but bacterial infections and antibiotics have a much longer history with one 

another. With the use of tetracyclines by the ancient Sudanese Nubian population as 

well as individuals from t he late Roman period, antibiotic use has been traced back to as 

early as 350-550 CE. There is also anecdotal evidence of use of red soils in Jordan for 

antibiotic purposes  which eventually led to t he discovery of several antibioti c-producing 

bacteria present in the soil. In addition  to these two early uses of antibiotic-like remedies 

is perhaps the better known use of a number of herbs in traditional Chinese medicine 
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which were later extracted to determine the active components giving ri se to the 

antimicrobial properties. 18 Many years later is when the foundations for  what is termed 

the modern Ɂantibiotic eraɂ would b e laid.  

Starting with Paul Ehrlich who , after observing that synthetic dyes could stain 

specific microbes while not touching others, entertained the idea of a drug that could 

selectively target disease-causing microbes and not the host. Through a systematic 

screening approach that would later become the cornerstone of drug discovery , Ehrlich 

discovered the first modern antimicrobial agent  Salvarsan for the treatment of syphilis. 

Following this was the discove ry of sulfa drugs  which were mass produced starting in 

the 1930s due to their low cost and ease of derivatization. This mass use would also lead  

 

1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

Golden Age

 

Figure 3: Time line o f antibiotic discovery and development.  (Figure adapted 

from 19) 
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to the first and most widely sprea d cases of drug resistance, although some modified  

derivatives of sulf anilamides are still viable therapy opti ons today.18, 19 In the 1940s, ~12 

years after its initial discovery, penicillin then took over as the most frequently  

prescribed drug du ring its use in Worl d War II. 20 The elucidation of the structure of 

penicillin in 1945 by Dorothy Hodgkin would then initiate the development of th e ϕ-

lactam class of antibiotics. The work done by Hodgkin along with the  discovery of the 

antibioti c producing bacterial genus Streptomyces by Selman Waksman, would initi ate 

the golden age of antibiotic  development.19  

The golden age, which too k place ~1950sɭ1970s, would be the result of an arms 

race between antibiotics and microbial resistance. Many new antibiotics would be 

int roduced, such as macrolides, polymyxins, cephalosporins, quinolones, etc. (Figure 3), 

in an effort to solve the resistances acquired to each new class that was introduced.18, 19 

Followin g the golden age, very few new classes of antibiotics would be developed and 

instead the development of new drugs would come from modification s of existing 

antibiotics. In fact, the majority of antibioti c classes used for treating infections today 

were discovered during the golden age of development. 18 While the derivatization of 

existing drug classes does provide effective antimicrob ials, the rapid rise in drug 

resistant bacterial strains is making the need for a new class of agents imperative. 
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Figure 4: Core structures of select antibiotics . 

 

2.1.2 Gram-negative Bacteria and the Raetz Pathway 

Due to the overuse and misuse of antibiotics, bacterial infections have once again 

become a major public healt h crisis as the number of multi -drug  resistant bacteria has 

risen rapidly in the las t 20 years.21 Whi le the number of infections continues to grow, the 

development of new antibi otic agents has been steadily  declining  over the past three 

decades and no new class of antibi otics has been approved since the 1980s.20, 22 Of the ~50 

currently in the pipeline , very few target the most criti cal pathogens, Gram-negative 

bacteria, and all have lit tle benefit over existing treatments.23 If the issue is not 

addressed, the number of patient deaths and the healthcare costs associated with 

treatment will continu e to rise. 
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Figure 5: Structure of Gram-negative bacterial membrane.  (Figure created with 

BioRender) 

 

With antimicrobial resis tance being such a public health and economic burden, 

the World Health Org anization  (WHO)  released a list of priority pathogens  in need of 

accelerated development of novel therapeutics, of which 9 out of  12 are Gram-negative 

bacteria.24 Gram-negative bacteria pose such a threat because they have both an inner 

and an outer membrane (Figure 5), making them more difficult  to treat. The uniqu e 

outer membrane, which  is an asymmetric bilayer of l ipopolysaccharides (LPS) and 

phospholipids , is the formidable obstacle that prevents penetration of the cell by 

external detergents and antibiotics .25 Specifically, lipid A, the membrane anchor of  LPS, 
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is providing  the shielding.  Wit h the exception of an Acinetobacter baumannii mutant  and 

Neisseria meningitidis, lipid A is  essential for th e survival of Gram-negative bacteria, even 

in laboratory -grown strains  lacking LPS.26 The biosynthesis of lipi d A occurs through the 

Raetz pathway , a process involving nine different enzymes of which th e first six  are 

essential (Figure 6). The last three enzymes in the pathway, while not essential, still  

profoundly contribute to th e fitness of the bacteria.25 In addition to t his division, the  six 

essential enzymes are also divided into early -stage and late-stage enzymes. LpxA, LpxC, 

and LpxD  fall into the early -stage due to a discovery that A. baumannii strains deficient 

in these enzymes are viable. Bacterial strains lacking LpxH, LpxB,  or LpxK are not 

viable.27   

The first enzyme of the pathway,  LpxA , is an acyltransferase that attaches a ϕ-

hydroxyacyl  chain from ϕ-hydroxyacyl -ACP to UDP-N-acetyl-glucosamine (UDP-

GlcNAc) at the 3-OH position via an ester bond.25 Biochemical studies of Escherichia coli 

LpxA suggest a mechanism where the 3-OH group is activated  and attacks the thioester 

bond of acyl-ACP to replace ACP.28 Depending on the bacterial species, this first step of 

the pathway has differe nt selectivity for  acyl chain lengths29-31 and sugars.32 As this first 

step is thermodynamically unfavor able for the majority of Gram -negative bacteria, the 

next reaction, in which UDP-3-O-acyl-GlcNAc  is deacylated by LpxC, is considered the 

first committed step of the  pathway. As a metal-dependent amidase, LpxC is active in 

the presence of both Zn2+ and Fe2+ ions depending on the environment and redox 
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potential of the cell.33 The final  early stage enzyme, LpxD , then converts UDP-3-O-acyl-

GlcN to UDP-2,3-diacyl -glucosamine (UDP-DAGn)  through a second acyl transfer.34 

LpxD exhibits hig h sequence homology with LpxA and like LpxA, is also highly  

 

 

Figure 6: The synthesis of lip id A via the Raetz pathway. (Figure redrawn 

from 35) 
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selective for acyl chain length. 36 All thre e of these early stage enzymes, are soluble 

proteins and their  reactions take place in the cytoplasm.26 

Moving into the late -stage enzymes, the fourth step of the Raetz pathway 

involves the cleavage of the pyr ophosphate group from UDP-DAGn  to yield  2,3-

diacylglucosamine-1-phosphate (lipid X)  and UMP.35 This step is unique because it  can 

be carried out by three different enzymes depending on the bacteria, while the other 

steps of lipid A biosynthesis are carried out by a single enzyme  conserved throughout 

Gram-negative bacteria.25 The enzyme LpxH is foun d in ϕ- and ϖ-proteobacteria, LpxI  in 

ϔ-proteobacteria, and LpxG in Chlamydiae. 37-39  The next enzyme, LpxB, is a  

disaccharide synthase that condenses UDP-DAGn with lipid X to form disaccharide-1- 

phosphate with  the release of UDP. Like its predecessor, LpxB is a peripheral membrane 

protein whose reaction requires the presence of detergents.25 Apart from its role as a 

glycosyltransferase, little is known mechanistical ly or struc tur ally about LpxB.  The final 

essential enzyme, LpxK, is an integral membrane protein t hat phosphorylates the 4ɀ-OH 

group of disaccharide-1-phosphate to form tetraacyldisaccharide 1,4ɀ-bisphosphate 

(lipid IV A).25 LpxK is another metal-dependent enzyme that is activated by Mg 2+, Mn2+, 

and Co2+.40 

The three remaining unessential enzymes KdtA, LpxL, and LpxM work to 

convert lip id IV A to Kdo 2-lipid A b y incorporation of  two  Kdo residues followed by 
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addition of  secondary acyl chains to the distal glucosamine.41 These three enzymes are 

also integral membrane proteins whose reactions likely occur on th e inner surface of the 

inner membrane.26 After the synthesis of Kdo 2-lipid  A, core sugars are attached and it is 

flipped from the inner membrane to the periplasmic surface. From here, further 

modi fications may take place depending on th e species of bacteria and then the lipid A 

is transported to the outer membrane.25 

 

2.1.3 Current Inhibitors Targeting Enzymes in the Raetz Pathway 

As lipid A is essential in most Gram-negative bacteria, much attention has been 

given to the development of inhibitors that target the enzymes of this pathway. Starting 

in 1996, Onishi and co-workers worked to identify no vel inhibitor s by screening for 

agents that selectively block the incorporation of radioactive galactose into LP S.26, 42 They 

identified one compound , L-573,655 (Figure 7), which  inhibited LPS biosynthesis by 80-

90% compared to controls at 100 µg/mL. To identify the targ et of L-573,655, they assayed 

the nine enzymes of lipi d A biosynthe sis in E. coli and found that LpxC, the second 

enzyme of the pathway, was the only enzyme inhibited. The group determ ined the 

inhibition constant (K i) to be 24 µM.42 They then went on to synthesize over 200 analogs 

of L-573,655 and found that the incorporation of methoxy and electron-donating 

hydrophobic groups to the phenyl moiety increased potency . This led to the 

identific ation of the first reported nanomolar inhibitor of LpxC,  L-161,240 (Figure 7), 
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which displayed a  K i of ~50 nM and a minimum inhibitory concentration (MIC ) of ~1 

µg/mL against E. coli in vitro .27, 42 This activit y unfortun ately did not translate to  other 

bacterial strains and L-161,240 was completely inactive against Pseudomonas aeruginosa 

and Aquifex aeolicus.  

The limited activity of L -161,240 prevents the compound from having clinical 

application , but this initial discovery was still monumental in  establishing LpxC as a 

vi able antibiotic target . This combined with the fact  that LpxC is an essential enzyme 

that catalyzes the first committed step of lipid A biosynthesis, and it shares no homology 

with o ther deacetylases or amidases, made LpxC an attractive target for fur ther 

antibiotic development .43 In a joint p roject, researchers of the University of W ashington 

and the biotechnology company Chiron  focused on the development of  novel inhibitors 

specifically  targeting P. aeruginosa. Based on L-161,240, they synthesized approximately   

1,200 compounds of a general motif which conserved the Zn-binding hydrox amic acid 

and varied the heterocyclic and aromatic moieties.44 When designing their inhib itors, 

they focused on hydrophobic substitu ents and oxazolines, thiazolines, and oxazines for 

the heterocyclic moieties. Through their  extensive work, they reported the first inhibitor s 

of P. aeruginosa LpxC, with their most potent inhibitor being  CHIR-090 (Figure 7). CHIR-

090 was a monumental  discovery that showed an MIC of 0.2 µg/mL and 1.6 µg/mL 

against wild -type E. coli and P. aeruginosa respectively.26, 45 
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At  the same time as CHIR-090, British Biotech reported the inhibito r BB-78485 

(Figure 7). The compound was di scovered by an effort to screen a metalloenzyme 

inhibi tor library for ant ibacterial activity  against E. coli D22 (lpxC101), a mutant with 

impaired activity of LpxC .46 Through the screen, they identified a series of compounds 

with MICs of less than 1 µg/mL, the most potent being the sulfonamid e derivative BB-

78485. Whi le BB-78485 did not exhibit  activity against P. aeruginosa, it did  show activity 

against a broad panel of Gram-negative pathogens, including  Enterobacteriaceae, Serratia 

marcescens, Morganella morganii, Moraxella catarrhalis, Haemophilus influenzae, and 

Burkholderia cepacian.46  

 

 

Figure 7: Select inhibito rs of LpxC.  
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Beyond the small molecule LpxC inhibitors  that have been discussed, an 

extensive amount of work on enhancing the pot ency of existing inhib itors as well as the 

discovery of inhib itors with novel scaffolds has been done. Various analogs of CHIR-090  

have been developed in an effort to enhance the potency and expand the spectrum of 

activity of the molecule through the optim ization of the headgroup.47-51 Various 

pharmaceutical companies have filed patents on LpxC inhibitors includi ng Actelion 

Pharmaceuticals,52 AstraZeneca AB,53 Novartis ,54 Pfizer,55 and Vicuron Pharmaceuticals.56 

The pharmaceutical company Achaogen developed an inhibitor ACHN -975 that went to 

clinical trials, but it unfortunate ly failed ou t in phase I due to adverse cardiovascular 

effects.27, 57 Work has also been done by Forge Therapeutics58 and Taisho Pharmaceutical 

Co.59-61 to develop non-hydroxamate LpxC inhibitors , as the majority of LpxC inhib itors 

that have been developed include a hydr oxamate group that targets the catalytic Zn2+ 

ion of the enzyme. 

In addition t o the work on  small molecule inhibitors of LpxC, work  was also 

done early on in developing substrate analogs that bind and inhibit the enzyme.  In 1999, 

Raetz and co-workers wante d to explore if an effective in hibitor of LpxC across all 

Gram-negative bacteria could be developed. They designed inhibitors related to LpxCɀs 

natural substrate, UDP-3-O-acyl-GlcNAc, and found two  compounds, TU-517 and TU-

514 (Figure 7), that effectively inhi bited A. aeolicus, E. coli, and P. aeruginosa.62, 63 As these 

compounds inhibit ed a diverse set of Gram-negative bacteria across different species, 
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they were the first  to support the proposal that LpxC  enzymes have conserved common 

mechanistic and structural characteristics.63 Addi tionall y, TU-514 was useful in 

obtaining the first structures of LpxC which revealed distinct features for inhibitor 

interaction, allowing for the design of more potent inhibitors. 25, 27, 35 

Clearly work on inhibitors targeting lipid A biosynthesis through inhibition  of 

LpxC has been extensively explored, but the inhibition of other enzymes of the pathway 

is also appealing. Towards this end, work was done to develop a method that could 

validate targets for antimicrob ial drug discovery . In this  work, a Ɂprotein knockoutɂ 

technique that uses phage display to select peptides that bind specifically to target 

protei ns and demonstrates their essentiality to the bacteria was described.64 The study 

identified seven essential proteins, one of which was LpxA. A pentadecapeptide, termed 

peptide 920, was ident ified to bind LpxA  and when the peptide  was expressed in E. coli 

as a glutathione S-transferase (GST) fusion, growth of the bacteria was inhibited (IC50 of 

60 ± 9 nM when assayed with 1 µM UDPɭGlcNAc ).64, 65 While  peptides are susceptible 

to proteases and have poor bioavailab ility , lim iting their clinical relevance, peptide 9 20 

provided evidence  towards  demonstrating LpxA a s a viable target for antibacterial 

development. 

Follow ing this work, phage display was also used to identify LpxD -binding 

peptides. A screening of ~1.9 billion phage-bound, random 12-amino-acid peptides 

fused to the N-terminus  of the M13 phage pIII coat protein from the Pd. D.-12 random 
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peptide library (NEB), yielded 20 DNA sequences encoding for 17 unique peptides.66 

One of the peptides identified , RJPXD33, was found to have both affinit y and inhibitor  

activity against not only LpxD  (IC50 of 3.5 ± 0.08 µM), but also LpxA (IC50 of 19 ± 1.2 µM) 

from E. coli.66 RJPXD33 was the first reported inhibitor targeting enzymes of the Raetz 

pathway with dual -targeting capabilities and it has laid the grou ndwork for 

development of small molecules with  this same dual-targeting capabili ty .  

Building on the foundation of RJPXD33, Kroeck and co-workers  used targeted 

structure-based methods to identif y the first non -substrate small molecules that bind to  

both P. aeruginosa LpxA and Lpx D.67 The group virtual screened the ZINC small 

molecule database for compounds that bind the acyl chain binding pocket of LpxA, a n 

area of LpxA that is homologous to the binding surfaces of LpxD . Twenty-five of the top  

 

 

Figure 8: Current inhibitors of Lp xA and LpxD.  
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scoring compounds were selected and experimentally tested against LpxA and LpxD 

with surface plasmon resonance (SPR) bioanalysis. Two of t he compounds (2.01 and 2.02 

in Figure 8) exhibited micromolar affinity  for both LpxA and LpxD , furt her validating 

the possibility of designing dual -binding compounds ac tive against both enzymes.67  

In addition to the work done in  developing dual -binding inhibitors,  work has 

also been done to develop LpxA and Lpx D inhibitors that t arget each enzyme 

individually. Through a cell-based screening  of Novartis compound collection s for 

bacterial growth inhib itors, two small molecul e inhibit ors of E. coli LpxA we re identified  

(2.03 and 2.04 in Figure 8).68 Interestingly, each compound had a distinct mechanism of 

LpxA inhibition, with 2.03 targeting apo LpxA  as a substrate-competitive inhibitor and 

2.04 targeting the LpxA/product complex as a n uncompetitive inhibitor.  While each 

compound  showed activity a gainst efflux -deficient E. coli strains, neither inhibi ted the 

growth of wild -type E. coli.68 Therefore, structure-based optimization of 2.04 was 

undertaken to improve activity against wild -type E. coli. The X-ray co-crystal stru cture 

of 2.04 and the LpxA/product comple x showed that the benzyl grou p of 2.04 was flexible 

and so modifications were focused on this region of the compound . Chloro and methoxy 

substitu tions to the o-positions of the phenyl ring resulted in a 9.6-fold lower  IC50 value, 

and after substitution of an amino group  at the o-position of the methyl in the pyridine 

ring, the most potent analog, 2.05, was achieved with an  IC50 value of 0.6 µM and an 

MIC of 16 µg/mL against wild -typ e E. coli  LpxA .  
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Lastly , from the peptide inhi bitor RJPXD33 that was found to inhibit  both LpxD 

and LpxA, a fluorescent-based displacement screening method was developed. This 

method was used to screen a library of ~120,000 commercially available small molecules 

and 11 were identified to inhibit LpxD  with IC 50 values between 0.07-35 µM.69, 70 The 

compounds were then tested for their ability to inhibit the growth of an E. coli efflux 

mutant  (JW5503-1) using a disc dif fusion assay. One of the compounds, 6359-0284, 

exhibited growth inhibition  at 25 µg that was comparable to 10 µg of either ampicil lin or 

chloramphenicol. 69 Given th is, the compound was further tested, and it s MIC value was 

determined to be 3.13 µg/mL against the E. coli tͅolC strain.69, 70 

While only one inh ibitor targeting lipid A biosynthesis has made it to clinical 

trials, the extensive research that has been done around LpxC inhib itors has allowed 

invaluab le insights into the structur al dynami cs of the enzyme when inhibitor s are 

bound. These insights can be used to further enhance the properties of future inhibitors 

that will h opefully make it through clinical trials. Additio nally, the work done around 

LpxA and LpxD has begun to  shed light on the dynamics of these enzymes, but there is 

still much room for growth in exploring in hibition of these enzymes individually, as 

well as simultaneously. 
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2.1.4 The Role of LpxH in Gram-negative Bacteria 

In addition t o the extensive work d one on LpxC and the work beginning  around 

LpxA and LpxD, there is interest in exploring late -stage lipid A enzymes. In contrast to 

early-stage enzymes, the inhibition of these enzymes leads to the accumulation of toxic 

intermediates which leads to cell death even in bacteria where lipid A biosynthesis is 

dispensable.27 This dual-mechanism of cell killing, disru ption of lipid A biosynthesis and 

accumulation of toxic intermediates, makes inhibition of these late -stage enzymes 

particularly enticing  as it may make it more difficul t for bacteria to acquire resistance. 

With the discovery of a small molecule inhibitor of LpxH, which will be discusse d in the 

following sections, inh ibition of  the fourth enzyme of the pathway  is the first late-stage 

enzyme to be explored.    

As mentioned, in addition to LpxH , the fourth step of lipid A biosynthesis is 

carried out by LpxI or LpxG depending on the bacterial species. However , LpxH is the 

most relevant orthol og as it is the most widespread and is present in all Gram-negative 

bacteria listed as a priority by  the WHO. 24 Prior to obt aining the crystal struc ture of 

LpxH, the structural  details of the enzyme were difficult to discern , but information on 

the enzyme was gathered through sequence analysis of E. coli LpxH  that revealed the 

enzyme contains a signature motif tha t is present in calcineurin -like phosphoesterases 

(CLPs).71 Additionall y, enzymati c characterization of H. influenzae LpxH  revealed the 

hydrolase activity of the enzyme is heightened in the presence of Mn2+. Exploring this 
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further,  electron paramagnetic resonance (EPR) studies revealed that LpxH contains a 

Mn 2+ cluster that facilit ates catalysis, further supporting that it belongs to the CLP 

family .72 These studies revealed import ant information about LpxH, but the key i nsights 

into the catalysis and inhibition of the en zyme came from the structural  elucidation of H. 

influenzae LpxH through  its crystal structure .73  

H. influenzae was crystallized in complex wi th its produ ct, lipid X, and a 

conserved core architecture typical of CLP enzymes was revealed. However, in contrast 

to CLP enzymes which contain t hree ϕ-sheets in the core domain, LpxH  consists of two 

tightly packed central ϕ-sheets. These two ϕ-sheets are then composed of eleven ϕ-

strands arranged in a mixed parallel and anti -parallel fashion. 73 The N-terminus  of LpxH 

begins in the middle of ϕ-sheet 1 and is followed by the f irst four ϕ-strands arranged in a 

parallel fashion with helices ϔ1-3 found dividing  each strand (Figure 9D). ϕ-strand  5 is 

then found in ϕ-sheet 2 and is antiparallel to ϕ-strand 6 that follows. ϕ-strand 6 then 

leads to an elongated, triangle-shaped insertion domain  above the core domain, and is 

formed by two long heli ces, ϔ1ɀ and ϔ3ɀ, connected by a short helix, ϔ2ɀ.73 These three 

helices make up what is called the insertion ȿlidɀ and it is between this lid and the core 

domain that the active site can be found. Following th e helices of the insertion lid, a 

fourth  helix , ϔ4, is found packed against ϕ-sheet 2. The ϔ4 helix is followed by three ϕ-

strands (ϕ7, ϕ8, ϕ9) of ϕ-sheet 2 which are organized in a mixed orientation.  Finally, t he 

last two ϕ-strands, ϕ10 and ϕ11, can be found in an antiparallel orientation in ϕ-sheet 1.73  
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In correlation with the  EPR study previously done , electron densities of two 

metal ions, interpreted as Mn2+ ions, were identif ied in the catalytic site of LpxH . The di-

manganese cluster chelates to signature residues (D42, N80, H115, H196, D9, H11) 

 

Figure 9: LpxH /lipid X complex. (A) Structure of lipid X. (B) Ribbon 

representation of LpxH, with blue to red colors corresponding to the N - to C-

terminus. Lipid  X is shown as a stick model, and the di -manganese cluster is shown  as 

spheres. The insertion ȿlidɀ is indicated by the dashed box. ( C) Coordination of the di -

manganese cluster in LpxH. Manganese ions are shown as spheres. Side chains of 

manganese chelating residues are shown as stick models, and their distances to the 

manganese ions are labelled in Å. (D) Topology diagram of LpxH. Locations of metal -

binding re sidues are denoted as red dots. (E) Recognition of the glucosamine -1-
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phosphate headgroup of lipid X by LpxH. LpxH resid ues from the core domain are in 

green, and those from the inse rtion lid are in or ange. Lipid X is cyan.  (Figure adapted 

from 73)    

 

typical of  CLP enzymes.73 With regard to its produc t, lipid X can be found sandwiched 

between the core domain and the insertion lid . The glucosamine-1-phosphate head 

group of l ipid X adopts a chair  conformation and sits immediately above the di -

manganese cluster in the active site. The 2-N-linked ϕ-hydroxymyristoyl chain extends 

into a hydrophobic chamber situated between the core domain and the insertion lid, 

while the 3-O-linked ϕ-hydroxymyristoyl  chain rises through an open area above the 

active site and extends over the surface of the insertion lid. 73 A ll th ree components of 

lipid X  participate in a myriad of i nteractions with LpxH.   

