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Abstract of the Thesis

Synthesis of Inhibitors of the Enoyl Reductase in Mycobacterium tuberculosis.


by


Christopher William am Ende

Master of Science


in


Chemistry


Stony Brook University


2008


The emergence of multi-drug resistant (MDR) and extensively-drug resistant (XDR) strains of Mycobacterium tuberculosis (MTB) has shown that there is an urgent need for the development of novel chemotherapeutics.  Previous work has identified a series of alkyl diaryl ethers as effective inhibitors of the enoyl reductase, InhA in MTB, with the most potent compound having a Ki’ of only 1 nM and MIC99 of 2-3 µg/mL.  However, despite promising in vitro activities, the in vivo activity is poor which may be due to the low solubility of the compounds and lack of slow-onset inhibition.  Therefore in an effort to increase the efficacy of their in vivo action, a series of compounds were synthesized.  Several compounds were identified with comparable MIC values, but possess improved ClogP values.  In addition, a compound was identified which shows picomolar inhibition of InhA and which displays a slow, tight-binding mechanism of inhibition.   
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Abstract of the Thesis

Synthesis of Inhibitors of the Enoyl Reductase in Mycobacterium
tuberculosis.
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Christopher William am Ende
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2008
The emergence of multi-drug resistant (MDR) and extensively-drug
resistant (XDR) strains of Mycobacterium tuberculosis (MTB) has shown that
there is an urgent need for the development of novel chemotherapeutics.
Previous work has identified a series of alkyl diaryl ethers as effective inhibitors
of the enoyl reductase, InhA in MTB, with the most potent compound having a K;
of only 1 nM and MICgy of 2-3 pg/mL. However, despite promising in vitro
activities, the in vivo activity is poor which may be due to the low solubility of the
compounds and lack of slow-onset inhibition. Therefore in an effort to increase
the efficacy of their in vivo action, a series of compounds were synthesized.
Several compounds were identified with comparable MIC values, but possess
improved ClogP values. In addition, a compound was identified which shows
picomolar inhibition of InhA and which displays a slow, tight-binding mechanism

of inhibition.
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Chapter I Introduction

l. 1. Background

Mycobacterium tuberculosis (MTB) has been a prevalent human condition
throughout much of the world’s history. This can be seen in the evidence of
tuberculosis in the skeletal remains of Egyptian mummies as well as in Neolithic
man, dating back almost 6000 years ago."? Hippocrates identified tuberculosis
to be one of the most widespread diseases of his times in 460 BC. He even
warned his fellow physicians against treating patients who displayed late stage
symptoms of the disease, as their impending deaths would surely damage the
attending physician’s reputation.® Furthermore, the disease was also responsible
for many deaths throughout the 18" and 19" centuries. This has resulted in the
origin of tuberculosis being blamed on just about every vice or unconventional
behavior, including waltzing, until the discovery of the tuberculosis bacilli by
Robert Koch in 1