Every polar group  of the glucosamine-1-phosphate headgroup interacts with 

residues of LpxH, but the 1-phophate group is particularly well recognized. This 

functiona l group forms t wo salt  bridges with R81, hydrogen bonds with H198 an d the 

manganese-chelating residue N80 of the core domain, and an additional salt bri dge with 

K165 of the ϔ3ɀ helix of the insertion lid .73 The 2-N-linked ϕ-hydroxymyristoyl chain  

form s extensive hydrophobi c interactions with both the core domain (I28, F83, and L84) 

and all th ree ϔ helices of the insertion lid (F129 and V133 from ϔ1ɀ, L138 and F142 from 

ϔ2ɀ, and I157 from ϔ3ɀ). The nitrogen atom of the acyl chain also forms a hydrogen bond 

with S161 of ϔ3ɀ. In contrast to the headgroup and  2-N-linked ϕ-hydroxymyristoyl chain , 
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the 2-O-linked ϕ-hydroxymyristoyl chain  interacts solely wit h the insertion lid forming  

hydrogen bonds wit h K168 of the ϔ3ɀ helix and hydrophobi c interactions with F129 and 

V133 of the ϔ1ɀ helix  and I157 of the ϔ3ɀ helix.73 

Coinciding with the establishment of the H. influenzae LpxH crystal structure , the 

structure of  P. aeruginosa LpxH  was also reported.74 The interactions observed between 

lipid X and P. aeruginosa LpxH were very similar to those seen with H. influenzae LpxH , 

except that the hydrophobic surface of the insertion lid is c oncealed by two P. aeruginosa 

LpxH molecules forming a dimer. 25 The residues coordinating to the di -manganese 

cluster also differed slightly between the two where  in P. aeruginosa there was an 

additional  coordinat ion by H197 (corresponding to H198 in H. influenzae LpxH) .25, 74  

 

2.1.5 AZ1 and Studies Towards More Potent LpxH Inhibitors 

2.1.5.1 Discovery of AZ1  

 In an effort to discover novel compounds that target bacterial cell wall synthesis, 

AstraZeneca conducted a high-throughput phenotypic  screening of ~1.2 million 

compounds. 75 Based on research done previously by Sun et al. 76, where it was shown 

that the AmpC protein f rom the bacteria Citrobacter freundii can be used as a sensor for 

inhibitors of cell wall biosynthesis , Astr aZeneca introdu ced the protein into E. coli. 

Compounds identified to induce the AmpC reporter strain were filtered bas ed on 

undesirable physical-chemical properties, commercial antibiotics, and known inhibit ors 
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of cell wall biosynthe sis. From the remaining  compound s, promiscuous or broadly toxic 

compounds were also removed through  screening against Candida albicans and the A549 

mammalian cell line  and for lysis of sheep red blood cells. At the end of their screening 

process, AstraZeneca identified two compo unds for further characterization . Additio nal  

 

 

Figure 10: Effects of AZ1 on E. coli tͅolC  strains . (A)  Structure of AZ1 . (B) 

Morphology and staining of E. coli tͅolC  strain in the pre sence of AZ1. (C) 

Susceptibility of AZ1 to resistant isolates and LpxH -overexpressing strains . (Figure 

adapted from 75) 
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profiling of AZ1  (Figure 7A ) showed that this compound had strong inhibition of  

growth in an  E. coli  efflux mutant (ATCC 25 922 ͅ tolC) with an MIC of 0.25 µg/mL. 75 

To define the cellular target of AZ1 , the effects of the compound on the 

morphology of E. coli  ATCC 25922 ͅ tolC were examined. 75, 77 AZ1  was shown to 

elongate the cells in comparison to the DMSO control cells, as well as indicated loss of 

membrane integrity by faint staining of the interi or of the cell with Sytox green (Figure 

7B). In addition to monitoring  morphol ogy changes of the E. coli tͅolC strain when 

treated with  AZ1 , the effects of the compound on resistant mutants created from an 

E. coli  MG1655 tͅolC strain were also determined. When fifteen stably resistant mutants 

were whole genome sequenced, it was found that they all ha d single amino acid changes 

to one of four different  residues in LpxH  (Figure  7C). Compared to the parent strain, the 

MIC of AZ 1 for each of the four residue changes increased >512-fold. In comparison, the 

control antibi otics, which do not target LpxH , did not exhibit changes to their MIC 

values. Additionally, when LpxH overexpressing mutants were treated with  AZ1  and 

control  compounds, the same results were observed where the MIC of AZ1  increased to 

>128 µg/mL and the controls remained unaffected (Figur e 7C). The effects of AZ1 on the 

LpxH mutants strongly suggest but do not confirm  that the antibacterial action of AZ1  is 

the result of inhib ition of Lpx H. If this is the case, AZ1  has the potential to prov ide an 

antibiotic  wit h a novel mode of action. However, t he physical properties of AZ1 , 

including lipophil icity  and high protein binding level in serum  (>99% bound) , combined 
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wit h its narrow antibacterial spectrum limit  its clinical functional ity. 75 Here we present 

the work done to unequivocally define LpxH as the target of AZ1 . Addi tionally, the  

progress made towards impr oving  the physical properties and potency of  AZ1  in an 

effort to develop antibiotics with a novel mode of action against Gram-negative bacteria 

is presented.  

 

2.1.5.2 Assay Development for M easuring LpxH Activity  

 To imp rove the properties and potency of AZ1, we wanted to establish a 

prel iminary  structure-activity relations hip  (SAR) to determine the key elements of the 

structure. In order to do this,  a large number of compounds would need  to be tested for 

their activity against Gra m-negative bacteria. Previously the 32P-autoradiographic thin -

layer chromatography  (TLC) assay was the conventional method for  evaluating LpxH 

activity  and inhibition. The assay has high sensitivity and has been successfully used to 

identify catalytically important residu es and establish the metal dependence of LpxH, 

but 32P has a short half-li fe and the procedure for the preparation and purification of the 

labeled substrate is complicated. These shortcomings make the assay less than ideal for 

measuring a large set of inhibitors over an extended period of time as would be needed 

in this work . Therefore, our collaborators in the Zhou lab developed a nonradioactive, 

colorimet ri c assay that could be used in place of, but have the same level of sensitivity as 

the 32P-autoradiographic TLC assay. 
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 In addition  to the conserved pathway discussed in the ȿGram-negative bacteria 

and the Raetz pathwayɀ section, there are enzymes that vary from organism to organism 

that further modify lipid A in order to aid in cell surv ival.35 One of these lipid A 

modification enzymes i s LpxE. LpxE is a phosphatase that functions t o remove the lipid 

A 1-phosphate and is important f or bacterial surv ival, fitness, and pathogenicity .78 

Applying thi s informat ion to LpxH, it was found that LpxE from the Gram -negative 

bacteria A. aeolicus efficiently and quan tit atively dephosphorylates li pid X , the product 

of LpxH .79 The free inorganic phosphate can then be easily measured by the malachite 

green assay which exhibits a color change upon formation of a complex between 

malachite green, molybdate, and the free phosphate. The last piece of the new assay is 

being able to control the amount o f UDP-DAGn that L pxH is convert ing to lipid X, and  

 

 

Figure 11: AaLpxE-coupled malachite green assay for ana lyzing LpxH activity.  (Figure 

adapted from 79) 
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this can be easily done by the addition of EDTA, a metal chelating agent, since LpxH is a 

Mn 2+-dependent hydrol ase and A. aeolicus LpxE is not.79  

With the novel route towards measuring Lp xH activity and inhibition , it  was 

important to first show  if the malachite green assay could effectively measure the level 

of free inorganic phosphate in the presence of the detergents and Mn2+ that are present 

in the assay. Phosphate standard was diluted into  the enzymatic assay buffer (20 mM 

Tri s-HCl pH 8.0, 0.5 mg/mL BSA, 0.02% Triton X-100, 1 mM MnCl2) and the absorbance 

was measured  across concentrations of 0 to 200 µM.79 A linear signal was observed, 

suggesting that the malachite green assay is compatible with the detergents and Mn2+. It 

is also important to see how the assay compares to the 32P-autoradiographic TLC assay. 

At 100 µM substrate concentration, the specific activit y of LpxH  measured by the 

AaLpxE-coupled malachite green assay was 95.7 ± 5.2 µmol/min/mg and for t he 32P-

autoradio graphic TLC assay it was 93.5 ± 8.7 µmol/min/mg .79 These two values are 

indistinguishabl e from one another, demonstrating that the coupled assay is suitable for 

the quantit ative measurements of LpxH activity.  
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Figure 12: AaLpxE-coupled malachite green assay for LpxH. (A) Standard curve 

of inorganic phosphate in the LpxH reaction conditions containing detergents and 

Mn 2+. (B) Comparison of the specific LpxH a ctivity deter mined by 32P-

autoradiographic TLC and AaLpxE -coupled malachite green assays. (Figure adapted 

from 79) 

 

2.1.5.3 Structure-Activity Relationship of 1 st Generation Analogs 

 With a  convenient method for measuring LpxH activity in  hand, the structure of 

AZ1 could be rapidly investigated to identify  which were the essential components of 

the structure and which could be modified to design more potent inhibitors. The 

structure of AZ1  could be divided into three definable regions (Figure 10): a 

trifluoromethyl -substituted phenyl ring, a sulfonyl piperazine lin ker, and an N-acetyl 

indoline group ; and modific ations could be systematically made to each individual 

region.79 To begin the SAR, the essentiality of the trifluoromethyl group  of the phenyl 

ring  was looked at. If a disconnection is made between the piperazine nitrogen and the 
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sulfonyl linker, then AZ1 analogs would be easily prepared  through coupling various  N-

phenyl -substituted piperazines to commerciall y available N-acyl indoline  sulfonyl  

 

 

Figure 13: Structural components of AZ1.  (Figure adapted from 79) 

 

chloride . The functional groups to be explored would  then be chosen based on 

commercially available starting piperazines. A variety of both hydrophilic and 

hydrophobic groups  of various sizes were chosen to begin exploring which functional 

groups woul d be well tolerated. Three commercially available m-substituted  phenyl 

piperazines (2.06ɭ2.08) were coupled with  N-acyl indoline su lfonyl chloride  to yield the 

hydrogen , bromo, and phenyl  analogs of AZ1  in 43-74% yield. In the case of the phenol, 

methyl ester, and carboxylic acid analogs, the starting piperazines were not 

commercially available , but these analogs could be easily prepared from  commercially 

available anilines 2.13 and 2.14. Treatment of each aniline with 2,2ɀ-

dichlorodieth ylamine hydrochlorid e followed by coupling with N-acyl indoline sulfonyl 

chloride  gave TBS protected compound 2.18 and the methyl ester analog 2.20. TBS 
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deprotection of 2.18 by TBAF gave the phenol analog 2.19, while hydrolysis of the ester 

analog gave carboxylic acid 2.21. 

 

 

Scheme 1: Synthesis of AZ1 phenyl group analogs.  

 

The activity of the trifluoromethyl -substituted  phenyl analogs against E. coli 

LpxH  revealed an interesting trend. The m-bromophenyl analog 2.11 showed the 

strongest inhibi tion with 74% at 1 µM, activity compar able to that of AZ1  (83% 

inh ibition).  However , when replaced with a hydrogen atom in the case of 2.10, a total 

loss of activity was seen. This indicates that the bulkiness of the m-substituent is 

important.  In addi tion to size, comparing th e activity of 2.11 to that of 2.19 and 2.21 
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demonstrated that the hydrophobicity  of the m-substituent  plays an important role as 

well. The hydrophobi c m-phenylphenyl analog 2.12 exhibited some activity with 55% 

inhib ition, but  this activity is lost when the hydrophobic gr oup is replaced with  the 

polar functional groups  of 2.19 and 2.21.79 

 

Table 1: Specific activity of E. coli LpxH in the presence of  phenyl  group  analogs. 

Compounds  Structure  Percent Activity  

  10 µM 

compound  

1 µM 

compound  

DMSO  N/A  N/A  

AZ1 

 

6 ± 3 17 ± 1 

2.10 

 

32 ± 9 110 ± 11 

2.11 

 

24 ± 6 26 ± 8 

2.12 

 

24 ± 3 45 ± 10 
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2.19 

 

91 ± 15 ND  

2.20 

 

36 ± 7 103 ± 8 

2.21 

 

131 ± 9 ND  

 

 Followin g the trifluoromethyl -substituted phenyl ring , the importance of the 

sulfonyl piperaz ine linker was explored. To determine whether the sulfonamide 

interacts with  LpxH, amide analog 2.24 was prepared. The compound w as easily 

prepared through EDC /HOBt amide coupling of commercially available starting 

materials 1-(3-(trifluoromethyl)phenyl)pi perazine (2.22) and 1-acetylindoline -5-

carboxylic acid  (2.23). To evaluate the effect of li nker rigidity, both  flexible acyclic linker 

analog 2.28 and one-carbon homologated analog 2.26 were designed. An alog 2.28 was 

prepared by coupling  known N1-(3-(trifl uoromethyl)phenyl)ethane -1,2-diamine  (2.27) to 

N-acetyl  indoline sulfonyl chloride. The one -carbon homologated analog was prepared 

similarly from known  1-(3-(trifluoromethyl)benzyl)piperazine  (2.25). Lastly, to 

investigate wh ether the sulfonyl piperazine l inker prov ides the optim al distance and 

conformation  between the trifluoromethyl ring and the N-acetyl indol ine group,  larger  



 

40 

 

Scheme 2: Synthesis of AZ1 analogs with mo dified sulfonyl pipera zine 

linkers.  
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core ring analog 2.33 was prepared. Tosylation followed by  Boc-deprotection  provided a 

free primary amine  which was then cyclized by the addition of  heat to provide mono-

tosylated 2.30. Copper-catalyzed coupling of 2.30 with  3-iodobenzotrifluo ride (2.31) in 

the presence of 2- isobutyrylcyclohexanone  yielded 2.32. Detosylation followed by 

coupling  with N-acetyl indol ine sulfonyl chlor ide afforded the fina l product.  

 In contrast to the modifications made to t he trifluoromethyl phenyl  ring , none of 

the modifications to the  sulfonyl piperazine linker were  well tolerated. Replacement of 

the sulfonyl group with an a mide led to a total loss of activity at even 10 µM of 

compound. The loss of activity indicates that the sulfonyl group may interact with LpxH 

in a way that the amide cannot, and this interaction i s important fo r activity . The loss of 

potency could also be due to changes in geometry of the sulfonyl group vs. amide.  There 

was also a total loss of activity for the more flexible  analog 2.28 and the extended analog 

2.26 had very minimal activity with on ly 13% inhibition at 10 µM. The inactivity  of these 

two compounds provide d evidence that rigidity and the ori entation of the 

trifluoromethyl ring is important for the inhibitory activity of  AZ1 . Lastly, increasing the 

ring size of the piperazine linker  in analog 2.33 also led to a total loss of potency, 

revealing that the six-membered ring is the optimal size for fi tting in the b inding 

pocket.79  
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Table 2: Specific activity of E. coli LpxH in  the presence of sul fonyl piperazine  

modified analogs . 

Compounds  Structure  Percent Activity  

  10 µM 

compound  

1 µM 

compound  

DMSO  N/A  N/A  

AZ1 

 

6 ± 3 17 ± 1 

2.24 

 

102 ± 12 ND  

2.26 

 

87 ± 5 ND  

2.28 

 

149 ± 16 ND  

2.33 

 

149 ± 15 ND  

 

 To begin the investigation of the N-acetyl indoline group, the indoline was 

replaced with aniline. This aniline analog was synthesized similarly to the m-substituted 

analogs starting from 2.22, but rather than coupling to N-acyl indoline sulf onyl chloride , 
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4-acetamidobenzenesulfonyl chloride  was used. With the knowledge that LpxH contains 

a di-manganese cluster, extended carbonyl chain analogs 2.38 and 2.43 were designed. 

The hydroxamic acids at the end of the chains would allow for poss ible metal binding. 

Starting from aniline analog 2.35, deacetylation foll owed by coupling  with  methyl oxalyl 

chloride  gave 2.36. Compound 2.36 was then hydrolyzed by LiOH and  the hydr oxamic 

acid group was instal led using ethyl chloroformate and hydroxylami ne hydrochlo ride. 

Coupling  2.39 with monoethyl malonate gave 2.41, which was hydrolyzed using basic 

conditio ns. The carboxylic acid 2.42 was then coupled with NH 2OTBS to give 

hydroxamic acid analog 2.43. An additional analog , 2.45, was designed that replaced the 

N-acetyl group w ith a carboxylic acid group. This functional group  was chosen so as to 

mimic the hydr ogen bonding capabilities seen in the N-acetyl group. Preparation of the 

compound proceeded smoothly by coupling  2.22 with 3 -carboxybenzene sulfonyl 

chloride. 
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Scheme 3: Synthesis of AZ1 N-acetyl indoline  group analogs. 
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While no t as active as AZ 1, the introdu ction of the aniline r ing in 2.35 showed 

70% inhibition o f E. coli LpxH  at 10 µM. However, this same activity is not seen at 1 µM 

where 2.35 produced only 30% inhibition  while AZ1  shows 83%. Despite this 

discrepancy, it seems that the indoline ring may not be necessary for activi ty. A  little less 

active than 2.35, 2.38 and 2.43 showed that extension of the N-acetyl is a tolerated 

modification  and further expl oration of groups at this position may yield compound s 

with activity  more on par with AZ1 . The complete elimination of the N-acetyl group  for 

a carboxylic acid moiety  in 2.45 was not well tolerated at all with only 2% inh ibition. 

Taking this into account w ith the moderate activity seen with the extended analogs, it 

wou ld appear that the carbonyl is important for the activity and the position of the 

carbonyl on the ring system is critical.  

 

Table 3: Specific activity of E. coli LpxH in the presence of N-acetyl indoline  modified 

analogs. 

Compounds  Structure  Percent Activity  

  10 µM 

compound  

1 µM 

compound  

DMSO  N/A  N/A  

AZ1 

 

6 ± 3 17 ± 1 
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2.35 

 

30 ± 11 70 ± 8 

2.38 

 

41 ± 9 121 ± 6 

2.43 

 

55 ± 27 ND  

2.45 

 

98 ± 7 ND  

 

2.1.5.4 Structural Analysis of AZ1/LpxH Complex and Lead Development   

 The SAR that was established did provi de various insights into  the essential 

components of AZ 1, but none of the compounds exhibited an increase in potency. 

Wi thout  more info rmation about how AZ1  interacts with the Lpx H enzyme molecular ly , 

it was going to be difficult to make  informed  structural modification s that would lead to 

increased potency. Unf ortunat ely, purified E. coli LpxH graduall y precipitates in 

solution  which makes it unamenable for obtaining the crystal structure  of the enzyme. 

Thus, an alternative bacterial strain was needed that could be used to study the 

structural details.  To begin teasing out this information , the antibiotic activity of AZ1  

against a set of gram-negative bacteria was examined. In agreement with the  work done 
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by Nayar  et al.75, AZ1  was found not to inh ibit LpxH enzym es from H. influenzae, P. 

aeruginosa, or wild -type E. coli, but was active against E. coli W3110 ͅ tolC, a mutant with 

a compromised efflux pump. Exc itingly, in add ition  to exhibiting activity against the E. 

coli  mutant,  AZ1  was also observed to have detectable activity against wild -type 

Klebsiella pneumoniae in bacterial disk diffusion assays.80 Given this observation,  AZ1  was 

assayed in the presence of 100 µM UDP-DAGn  and found  that AZ1  inhibits 75% of the 

activity of K. pneumoniae LpxH at a concentration of 1 µM, activity comparable to that for 

E. coli LpxH wh ich shows 83% activity inhibitio n at the same concentration.  With 

comparable activit ies, the next question was whether K. pneumoniae LpxH could be used 

to yield protein crystals and excitingly  it was found to be stable in solution. 80 

 With this  fi nding, the molecular details of th e AZ1 /LpxH interaction  could begin 

to be studied, whic h wou ld  aid in the accelerated development  of LpxH inhibitors.  For 

reference, K. pneumoniae LpxH was first crystallized with its product  lipid X . Similar to 

the features seen in the previously isolated structures of H. influenzae and P. aeruginosa, 

the crystal structure of K. pneumoniae LpxH  revealed a central CLP architecture with a 

uniq ue insertion cap. Between the core CLP domain and the lid is a promin ent L-shaped 

acyl chain-binding chamber  where the 2-N-acyl chain of lipid X i s buried. Adjacent to 

this is the active site which contains a di-manganese cluster that is coordinated by 

conserved metal binding r esidues from the CLP signature motifs.  The hydroph ilic  

residues of the active site recognize and form interactions with the 1-phospho-  
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Figure 14: Structural basis of  K. pneumoniae LpxH inhibition by AZ1. (A) 

Crystal structure of  K. pneumoniae LpxH  in complex with its product, lipid X. (B) 

Crystal  structure of  K. pneumoniae LpxH in complex with AZ1. LpxH is shown in the 

cartoon model, li pid X and AZ1 are shown in the stick model, and the active site  Mn 2+ 

cluster is shown in the sphere model. The core CL P architecture and the insertion lid 

are shown in green and orange, respectively. The hydr ophobic acyl -chain binding 

chamber and the buried 2 -N-acyl chain and solvent -exposed 3-O-acyl of lipid X are 

labeled in  A, and surface hydrophobic lid domain residues  interacting with AZ1 are 

labeled in  B. The pink  meshes represent omit (2mFo-DFc) maps of lipid X and AZ1 

ÊÖÕÛÖÜÙÌËɯÈÛɯƕϦȭ (C) Overlay of AZ1 w ith the 2 -N-acyl chain of lipid X in the K. 
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pneumoniae LpxH complex structures. (D) Interactions of AZ1 with  K. pneumoniae 

LpxH residues.  (Figure reproduced from 80) 

 

glucosamine head group of lipid X . The surface of the LpxH  lid domain is exposed to 

solvent and this is where the 3-O-acyl chain of lipid X extends to.80 

 Once the molecular details of the LpxH/lipid X complex  were confirmed to ali gn 

with thos e seen in the crystal structures of H. influenzae and P. aeruginosa LpxH , the first 

crystal structure  of the K. pneumoniae LpxH /AZ1  complex was obtained. AZ1 was 

observed to bind  exclusively in the acyl chain-binding chamber, overlapping with where 

the L-shaped 2-N-acyl chain of lipid X bi nds. The trifluoromethyl -substituted  phenyl 

ring  of AZ1  is buried in  the far side of the chamber away from the active site. A nu mber 

of van der Waals interactions between the substituted phenyl ring and hydro phobic 

residues F82, M156, I137, F141, and I152 are observed. At the same position  

as the precipitous turn of the buried 2 -N-acyl chain of lipid X , AZ1  exhibits a sharp kink 

of the sulfonyl group of the piperazine  linker . This sulfonyl  group picks up hydro gen 

bonds with  the sidechain of R157 and the backbone amide group of W46 of LpxH. 

Addi tional van der Waals interactions are also observed between the piperazine group 

and residues F82, L83, and A153. Following this, the N-acetyl indolin e ring  can be seen 

extending towar ds the active site. This region of AZ1  has several interactions with LpxH 

including , van der Waals interactions of the indolin e with F128 and Y125, parallel 

cation-  ̒stacking of the guanidinium sidechain of R80 that extends over the indoline 
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ring, and a hydrogen bond between the acetyl group and the sidechain of N79 (Figure 

14).80 

Considering past work done with LpxC inhibit ors where the dynamics of the 

ligand bound t o the LpxC protei n in solution differed from the  single-bound 

conformation observed in the crystal structure 81, it was of interest to determine if this 

would also be the case for AZ1  bound to LpxH . Therefore, solution -phase NM R analysis 

was done with AZ1  bound to K. pneumoniae LpxH. As was observed in the crystal  

 

 

Figure 15: Solution 19F NMR measurements  reveal a dynamic equilibrium of 

two conformation al states of AZ1 bound to K. pneumoniae LpxH.  (Figure adapted 

from 80) 

 

 structure, the solution 19F NMR of the free compound showed a single signal. However , 

two 19F signals were observed for the trifluoromethyl group of AZ1  when bound to K. 
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pneumoniae LpxH  in solution  (Figure 15).80 It was hypothesized that th ese two signals 

were the result of two conformations of AZ1  arising from rotatio n of the bond between 

the tri fluoro methyl -substituted phenyl  ring and the piperazine ring. The major 

conformation wo uld be the orientation of the trifluoro methyl group pointing towards 

the solvent exposed surface, as seen in the crystal structure. The minor  conformation 

would have the trifl uoromethyl group pointing down into the hydrophobic chamber of 

the enzyme, occupying a cavity that is occupied by the terminal methyl group of the 2 -

N-linked acyl chain of lipid X when  it is bound to LpxH . If this hypothesis were correct,  

 

 

Scheme 4: Synthesis of m-substituted  AZ1 analogs. 

 

then a second substi tution at the m-position of the trifluoromethyl phenyl ring wo uld be 

well  tolerated, as it would  fill both  the major and minor pockets simultaneously. Since 
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the trifl uoromethyl grou p occupied the second pocket in a minor population , this 

indicated  that the substituent was not well tolerated . A fluoro and chloro group were 

selected for the substitution a t the m-position  (Scheme 4) since they are smaller 

hydrophobic group s than that of the trif luoromethyl grou p.  

Both compounds were synthesized following the same steps starting from 1-

bromo-3-fluoro -5-(tr if luoromethyl)benzene  for  the fluoro analog and 1-bromo-3-chloro -

5-(tr if luoromethyl)benzene  for the chloro analog. Palladium catalyzed coupling  with 1 -

Boc-piperazine gave intermediates 2.49 and 2.50. Boc deprotection using TFA followed 

by coupling with 1 -acetyl-5-indolinesulfonyl chloride gave the final compounds 2.51 and 

2.52. When tested against K. pneumoniae and E. coli LpxH,  both 2.51 and 2.52 were found 

to be more potent than AZ1 . AZ1 exhibits an IC50 value of 0.14 µM against E. coli LpxH 

while 2.51 is 1.7-fold more potent with a n IC50 value of 0.083 µM and  2.52 is 3.0-fold 

more potent with a  value of 0.046 µM. Against K. pneumoniae LpxH, AZ1  displays an 

IC50 of 0.36 µM wh ere 2.51 and 2.52 are 3.3-fold and 13.8-fold  lower with values of 0.11 

µM and 0.026 µM, respectively.80 

To determine if this increase in activity was due to the functional  group at the m-

position occupyin g the cavit y in the hydrophobic chamber as hypothesized, the crystal 

structure of the K. pneumoniae LpxH/ 2.52 complex was obtained (Figure 16A).80 The 

structure showed that the chloro group did in deed fill th e hydrophobic po cket as 

expected. With the exciting increase of in vitro inhibition o f LpxH afforded by  this 
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Figure 16: Lead optimization. (A)  Crystal structure of the K. pneumoniae 

LpxH/2.52 complex. K. pneumoniae LpxH is shown in  the cartoon model, 2.52 in the 

stick model, and the active site Mn 2+ cluster in the sphere model. The core CLP 

architecture  and the insertion lid a re shown in  green and orange, respectively. The 

pink  mesh represents the omit (2mFo-DFc) map of 2.52 contouÙÌËɯÈÛɯƕϦȭ (B) Overlay of 

2.52 with lipid X in the  K. pneumoniae LpxH complexes, illustrating occupancy of the 

terminal methyl position of the 2 -N-acyl chain of lipid X by the chloro substitution of 

2.52. (C) IC 50 values of  AZ1, 2.51, and 2.52 against  K. pneumoniae LpxH. ( D) IC 50 values 
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of AZ1, 2.51 and 2.52 against E. coli LpxH. ( E) MIC values of AZ1, 2.51, and 2.52 

against wild -type K. pneumoniae. (F) MIC values of AZ1, 2.51, and 2.52 against wild -

type E. coli  in the presence of 10 ϟÎɤÔ+ PMBN. Error bars represent SEM (n=3). 

(Figure adapted from 80) 

 

additional binding in  2.51 and 2.52, it was of interest to determine if these analogues 

would also show improved antibiotic ac tivity over AZ1 . In foll owing with the in v itro 

data, both 2.51 and 2.52 potently inh ibited bacterial growth of wild -type K. pneumoniae 

(ATCC 10031) with  MIC  values of 2.8 µg/mL and 1.6 µg/mL, respectively, wh ile AZ1  did 

not express any activity up to 64 µg/mL . Unfortu nately, this antibiotic activi ty did no t 

translate to wild -type E. coli and neither compound exhibited any measurable activity. 

However, when the compounds were coadministered with  10 µg/mL  polym yxin B 

nonapeptide (PMBN), a peptide that enhances the outer membrane permeability of 

Gram-negative bacteria but does not exhibit antibacterial activity it self, AZ1  exhibited an 

MIC value of 2.3 µg/mL, 2.51 a value of 0.83 µg/mL, and 2.52 a value of 0.66 µg/mL 

against wild -typ e E. coli. This observation, along with the initial discovery of AZ1  which 

showed the requirement of the E. coli  efflux mutant (ATCC 25 922 ͅ tolC) for  antibiotic 

activity, strongly suggests that secretion by efflux p umps and the bacterial outer 

membrane are major deterrents for LpxH -targeting antibiotics. 80 
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2.2 Results and Discussion  

2.2.1 Modifications in the Hydrophobic Chamber 

Encouraged by the success seen with 2.52, we wanted to fur ther explore 

substitutions at th e m-position  of the trifluoromethyl phenyl ring  to determine if the  

chloro-group was the optimal size for fillin g the hydrophobic po cket. While w e have 

seen the effects of H (AZ1), F (2.51), and Cl (2.52) group s, additional substituents of Br, 

CH 3, and CF3 were chosen to fill in the size gaps. All three  newly designed compounds 

were synthesized from commer cially available starting material s fol lowin g the 

conditions  established for 2.52 (Scheme 5) where the m-bromo analog 2.62, started from  

 

 

Scheme 5: Synthesis of  additional m-substituted  AZ1 analogs. 
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1,3-dibromo -5-(trifluoromethyl)benz ene (2.53), the m-methyl analog 2.63 started from 1-

bromo-3-methyl -5-(trifluoromethyl)benzene  (2.54), and the m-trifluoromethyl analog 

2.64 started from 1,3-bis(trifluoromethyl) -5-bromobenzene (2.55). Buchwald -Hartwig 

coupling of each respective starting materi al with 1-(tert-butyloxycar bonyl)piperazine  

provided Boc-protected N-aryl piperazine s 2.56-2.58. Boc-deprotection by treatment 

with TFA  followed by coupling with N-acyl indoline  sulfonyl chloride 2.09 prov ided the 

final  compounds.  

At 57% and 50% inhibitio n, the 2.62 and 2.63 analogs showed imp roved activity 

over AZ 1 (22% inhibition). These activit ies are notably comparable to that of 2.51, but 

worse than 2.52. The bistrifluorome thyl analog 2.64 had significantly worse activ ity than 

both 2.51 and 2.52 at only 16% inhibition, a value in the range of AZ1 . Comparing the  

potency of each of the m-substituted  trifluoromethyl phenyl analogs with one another, a 

clear trend presents itself. As the volume of the substituents increases, there is an 

increase in potency, with AZ1  having the low est percentage of inhibition and the m-

chloro substituted analog 2.52 having th e highest. When the trifluoromethyl phenyl ring 

is substituted with a brom o (2.62) or trifl uoromethyl ( 2.64) group this trend is b roken as 

the potency of the inhibitors  is seen to decrease dramatically , suggesting that these 

substituents may be too bulky for the buried acy l chain chamber to tolerate.82 This trend 

is in agreement with the initi al solution-phase NMR analysis that was done with AZ 1 
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which found the tri fluorome thyl  group to occupy the hydrophobic pocket in a minor  

population. 80 

 

Table 4 : Specific activity of K. pneumoniae LpxH in the presen ce of m-substituted 

triflu oromethyl phenyl analogs.  

Compounds  Structure  0.1 µM compound  

  Percent 

Activity  

Percent 

Inhibition  

AZ1 

 

78 22 

2.52 

 

21 79 

2.62 

 

43 ± 4 57 

2.63 

 

50 ± 3 50 

2.64 

 

84 ± 13 16 



 

58 

Once the chloro group was established as the optimal substitution at the m-

position , we looked towar ds modification  of the N-acetyl indoline moiety . The crystal 

structure of AZ 1 in complex with K. pneumoniae LpxH showed hydrogen bonding 

between the AZ1  acetyl group and the sidechain of N79 of LpxH.  We envisioned that the 

replacement of the acetyl group with a methan esulfonamide group wou ld  allow for the  

tw o oxygen atoms of the sulfonamide to participate in stronger hydrogen bonding than 

the single oxygen present in the acetyl, as is seen for the sulfonamide group linking the 

piperazin e and indoline moieties. Methanesulfonamide substituted compound 2.65 was 

synthesized from previously reported 2.52 by deacylation using concentrated HCl 

followe d by coupling to methanesulfonyl chloride . The replacement of the acetyl group 

resulted in a significant drop in a ctivity with an inhibition of 12%, a value lower than  the 

activity  of AZ 1 (22% inhibition). 82 It was possible that the indoline was holding the 

methanesulfonamide in an unfavo rable orientation for interaction with residues of the 

LpxH enzyme, so an anil ine analog (2.67) was also synthesized. The aniline analog was 

prepared in a simi lar manner to the indoline analog starting from 2.66. The aniline 

analog also showed a loss in potency with only 20% inhibition , indicat ing that the N-

acetyl group is ideal for form ing critical interactions with LpxH  for inhibitio n. 

The N-acetyl indoline  group was also modified by replacement of the indoline 

with an indole.  Indoles are a biologically known  pharmacophore that have been shown 
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to bear a number of biological  properties in natural p roducts and drugs. 83 Additionally, 

considering that the indoline pa rticipat es in a cation-  ̒interaction  with  R80 of LpxH , it  

 

 

Scheme 6: Synthesis of  N-acetyl indoline modified an alogs. 
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was hypothesized that the additional  double bond of the indole could extend the ̒ -

system and aid in this interaction. The synthesis of 2.71 was completed by coupling  1-(3-

chloro-5-(trifluoromethyl)phenyl)piper azine (2.68) to 1H-indole -5-sulfonyl chloride . 

Treatment of 2.70 with acetic anhydride then affor ded the acetylated product  2.71. The 

replacement of the indoline group resulted in a decrease in inhibition from 79% 

inh ibit ion for 2.52 to only 48% inhibition for 2.71.82 This loss of potency suggests the 

indole disrupts the cation -  ̒interaction  in an unfavorable wa y.  

 

Table 5: Specific activity of K. pneumoniae LpxH in the presence of  N-acetyl indoline 

modified  analogs. 

Compounds  Structure  0.1 µM compound  

  Percent 

Activity  

Percent 

Inhibition  

AZ1 

 

78 22 

2.52 

 

21 79 

2.65 

 

88 ± 12 12 
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2.67 

 

80 ± 6 20 

2.71 

 

52 ± 5 48 

 

Considering  that both the indoline and  N-acetyl group are important for the 

inhibit ion of LpxH, we looked towards  other ways that this section of the molecule 

could be modified. When examining  the K. pneumoniae LpxH/ 2.52 crystal structure, an 

additional pocket was identified  in the hydrophobic chamber  (Figure 17). This pocket  

 

 

Figure 17: Addi tional pocket in  the hydrophobic chamber of the K. pneumoniae LpxH 

crystal structure.  

 



 

62 

was located below the benzene ring of the indoline group  and it was hypothesized that a 

substitution to the indoline could  fill this pocket and increase activity, analogous to the 

effect the m-substitution of the trifluoro methyl  phenyl ring  had. In following  the great 

success seen with 2.51 and 2.52, two analogs of 2.52 were designed that incorporate d a 

fluoro or chloro  group on the benzene ring of the indoline . 2.84 and 2.85 were 

synthesized in a similar manner starting from 6 -fluoroindole  or 6-chloroindole , 

respectively. The indole was converted to an indoline by reduction of t he double bond  

 

 

Scheme 7: Synthesis of  substituted indoline  analogs. 
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using sodium cyanoborohydr ide in acetic acid. The nitrogen was then protected by 

acylation and a sulfonyl chloride group  was installed ortho to the halogen atom of the 

benzene ring. The sulfonyl c hloride  was then coupled to 1-(3-chloro-5- 

(trifluoromethyl)phenyl)piperazine  using the conditions established for previous LpxH 

inhibitors . The N-acetyl indoline was then deacylated wit h concentrated HCl and a urea 

was installed to yield the final compounds.  Unfortunatel y, the substitution s to the 

indoline ring led to a  loss in efficacy with 19% inhibition for 2.84 and 21% for 2.85. The 

crystal structure of K. pneumoniae LpxH/ 2.52 shows a -̒interaction between the benzene 

of the indoline and R80 present in the hydrophobic pocket we tried to take advantage of. 

It is hypothesized that the addition of the halogens to the ring led to a conformational 

change of the overall structure  which disrupted the ̒ -interaction with R80, destroying  

the compound activity.  

 

Table 6: Specific activity of K. pneumoniae LpxH in the presence of  substituted 

indoline analogs.  

Compounds  Structure  0.1 µM compound  

  Percent 

Activity  

Percent 

Inhibition  

AZ1 

 

78 22 



 

64 

2.52 

 

21 79 

2.84 

 

81 ± 4 19 

2.85 

 

79 ± 1 21 

 

With all of the modif ications that had been made so far, 2.52 remained to be the 

most potent compound. Thus, we aimed to improve  the physical properties of 2.52 

without changing the key structural components of the compound that were giving rise 

to the potency. To do this, extending from the acetyl group  while keeping th e carbonyl 

intact was the logical route moving forward . This led to the design of 2.88 (Scheme 8) 

which incorporated a morph oline functional group off of the acetyl group.  Morpholin e 

is well known for hav ing advantageous physicochemical, biological, and metabolic 

properties as it has been used in a number of drug s targeting a wide ran ge of molecular 

targets. There are also numerous in vivo studies that have shown the benefit of 

morpholine to not only the p otency of a drug, but also to the drug-like properties. 84 

Additionally, morpholine somewhat mimics the glucosamine ring of li pid X, so there 
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was potential that  this could lead to f avorable interactions with LpxH . Coupling of 

methyl bromoacetate with morphol ine followed by hydrolys is gave the carboxylic acid 

intermedia te 2.87. This was then coupled to 2.66 in the presence of EDC and HOBt to 

yield the final product. The enzymatic activity o f 2.88 (43% inhibition)  was less than 2.52 

but was on par with AZ1  at 0.1 µM i n K. pneumoniae. In order to determine how 2.88 was 

binding to LpxH, the crystal structure o f 2.88 bound to LpxH  was obtained. 

Interesting ly, the morpholine  group di d not extend towards where the glucosamine ring 

of l ipid X binds , but rather pointed up towards the solvent exposed surface of the 

enzyme much like the 3-O-acyl chain of lipid X does.  The activity of 2.88 was then likely 

coming from solvation  effects of the morpholine interacting with solvent.  

In tandem to the design of 2.88, two compounds (2.91 and 2.92 in Scheme 8) were 

designed with the goal of increased aqueous solubility  in mind.  Both compounds were 

synthesized starting from  2.89. A simple amid e coupling  to Boc-glycine using EDC and 

HOBt foll owed by TFA mediated Boc-deprotection yielded 2.91. Reductive amination of 

2.91 with  paraformaldehyde  then yielded  2.92. When measured for antibiotic activity , 

2.91 was found to have MIC values of  4.67 µg/mL  and 8 µg/mL  for E. coli and K. 

pneumoniae, respectively. These values were much worse than that of 2.52 which shows 

0.66 µg/mL  for E. coli. and 1.6 µg/mL  for  K. pneumoniae. The antibiotic  activity of 2.92 

was even worse than that of 2.91 with  an MIC of 8 µg/mL  for E. coli and a total loss of 

activity fo r K. pneumoniae. This data indicates that the two methyl groups of 2.92  
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Scheme 8: Synthesis of  acetyl group modified  analogs. 

 

negatively impact  the activity of the compoun d. It is possible that an interaction with the 

primary amine is taking place, but the addition of the two methyl groups disrupts this 

interaction. While 2.91 was also less active than 2.52, keeping the primary amine in the 

design of a novel analog towards the goal of increasing aqueous solubility might be 

useful. The dual nature of urea functional g roups as both hydrogen bond donors and 

acceptors has been shown to play an important role in a drug ɀs aqueous solubility. 85 
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Therefore, an analog of 2.52 with a urea in place of the acetyl group was designed (2.93 

in Scheme 8).  

 The urea compound 2.93 was easily synthesized from 2.89 by the addition of  

CDI and DMAP followed by  ammonium hydroxide . When tested, the antibioti c activity 

of 2.93 was found to be similar to th at of 2.52 with MIC values of 0.75 µg/mL  and 0.58 

µg/mL  for E. coli and K. pneumoniae. In contrast to 2.52 though was th at 2.93 had a much 

higher aqueous solubility. Wh ere 2.52 had a solubility < 1 mg/mL in 10% DMSO, 2.93 

was easily formulated in 20% methyl -ϕ-cyclodextrin in saline and 4.8% DMSO at 5 

mg/m L. This was an exciting result as it made 2.93 a candidate for in vivo testing  

moving forward . 

 

Table 7: Specific activity of K. pneumoniae LpxH in the presence of  acetyl modified 

analogs. 

Compounds  Structure  0.1 µM compound  

  Percent 

Activity  

Percent 

Inhibition  

AZ1 

 

78 22 

2.52 

 

21 79 
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2.88 

 

57 ± 6 43 

2.91 

 

64 ± 5 36 

2.92 

 

70 ± 8 30 

2.93 

 

22 ± 9 78 

 

 

2.2.2 Extension into the Active Site 

Modifications of the AZ1  sulfonyl pipera zine scaffold pertaining to the 

hydrophobic chamber of the binding site  have been extensively explored, but extension 

into the active site has yet to be utilized. As previously dis cussed, the active site of the 

LpxH enzyme has a di-manganese cluster which we envisioned binding to this metal 
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group would aid in increasing the potency of current inhibitors. Thus , to determine the 

feasibility of extending into the  previously untapped ac tive site and binding to the   

 

 

Scheme 9: Synthesis of  extended chain analog 2.97. 

 

di -manganese metal cluster, we designed an analog of 2.52 with an extended acyl chain  

(Scheme 9). In order to chelate the di -manganese cluster, the acyl chain of 2.97 is capped 

in a hydro xamic acid group. The synthesis of 2.97 started from the known piperaziny l 

sulfonyl aniline  2.66. The acyl chain was installed through formation of a urea linkage 

with 4 -aminobutanoate in the presence of CDI. The newly installed methyl ester was 

then hyd roly zed to the correspondi ng carboxyli c acid 2.95. The carboxylic acid was 

activated with e thyl chloroformate and coupl ed with TBS-protected hydroxami c acid to 

yield 2.96. Deprotection of the TBS group by TFA then yielded the final product 2.97. 
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When tested against K. pneumoniae LpxH, 2.97 showed an inhibit ion of  64% of 

activity at 0.1 µM compound concentration which is a huge improvement  over AZ1  

(22% inhibition) and i s only slightl y worse than 2.52 (79% inhibition). However, the 

excellent in vitro  activity did  not translate into antibioti c activity with  the MIC of 2.97 

being an unimpressive 32 µg/mL.82 We hypothesized that the flexibility and  

hydrophobicity of the acy l chain negatively impacte d the membrane permeability of the 

compound. To further elucidate th e interaction of 2.97 with K. pneumoniae LpxH , the co-

crystal structure of K. pneumoniae LpxH /2.97 complex at 1.85 Å was obtained. This 

crystal structure showed that the sulfonyl piperazine core of 2.97 also binds within the 

hydrophobic  chamber lik e previous inhibitors  have done, and the N-acyl chain extends 

into the active site as it was designed, but th e hydroxamate group does not chelate the 

di -manganese cluster. Instead, the in vitro  activity of 2.97 is attribut ed to the additional  

interactions that the acyl chain picks up w ith Y125 of the insertion cap of the LpxH 

enzyme and I171 on the loop connecting the cap back to the CLP core domain. 

Additionally, while the hydro xamic acid group did not chelate the di -manganese metal 

cluster as expected, it did  form two hydroge n bonds between the carbonyl group and N-

hydroxyl of the  hydro xamate and the backbone amide and carbonyl group of M172  

which is located in the same loop as I171.82 While 2.97 did not reach the metal cluster as 

we had hoped, it did show the feasibility and benefit of extending into the act ive site of 

LpxH as well as elucidated a polar binding pocket with in this site.  
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Figure 18: Expansion of the LpxH inhibit or interaction into the active site of 

LpxH. (A)  Side view of the KpLpxH/ 2.97 complex. LpxH is shown in the cartoon 

model, the catalytic di -manganese cluster is shown in the sphere model, and 2.97 is 

shown in the stic k model. Location of the cap domain and  the CLP core domain is 

labeled. (B) Top view of  the KpLpxH/ 2.97 complex. Hydrophobic residues of LpxH 

(Y125 and I171) interacting with the N-acyl chain of 2.97 are labeled. The hydrogen 

bonds between the hydroxamate gr oup of 2.97 and the backbone of M172 of LpxH are 

indicated by dashed lines.  (Figure reproduced from 82) 

 

Building off of the information learne d from  the K. pneumoniae LpxH /2.97 crystal 

structure, we set out to develop a second set of inhibitors designed to bind to the di-

manganese cluster because we still hypothesized that metal -bindin g would lead to a 

further  increase in potency. As discussed, the activity of 2.97 comes from hydrophobic  

interactions with the acyl chain and hydrogen bonding of the hydro xamic group, but to 

exhibit  these interactions, the acyl chain must adopt a compacted conformation. We 

hypothesized that extending the linker length would pr event 2.97 from adopting this 

distorted conformation and would force the acyl chain to extend down tow ards the di-

manganese cluster. Thus, the 1,7-dicarbonyl linkage  of 2.97 was exchanged for a 1,8-

dicarbonyl linkage as seen in 2.107 (Scheme 10). In addition to extending the linker 
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length, we also entertained the idea that the 1,7-dicarbonyl linkage was the optimal 

length, but th at some rigid ity  was needed to help orient the hydroxamic acid towards 

the di-manganese cluster. Therefore, 2.103 (Scheme 10) was designed where the aniline  

 

 

Scheme 10: Synthesis of  manganese chelating analogs 2.103 and 2.107. 
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core of 2.97 was swapped to an indoline core.86  

Like 2.97, the synthesis of 2.107 started from the known piperazinyl sulfonyl 

aniline  2.66. This was coupled to ethyl 6-isocyanatohexanoate which was hydrolyzed to 

afford the carboxylic acid  2.105. The carboxylic acid was then coupled with TBS-

protected hydroxamic acid after activ ation by  ethyl chloroformate  and TFA deprotection 

of the TBS group afforded the fi nal product  2.107. The indo line 2.103 started from the 

known piperazinyl sulfonyl indoline  2.89 wh ich was treated with triphosgene and 

coupled to ethyl 5-aminopentanoate. Hydrolysis of the ethyl ester f reed the carboxylic 

acid which was converted to the TBS-protected hyd roxamic acid by treatment with ethyl 

chloroformate.  TBS-deprotection by TFA afforded the indoline analog 2.103. 

 When tested against K. pneumoniae LpxH at 0.1 µM, 2.103 was found to inhib it 

82% of activity and 2.107 was even more impressive with 97% inhibition. 86 Both of these 

compounds were more potent than 2.52 which was very excit ing, but it was going to be 

interesting to see where the compounds were binding and if this activity would translate  

to the antibiotic activity as well.  The crystal structures of both 2.103 and 2.107 in complex 

with K. pneumoniae LpxH were obta ined.86 Beginning with 2.103, the indoline core of the 

compound was found t o bind in the hyd rophobic  chamber of LpxH picking up similar  

int eractions as were seen in previously reported analogs of  this scaffold. Similar to 2.97, 

the acyl chain also extended in to the active site of the enzyme, but in contrast to 2.97, 

2.103 was found to chelate the di -manganese cluster through its hydroxami c acid group.  
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Figure 19: Inhibition of KpLpxH by  2.103 and 2.107. (A) Ribbon diagr am of the 

KpLpxH/ 2.103 complex. KpLpxH is colored in rainbow, with the  N-terminus in blue 

and C-terminus in red. 2.103 and the di-manganese cluster are shown in the stick and 

sphere models, respectively. The purple mesh represents the 2mFo -DFc map of 2.103 

ÈÛɯƕϦ. (B) Interactions between 2.103 and LpxH residues. The interaction map was 

generated by LigPlot +. (C) Metal  chelation geometry. Distances between the atoms in 

the hydroxamate group and the di -manganese cluster are labeled with dashed lines.  

(D) Ribb on diagram of the KpLpxH/ 2.107 complex. KpLpxH is colored in rainbow, 
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with the N -terminus in blue and C -terminus in red. 2.107 and the di-manganese 

cluster are shown in the stick and sphere models, respectively. The purple mesh 

represents the 2mFo-DFc map of 2.107 at 0.8Ϧ. (E) Interactions between 2.107 and 

LpxH residues. The interaction map was generated by LigPlot+.  (F) Metal  chelation 

geometry. Distances between the atoms in the hydroxamate group and the di -

manganese cluster are labeled with dashed lines.  (Figure adapted from 86) 

 

The N-hydro xyl group was found to chelate both manganese ions A and B while th e 

carbonyl oxygen of the hydroxami c acid interacted with only manganese ion B. 

Combined with the series of interactions between various polar side chains of LpxH  

with both manganese ions, ion A i s penta-coordinated in a pseudo-square pyramidal 

configuration and ion B is hexa-coordinated in a pseudo-octahedral geometry. The 

crystal structure of 2.107 showed that the hydroxam ic acid group of this compound also 

chelates to the di-manganese cluster. Overall, the binding conformation of 2.107 was 

quit e similar to 2.103 except for one key difference. While the N -hydro xyl group was  

still found to bridge both manganese ions, the carbonyl oxygen was seen to coordinate 

manganese ion A in stead of ion B. Therefore, ion A was now hexa-coordinated and ion B 

was penta-coordinated.86 

The di-manganese chelation clearly increased the enzymatic activity of  2.103 and 

2.107, but to determine if this  would  translate to the antibiotic activity as well, the two 

compounds were tested against K. pneumoniae (ATCC 10031) in vitro . Unfortunately,  the 

MIC of 2.107 was found to be 3.3 µg/mL whi ch is much worse than 2.52 (MIC =  0.83 

µg/mL). The antibiotic acti vity of 2.103 was signif icantly  worse than both wit h an MIC of 
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18.7 µg/mL.  Considering antibiotics of Gr am-negative bacteria need to cross several 

membranes of different compositions to reach their cytosolic targets, the disconnection 

between the enzymatic and antibiotic activities could be due to the flexibility of the acyl 

chains found in  both compounds affecting membrane permeability .  

 

Table 8: Specific activity of K. pneumoniae LpxH in the presence of extended chain 

analogs. 

Compounds  Structure  0.1 µM compound  

  Percent 

Activit y 

Percent 

Inhibition  

AZ1 

 

78 22 

2.52 

 

21 79 

2.97 

 

36 ± 5 64 

2.103 

 

18 ± 1 82 
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2.107 

 

3 ± 2 97 

 

 To determine if the flexibility of the acyl chain wa s negatively impacting the 

activity, several analogs of 2.107 were designed that introd uced rigidit y to either the 

metal chelating group  or the acyl chain. In replacing the hydroxamic acid with a r igid 

metal binding group, we looked towards work done  previ ously that reported novel 

inhibitors of matrix metalloproteinases  (MMPs).87 Tradi tionall y hydr oxamic acid group s 

are used for binding t he zinc ion of MMPs, but Cohen and coworkers focused on 11 

cyclic compounds to be used in place of the hydroxamic group. As all 11 compounds 

were shown to be more potent than acetohydroxamic acid, we chose the most potent 

reported compound, 1-hydroxy -2(1H)-pyridinethione,  to incorporate into the  scaffold of 

2.107. For the synthesis of 2.109, the pyridine thione acyl li nker 2.108 was first 

synthesized (see Experimental Section for details). CDI coupling of  2.108 to known 

piperazinyl sulfonyl aniline 2.66 gave final compound 2.109. 

 To make the acyl chain more rigid, either a double bond or a triazole ring  was 

introduc ed. To incorporate the double bond,  4-amino-1-butanol  was converted to 

olefin ic linker  2.110 (see Experimental Section for details). The linker was then coupled 

to known piperazinyl sulfonyl aniline 2.66 and treated with  TFA to give carboxylic acid  
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Scheme 11: Synthesis of ri gidified extended chain analogs.  
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intermedi ate 2.112.  The carboxylic acid was converted to a hydroxami c acid by 

treatment with ethyl chlorof ormate follo wed by NH 2OTBS and final TBS-deprotection 

gave the final prod uct 2.114. The triazole analog 2.119 was synthesized by coupli ng 2.66 

with 1 -chloro-2-isocyanatoethane (2.115) followed  by the addition of NaN 3 and TBAI to 

give azide 2.117. Utilizing  click chemistry, 2.117 was then coupled to N-

hydroxypropiolamide (2.118) to prov ide tria zole compound 2.119. 

Unfortunately, t he introduction of the rigid metal binding group, double bond, 

or triazole all led to a decrease in activity . The rigid metal bind ing analog 2.109 showed 

61% inhibition of  K. pneumoniae LpxH activity at 0.1 µM which is in the range seen for 

2.97 which had 64% inhibit ion. Additionally, the olefinic analog 2.114 was also in this 

range with 66% inhi bition.  The triazole analog 2.119 was a bit worse with only 41%  

inhibition. 86 It is likely that the rigidity afforde d by each of these modifications changed 

the conformation al structure leading to a loss of manganese chelation and thus loss of 

activity.  Wit h the activity of 2.109 and 2.114 being in the range of 2.97 it is possible that 

these compounds are picking up interactions in the previously elu cidated polar  binding  

pocket of the active site.  
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Table 9: Specific activity of K. pneumoniae LpxH in the presence of  rigidified 

extended chain  analogs. 

Compounds  Structure  0.1 µM compound  

  Percent 

Activity  

Percent 

Inhibition  

AZ1 

 

78 22 

2.52 

 

21 79 

2.109 

 

39 ± 6 61 

2.114 

 

34 ± 7 66 

2.119 

 

59 ± 7 41 

 

 All of t he extended chain analogs that have been discussed possess a urea 

linkage between the indoline or anilin e core and the acyl linker. However, the 
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incorporation of th is urea could sometimes be synthetically challenging. G iven that the 

urea nitrogen atoms are not observed to interact with the enzyme , we wanted to explore 

the replacement of the urea with an amid e linkage which is much more easily 

synthesizable. To examine the effect that this may have on the activity of the inhib itors, 

the amide version of 2.107 was synthesized for comparison. Starting from known 

compound 2.66, EDC coupling of suberic acid monomethyl ester followed by hydrolysis 

gave carboxylic acid 2.122. The carboxylic acid was then converted to the final 

hydro xamic acid compound , 2.124, by treatment with ethyl chloroformate and 

NH 2OTBS followed by TFA for TBS deprotection . Linker rigidity and a lternati ve metal 

binding groups in combination with the am ide linkage were also explored (Scheme 12). 

For rigidity, a  double bond was introduced at the 4,5-position of the acyl chain linker of 

2.124. The synthesis of 2.128 proceeded similarly to 2.124 after the initial  cross metathesis 

of ethyl 4-pentenoate to give 2.125. For alternative metal binding, b oth boronic acid and 

triazole were explored. The boronic acid derivative  started with  amide coupling of 

known 2.66 with 7-octenoic acid to give terminal  olefin 2.130. Hydroboration of 2.131 

with pinacolborane followed by trea tment wit h sodium periodate gave final boronic 

acid 2.132. The triazole compoun d 2.138 started with amide  coupling of  8-nonenoic acid 

with 2.66 to give olefin 2.134. The olefin was then t reated with trifluoroacetic aci d 

anhydride and hydrogen peroxide  foll owed by TFA to form dio l 2.135. The primary 

alcohol was tosylated and an epoxide was formed with  the addition of potassium  
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Scheme 12: Synthesis of amide bond analogs.  

 

carbonate. Ring opening of epoxide 2.137 with po tassium carbonate and 1,2,4-triazole 

yielded the final product 2.138. 

 When the activit ies of the compounds against K. pneumoniae LpxH  were tested, 

2.124 was found to inhibit  86% of activity  at 0.1 µM which was comparable to that of 

2.107 (97% inhib ition). It would app ear that the exchange of the urea for an amide bond 

did no t drastically  affect enzymatic activity; however, when 2.124 was tested for 

antibiotic activity , it was found to have an MIC of 16 ug/mL. The large disparity in M IC 

values between 2.107 (3.3 ug/mL ) and 2.124 suggested that the two compounds have 
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different membrane permeabili ties. To understand the difference between the urea and 

amide linkages, the crystal structure of the LpxH/ 2.124 complex was obtained. 

Interestingly, in comparison to 2.107 which shows only one binding conformation , 2.124 

exhibited three (Figure 20): one reaching the di -manganese cluster, one occupying  the 

polar binding pocket, and one extending towards the solvent exposed surface. One 

possible explanati on for th e difference in binding poses is the geometry of each bond. 

The carbonyl carbon of the urea linker would have  to be coplanar, but the carbonyl 

carbon of the amide linker is not restricted.  Further exploration of structures with 

restricted vs. nonrestricted geometries at this position would be necessary to say 

definitively. As for the introduction of rigidity into  the amide structur e via a double 

 

 

Figure 20: Crystal structure of th e LpxH/2.124 complex with three binding 

conformations . 
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bond, 2.128 performed quite w ell enzymatically with inhibition o f 89% of K. pneumoniae 

activity at 0.1 µM. However , this compound did not have stron g antibiotic activity with  

an MIC of 24 µg/mL. This was worse than 2.124 and significantly worse than 2.107. 

Unfortunatel y, both alternat ive metal binders, 2.132 and 2.138, performed poorly 

enzymatically with only 51% inhibition for 2.132 and 35% inhibition for 2.138. These 

compounds also performed the wo rst of the extended chain analogs for in vitro 

inhibi tion with MICs >64 µg/mL.  

 

Table 10: Specific  activity of K. pneumoniae LpxH in the presence of  amide linkage  

analogs. 

Compounds  Structure  0.1 µM compound  

  Percent 

Activity  

Percent 

Inhibition  

AZ1 

 

78 22 

2.52 

 

21 79 

2.124 

 

14 ± 5  86 



 

86 

2.128 

 

11 ± 7 89 

2.132 

 

49 ± 3 51 

2.138 

 

65 ± 8 35 

 

 With th e rigid molecules designed so far leading to decreased activity both 

enzymatically and in vitro, a  radically different scaffold was need ed to incorporate this  

rigidity while main taining metal binding. W orking with the biotechnology company 

Cyclica in an effort to  design this scaffold, a series of 69 compounds were generated and 

ranked on a scale of 1-3 based on synthetic feasibility . The top 5 synthetically feasible 

compounds were then resubmitted to Cyclica to undergo more rigorous  dockin g 

simulations . The rigorous docking consisted of an extra minimizatio n step, increased 

computational th oroughness, and AZ1  as a template docking restraint. From this came 

the unique scaffold of 2.144 which  showed multiple poses with the hydro xamate group 

in a viable position for metal binding  and thus was chosen as the top candidate. 

Synthesis of 2.144 began with amide couplin g of 2-iodobenzoic acid with known 
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piperazinyl aniline scaffold 2.66. Suzuki coupling with 4 -ethoxycarbonylphenyl boronic 

acid followe d by hydrolysis gave carboxylic acid 2.143. Hydroxamic acid formation  was 

 

 

Scheme 13: Synthesis of uniqu ely rigidif ied anal og 2.144. 

 

completed as before using ethyl chloroformate  followed by NH 2OTBS. The TBS group 

came off during column purification to yield the f inal compound 2.144. When tested 

against K. pneumoniae, 2.144 performed decently with 63% inhib ition at 1 µM. Of interest 
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though was whether this compound chelated to the di -manganese cluster as it had been 

designed to do. The crystal structure of 2.144 in complex with LpxH wa s obtained and 

interestingly show ed that the compound did not chelate to the metal cluster as it was 

shown to do in th e docking simulation (Figure 21), but instead a water molecule 

occupies the space. Also interesting is that 2.144 lost a hydrogen bond with  one of the 

oxygens of the sulfonyl lin ker, an interaction that is present for 2.52. With the 

importance of the sulfonyl linker for activity being previously demonstrated with 

replacement by an amide bond, it is interesting that loss of this hydrogen bond does not 

lead to a significant  loss of activity. It is possible that the activity is maintained by the 

new ɬ̒̒  interaction between Y125 of LpxH and the phenyl ring adjacent to the amide 

bond in 2.144. Further modifica tion of the 2.144 structure to further extend the 

hydroxamic acid moiety towards t he metal cluster may be fruitful in leading to metal 

chelation and increased activity.  
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Figure 21: Interaction map of 2.144 with LpxH determined from the  crystal structure. 

The di -manganese cluster is represented by gray spherical triangles. The green lines 

represent pi -pi stacking, the red lines represent pi -cation interactions, and the pink 

arrows represent hydrogen bon ding interactions.  

 

2.2.3 Improving the Drug-like Properties 

In addition  to increasing the potency of LpxH inhib itors thro ugh taking 

advantage of previously u nexplored interactions in the active site of LpxH, we wanted 

to improve the drug -like proper ties of the inhibitors. Specifically, we wanted to look at 

lowering the LogP value considering a drug with  high lipoph ilicity will not be very 

effective even if it has a high in vitro potency. As the trifluoromethyl phenyl ring has 
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been relatively  unexplor ed and phenyl groups are hydrophobic, we envisione d lowering 

the LogP value through replacement of the phenyl ring wit h a heterocycle. In addition to 

lowering the l ipophilicity , as heterocycles are found in more than 85% of all biologically 

active chemical entities, it has been established that they are useful in  modifying various  

drug  properties that then lead to the optimization of the ADME /Tox profile.88 

 To investigate how the replacement of the phenyl ring with a hete rocycle would 

affect activity , the trifluorome thyl ring was first replaced in the AZ1  scaffold. A li st of 

known 5- and 6-membered heterocycles containing a tr iflu oromethyl group  was 

generated, which resulted in  ~95 compound s, and this was narrowed by commercial 

availability  and price of the starting material to yield ~30 compounds. From this list , 4 

compounds- two 5-membered rings and two 6-membered rings- were chosen (Scheme 

14). The 5-membered heterocycle 2.154 was synthesized following the previously 

established conditions  for  2.52 starting from  2-bromo-4-(trifluoromethyl)thiazole. 

Palladium coupling t o 1-(tert-butyloxycarbonyl)piperazine  yielded  Boc-protected 2.148 

wh ich was then deprotected by TFA. Coupling to N-acyl indoline sulfonyl chloride 

yielded the fi nal product.  The synthesis of 2.155 and 2.156 proceeded under sim ilar 

conditions starting from 2-bromo-4-(trif luoromethyl)pyridine and 4-bromo-2-

(trifluoromethyl)pyridine , respectively. The synthesis of 2.158 was completed in  a one-

step couplin g of commercially available  2-(piperazin -1-yl) -5-(tri fluoro methyl) -1,3,4-

thiadiazole  to N-acyl indoline sulfonyl chlo rid e. 
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Scheme 14: Synthesis of 5- and 6-membered trifluoromethyl heterocyclic analogs.  

 

Neither of the 5-membered heterocycles performed well with 2.154 inhibiting 

only 36% of K. pneumoniae activity at 1 µM and 2.158 performing eve n wor se with only 

4% inhibition . The two 6-membered heterocycles on the other hand, produced an 

interesting  result. Compound  2.155, with th e nitrogen atom para to the trifluo romethyl 

substituent , inhibited 74% of activity , a value comparable to that of 2.52 (95%). However, 
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having the nitrogen atom para to the piperazine ring , as in 2.156, resulted in a huge loss 

of activi ty  with only 25% inhibition .  

 

Table 11: Specific activity of K. pneumoniae LpxH in the presence of  5- and 6-

membered heterocycl ic analogs. 

Compounds  Structure  Percent Activity  MIC  

  1 µM 

compound  

0.1 µM 

compound  

µg/mL 

AZ1 

 

49 78 >64 

2.52 

 

5 21 1.6 

2.154 

 

64 ± 9 ND  12 b 

2.155 

 

26 ± 7 59a 0.5 b 

2.156 

 

75 ± 6 ND  64 b 
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2.158 

 

96 ± 3 ND  >64 b 

aValue was obtained from a single trial bValue was obtained from two tri als 

 

With 2.155 and 2.156 having quite diffe rent effects on the activity of K. 

pneumoniae LpxH, it was c lear that the position of the nitrogen atom in the ring is 

important . To explore wh ether this trend would hold for the  other two ring positions , 

the remaining two constitutional isomers  were synthesized. Compounds 2.171 and 2.172 

were synthesized in the same manner as 2.155 and 2.156, starting from 3-bromo-5-

(trif luoromethyl)pyridine and 2-bromo-6-(trifluoromethyl)pyrid ine, respectively. 

Palladium coupling to 1-(tert-butyloxycar bonyl)piperazine  followed  by TFA 

deprotection  yielded the  N-aryl piperazine s 2.167 and 2.168. Final coupling to N-acyl 

indoline sulfonyl chl oride yielded the p roducts. Following t he trend of compounds 2.155 

and 2.156, these two isomers also yielded interesting results where 2.171 exhibited only 

13% inhibition at 1 µM, but 2.172 showed 84% inhibition . 

With two ring positions e xhibiting increased activity , we were curious if 

including a nitrogen atom at both position s in a single molecule would have an additive 

effect. Thus, the pyrimidine a nalog 2.173 was synthesized from commercially available 

2-bromo-4-(tri fluoromethyl)pyrimidine. Like previou s analogs, palladium coupling to 1-

(tert-butyloxycar bonyl)piperazine  followed  by TFA deprotection yielded the N-aryl 
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piperazine 2.169. Coupling to N-acyl indoline sulfony l chloride  then yielded  the final 

product . When tested against K. pneumoniae LpxH at 1 µM, 2.173 was found to inhibit 

87% of activity, a value on par with the pyridine parent analogs , 2.155 and 2.172. Thus, 

the introduction  of both nitrogen atoms into a single compound did not have an added 

benefit over the single nitrogen compounds. Ad diti onally, looking at the in vitro activity 

of the compounds revealed that a single nitrogen atom para to the trifluoromethyl group  

perform s the best as 2.155 had an MIC of 0.5 µg/mL , a value about 3.0-fold  lower than 

that of 2.172, 2.173, and the lead compound 2.52.  

 

 

Scheme 15: Synthesis of pyridine and pyrimidine analogs.  

 

To furth er improve the activity of 2.155, the next logical step was reintroducing  

the chloro substituent to the m-position of t he trifluoromethyl ring system to see if it 
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would  increase the activity as seen for 2.52. Commercially available 2 -bromo-6-chloro-4-

(trifluoromethyl )pyridine was coupled t o 1-(tert-butyloxycar bonyl)piperazine  using a 

palladium catalyst. Boc-protected 2.166 was then deprotected using TFA and coupled to 

N-acyl indoline sulfonyl chloride  to yield  the final product  2.174. Excitingly , the 

introdu ction of the chloro substituent again increased the potency of the inhi bitor  and 

2.174 displayed an IC 50 value of 4.4 nM against K. pneumoniae LpxH, a value 6.0-fold 

lower than that of 2.52. This enhancement translated into the in vitro  activity  as well and 

2.174 had an MIC value of 0.06 µg/mL  against wild -type K. pneumoniae, whereas 2.52 

had a value of 1.6 µg/mL . 2.174 still did  not exhibit antibiotic ac tivity against wild -type 

E. coli, but with  the addition of the membrane permeabilizer PMBN, an  MIC o f 0.125 

µg/mL  was seen. 

 

Table 12: Specific activity of K. pneumoniae LpxH in the presence of  pyri dine and 

pyrimidine  analogs. 

Compounds  Structure  Percent Activity  MIC  

  1 µM 

compound  

0.1 µM 

compound  

µg/mL 

AZ1 

 

49 78 >64 



 

96 

2.52 

 

5 21 1.6 

2.171 

 

87 a 100 a ND  

2.172 

 

16 a 51 a 2 a 

2.173 

 

13 a 62 a 1.33 

2.174 

 

0 a 8 a 0.063 

aValue was obtained from a single trial  

 

Following th e exciting activity seen wit h 2.174, we wanted to further en hance the 

properties and the potency of the compound with modifications to the N-acetyl indoline 

region of th e molecule. First was the introduction of a urea in place of the acetyl group 
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to help with aqueous solubility as seen in 2.93. A urea was introduced to not only the  

scaffold of 2.174, but also 2.155 and 2.172 for comparison. For installation of the urea, 

2.155, 2.172, and 2.174 were subjected to concentrated HCl for deacetylation followed by 

CDI and ammonium hydroxide to yield the final urea compound s. When compared to 

the in vitro  inhibition of LpxH by the respective acetyl analogs, 2.178 and 2.180 did not 

have significantly alter ed enzymatic activities or  MIC values, but 2.179 did.  While  acetyl 

compound 2.172 showed an MIC ~2 µg/mL  against K. pneumoniae, the urea version lost 

all activity with a n MIC >64 µg/mL . Considering that the amide to urea replacement has 

never before affected activity, this was an unexpected result. Currentl y we are unsure 

why the introduction o f the urea was not tolerated in 2.172. 

 

 

Scheme 16: Conversion of N-acetyl to urea in pyridine  analogs.  
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To begin exploring  increasing the potency of 2.174 we wanted to introduce the 

Mn 2+ binding capabilities of the hydroxamic  acid capped acyl chain of 2.103. The 

synthesis of 2.184 was carried out in a manner similar to 2.103. Treatment of 2.177 with  

 

 

Scheme 17: Synthesis of extended  chain pyridine analogs.  
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triphosgene and coupling to ethyl 5-aminopentanoate (2.99) gave intermediate 2.181. 

Hydrolysis of the ethyl ester  yield ed the carboxylic acid which was then converted to the 

TBS-protected hyd roxamic acid 2.183 by treatment with ethyl ch loroformate  and 

NH 2OTBS. Final TBS-deprotection using TFA afforded  2.184. The final compound that 

has been explored so far in this series is 2.187. This compound was designed based on 

work  done by Richter and coworkers where they explored properties that l ead to the 

accumulation of small molecules in Gram-negative bacteria. They found that the 

addition of a primary amine to Gram-positive antibacterial compounds with  proper 

flexibilit y and globularity , a term used to describe a compounds 3-dimensionality, 

transfers the effectiveness of the compound  to Gram-negative bacteria.89 Given that our 

LpxH inhibitors are already effective against the Gram-negative bacteria K. pneumoniae, 

we hoped that the addition of the amine would lead t o an increase in potency and/or 

increase the effectiveness of the compound against other Gram-negative bacterial 

strains.  

The synthesis of 2.187 started from known compound 2.177 which was treated 

with triphosgene fo ll owed by ethylenediamine to make the fi nal compound . 2.187 

performed quite well with 96% inhibition of K. pneumoniae activity  at 0.1 µM, a value 

which matches the best enzymatically performing LpxH in hibitor 2.107. Additionally, 

the MIC value was 0.5 µg/mL  whi ch is worse than the best performing compound 2.174 

but is greatly imp roved from the MIC of 2.107 which was  only 3.3 µg/mL . This 
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improvement in MIC val ue demonstrates the beneficial effect that the introduction of the 

nitrogen atom has on the membrane permeability o f the compound . As for 2.187, this 

compound  did not perform as well as was hoped for with only 36% inhibition and an 

MIC of 4 µg/mL . It is hypothesized that the lack of activity comes from the linker length 

being too short, which will  be discussed further in the fu ture directions section. 

 

Table 13: Specific activity of K. pneumoniae LpxH in the presence of  modified 

pyri dine  analogs. 

Compounds  Structure  Percent Activity  MIC  

  1 µM 

compound  

0.1 µM 

compound  

µg/mL 

AZ1 

 

49 78 >64 

2.52 

 

5 21 1.6 

2.178 

 

9 a 53 a 0.125 a 



 

101 

2.179 

 

19 a 62 a >64 b 

2.180 

 

4 ± 1 b 16 ± 4 b 0.06 a 

2.184 

 

3 ± 3 b 4 ± 4 b 0.5 a 

2.187 

 

28 ± 16 b 62 ± 1 b 4 a 

aValue was obtained from a single trial bvalue was obtained from two tri als 

 

2.2.4 Broad Spectrum 

Moving forward  in the project, one of our main goals is transitioning our LpxH 

inh ibi tors to be effective against a broad spectrum of Gram-negative bacteria. Towards 

this goal, we have begun looking into th e inhibition of P. aeruginosa. However,  when 

tested against P. aeruginosa, 2.52 was found to be inactive. Interestingly though, when 

the compounds were tested against a chimeric P. aeruginosa LpxH which had the core 
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domain of P. aeruginosa and the lid domain  of K. pneumoniae, the enzyme was once again 

inhibited by 2.52. This indicated that  the resistance of P. aeruginosa to 2.52 was coming 

from a difference in the lid  domain of P. aeruginosa compared to K. pneumoniae. To 

determine  this differe nce, the amino acids of the lid domain  of each enzyme were 

sequence aligned. This alignment highlighted two key differ ences at amino acid residues 

128 and 141. In K. pneumoniae, the amino acids at these positions are phenylalanine, but 

in P. aeruginosa they are present as leucine. Of particular im portance is F141 which has a 

ɬ̒̒  interaction with the trifluoromethyl phenyl ring of 2.52. The swap to leucine in P. 

aeruginosa eliminates this inte raction and this loss is hypothesized to be the cause of the 

loss of activity.  To determine which functional groups are better suited for interaction 

with leucine, a docking study was conduct ed which screened ~5,000 compounds. These 

compounds maint ained the sulfonyl piperazine linker and N-acetyl indoline of 2.52 but 

had alternative functional group s in place of the tri flu oromethyl phenyl rin g. Of the top 

scoring compounds, four were selected for synthesis (Scheme 18). 

The cyclohexyl compound 2.190 and ethyl benzoate compound 2.191 were 

synthesized by coupling commercially available 1-cyclohexylpiperazine or ethyl 4-(1-

piperazinyl)benzoate with known acetyl-5-indolinesulf onyl chloride . 2.193 and 2.194 

were synthesized similarly to one another starting with c oupling of a cetyl-5-

indolinesulf onyl chlo ride with 1 -Boc-piperazine followed by Boc deprotection with TFA.  
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Scheme 18: Synthesis of P. aeruginosa targeting analogs.  

 

Reductive amination of 2.192 with either crotonaldehyde or butyraldehyde gave 2.193 

and 2.194, respectively. These compounds were tested for their inhibition of LpxH from  
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both K. pneumoniae and P. aeruginosa, but unfortunat ely none of the compounds 

perform ed well when tested at 1 µM showing only 0 -14% inhibition. Some inhibition 

was seen at 10 µM of compound  with 2.194 performing the best against K. pneumoniae 

with 45% inhibition  and 2.191 performing the best against P. aeruginosa with  26% 

inhibition. While the activit ies of these compounds are not currently strong, some 

activity is present which can be built upon by  further modif ication of the scaffolds to 

introduce additional interactions with the enzyme .    

 

2.3 Future Work 

With the exciting increase in in vitro activity seen with t he pyridine series of 

LpxH inhibitor analogs, further  modifications of this series are planned. Considering  

2.187 did not perform as well as hoped, we conducted a docking stu dy of the compound  

to determine what interactions this compound has with the enzyme.  It was found that 

the acyl chain length of 2.187 may be too short for the intended interaction with ASP122 

as the distance between the amine and side chain of the residue was 3.75 Å. It was 

hypothesized that the primary amine of 2.187 was forming an ionic  interaction with 

ASP122 and pulling the core of the compound to the left, towards the active site, of the 

bindi ng chamber. This shifting w ould lead to disrupt ion of  interactions with the core of 

the molecule and the decreased activity that was observed . Therefore, two analogs of 
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2.187 were designed with  three and four carbon linker  lengths so as to interact with 

ASP122 without shifting the molecule .  

In an effort to increase the potency of LpxH inhibitors targeted at P. aeruginosa, 

compounds have been designed to take advantage of binding to the di -manganese metal 

cluster. Considering that metal chelation had a profound effect on the enzymatic activity 

of 2.107, it is hoped that th is increase will also be observed when the hyd roxamic acid 

capped alkyl chain is incorporated into  the scaffold of 2.194.  

 

2.4 Conclusion 

In summary, we have defined LpxH as the target of  AZ1  and built upon the 

scaffold of AZ1  to develop more potent inhibitors. A SAR study of the trifluoromethyl -

substituted  phenyl ring, sulfonyl p iperazine linker, and N-acetyl indoline components of  

AZ1  prov ided key structural in sights. These insights were then utilized in the design of 

future analogs in which th e sulfonyl piperazine linker was consistently maintained as it  

was found to be the optimal linker.  The SAR revealed the tri fluoromethyl group  to be 

the optimal substituent of the phenyl ring, but through obtaining the  crystal structure of 

AZ1  in complex with LpxH and solution -phase NMR, it was indicated that a second 

substitution  to the phenyl ring would be well tolerated. In exploring a second 

substitution at the m-position of the trifluoromethyl phe nyl ring , a trend dependent on 

the bulkiness of the substituent was revealed where chloro substituted analog 2.52 led to 
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the optimal inhibitory activity . Using the information gleaned from both the SAR and 

crystal structure which revealed that modi fication  of the acetyl group is well tolerated 

and that the active site of the protein was not utilized, extended chain analogs were 

designed. These extended chain analogs led to 2.103 and 2.107 which  bind to the di -

manganese cluster of the active site and inhibit almost all activity of K. pneumoniae LpxH 

at 0.1 µM. However , this enzymatic activity did not translate into th e antibiotic activity 

of the compounds and further modification of the se compounds is necessary to 

overcome this issue.   

In addition to improvi ng the potency of the sulfonyl piperazine Lpx H inhibitors, 

modifications were also made to improve the drug -like properties of the compounds 

and develop a broad spectrum inhib itor. Introduc tion of a trifluoromethyl p yridin e ring 

in place of the triflu oromethyl phenyl ring to improve th e drug-like properti es led to an 

increase in activity over AZ1  depending on the position of the nitrogen atom in the ring. 

The reintroduction of the chloro su bstituent to th e most potent trifluoromethyl pyridine 

analog 2.155 then led to 2.174 which  had the most potent antibiotic activity of all our 

inhibitors. In mov ing towar ds a broad spectrum inhibitor , sequence alignment of the lid 

domain of K. pneumoniae and P. aeruginosa highlighted two key amino acid differences 

that drove the design of LpxH inhibitors with alternative functional groups in place of 

the trifl uoromethyl phenyl ring.  
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2.5 Experimental Section 

General Me thod s 

All re agents were purchased from Sigma-Aldri ch, Acros, Fisher, Alfa Aesar, TCI, 

or Ambeed, and used without further purification. All solvents wer e ACS grade or 

better and used without further purification. Analytical thin layer chromatograph y 

(TLC) was performed using glass backed silica gel (60 Å) plates with fluorescent 

indication (W hatman). Visualization was accomplished by 254 nm UV light, p-

anisaldehyde, or KMNO 4 staining. Column chromatography was  performed using silica 

gel grade 230-400 mesh, 60 Å purchased from Silicycle. All 1H NMR spectra were 

recorded with a Varian 400 (400 MHz) or Bruker 500 (500 MHz) spectrometer in CDCl 3, 

(CD3)2CO, CD3CN, and CD3OD.  ÓÓɯ-,1ɯϗɯÝÈÓÜÌÚɯÈÙÌɯÎiven in ppm, and all  coupling 

constants (J) are in Hz. Electrospray ionization (ESI) mass spectrometry  (MS) were 

recorded with an Agilent 1100 series (LC/MSD trap) spectrometer and were performed  

to obtain the molecular masses of the compounds. 

 

Preparation  of 2.10 
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To a solution of 1-phenylpiperazine (2.06, 32 mg, 0.20 mmol) in 1,4-dioxane (1 mL) was 

added Et3N (0.03 mL, 0.24 mmol) and the reaction mixture was heated to 60 °C. 1- 

Acetyl -5-indolinesulf onyl chloride (2.09, 52 mg, 0.20 mmol) in 1,4-dioxane (0.50 mL) was 

added dropwis e to the reaction mixture, which was stirred at 60 °C for 3 h, and then at 

25 °C overnight. Water was added and the aqueous layer was extracted with EtOAc. The 

combined organic layers were dried over anhydrous Na2SO4 and concentrated in vacuo. 

Recrystallization from hot 2 -propanol resulted in 2.10 (35 mg, 45%): 1H NMR (400 MHz, 

CDCl3ȺɯϗɯƜȭƗƘɯȹËȮɯJ = 8.4 Hz, 1H), 7.63 (dd, J = 8.4, 2.0 Hz, 1H), 7.57 (s, 1H), 7.25 (m, 2H), 

6.89 (m, 3H), 4.15 (t, J = 8.4 Hz, 2H), 3.25 (m, 6H), 3.16 (m, 4H), 2.26 (s, 3H); HRMS (ESI) 

m/z 386.1535 [(M+H)+ calcd for C20H 23N 3O3S 386.1533]. 

 

Preparation  of 2.11 

 

To a solution of 1-(3-bromophenyl)piperazine (2.07, 26 mg, 0.10 mmol) in 1,4-dioxane (1 

mL) was added Et3N (0.02 mL, 0.12 mmol). The resulting reaction mixture was heated to 

60 °C. 1-Acetyl -5-indolinesulfo nyl chloride  (2.09, 26 mg, 0.10 mmol) in 1 ,4-dioxane (0.50 

mL) was added dropwise to the reaction mixture, whi ch was stirred at 60 °C for 3 h, and 
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then at 25 °C overnight. Water was added and the aqueous layer was extracted with 

EtOAc. The combined organic layers were dried over anhydrous Na2SO4 and 

concentrated in vacuo. Recrystallization from hot 2 -propanol resulted in 2.11 (34 mg, 

74%): 1H NMR (400 MHz, CDCl 3ȺɯϗɯƜȭƗƗɯȹËȮɯJ = 8.4 Hz, 1H), 7.62 (dd, J = 8.4, 2.0 Hz, 1H), 

7.56 (d, J = 2.0 Hz, 1H), 7.09 (t, J = 8.4 Hz, 1H), 6.98 (m, 2H), 6.77 (m, 1H), 4.15 (t, J = 8.4 

Hz, 2H), 3.29ɬ3.23 (m, 6H), 3.13 (m, 4H), 2.26 (s, 3H); HRMS (ESI) m/z 464.0630 [(M+H)+ 

calcd for C20H 22BrN 3O3S 464.0638]. 

 

Preparation  of 2.12 

 

To a solution of 1-(3-phenylp henyl)piperazine  (2.08, 7 mg, 0.03 mmol) in 1,4-dioxane 

(0.50 mL) was added Et3N (0.01 mL, 0.04 mmol). The resulting reaction mixture was 

heated to 60 °C. 1-Acetyl -5-indolinesulfonyl chloride (2.09, 8 mg, 0.03 mmol) in 1,4-

dioxane (0.30 mL) was added dropw ise to the reaction mixture, which was stirred at 60 

°C for 3 h, and then at 25 °C for 18 h. Water was added, and the aqueous layer was 

extracted with EtOAc. The combined organic layers were dried over anhydrous Na 2SO4 

and concentrated in vacuo. The residue was purified by column chromatography (silica 
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gel, CH2Cl2/MeOH, 50/1) to afford 2.12 (6 mg, 43%): 1H NMR (400 MHz, CDCl 3ȺɯϗɯƜȭƗƙɯȹËȮɯ

J = 8.4 Hz, 1H), 7.65 (d, J = 8.0 Hz, 1H), 7.58 (s, 1H), 7.53 (d, J = 7.6 Hz, 2H), 7.42 (t, J = 7.6 

Hz, 2H), 7.33 (m, 2H), 7.11 (d, J = 7.6 Hz, 1H), 7.06 (s, 1H), 6.86 (d, J = 8.0 Hz, 1H), 4.16 (t, 

J = 8.4 Hz, 2H), 3.30 (m, 6H), 3.17 (m, 4H), 2.27 (s, 3H); HRMS (ESI) m/z 462.1844 [(M+H)+ 

calcd for C26H 27N 3O3S 462.1846]. 

 

Preparation  of  2.18 

 

To a solution of 1-(3-((tert-butyldimethylsilyl)oxy)phenyl)piperazine ( 2.16, 33 mg, 0.11 

mmol) in 1,4-dioxane (1 mL) as added Et3N (0.02 mL, 0.13 mmol) and the reaction 

mixture was heated until the temperature reached 60 °C. 1-Acetyl -5-indolinesulfonyl 

chloride (2.09, 29 mg, 0.11 mmol) in 1,4-dioxane (0.50 mL) was added dropwise to the 

reaction mixture, which was stirred at 60 °C for 3 h, and then at 25 °C overnight. Water 

was added and the aqueous layer was extracted with EtOAc. The combined organic 

layers were dried over anhydrous Na2SO4 and concentrated in vacuo. The residue was 

purified by column chromatography (silica ge l, hexanes/EtOAc, 1/1) to afford 2.18 (37 

mg, 64%) as a white powder: 1H NMR (400 MHz, CDCl 3ȺɯϗɯƜȭƗƖɯȹËȮɯJ = 8.4 Hz, 1H), 7.61 
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(dd, J = 8.4, 2.0 Hz, 1H), 7.55 (d, J = 2.0 Hz, 1H), 7.10 (t, J = 8.0 Hz, 1H), 6.46 (d, J = 8.0 Hz, 

1H), 6.35 (m, 2H), 4.14 (t, J = 8.4 Hz, 2H), 3.26 (t, J = 8.4 Hz, 2H), 3.20 (m, 4H), 3.13 (m, 

4H), 2.26 (s, 3H), 0.95 (s, 9H), 0.16 (s, 6H). 

 

Preparation of 2.19 

 

To a cooled (0 °C) solution of 2.18 (11 mg, 0.02 mmol) in THF (0.5 mL) was added TBAF 

(1.0 M in THF, 23 µL, 0.02 mmol). The reaction mixture was stirred at 0 °C for 1 h. Water 

was added and extracted with EtOAc. The combined organic layer was washed with 

brine, dried over anhydrous Na 2SO4 and concentrated in vacuo. The residue was purified 

by column chromatography (silica gel, CH2Cl2/MeOH, 10/1) to afford  2.19 (6 mg, 75%) as 

a yellow oil : 1H NMR (400 MHz, CDCl 3ȺɯϗɯƜȭƗƘɯȹËȮɯJ = 8.4 Hz, 1H), 7.63 (dd, J = 8.4, 2.0 Hz, 

1H), 7.56 (d, J = 2.0 Hz, 1H), 7.11 (t, J = 8.0 Hz, 1H), 6.48ɬ6,41 (m, 3H), 4.16 (t, J = 8.4 Hz, 

2H), 3.30ɬ3.19 (m, 10H), 2.67 (s, 3H); HRMS (ESI) m/z 449.0778 [(M+H)+ calcd for  

C20H 18Cl2N 4O4 449.0778]. 
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Preparation  of 2.20 

 

To a solution of methyl 3-(piperazin -1-yl)benzoate (2.17, 34 mg, 0.15 mmol) in 1,4- 

dioxane (1.50 mL) as added Et3N (0.03 mL, 0.18 mmol) and the reaction mixture was 

heated until the temperature reached 60 °C. 1-Acetyl -5-indolinesulfonyl chloride ( 2.09, 

39 mg, 0.15 mmol) in 1,4-dioxane (0.50 mL) was added dropwise to the reaction mixtu re, 

which was sti rred at 60 °C for 3 h, and then at 25 °C overnight. Water was added and the 

aqueous layer was extracted with EtOAc. The combined organic layers were dried over 

anhydrous Na 2SO4 and concentrated in vacuo. The residue was purified by column  

chromatography (silica gel, CH 2Cl2/MeOH, 20/1) to affor d 2.20 (32 mg, 48%) as a white 

powder : 1H NMR (400 MHz, CDCl 3ȺɯϗɯƜȭƗƗɯȹËȮɯJ = 8.8 Hz, 1H), 7.62 (d, J = 9.2 Hz, 1H), 

7.56ɬ7.52 (m, 3H), 7.30 (t, J = 8.0 Hz, 1H), 7.03 (d, J = 9.2 Hz, 1H), 4.15 (t, J = 8.8 Hz, 2H), 

3.88 (s, 3H), 3.30ɬ3.25 (m, 6H), 3.15 (m, 4H), 2.26 (s, 3H); HRMS (ESI) m/z 444.1590 

[(M+H) + calcd for C22H 25N 3O5S 444.1588]. 
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Preparation  of 2.21 

 

To a solution of 2.20 (10 mg, 0.02 mmol) in THF (1 mL) were added MeOH  (0.50 mL) 

and 1 N NaOH  (0.23 mL, 0.23 mmol). The reaction mixture was stirred at 25 °C for 15 h. 

1 N HCl  was added, and the reaction mixture was extracted with EtOAc. The combined 

organic layers were washed with brine, dried over anhydrous Na 2SO4, and concentrated 

in vacuo. The residue was purified by column chromatography (silica gel, CH 2Cl2/MeOH, 

10/1) to afford 2.21 (6 mg, 60%) as a yellow oil: 1H NMR (400 MHz, (CD 3)2".ȺɯϗɯƜȭƗƔɯȹËȮɯJ 

= 8.4 Hz, 1H), 7.62 (m, 1H), 7.56 (m, 1H), 7.50 (d, J = 7.6 Hz, 1H), 7.33 (t, J = 8.0 Hz, 1H), 

7.20 (dd, J = 8.4, 1.6 Hz, 1H), 4.26 (t, J = 8.8 Hz, 2H), 3.34 (m, 6H), 3.13 (m, 4H), 2.22 (s, 

3H); HRMS (ESI) m/z 430.1434 [(M+H)+ calcd for C21H 23N 3O5S 430.1431]. 

 

Preparation  of 2.24 
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To a cooled (0 °C) solution of 1-acetylindoline -5-carboxylic acid (2.23, 35 mg, 0.17 mmol), 

EDC (38 mg, 0.20 mmol),  and HOBt (27 mg, 0.20 mmol) in CH 2Cl2 (2 mL) was added 

DIPEA (0.11 mL, 0.61 mmol) and then 2.22 (39 mg, 0.17 mmol). The reaction mixture was 

stirred at  25 °C for 16 h and water was added and separated. The aqueous layer was 

extracted with CH 2Cl2. The combined organic layers were subsequently washed with 1 

N NaOH, 1 N HCl, and brine, dried over anhydrous Na 2SO4, and concentrated in vacuo. 

The residue was purified by column chromatography (silica gel, 100% EtOAc) to afford 

2.24 (52 mg, 73%): 1H NMR (400 MHz,  CDCl 3ȺɯϗɯƜȭƖƖɯȹËȮ J = 8.4 Hz, 1H), 7.39ɬ7.33 (m, 

2H), 7.26 (m, 1H), 7.14ɬ7.01 (m, 3H), 4.10 (t, J = 8.0 Hz, 2H), 3.79 (m, 4H), 3.23 (m, 6H), 

2.25 (s, 3H); HRMS (ESI) m/z 418.1741 [(M+H)+ calcd for C22H 22F3N 3O2 418.1737]. 

 

Preparation  of 2.26 

 

To a solution of 2.25 (26 mg, 0.11 mmol) in 1,4-dioxane (1 mL) was added Et3N (0.02 mL, 

0.13 mmol). The reaction mixture was heated to 60 °C. 1-Acetyl -5-indolinesulfonyl 

chloride  (2.09, 29 mg, 0.11 mmol) in 1,4-dioxane (0.50 mL) was added dropwise to the 

reaction mixture, which was stirred at 60 °C for 3 h, and then at 25 °C overnight. Water 
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was added and the aqueous layer was extracted with EtOAc. The combined organic 

layers were dried over anhydrous Na 2SO4 and concentrated in vacuo. The residue was 

purifi ed by column chromatography (silica gel, hexanes/EtOAc, 1/5) to afford 2.26 (37 

mg, 74%): 1H NMR (400 MHz, CDCl 3ȺɯϗɯƜȭƗƕɯȹËȮɯJ = 8.4 Hz, 1H), 7.57 (d, J = 8.4 Hz, 1H), 

7.48 (m, 3H), 7.43ɬ7.36 (m, 2H), 4.14 (t, J = 8.4 Hz, 2H), 3.52 (s, 2H), 3.25 (t, J = 8.4 Hz, 2H), 

3.00 (m, 4H), 2.51 (m, 4H), 2.25 (s, 3H); HRMS (ESI) m/z 468.1570 [(M+H)+ calcd for 

C22H 24F3N 3O3S 468.1563]. 

 

Preparation  of 2.28 

 

To a solution of N1-(3-(trifluoromethyl)phenyl)ethane -1,2-diamin e (2.27, 19 mg, 0.09 

mmol) in 1,4-dioxane (1 mL) was added Et3N (0.01 mL, 0.11 mmol). The reaction mixture 

was heated to 60 °C. 1-Acetyl -5-indolinesulfonyl chloride  (2.09, 24 mg, 0.09 mmol) in 1,4- 

dioxane (0.50 mL) was added dropwise to the reaction mixtu re, which was stirred at 60 

°C for 3 h, and then at 25 °C overnight. Water was added and the aqueous layer was 

extracted with Et OAc. The combined organic layers were dried over anhydrous Na 2SO4 

and concentrated in vacuo. The residue was purified by column chromatography (silica 
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gel, hexanes/EtOAc, 1/2) to afford 2.28 (32 mg, 80%) as a white powder: 1H NMR (400 

MHz, CD 3"-ȺɯϗɯƜȭƕƚɯȹËȮɯJ = 7.2 Hz, 1H), 7.60 (m, S14 2H), 7.24 (t, J = 8.0 Hz, 1H), 6.89 (d, J 

= 8.0 Hz, 1H), 6.75 (m, 2H), 5.67 (m, 1H), 4.10 (t, J = 8.4 Hz, 2H), 3.18 (m, 4H), 3.02 (m, 

2H), 2.16 (s, 3H); HRMS (ESI) m/z 428.1254 [(M+H)+ calcd for C19H 20F3N 3O3S 428.1250]. 

 

Preparation  of 2.195 

 

To a cooled (0 °C) solution of 2.29 (551 mg, 2.37 mmol) in CH2Cl2 (12 mL) was added 

Et3N (0.83 mL, 5.93 mmol). Tosyl chloride (993 mg, 5.21 mmol) was added in portions 

with vigorous stirring  over 1 h at the same temperature. The reaction mixture was 

stirred at 25 °C for 15 h. The Et3N·HCl formed was filtered off and the filtrate  was 

washed three times with 1 N HCl, water, and saturated NaHCO 3. The organic layer was 

dried over anhydrous Na 2SO4 and concentrated in vacuo. The residue was purified by 

column chromatography (silica gel, hexanes/EtOAc, 2/1) to afford 2.195 (1.15 g, 90%). 1H 

NMR (400 MHz, CDCl 3ȺɯϗɯƛȭƛƚɯȹËȮɯJ = 8.4 Hz, 2H), 7.63 (d, J = 8.4 Hz, 2H), 7.34 (d, J = 8.0 

Hz, 2H), 7.29 (d, J = 8.0 Hz, 2H), 4.89 (bs, 1H), 4.04 (t, J = 6.0 Hz, 2H), 3.13ɬ3.06 (m, 6H), 

2.44 (s, 3H), 2.41 (s, 3H), 1.92 (t, J = 6.4 Hz, 2H), 1.64 (t, J = 6.4 Hz, 2H), 1.43 (s, 9H).  

 

 



 

117 

Preparation  of 2.196 

 

To a solution of 2.195 (205 mg, 0.38 mmol) in dry CH 2Cl2 (2 mL) was added dropwise 

TFA (2 mL). After stirring for 1 h, the solvent was removed under reduced pressure. The 

crude materi al was used in the next reaction without further purification.  

 

Preparation  of 2.30  

 

To a solution of 2.196 (100 mg, 0.23 mmol) in DMF (4 mL) was added K2CO3 (95 mg, 0.69 

mmol). The reaction mixture was heated to 110 °C for 2 h and the solvent was removed 

under reduced pressure. The resulting residue was portioned between water and 

CH 2Cl2. The water phase was extracted with CH 2Cl2, and the combined organic layers 

were dried over anhydrous Na2SO4 and concentrated in vacuo. The residue was purified 

by column chromatography (silica gel, CH 2Cl2/MeOH/NH 4OH, 8/1/0.1) to afford  2.30 (53 

mg, 85%). 1H NMR (400 MHz, CDCl 3ȺɯϗɯƛȭƚƜɯȹËȭɯJ = 8.0 Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 

3.22 (m, 4H), 2.98 (m, 4H), 2.42 (s, 3H), 1.85ɬ1.79 (m, 4H). 
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Preparation  of 2.32 

 

A mixture of 3 -iodobenzotrifluoride  (2.31, 0.04 mL, 0.27 mmol), 2.30 (110 mg, 0.41 

mmol ), CuI (3 mg, 0.01 mmol), and Cs2CO3 (178 mg, 0.55 mmol) in DMF (2 mL) was 

degassed for 5 minutes and then 2-isobutyrylcyclohexanone (9 µL, 0.05 mmol) was 

added. The resulting mixture was stirred at 70 °C for 16 h. The product was extracted 

with EtOAc and washed with water, 1% HCl, and brine. The organic layer was dried 

over anhydrous Na 2SO4 and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, hexanes/EtOAc, 5/1) to afford 2.32 (33 mg, 30%): 1H NMR 

(400 MHz, CDCl3Ⱥɯϗɯƛȭƚ5 (d, J = 8.0 Hz, 2H), 7.27 (m, 3H), 6.88 (d, J = 7.2 Hz, 1H), 6.74 (m, 

2H), 3.64 (m, 4H), 3.13 (m, 4H), 2.40 (s, 3H), 1.96 (m, 4H); HRMS (ESI) m/z 413.1505 

[(M+H) + calcd for C20H 23F3N 2O2S requires 413.1505]. 

 

Preparatio n of 2.197 
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To a solution of 2.23 (33 mg, 0.08 mmol) in HBr (33% in HOAc, 1 mL) was added phenol 

(30 mg, 0.32 mmol). The reaction mixture was heated at 90 °C for 5 h and concentrated in 

vacuo. The residue was dissolved in water  and extracted with EtOAc. Th e aqueous layer 

was adjusted to pH 12 by addition of 1 N NaOH solution and extracted with CHCl 3. The 

combined organic layers were washed with brine, dried over anhydrous Na 2SO4, and 

concentrated in vacuo. The residue was purifi ed by column chromatography ( silica gel, 

CH 2Cl2/MeOH/NH 4OH, 8/1/0.1) to afford 2.197 (8 mg, 38%): 1H NMR (400 MHz, CDCl 3) 

ϗɯƛȭƗƔɯȹÛȮɯJ = 8.0 Hz, 1H), 6.90ɬ6.79 (m, 3H), 3.56 (m, 4H), 2.92 (m, 4H), 2.78 (s, 1H), 1.85 

(m, 4H); HRMS (ESI) m/z 259.1417 [(M+H) + calcd for C13H 17F3N 2 259.1417]. 

 

Preparation  of 2.33 

 

To a solution of 2.197 (6 mg, 0.02 mmol) in 1,4-dioxane (1 mL) was added Et3N (4 µL, 

0.03 mmol). The reaction mixture was heated to 60 °C. 1-Acetyl -5-indolinesulfonyl 

chlori de (2.09, 6 mg, 0.02 mmol) in  1,4- dioxane (0.50 mL) was added dropwise to the 

reaction mixture, which was stirred at 60  °C for 3 h, and then at 25 °C overnight. Water 

was added and the aqueous layer was extracted with EtOAc. The combined organic 
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layers were dried over anhydrous Na 2SO4 and concentrated in vacuo. The residue was 

purified by column chromatography (silica gel,  hexanes/EtOAc, 1/2) to afford 2.33 (4 mg, 

36%): 1H NMR (400 MHz, CDCl 3ȺɯϗɯƜȭƖƛɯȹËȮ J = 8.0 Hz, 1H), 7.62 (d, J = 8.4 Hz, 1H), 7.56 

(s, 1H), 7.29 (t, J = 7.2 Hz, 1H), 6.88 (d, J = 7.2 Hz, 1H), 6.74 (m, 2H), 4.12 (t, J = 8.8 Hz, 

2H), 3.64 (m, 4H), 3.21 (t, J = 8.8 Hz, 2H), 3.12 (m, 4H), 2.25 (s, 3H), 1.97 (m, 4H); HRMS 

(ESI) m/z 482.1724 [(M+H)+ calcd for C23H 26F3N 3O3S 482.1720]. 

 

Preparation  of 2.35 

 

To a solution of 2.22 (500 mg, 2.17 mmol) in 1,4-dioxane (10 mL) was added Et3N (0.36 

mL, 2.60 mmol). The resulting reaction mixture was heated to 60 °C. 4- 

Acetamidobenzenesulfonyl chlori de (2.34, 507 mg, 2.17 mmol) in 1,4-dioxane (2 mL) was 

added dropwise t o the reaction mixture, which was stirred at 60 °C for 3 h, and then at 

25 °C overnight. Water was added and the aqueous layer was extracted with EtOAc. The 

combined organic layers were dried over anhydrous Na 2SO4 and concentrated in vacuo. 

Recrystallization from hot 2- propanol resulted in  2.35 (668 mg, 72%): 1H NMR (400 

MHz, CDCl 3Ⱥɯϗɯƛȭƛƚɬ7.70 (m, 4H), 7.39ɬ7.34 (m, 2H), 7.15 (d, J = 8.0 Hz, 1H), 7.09 (s, 1H), 
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7.06 (d, J = 8.0 Hz, 1H), 3.31 (m, 4H), S7 3.20 (m, 4H), 2.23 (s, 3H); HRMS (ESI) m/z 

428.1253 [(M+H)+ calcd for C19H 20F3N 3O3S 428.1250]. 

 

Preparation  of 2.39 

 

To a solution of 2.35 (200 mg, 0.47 mmol) in EtOH (1 mL) was added HCl (0.50 mL). The 

resulting mixture was  refluxed for 4 h, poured into ice -water, and made alkaline with 

32% NH4OH solution. The precipitate was filtered and recrystalli zation f rom EtOH 

resulted in the product 2.39 (120 mg, 66%) as a white powder: 1H NMR (400 MHz, 

(CD3)2".ȺɯϗɯƛȭƘƝɯȹËȮɯJ = 8.4 Hz, 2H), 7.42 (t, J = 8.4 Hz, 1H), 7.21 (s, 2H), 7.10 (d, J = 8.0 Hz, 

1H), 6.81 (d, J = 8.4 Hz, 2H), 5.61 (bs, 2H), 3.35 (m, 4H), 3.07 (m, 4H); HRMS (ESI) m/z 

386.1147 [(M+H)+ calcd for C17H 18F3N 3O2S 386.1145]. 

 

Preparation  of 2.36 
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To a cooled (0 °C) solution of 2.39 (56 mg, 0.15 mmol) and Et3N (25 µL, 0.18 mmol) in 

THF (1.50 mL) was added dropwise methyl oxalyl chloride  (0.02 mL, 0.18 mmol). The 

reaction mixture was stirred at 25 °C for 3 h. The reaction mixture was filtered to remove 

the ammonium salts, and the filtrate was washed with 2  N HCl. The organic layer was 

dried over anhydrous Na 2SO4 and concentrated in vacuo. The residue was purified by 

column chromatography (silica gel, hexanes/EtOAc, 2/1) to afford 2.36 (60 mg, 85%) as a 

white powder : 1H NMR (400 MHz, CDCl 3ȺɯϗɯƝȭƔƛɯȹÚȮɯƕ'ȺȮɯƛȭƜƛɬ7.80 (m, 4H), 7.34 (t, J = 8.0 

Hz, 1H), 7.12 (d, J = 7.6 Hz, 1H), 7.05 (s, 1H), 7.01 (d, J = 8.4 Hz, 1H), 4.00 (s, 3H), 3.29 (m, 

4H), 3.19 (m, 4H). 

 

Preparation  of 2.37 

 

To a solution of 2.36 (60 mg, 0.13 mmol) in MeOH (1.50 mL) was added a solution of  

LiOH·H 2O (27 mg, 0.65 mmol) in H2O (0.50 mL). The reaction mixture was stirred at 25 

°C for 1 h and concentrated in vacuo. Water was added and the aqueous layer was 

washed with EtOAc and acidified with 1  N HCl. The aqueous layer was extracted with 

EtOAc and the combined organic layers were dried  over anhydrous Na 2SO4 and 

concentrated in vacuo. The residue was purified by column chrom atography (silica gel, 
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CH 2Cl2/MeOH, 10/1) to afford 2.37 (53 mg, 90%) as a white powder : 1H NMR (400 MHz, 

CDCl3ȺɯϗɯƝȭƖƗɯȹÚȮɯƕ'ȺȮɯƛȭƜƚɯȹÔȮɯƘ'ȺȮɯƛȭƗƚɯȹÛȮɯJ = 8.0 Hz, 1H), 7.14 (d, J = 8.0 Hz, 1H), 7.08 (s, 

1H), 7.04 (d, J = 8.4 Hz, 1H). 3.31 (m, 4H), 3.21 (m, 4H); HRMS (ESI) m/z 458.0989 

[(M+H) + calcd for C19H 18F3N 3O5S 458.0992]. 

 

Preparation  of 2.38 

 

To a cooled (0 °C) solution of 2.37 (27 mg, 0.06 mmol)  and NMM ( 7 µL, 0.06 mmol) in 

THF (1 mL) was added dropwise ethyl chloro formate (6 µL, 0.06 mmol). The reaction 

mixture was stirred at the same temperature for 1 h and the solid was filtered off. The 

filtrate was added to a solution of hydroxylamine hydrochloride (6 mg, 0.0 9 mmol) and 

Et3N (0.01 mL, 0.09 mmol) in DMF (0.5 mL) at 0 °C. The reaction mixture was stirred at 

25 °C for 48 h and the solvent was removed under reduced pressure. The residue was 

extracted with EtOAc, washed with water, dried over anhydrous Na 2SO4, and 

concentrated in vacuo. The residue was purified by column chromatography (silica gel, 

CH 2Cl2/MeOH, 10/1) to afford 2.38 (11 mg, 39% over two steps): 1H NMR (400 MHz, 
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(CD3)2".ȺɯϗɯƕƔȭƖƔɯȹÚȮɯƕ'ȺȮɯƜȭƕƚɯȹËȮɯJ = 8.0 Hz, 2H), 7.84 (d, J = 8.0 Hz, 2H), 7.42 (m, 1H), 

7.22 (m, 2H), 7.11 (m, 1H), 3.39 (m, 4H), 3.16 (m, 4H); HRMS (ESI) m/z 473.1102 [(M+H)+ 

calcd for C19H 19F3N 4O5S 473.1101]. 

 

Preparation  of 2.41 

 

To a cooled (0 °C) solution of 2.39 (39 mg, 0.10 mmol), EDC (23 mg, 0.12 mmol), and 

HOBt (16 mg, 0.12 mmol) in CH2Cl2 (1 mL) was added DIPEA (0.06 mL, 0.36 mmol) and 

mono-ethyl malonate (2.40, 0.01 mL, 0.10 mmol). The reaction mixture was stirred  at 25 

°C for 24 h and then water was added. The aqueous layer was extracted with CH 2Cl2. 

The combined organic layers were subsequently washed with 1 N NaOH, 1 N HCl, and 

brine, dried over anhydrous Na 2SO4, and concentrated in vacuo. The residue was 

purifi ed by column chromatography (silica gel, hexanes/EtOAc, 2/1) to afford 2.41 (26 

mg, 52%) as a colorless oil: 1H NMR (400 MHz, CDCl 3ȺɯϗɯƝȭƛƔɯȹÚȮɯƕ'ȺȮɯƛȭƛƝɬ7.74 (m, 4H), 

7.34 (t, J = 7.6 Hz, 1H), 7.11 (d, J = 7.6 Hz, 1H), 7.05 (s, 1H), 7.00 (d, J = 8.4 Hz, 1H), 4.28 (q, 

J = 7.2 Hz, 2H), 3.50 (s, 2H), 3.28 (m, 4H), 3.18 (m, 4H), 1.33 (t, J = 7.2 Hz, 3H); HRMS 

(ESI) m/z 500.1454 [(M+H)+ calcd for C22H 24F3N 3O5S 500.1462]. 
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Preparation  of 2.42 

 

To a solution of 2.41 (20 mg, 0.04 mmol) in MeOH (0.8 0 mL) was added a solution of 

LiOH·H 2O (8.4 mg, 0.20 mmol) in H 2O (0.20 mL). The reaction mixture was stirred at 25 

°C for 1 h and concentrated in vacuo. Water was added and the aqueous layer was 

washed with EtOAc  and acidified with 1 N H Cl. The aqueous layer was extracted with 

EtOAc and the combined organic layers were dried over anhydrous Na 2SO4, and 

concentrated in vacuo. The residue was purified by column chromatography (silica gel, 

CH 2Cl2/MeOH, 10/1) to afford  2.42 (17.7 mg, 93%) as a white powder : 1H NMR (400 

MHz,  CD3.#ȺɯϗɯƛȭƜƛɬ7.85 (m, 2H), 7.78ɬ7.76 (m, 2H), 7.40ɬ7.36 (m, 1H), 7.15 (m, 2H), 

7.10ɬ7.08 (m, 1H), 3.48 (s, 2H), 3.31 (m, 4H), 3.15 (m, 4H); HRMS (ESI) m/z 472.1151 

[(M+H) +  calcd for C20H 20F3N 3O5S 472.1149]. 
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Preparation  of 2.43 

 

To a solution of 2.42 (16 mg, 0.03 mmol), DIPEA (0.01 mL, 0.07 mmol), and PyBOP (19 

mg, 0.04 mmol) in DMF (1 mL) was added NH 2OTBS (5.4 mg, 0.04 mmol). The reaction 

mixture was stirred at 45 °C for 16 h and concentrated in vacuo. The residue was puri fied 

by column chromatography (silica gel, CH 2Cl2/MeOH, 10/1) to afford 2.43 (6 mg, 35%) as 

a white powder : 1H NMR (400 MHz, (CD 3)2".ȺɯϗɯƛȭƝƔɯȹËȮɯJ = 8.8 Hz, 2H), 7.77 (d, J = 8.8 

Hz, 2H), 7.42 (m, 1H), 7.23ɬ7.20 (m, 2H), 7.10 (d, J = 7.6 Hz, 1H), 3.39 (m, 4H), 3.32 (s, 

2H), 3.14 (m, 4H); HRMS (ESI) m/z 487.1251 [(M+H)+ calcd for C20H 21F3N 4O5S 487.1258]. 

 

Preparation of 2.45 

 

To a solution of 2.22 (30 mg, 0.13 mmol) in 1,4-dioxane (2.60 mL) was added Et3N (0.02 

mL, 0.16 mmol). The reaction mixture was heated to 60 °C. 3-Carboxybenzene sulfonyl 
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chloride  (2.44, 29 mg, 0.13 mmol) in 1,4-dioxane (1 mL) was added dropwi se to the 

reaction mixture, which was stirred at 60 °C for 3 h, and then at 25 °C overnight. Water 

was added and the aqueous layer was extracted with EtOAc. The combined organic 

layers were dried over anhydrous Na 2SO4 and concentrated in vacuo. The residue was 

purified by column chromatography (silica gel, hexanes/EtOAc, 3/1) to afford 2.45 (22 

mg, 40%): 1H NMR (400 MHz, CD 3.#ȺɯϗɯƜȭƗƚɯȹÚȮɯƕ'ȺȮɯƜȭƖƕɯȹËȮɯJ = 7.6 Hz, 1H), 7.83 (d, J = 

8.0 Hz, 1H), 7.61 (t, J = 7.6 Hz, 1H), 7.35 (t, J = 7.6 Hz, 1H), 7.13 (m, 2H), 7.06 (d, J = 7.6 Hz, 

1H), 3.28 (m, 4H), 3.15 (m, 4H); HRMS (ESI) m/z 415.0938 [(M+H)+ calcd for 

C18H 17F3N 2O4S 415.0934]. 

 

Preparation  of 2.49 

 

Toluene (0.75 mL) was added to 1-bromo-3-fluoro -5-(trifluorometh yl)benzene (2.46, 76 

mg, 0.31 mmol), 1-(tert-butyloxycarbonyl)piperazine ( 2.48, 75 mg, 0.40 mmol), NaO t-Bu 

(36 mg, 0.37 mmol), JohnPhos (7.5 mg, 8 mol%), and Pd2(dba)3 (11.5 mg, 4 mol%). Argon 

was bubbled through the reaction mixture for 15 min, and the re action mixture was 

refluxed for 12 h. The reaction mixture was cooled and concentrated in vacuo. The 

residue was dissolved in CH 2Cl2/MeOH (1/1), filtered through Celite, and concen trated 
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in vacuo. The residue was purified by column chromatography ( silica gel, 

hexanes/EtOAc, 20/1) to quantitatively afford 2.49 as a yellow solid. 1H NMR (400 MHz, 

CDCl3) ϗ 6.89 (s, 1H), 6.78 (s, 1H), 6.72 (d, J = 10.4 Hz, 1H), 3.59 (br s, 4H), 3.20 (br s, 4H), 

1.49 (s, 9H). 

 

Preparation  of 2.198 

 

To a solution of 2.49 (45 mg, 0.13 mmol) in CH2Cl2 (0.65 mL) was added TFA (0.26 mL). 

After sti rring  for 1 h at 25 °C, the reaction mixture was concentrated to quantitatively 

provide 2.198 as a yellow solid. 1H NMR (400 MHz, CD 3OD) ϗ 7.11 (s, 1H), 7.04 (dd, J = 

11.7, 2.2 Hz, 1H), 6.91 (d, J = 8.2 Hz, 1H), 3.54ɬ3.51 (m, 4H), 3.39ɬ3.37 (m, 4H); HRMS 

(ESI) m/z 249.1009 [(M+H)+, calcd for C11H 12F4N 2 249.1009]. 
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Preparation  of 2.51 

 

A solution of 2.198 (17 mg, 0.07 mmol) and Et 3N (0.01 mL, 0.08 mmol) in 1,4- dioxane (1 

mL) was heated to 60 °C and 1-acetyl-5-indolinesu lfony l chloride ( 2.09, 18 mg, 0.07 

mmol) in dioxane (1 mL) was added dropwise. After stirring at 60 °C for 3 h , the 

reaction mixture was cooled to 25 °C and stirred for 12 h. Water was added, and the 

reaction mixture was extracted with EtOAc. The combined organic layers were dried 

over anhydrous Na 2SO4 and concentrated in vacuo. The residue was purified by column 

chromatography ( silica gel, hexanes/EtOAc, 1/1) to afford 2.51 (18 mg, 56%) as a white 

solid. 1H NMR (400 MHz, CDCl 3) ϗ 8.34 (d, J = 9.0 Hz, 1H), 7.63 (d, J = 8.6 Hz, 1H), 7.57 

(s, 1H), 6.82 (s, 1H), 6.78 (d, J = 7.9 Hz, 1H), 6.66 (d, J = 11.3 Hz, 1H), 4.16 (t, J = 8.7 Hz, 

2H), 3.32ɬ3.26 (m, 6H), 3.16ɬ3.13 (m, 4H), 2.27 (s, 3H); HRMS (ESI) m/z 472.1318 [(M+H)+ 

, calcd for C21H 21F4N 3O3S 472.1313]. 
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Preparation  of 2.50 

 

Toluene (5.80 mL) was added to 1-bromo-3-chloro-5-(tr if luoromethyl)benzene (2.47, 500 

mg, 1.93 mmol), 1-(tert-butyloxycar bonyl)piperazine ( 2.48, 466 mg, 2.50 mmol), NaO t-Bu 

(278 mg, 2.90 mmol), JohnPhos (58 mg, 10 mol%), and Pd2(dba)3 (88 mg, 5 mol%). Argon 

was bubbled through the reaction mixture for 15 minutes, and t he reaction mixture was 

refluxed for 15 h. The reaction mixture w as concentrated in vacuo and the residue was 

dissolved in CH 2Cl2/MeOH ( 1/1), filtered throug h Celite, and concentrated in vacuo. The 

residue was purified by column chromatography ( silica gel, hexanes/EtOAc, 20/1) to 

quantitatively  afford 2.50. 1H NMR (400 MHz, CDCl3) ϗ 7.06 (s, 1H), 7.00 (s, 1H), 6.97 (s, 

1H), 3.60ɬ3.57 (m, 4H), 3.21ɬ3.19 (m, 4H), 1.48 (s, 9H). 

 

Preparation  of 2.199 

 

TFA (0.10 mL) was added to a solution of 2.50 (19 mg, 0.05 mmol) in CH2Cl2 (0.27 mL) 

and stirred for 1 h . The reaction mixture was concentrated in vacuo to quantitatively 
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afford 2.199. 1H NMR (400 MHz, CD 3OD) ϗ 7.29 (s, 1H), 7.21 (s, 1H), 7.16 (s, 1H), 3.54ɬ

3.51 (m, 4H), 3.39ɬ3.36 (m, 4H); HRMS (ESI) m/z 265.0718 [(M+H)+, calcd for C11H 12ClF3N 2 

265.0714]. 

 

Preparatio n of 2.52 

 

A solution of 2.199 (14 mg, 0.05 mmol) and Et3N (0.01 mL, 0.06 mmol) in 1,4-dioxane 

(0.78 mL) was heated to 60 °C and 1-acetyl-5-indolinesulfonyl  chloride ( 2.09, 14 mg, 0.05 

mmol) in dioxane (1 mL) was added dropwise . After st irring at 60 °C for 3 h, the 

reaction mixture was cooled to 25 ºC and stirred for 13 h. Water was added, and the 

reaction was extracted with EtOAc. The combined organic layer was dried over 

anhydrous Na 2SO4 and concentrated in vacuo. The residue was purifi ed by column 

chromatography ( silica gel, hexanes/EtOAc, 1/1) to afford 2.52 (11 mg, 42%) as a white 

solid. 1H NMR (400 MHz, CDCl 3) ϗ 8.33 (d, J = 8.5 Hz, 1H), 7.62 (d, J = 8.5 Hz, 1H), 7.56 

(s, 1H), 7.05 (s, 1H), 6.94 (s, 1H), 6.91 (s, 1H), 4.15 (t, J = 8.6 Hz, 2H), 3.31ɬ3.25 (m, 6H), 

3.15ɬ3.14 (m, 4H), 2.26 (s, 3H); HRMS (ESI) m/z 488.1018 [(M+H)+, calcd for 

C21H 21ClF3N 3O3S 488.1017].  
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Preparation  of 2.56 

 

Anhydrous toluene (4.80 mL) was added to a mixture of 1,3-dibromo -5-

(trifluoromethyl)benzene (2.53, 500 mg, 1.60 mmol), 1-(tert-butyloxycarbonyl)piperazine 

(2.48, 596 mg, 3.20 mmol) , NaOt-Bu (307 mg, 3.20 mmol) , JohnPhos (72 mg, 0.24 mmol),  

and Pd2(dba)3 (69 mg, 0.08 mmol). Argon  was bubbled through  the reaction mixture for 

15 min before the reaction mixture was heated to reflux for 14  h. The reaction mixture 

was concentrated in vacuo, dissolved in CH 2Cl2/MeOH (1/1), and filtered through a pad 

of Celite. The filt rate was concentrated in vacuo and purified by  column chromatography 

(silica gel, hexanes/EtOAc, 5/1) to afford 2.56 (100 mg, 14%) as a yellow solid: 1H NMR 

(400 MHz, CDC l3) ϗ 7.20 (s, 1H), 7.15 (s, 1H), 7.01 (s, 1H), 3.61ɬ3.53 (m, 4H), 3.23ɬ3.15 (m, 

4H), 1.48 (s, 9H); HRMS (ESI) m/z 431.0545 [(M + Na)+ calcd for C16H 20BrF3N 2O2 431.0553]. 

 

Preparation  of 2.59 

 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/infusorial-earth
https://www.sciencedirect.com/topics/chemistry/high-resolution-mass-spectrometry-hrms
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To a cooled (0 °C) solution of  2.56 (100 mg, 0.22 mmol) in anhydr ous CH 2Cl2 (1 mL) was 

added dropwise TFA (0.50 mL). After stirring at 25 °C for 2.5 h, the solvents were 

removed under reduced pressure to give 2.59 (100 mg) as an orange solid. 

Compound  X was used in the following step without fu rther purific ation: 1H NMR 

(400 MHz, CDC l3) ϗ 9.35 (br s, 1H), 7.34 (s, 1H), 7.21 (s, 1H), 7.05 (s, 1H), 3.50 

(t, J = 5.1 Hz, 4H), 3.45ɬ3.36 (m, 4H); HRMS (ESI) m/z 309.0216 [(M + H)+ calcd for 

C11H 12BrF3N 2 309.0209]. 

 

Preparation  of 2.62 

 

A solution of  2.59 (100 mg, 0.32 mmol) and Et3N (50 ϟ+ȮɯƔȭƗƜ mmol) in anhydrous 1,4 -

dioxane (1.50 mL) was heated to 60 °C. 1-Acetylindoline -5-sulfonyl chloride (2.09, 41 mg, 

0.16 mmol) in anhydrous 1,4 -dioxane (1 mL) was added to the reaction mixture. After 

stirring at 60 °C for 3 h, the reaction mixture was cooled to 25 °C. The reaction was 

quenched by an addition of H 2O and the resulting mixture was extracted with  EtOAc. 

The combined organic layers were washed with brine, dried over anhyd rous Na2SO4, 
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and concentrated in vacuo. The residue was purified by column chromatography (silica 

gel, hexanes/EtOAc, 1/1) to afford 2.62 (37 mg, 43% for 2 steps) as a white solid: 1H NMR 

(400 MHz, CDC l3) ϗ 8.34 (d, J = 8.5 Hz, 1H), 7.63 (d, J = 8.4 Hz, 1H), 7.57 (s, 1H), 7.21 (s, 

1H), 7.09 (s, 1H), 6.95 (s, 1H), 4.16 (t, J = 8.6 Hz, 2H), 3.34ɬ3.24 (m, 6H), 3.17ɬ3.11 (m, 4H), 

2.27 (s, 3H); HRMS (ESI) m/z 532.0517 [(M + H)+ calcd for C21H 21BrF3N 3O3S 532.0512]. 

 

Preparation of 2.57 

 

To a solution of 1-bromo-3-methyl -5-(trifluoromethyl)benzene  (2.54, 50 mg, 0.21 mmol), 

1-(tert-butyloxycarbonyl)piperazine (2.48, 51 mg, 0.27 mmol), and NaOt-Bu (30 mg, 0.31 

mmol) in toluene (0.63 mL) was added JohnPhos (6.3 mg, 0.02 mmol) and 

tris(dibenzy lideneacetone)dipallad ium(0) (9.2 mg, 0.01 mmol ). Argon was bubbled  

through the reaction mixture for 15 minutes and then the reaction was heated to reflux 

for 15 h. The reaction mixture was concentrated in vacuo, dissolved in a mixture of 

CH 2Cl2/MeOH (1/1, v/v), and filtered through Celite, and concentrated in vacuo. The 

residue was purified by column chromatography ( silica gel, hexanes/EtOAc, 20/1) to 

afford 2.57 (58 mg, 81%): 1H NMR (400 MHz, CDCl 3ȺɯϗɯƚȭƝƖɯȹÚȮɯƖ'ȺȮɯƚȭƜƛɯȹÚȮɯƕ'ȺȮɯƗȭƙƛɯȹÛȮɯJ 

= 4.9 Hz, 4H), 3.15 (t, J = 4.9 Hz, 4H), 2.35 (s, 3H), 1.47 (s, 9H). 
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Preparation  of 2.60 

 

To a solution of 2.57 (58 mg, 0.17 mmol) in CH 2Cl2 (0.85 mL) was added TFA (0.33 mL). 

The reaction was left to stir for 2 hours at 25 °C and then was concentrated in vacuo to 

afford 2.60 (41 mg, quant.): 1H NMR (400 MHz, CDCl 3ȺɯϗɯƛȭƔƗɯȹÚȮɯƕ'ȺȮɯƚȭƝƗɯȹÚȮɯƕ'ȺȮɯƚȭƜƜɯȹÚȮɯ

1H), 3.53 (s, 4H), 3.25 (s, 4H), 2.37 (s, 3H). 

 

Preparation  of 2.63 

 

A solution of 2.60 (27 mg, 0.11 mmol) and Et3N (0.02 mL, 0.13 mmol) in 1,4-dioxane (1.63 

mL) was heated to 60 °C. To this solution  2.09 (29 mg, 0.11 mmol) was added and the 

mixture was stirred at 60 °C for 3 h followed by 14 h at 25 °C. Water was added and the 

aqueous layer was extracted with EtOAc. The combined organic layers were dried over 

anhydrous Na 2SO4 and concentrated in vacuo. The crude product was purified by 
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column chromatography (silica gel, hexanes/EtOAc, 2/1) to afford 2.63 (26 mg, 51%) as a 

white solid : 1H NMR (400 MHz, CDCl 3ȺɯϗɯƜȭƗƗɯȹËȮɯJ = 7.9 Hz, 1H), 7.62 (d, J = 7.9 Hz, 1H), 

7.56 (s, 1H), 6.93 (s, 1H), 6.85 (s, 1H), 6.82 (s, 1H), 4.14 (t, J = 8.6 Hz, 2H), 3.26 (m, 6H), 

3.14 (t, J = 4.6 Hz, 4H), 2.32 (s, 3H), 2.25 (s, 3H); HRMS (ESI) m/z 468.1554 [(M + H)+ calcd 

for C22H 24F3N 3O3S 468.1563]. 

 

Preparation  of 2.58 

 

Toluene (1.60 mL) was added to a mixture of 1,3-bis(trifluoromethyl) -5-bromobenzene 

(2.55, 150 mg, 0.51 mmol), 1-(tert-butylo xycarbonyl)piperazine (2.48, 123 mg, 0.66 mmol), 

NaOt-Bu (74 mg, 0.77 mmol), JohnPhos (15 mg, 10 mol%), and Pd2(dba)3 (28 mg, 

5 mol%). Argon  was bubbled through the reaction mixture for 30  min, and the reaction 

mixture was refluxed for 18  h. The reaction mixture was concentrated in vacuo and the 

residue was dissolved in CH 2Cl2/MeOH (1/1) , filtered through a pad of Celi te, and 

concentrated in vacuo. The residue was purified by column chromatography (silica gel, 

hexanes/EtOAc, 20/1) to afford 2.58 (203 mg, quantitative):  1H NMR (400 MHz, 

CDCl3) ϗ 7.30 (s, 1H), 7.25 (s, 2H), 3.65ɬ3.59 (m, 4H), 3.27ɬ3.24 (m, 4H), 1.48 (s, 9H). 
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Preparation  of 2.61 

 

To a solution of 2.58 (200 mg, 0.50 mmol) in C H 2Cl2 (3 mL) was added TFA (1.30 mL) at 

0 °C. The reaction mixture was stirred under N 2 at 0 °C for 10 min and then warmed to 

25 °C. The reaction mixture was stirred under N 2 at 25 °C for 3.5 h. The reaction mixture 

was concentrated in vacuo to give 2.61 as an orange solid. Compound X was used in the 

following step without furt her purification:  1H NMR (400 MHz, CDC l3) ϗ 7.45 (s, 1H), 

7.30 (s, 2H), 3.95 (br s, 1H), 3.59 (m, 4H), 3.46 (m, 4H). 

 

Preparation  of 2.64 

 

To a solution of 2.61 (50 mg, 0.17 mmol) in 1,4-dioxane (3 mL) was added Et3N (0.03 mL, 

0.24 mmol) at 25 °C. 1-Acetyl -5-indoli ne sulfonyl chloride (2.09, 44 mg, 0.17 mmol) was 
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added to the reaction mixture. The resulting mixture was stirred under N 2 at 60 °C for 

3 h. The reaction mixture was cooled to 25 °C and kept at the same temperature for 10 h. 

The reaction mixture was dilut ed with Et OAc. The layers were separated, and the 

aqueous layer was extracted with EtOAc. The combined organic layers were washed 

with brine, dried over anhydrous N a2SO4, and concentrated under reduced pressure. 

The residue was purified by column chromatog raphy (sil ica gel, hexanes/EtOAc, 4/1) to 

afford  2.64 (35 mg, 40% for 2 steps) as a white solid: 1H NMR (400 MHz, CDC l3) ϗ 8.34 

(d, J = 8.6 Hz, 1H), 7.62 (dd, J = 8.5, 1.9 Hz, 1H), 7.57 (s, 1H), 7.31 (s, 1H), 7.19 (s, 2H), 4.17 

(t, J = 8.5 Hz, 2H), 3.36ɬ3.34 (m, 4H), 3.28 (t, J = 8.8 Hz, 2H), 3.16ɬ3.15 (m, 4H), 2.27 (s, 

3H); HRMS (ESI): m/z 522.1281 [(M + H)+ calcd for C22H 21F6N 3O3S 522.1289]. 

 

Preparation of 2.65 
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To a solution of 2.89 (36 mg, 0.08 mmol) in pyridine (3.50 mL) was added 

methanesulfonyl chloride (0.03 mL, 0.39 mmol). The reaction mixture was stirred at 25 

°C for 18 h. The solution was quenched with  ammonium chlor ide and the aqueous layer 

was extracted with CH 2Cl2. The combined organic layers were dried over anhydrous 

Na2SO4 and concentrated in vacuo. The residue was purified by column chromatogr aphy 

(silica gel, hexanes/EtOAc, 2/1) to afford 2.65 (29 mg, 67%) as a white solid : 1H NM R (400 

MHz, CDCl 3Ⱥɯϗ 7.62 (d, J = 8.5 Hz, 1H), 7.59 (s, 1H), 7.49 (d, J = 7.5 Hz, 1H), 7.06 (s, 1H), 

6.94 (s, 1H), 6.91 (s, 1H), 4.08 (t, J = 8.6 Hz, 2H), 3.30 (t, J = 5.0 Hz, 4H), 3.23 (t, J = 8.6 Hz, 

2H), 3.15 (t, J = 5.0 Hz, 4H), 2.95 (s, 3H); HRMS (ESI) m/z 524.0689 [(M + H)+ calcd for 

C20H 21ClF3N 3O4S2 524.0687]. 

 

Preparation  of 2.67 

 

To a solution of 2.66 (30 mg, 0.07 mmol) in pyridine (3  mL) was added methanesulfonyl 

chloride (0.03 mL, 0.34 mmol). The reaction mixture was stirred at 25 °C for 18 h. The 

solution was quenched with  ammonium chloride  and the aqueous layer was extracted 

with CH 2Cl2. The combined organic layers were dried over anhydrous Na 2SO4 and 

concentrated in vacuo. The residue was purified by column chromatography (silica gel, 
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hexanes/EtOAc, 3/1) to afford 2.67 (13 mg, 39%): 1H NM R (500 MHz, CDCl 3Ⱥɯϗ 7.78 (d, J = 

8.9 Hz, 2H), 7.34 (d, J = 8.6 Hz, 2H), 7.08 (s, 1H), 6.96 (s, 1H), 6.93 (s, 1H), 6.81 (s, 1H), 

3.35ɬ3.29 (m, 4H), 3.21ɬ3.16 (m, 4H), 3.13 (s, 3H). 

 

Preparation  of 2.70 

 

To a solution (60 °C) of 1H-indole -5-sulfonyl chloride (2.69, 50 mg, 0.23 mmol) and Et3N 

(0.07 mL, 0.55 mmol) in anhydrous 1,4 -dioxane (1 mL) was added 1-(3-chloro-5-

(trifluoromethyl)phenyl)piperazine  (2.68, 121 mg, 0.46 mmol) in anhydrous 1,4 -dioxane 

(0.50 mL). After stirring at 60  °C for 2 h, the reaction mixture was cooled to 25 °C and 

stirred for an additional 18  h. The reaction was quenched by an addition of H 2O and the 

resulting mixture was diluted with  EtOAc. The combined organic layers were washed 

with brine, dried over anhydrous N a2SO4, and concentrated in vacuo. The residue was 

purified by column chromatography (silica gel, hexanes/EtOAc, 3/1) to 

afford  2.70 (32 mg, 32%) as a white solid: 1H NMR (400 MHz, CDCl3) ϗ 8.58 (br s, 1H), 

8.15 (s, 1H), 7.60 (d, J = 8.5 Hz, 1H), 7.52 (d, J = 8.3 Hz, 1H), 7.39ɬ7.35 (m, 1H), 7.04 (s, 1H), 
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6.91 (s, 1H), 6.89 (s, 1H), 6.70 (s, 1H), 3.34ɬ3.26 (m, 4H), 3.20ɬ3.13 (m, 4H); HRMS 

(ESI) m/z 444.0760 [(M + H)+ calcd for C19H 17ClF3N 3O2S 444.0755]. 

 

Preparation  of 2.71 

 

To a solution of  2.70 (15 mg, 0.03 mmol), Et3N (0.01 mL, 0.09 mmol), and  N,N-dimethyl -

4-aminopyridine (1.4  mg, 0.01 mmol) in anhydrous 1,2 -dichloroethane (1 mL) was 

added Ac2O (0.01 mL, 0.12 mmol). The resulting mixture was st irred at 80 °C for 24 h, 

the reaction was quenched by an addition of H 2O. The mixture was extracted with 

EtOAc. The combined organic layers were dried over anhydrous N a2SO4 and 

concentrated in vacuo. The residue was purified  by column chromatography (silic a gel, 

hexanes/EtOAc, 3/1) to afford 2.71 (14 mg, 96%) as a white solid: 1H NMR (400 MHz, 

CDCl3) ϗ 8.63 (d, J = 8.8 Hz, 1H), 8.05 (s, 1H), 7.75 (d, J = 9.1 Hz, 1H), 7.58 (d, J = 3.7 Hz, 

1H), 7.04 (s, 1H), 6.92 (s, 1H), 6.89 (s, 1H), 6.77 (d, J = 3.7 Hz, 1H), 3.37ɬ3.25 (m, 4H), 3.24ɬ

3.12 (m, 4H), 2.69 (s, 3H); HRMS (ESI) m/z 486.0867 [(M + H)+ calcd for C21H 19ClF3N 3O3S 

486.0872]. 

 

 



 

142 

Preparation  of 2.74 

 

To a cooled solution (0 °C) of 6-fluoroindol e (2.72, 200 mg, 1.48 mmol) in HOAc (30 mL) 

was added sodium cyanoborohydride (279 mg, 4.44 mmol). The solution was stirred at  

25 °C for 4 h and then quenched with sodium bicarbonate. The aqueous layer was 

extracted with EtOAc  and the combined organic layers were washed with brine, drie d 

over anhydrous Na 2SO4 and concentrated in vacuo. The residue was purified by column 

chromatography (silica gel, hexanes/EtOAc, 3/1) to afford 2.74 (199 mg, 98%): 1H NMR 

(500 MHz, CDCl 3Ⱥɯϗ 7.01ɬ6.96 (m, 1H), 6.40ɬ6.30 (m, 2H), 3.60 (t, J = 8.4 Hz, 2H), 2.97 (t, J 

= 8.4 Hz, 2H). 

 

Preparation  of 2.76 

 

To a solution o f 2.74 (199 mg, 1.45 mmol) in CH 2Cl2 (9 mL) were added Et3N (0.61 mL, 

4.35 mmol) and acetyl chlori de (0.15 mL, 2.18 mmol). The mixture was stirred for 1.5 h at 

25 °C and then diluted wit h brine and extracted with CH 2Cl2. The combined organic 

layers were washed with sodium bicarbonate, dried over anhydrous Na 2SO4 and 
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concentrated in vacuo. The residue was purified by column chromatography  (silica gel, 

hexanes/EtOAc, 3/1) to afford 2.76 (236 mg, 91%): 1H NMR ( 500 MHz, CDCl 3Ⱥɯϗ 7.96 (dd, 

J = 10.6, 2.5 Hz, 1H), 7.07 (t, J = 6.9 Hz, 1H), 6.70 (td, J = 8.5, 2.5 Hz, 1H), 4.10 (t, J = 8.5 Hz, 

2H), 3.16 (t, J = 8.4 Hz, 2H), 2.22 (s, 3H).  

 

Preparation  of 2.78 

 

To 2.76 (236 mg, 1.32 mmol) was added chlorosulfonic acid (0.49 mL) and the mixture 

was stirred at 60 °C for 4 h. Once the reaction was complete, it was cooled to 0 °C and ice 

was added to the solution. The aqueous layer was extracted with EtOAc and the 

combined organic layers were dried over anhydro us Na2SO4 and concentrated in vacuo 

to afford 2.78 which was used directly in the next step without further purification : 1H 

NMR ( 500 MHz, CDCl 3Ⱥɯϗ 8.11 (d, J = 11.9 Hz, 1H), 7.63 (d, J = 6.6 Hz, 1H), 4.14 (t, J = 8.7 

Hz, 2H), 3.20 (t, J = 8.6 Hz, 2H), 2.22 (s, 3H). 
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Preparation  of 2.80 

 

A solution of 2.78 (366 mg, 1.32 mmol) and Et 3N (0.22 mL, 1.58 mmol) in 1,4-dioxane (19 

mL) was heated to 60 °C. To this solution  2.68 (349 mg, 1.32 mmol) was added and the 

mixture was stirred at 60 °C for 3 h followed by 14 h at 25 °C. Water was added and the 

aqueous layer was extracted with EtOAc. The combined organic layers were dried over 

anhydrous Na 2SO4 and concentrated in vacuo. The crude product was purified by 

column chromatography (silica gel, CH 2Cl2/MeOH, 20/1) to afford 2.80 (448 mg, 67% 

over tw o steps): 1H NMR ( 500 MHz, CDCl 3Ⱥɯϗ 8.08 (d, J = 7.0 Hz, 1H), 7.59 (d, J = 6.8 Hz, 

1H), 7.06 (s, 1H), 6.96 (s, 1H), 6.93 (s, 1H), 4.17 (t, J = 8.6 Hz, 2H), 3.34ɬ3.27 (m, 8H), 3.23 

(t, J = 8.6 Hz, 2H), 2.25 (s, 3H). 

 

Preparation  of 2.82 
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To 2.80 (448 mg, 0.88 mmol) dissolved in EtOH (2 mL) at 0 °C was added c-HCl  (0.96 

mL). After reflu xing for 2 h, the reaction was quenched by the addition of am monium 

hydroxide and extracted with EtOAc. The combined organic layers were dried over 

anhydrous Na 2SO4 and concentrated in vacuo to afford  2.82 (220 mg, 54%) which was 

used directly in the next step: 1H NMR ( 500 MHz, CDCl 3Ⱥɯϗ 7.43 (d, J = 6.9 Hz, 1H), 7.06 

(s, 1H), 6.97 (s, 1H), 6.94 (s, 1H), 6.28 (d, J = 11.3 Hz, 1H), 3.73 (t, J = 8.5 Hz, 2H), 3.33ɬ3.26 

(m, 8H), 3.05 (t, J = 8.6 Hz, 2H). 

 

Preparation  of 2.84 

 

To a solution of 2.82 (220 mg, 0.47 mmol) in MeC N (1.44 mL) was added CDI (154 mg, 

0.95 mmol) and DMAP (6 mg, 0.05 mmol). The solution was stirred at 90 °C for 24 h then 

ammonium hydroxide ( 28-30% in H 2O, 0.95 mL) was added, and the solution was 

stirred for an addition al 16 h at 90 °C. The solvent was removed in vacuo and the residue 

was purified  by column chromatography (silica gel, CH 2Cl2/MeOH, 20/1) to afford 2.84 

(132 mg, 55%): 1H NMR ( 500 MHz, CDCl 3Ⱥɯϗ 7.87 (d, J = 12.1 Hz, 1H), 7.56 (d, J = 7.0 Hz, 

1H), 7.07 (s, 1H), 6.97 (s, 1H), 6.94 (s, 1H), 4.75 (s, 2H), 4.05 (t, J = 8.7 Hz, 2H), 3.34ɬ3.28 
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(m, 8H), 3.25 (t, J = 8.8 Hz, 2H) ; HRMS (ESI) m/z 507.0865 [(M  + H)+ calcd for 

C20H 19ClF4N 4O3S 507.0875]. 

 

Preparation  of 2.75 

 

To a cooled solution (0 °C) of 6-chloroindole (2.73, 200 mg, 1.32 mmol) in HOAc (26 mL) 

was added sodium cyanoborohydride (2 49 mg, 3.96 mmol). The solution was stirred at 

25 °C for 4 h and then quenched w ith  sodium bicarbonate. The aqueous layer was 

extracted with EtOAc  and the combined organic layers were washed with brine, dried 

over anhydrous Na 2SO4 and concentrated in vacuo. The residue was purified by column 

chromatography  (silica gel, hexanes/EtOAc, 3/1) to afford 2.75 (203 mg, quant.): 1H NMR 

(500 MHz, CDCl 3Ⱥɯϗ 6.99 (d, J = 7.8 Hz, 1H), 6.66 (dd, J = 7.8, 1.9 Hz, 1H), 6.61 (d, J = 1.9 

Hz, 1H), 3.59 (t, J = 8.4 Hz, 2H), 2.99 (t, J = 8.4 Hz, 2H). 

 

Preparation  of 2.77 
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To a solution of 2.75 (203 mg, 1.32 mmol) in CH 2Cl2 (8.50 mL) were added Et3N (0.55 mL, 

3.96 mmol) and acetyl chloride (0.14 mL, 1.98 mmol). The mixture was stirred for 1.5 h at 

25 °C and then diluted wit h brine and extracted with CH 2Cl2. The combined organic 

layers were washed with sodium bicarbona te, dried over anhydrous Na 2SO4 and 

concentrated in vacuo. The residue was purified by column chromatography  (silica gel, 

hexanes/EtOAc, 3/1) to afford 2.77 (210 mg, 81%): 1H NMR ( 500 MHz, CDCl 3Ⱥɯϗ 8.24 (d, J 

= 2.0 Hz, 1H), 7.06 (d, J = 7.9 Hz, 1H), 6.97 (dd, J = 7.9, 2.0 Hz, 1H), 4.08 (t, J = 8.6 Hz, 2H), 

3.16 (t, J = 8.6 Hz, 2H), 2.22 (s, 3H). 

 

Preparation  of 2.79 

 

To 2.77 (210 mg, 1.07 mmol) was added chlorosulfonic acid (0.40 mL) and the mixture 

was stirred at 60 °C for 4 h. Once the reaction was complete, it was cooled to 0 °C and ice 

was added to the solution. The aqueous layer was extracted with EtOAc and the 

combined organic layers were dried over anhydrou s Na2SO4 and concentrated in vacuo 

to afford 2.79 (205 mg, 65%) which was used directly in the next step without further  

purification : 1H NMR ( 500 MHz, CDCl 3Ⱥɯϗ 8.45 (s, 1H), 7.89 (s, 1H), 4.20 (t, J = 8.7 Hz, 

2H), 3.27 (t, J = 8.7 Hz, 2H), 2.28 (s, 3H). 
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Preparation  of 2.81 

 

A solution of 2.79 (205 mg, 0.70 mmol) and Et 3N (0.12 mL, 0.84 mmol) in 1,4-dioxane (10 

mL) was heated to 60 °C. To this solution  2.68 (184 mg, 0.70 mmol) was added and the 

mixture was stirred at 60 °C for 3 h followed by 14 h at 25 °C. Water was added and the 

aqueous layer was extracted with EtOAc. The combined organic layers were dried over 

anhydrous Na 2SO4 and concentrated in vacuo. The crude product was purified by 

column chromatography (silica gel, CH 2Cl2/MeOH, 30/1) to afford 2.81 (192 mg, 53%): 1H 

NMR ( 500 MHz, CDCl 3Ⱥɯϗ 8.39 (s, 1H), 7.86 (s, 1H), 7.08 (s, 1H), 6.98 (s, 1H), 6.95 (s, 1H), 

4.17 (t, J = 8.7 Hz, 2H), 3.46ɬ3.40 (m, 4H), 3.31ɬ3.22 (m, 6H), 2.26 (s, 3H). 

 

Preparation  of 2.83 

 

To 2.81 (192 mg, 0.37 mmol)  dissolved in EtOH (0.78 mL) at 0 °C was added c-HCl  (0.39 

mL). After reflu xing for 2 h, the reaction was quenched by the addition of am monium 
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hydroxide and extracted with EtOAc. The combined organic layers were dried over 

anhydrous Na 2SO4 and concentrated in vacuo to afford  2.83 (146 mg, 83%) which was 

used directly in the next step: 1H NMR ( 500 MHz, CDCl 3Ⱥɯϗ 7.70 (s, 1H), 7.08 (s, 1H), 7.00 

(s, 1H), 6.97 (s, 1H), 6.61 (s, 1H), 3.72 (t, J = 8.7 Hz, 2H), 3.43ɬ3.37 (m, 4H), 3.31ɬ3.25 (m, 

4H), 3.08 (t, J = 8.8 Hz, 2H). 

 

Preparation  of 2.85 

 

To a solution of 2.83 (146 mg, 0.30 mmol) i n MeCN (0.92 mL) was added CDI (99 mg, 

0.61 mmol) and DMAP ( 4 mg, 0.03 mmol). The solution was stirred at 90 °C for 24 h then 

ammonium hydroxide ( 28-30% in H 2O, 0.61 mL) was added, and the solution was 

stirred for an addition al 16 h at 90 °C. The solvent w as removed in vacuo and the residue 

was purified  by column chromatography (silica gel, CH 2Cl2/MeOH, 30/1) to afford 2.85 

(95 mg, 60%): 1H NMR ( 500 MHz, CDCl 3Ⱥɯϗ 8.16 (s, 1H), 7.82 (s, 1H), 7.08 (s, 1H), 6.98 (s, 

1H), 6.95 (s, 1H), 4.75 (s, 2H), 4.04 (t, J = 8.6 Hz, 2H), 3.45ɬ3.39 (m, 4H), 3.30ɬ3.23 (m, 6H); 

HRMS (ESI) m/z 523.0579 [(M  + H)+ calcd for C20H 19Cl2F3N 4O3S 523.0580]. 
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Preparation  of  

 

Methyl  bromoacetate (2.86, 0.90 mL, 0.98 mmol) was dissolved in benzene (0.75 mL) and 

morpholine ( 2.200, 0.16 mL, 1.87 mmol) dissolved in benzene (0.75 mL) was added 

dropwise . The solution was stirred at 80 ʁC for 45 minutes and then the solids were 

removed by vacuum filtration. The filtrate was condensed in vacuo to afford 2.201 as a 

pale yellow oil which was used in the next reaction without further purification . 

 

Preparation  of 2.87 

 

To 2.201 (273 mg, 1.79 mmol) dissolved in EtOH  (6 mL) was slowly  added potassium 

carbonate (131 mg, 2.33 mmol) dissolved in H2O (6 mL). The solution was stirred at 25 

ʁC for 3 h, then concentrated in vacuo. The residue was dissolved in H 2O and brought  to 

pH 7 with 0.25 M HCl. The solution was again concentrated in vacuo to afford 2.87 as a 

white solid which was used in the next reaction without further purification : 1H NMR 

(400 MHz, CD3OD) ϗ 3.79ɬ3.63 (m, 4H), 3.05 (s, 2H), 2.73ɬ2.57 (m, 4H). 
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Preparation  of 2.88 

 

To 2.66 (30 mg, 0.07 mmol)  in DM F (0.50 mL) was added 2.87 (52 mg, 0.36 mmol) and 

EDC (69 mg, 0.36 mmol). After 10 minut es of stirring, HOBt  hydrate (20 wt% H 2O, 60 

mg, 0.36 mmol) was added and the solution  was stirred at 40 °C for 18 h. Water was 

added, and the reaction mixture was extracted with CHCl 3/i -PrOH (3/1). The combined 

organic layers were washed with sodium bi carbonate, dried over anhydrous Na 2SO4, 

and concentrated in vacuo. The residue was purified by  column chromatography (silica 

gel, hexanes/EtOAc, 1/1) to afford 2.88 (10 mg, 25%): 1H NMR ( 500 MHz, CDCl 3Ⱥɯϗ 9.34 

(s, 1H), 7.81 ɬ 7.73 (m, 4H), 7.07 (s, 1H), 6.94 (s, 1H), 6.91 (s, 1H), 3.79 (t, J = 4.6 Hz, 4H), 

3.33ɬ3.28 (m, 4H), 3.22ɬ3.13 (m, 6H), 2.64 (t, J = 4.6 Hz, 4H). 

 

Preparation  of 2.90 
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To 2.89 (25 mg, 0.06 mmol)  in DMF (0.21 mL) was added Boc-glycine (49 mg, 0.28 mmol) 

and EDC (54 mg, 0.28 mmol). After 15 minut es of stirring, HOBt  hydrate (20 wt% H 2O, 

45 mg, 0.28 mmol) was added and the solution  was stirred at 40 °C for 18 h. Water was 

added, and the reaction mixtur e was extracted with EtOAc. The combined organic 

layers were washed with sodium bi carbonate, dried over anhydrous Na 2SO4, 

concentrated in vacuo, and purified by  column  chromatography (silica gel , 

CH 2Cl2/MeOH, 30/1) to afford 2.90 (24 mg, 72%): 1H NMR (400 MHz, CDCl 3Ⱥɯϗ 8.30 (d, J 

= 8.4 Hz, 1H), 7.61 (d, J = 8.5 Hz, 1H), 7.56 (s, 1H), 7.03 (s, 1H), 6.91 (s, 1H), 6.88 (s, 1H), 

4.10 (t, J = 8.5 Hz, 2H), 4.05 (s, 2H), 3.33ɬ3.25 (m, 6H), 3.15ɬ3.08 (m, 4H), 1.44 (s, 9H); 

HRMS (ESI) m/z 625.1461 [(M  + Na)+ calcd for C26H 30ClF3N 4O5S 625.1470]. 

 

Preparation  of 2.91 

 

To a solution of 2.90 (24 mg, 0.04 mmol) in CH 2Cl2 (0.22 mL) was added TFA (0.09 mL). 

The reaction was left to stir at 25 °C for 2 h and then was concentrated in vacuo to afford 

2.91 (20 mg, 91%): 1H NMR ( 500 MHz, CD3ODȺɯϗ 8.35 (d, J = 8.4 Hz, 1H), 7.71 (s, 1H), 7.70 

(d, J = 8.5 Hz, 1H), 7.17 (s, 1H), 7.10 (s, 1H), 7.07 (s, 1H), 4.21 (t, J = 8.5 Hz, 2H), 4.07 (s, 
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2H), 3.41ɬ3.34 (m, 6H), 3.17ɬ3.12 (m, 4H); HRMS (ESI) m/z 503.1126 [(M  + H)+ calcd for 

C21H 22ClF3N 4O3S 503.1126]. 

 

Preparation  of 2.92 

 

2.91 (20 mg, 0.04 mmol) and paraformaldehyde  (6.8 µL, 0.20 mmol) in MeOH (0.64 mL) 

were stirred for 10 minutes at 25 °C and sodium cyanoborohydride  (15 mg, 0.24 mmol) 

was added. The solution was stirred at 50 °C for 19 h and then concentrated in vacuo. 

The residue was partiti oned between CH 2Cl2 and H 2O, and the aqueous layer was 

basified with 1  N NaOH until pH = 10. The organic  layer was combined with additional 

CH 2Cl2 extracts, dried over anhydro us Na2SO4, and concentrated in vacuo. The residue 

was purified by column chromatogr aphy (silica gel, CH 2Cl2/MeOH, 10/1) to afford 2.92 

(12 mg, 58%): 1H NMR ( 500 MHz, CDCl 3Ⱥɯϗ 8.38 (d, J = 8.1 Hz, 1H), 7.63 (d, J = 10.5 Hz, 

1H), 7.57 (s, 1H), 7.06 (s, 1H), 6.94 (s, 1H), 6.91 (s, 1H), 4.27 (t, J = 8.6 Hz, 2H), 3.33ɬ3.28 

(m, 4H), 3.26 (t, J = 8.5 Hz, 2H), 3.22 (s, 2H), 3.17ɬ3.11 (m, 4H), 2.37 (s, 6H); HRMS 

(ESI) m/z 531.1453 [(M  + H)+ calcd for C23H 26ClF3N 4O3S 531.1453]. 
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Preparation  of 2.93 

 

To a solution of 2.89 (30 mg, 0.07 mmol) in MeC N (0.80 mL) was added CDI (16 mg, 0.10 

mmol) and DMAP ( 0.82 mg, 0.01 mmol). The solution was stirred at 90 °C for 24 h then 

ammonium  hydroxide ( 28-30% in H 2O, 0.40 mL) was added, and the solution was 

stirred for an addition al 24 h at 90 °C. The solvent was removed in vacuo and the residue 

was purified  by column chromatography (silica gel, CH 2Cl2/MeOH, 20/1) to afford 2.93 

(14 mg, 42%) as a white solid: 1H NMR ( 500 MHz, CDCl 3) ϗ 8.09 (d, J = 8.6 Hz, 1H), 7.60 

(dd, J = 8.6, 2.0 Hz, 1H), 7.53 (d, J = 1.8 Hz, 1H), 7.06 (d, J = 1.7 Hz, 1H), 6.94 (s, 1H), 6.91 

(s, 1H), 4.86 (s, 2H), 4.03 (t, J = 8.7 Hz, 2H), 3.33ɬ3.25 (m, 6H), 3.17ɬ3.06 (m, 4H); HRMS 

(ESI) m/z 489.0979 [(M  + H)+ calcd for C20H 20ClF3N 4O3S 489.0970]. 
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Preparation  of 2.94 

 

To a solution of 2.66 (290 mg, 0.69 mmol) and CDI (561 mg, 3.46 mmol) in anhydrous 

THF (3.45 mL) was added DIPEA (0.60 mL, 3.46 mmol). After stirring at 25  °C for 2 h, 

the reaction mixt ure was transferred to methyl 5-aminopentanoate (114 mg, 0.87 mmol). 

After stirring at 25  °C for 1.5 h, the reaction mixture was concentrated under reduced 

pressure and the residue was purified by column chromatography (silica gel, 

hexanes/EtOAc, 1/1) to afford  2.94 (350 mg, 87%) as a white sticky solid: 1H NMR 

(400 MHz, CDC l3) ϗ 7.63 (s, 1H), 7.59 (d, J = 8.5 Hz, 2H), 7.49 (d, J = 8.2 Hz, 2H), 7.05 (s, 

1H), 6.95 (s, 1H), 6.93 (s, 1H), 5.56 (br s, 1H), 3.65 (s, 3H), 3.34ɬ3.20 (m, 6H), 3.15ɬ3.06 (m, 

4H), 2.33 (t, J = 7.2 Hz, 2H), 1.69ɬ1.59 (m, 2H), 1.58ɬ1.50 (m, 2H). 
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Preparation of 2.95 

 

To a solution of 2.94 (34 mg, 0.05 mmol) in THF/ H 2O (2/1, 0.50 mL) was added 1 N LiOH 

(0.13 mL) at 25 °C. After stirring for 18  h, the reaction was quenched by an addition of 

1 N HCl, and the resulting mixture was dilute d with C H 2Cl2. The layers were separated, 

and the aqueous layer was extracted with CH 2Cl2. The combined organic layers were 

dried over anhydrous N a2SO4 and concentrated in vacuo. The residue was purified by 

column chromatography (silica gel, C H 2Cl2/MeOH (30/1) to 100% MeCN) to 

afford  2.95 (15 mg, 45%) as a white solid: 1H NMR (400 MHz, C D3COCD3) ϗ 8.60 (s, 1H), 

7.75 (d, J = 8.6 Hz, 2H), 7.65 (d, J = 8.6 Hz, 2H), 7.20 (s, 1H), 7.17 (s, 1H), 7.06 (s, 1H), 6.18 

(br s, 1H), 3.50ɬ3.41 (m, 4H), 3.27ɬ3.24 (m, 2H), 3.15ɬ3.07 (m, 4H), 2.33 (t, J = 7.2 Hz, 2H), 

1.67ɬ1.64 (m, 2H), 1.59ɬ1.56 (m, 2H); HRMS (ESI) m/z 563.1340 [(M + H)+ calcd for 

C23H 26ClF3N 4O5S 563.1337]. 
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Preparation  of 2.96 

 

To a solution of 2.95 (13 mg, 0.02 mmol) in anhydrous T HF (1.69 mL) were added ethyl 

chloroformate (4.3 µL, 0.04 mmol) and Et3N (6 µL, 0.04 mmol). After stirring at 25  °C for 

1 h, NH 2OTBS (6 mg, 0.04 mmol) in anhydrous MeOH (0.39  mL) was added to the 

reaction mixture. After sti rring at 25 °C for 1 h, the reaction mixture was concentrated in 

vacuo and purified by column chromatography (silica gel, C H 2Cl2/MeOH, 30/1) to 

afford  2.96 (13 mg) as a white solid: 1H NMR (400 MHz, C D3COCD3) ϗ 9.78 (br s, 1H), 

8.46 (s, 1H), 7.74 (d, J = 9.2 Hz, 2H), 7.66 (d, J = 8.9 Hz, 2H) , 7.20 (s, 1H), 7.17 (s, 1H), 7.06 

(s, 1H), 6.04 (t, J = 5.5 Hz, 1H), 3.50ɬ3.42 (m, 4H), 3.26ɬ3.19 (m, 2H), 3.15ɬ3.07 (m, 4H), 

2.15ɬ2.13 (m, 2H), 1.69ɬ1.60 (m, 2H), 1.56ɬ1.53 (m, 2H), 0.94 (s, 9H), 0.15 (s, 6H); HRMS 

(ESI) m/z 692.2313 [(M  + H)+ calcd for C29H 41ClF3N 5O5SSi 692.2311]. 
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Preparation  of 2.97 

 

To a cooled (0 °C) solution of 2.96 (13 mg, 0.01 mmol) in anhydrous C H 2Cl2 (2.80 mL) 

was added dropwise TFA ( 0.24 mL). After stirring for 25  min at 25 °C, the reaction 

mixture was concentrated in vacuo and purified by column chro matography (silica gel, 

CH 2Cl2/MeOH, 10/1) to afford  2.97 (7 mg, 55% for 2 steps) as a white solid: 1H NMR 

(400 MHz, C D3COCD3) ϗ 10.04 (br s, 1H), 8.09 (br s, 1H), 7.74 (br s, 2H), 7.66 (br s, 2H), 

7.21 (s, 1H), 7.18 (s, 1H), 7.06 (s, 1H), 3.49ɬ3.37 (m, 4H), 3.26ɬ3.18 (m, 2H), 3.12ɬ3.10 (m, 

4H), 2.19ɬ2.11 (m, 2H), 1.70ɬ1.59 (m, 2H), 1.56ɬ1.48 (m, 2H); HRMS (ESI) m/z 578.1441 

[(M  + H)+ calcd for C23H 27ClF3N 5O5S 578.1446]. 
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Preparation  of 2.98 

 

To a solution of 2.89 (120 mg, 0.26 mmol) in saturated aqueous NaHCO3/CH 2Cl2 (1/1, 10 

mL) was added triphosgene (160 mg, 0.54 mmol). After stirring at 25 °C for 1 h, the 

reaction was quenched by an addition of  H 2O and the organic layer was extracted with 

CH 2Cl2. The combined organic layers were dried over anhydrous Na2SO4 and 

concentrated in vacuo. The residue was purified by column chromatography (silica  gel, 

hexanes/EtOAc, 1/1) to afford 2.98 (220 mg) as a yellowish sticky solid . 

 

Preparation  of 2.100 
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To a solution of 2.98 (110 mg, 0.18 mmol) in anhydrous CH2Cl2 (7 mL) was added DIPEA 

(0.09 mL, 0.54 mmol) and ethyl 5-aminopentanoate (39 mg, 0.27 mmol). After stirrin g at 

25 °C for 1 h, the reaction was quenched by an addition of H 2O and the organic layer 

was extracted with CH 2Cl2. The combined organic layers were dried over anhydrous 

Na2SO4 and concentrated in vacuo. The residue was purified by column  chromatography 

(silica gel, hexanes/EtOAc, 1/1) to afford 2.100 (43 mg, 53% for 2 steps): 1H NMR  (400 

MHz, CDCl 3) ϗ 8.10 (d, J = 8.7 Hz, 1H), 7.58 (d, J = 8.6 Hz, 1H), 7.50 (s, 1H), 7.05 (s, 1H), 

6.93 (s, 1H), 6.90 (s, 1H), 5.01ɬ4.93 (m, 1H), 4.13 (q, J = 7.1 Hz, 2H), 4.00 (t, J = 8.6 Hz, 2H), 

3.37ɬ3.23 (m, 8H), 3.15ɬ3.12 (m, 4H), 2.40ɬ2.31 (m, 2H), 1.70ɬ1.68 (m, 2H), 1.64ɬ1.60 (m, 

2H), 1.25 (t, J = 7.1 Hz, 3H); HRMS (ESI) m/z 617.1806 [(M+H)+ calcd for C27H 32ClF3N 4O5S 

617.1806]. 

 

Preparation  of 2.101 
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To a solution of 2.100 (43 mg, 0.06 mmol) in THF/MeOH (2/1, 2 mL) was added 1 N 

NaOH  (0.35 mL) at 25 °C. After stirring for 30 min, the reaction was quenched by an 

addition of 1 N HCl, and the resulting mixture was diluted with CH 2Cl2. The layers were 

separated, and the aqueous layer was extracted with CH 2Cl2. The combined organic 

layers were dried over anhydrous Na2SO4 and concentrated in vacuo. The residue was 

purified by column chromatography ( silica gel, hexanes/EtOAc (5/1) to 100% MeCN) to 

afford 2.101 (26 mg, 73%) as a white solid: 1H NMR (400 MHz , CD3OD) ϗ 8.03ɬ7.95 (m, 

1H), 7.57ɬ7.49 (m, 2H), 7.12 (s, 1H), 7.05 (s, 1H), 7.01 (s, 1H), 3.99 (t, J = 8.8 Hz, 2H), 3.27ɬ

3.15 (m, 8H), 3.08ɬ3.05 (m, 4H), 2.32ɬ2.30 (m, 2H), 1.68ɬ1.53 (m, 4H); HRMS (ESI) m/z 

589.1488 [(M+H)+ calcd for C25H 28ClF3N 4O5S 589.1493]. 

 

Preparation  of 2.102 
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To a solution of 2.101 (18 mg, 0.03 mmol) in anhydrous THF (1.60 mL) were added ethyl 

chloroformate (6 ϟL, 0.06 mmol) and Et3N (8 ϟL, 0.06 mmol). After stirring at 25 °C for 

1.5 h, NH 2OTBS (9 mg, 0.06 mmol) in anh ydrous MeOH (0.30 mL) was added to the 

reaction mixture.  After stirring at 25 °C for 1 h, the reaction mixture was concentrated in 

vacuo. The residue was purified by column chromatography (silica gel, CH 2Cl2/MeOH, 

20/1) to afford 2.102 (19 mg, 88%) as a white solid: 1H NMR (400 MHz, CDCl 3) ϗ 8.09 (d, J 

= 8.7 Hz, 1H), 7.56 (d, J = 8.3 Hz, 1H), 7.49 (s, 1H), 7.04 (s, 1H), 6.92 (s, 1H), 6.89 (s, 1H), 

4.02 (t, J = 8.8 Hz, 2H), 3.36ɬ3.21 (m, 8H), 3.15ɬ3.10 (m, 4H), 1.76ɬ1.70 (m, 2H), 1.67ɬ1.58 

(m, 2H), 1.32ɬ1.22 (m, 2H), 0.94 (s, 9H), 0.17 (s, 6H); HRMS (ESI) m/z 718.2460 [(M+H)+ 

calcd for C31H 43ClF3N 5O5SSi 718.2467]. 

 

Preparation  of 2.103 
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To a cooled (0 °C) solution of 2.102 (19 mg, 0.02 mmol) in anhydrous CH2Cl2 (3 mL) was 

added dropwise TFA (0.30 mL). After stirring at 25 °C for 25 min, the reaction mixt ure 

was concentrated in vacuo. The residue was purified by column chromatography (silica 

gel, CH2Cl2/MeOH, (10/1) to 100% MeCN) to afford 2.103 (9.5 mg, 78%) as a light beige 

solid: 1H NMR (400 MH z, CD3OD) ϗ 7.99 (d, J = 9.0 Hz, 1H), 7.58ɬ7.52 (m, 2H), 7.14 (s, 

1H), 7.06 (s, 1H), 7.02 (s, 1H), 4.03ɬ3.95 (m, 2H), 3.27ɬ3.11 (m, 8H), 3.10ɬ3.07 (m, 4H), 

2.15ɬ2.12 (m, 2H), 1.71ɬ1.61 (m, 2H), 1.60ɬ1.51 (m, 2H); HRMS (ESI) m/z 604.1594 

[(M+H) + calcd for C25H 29ClF3N 5O5S 604.1602]. 

 

Preparation  of 2.104 

 

Ethyl 6-isocyanatohexanoate (0.10 mL, 0.76 mmol) was added to a solution of 2.66 (100 

mg, 0.23 mmol) in anhydrous CH 2Cl2/MeCN  (1/1, 9 mL) under an argon atmosphere. 

After refluxing the reaction mixture for 18 h, the reaction mixture was quenched by an 

addition of  H 2O, and the resulting mixture was diluted with CH 2Cl2. The combined 




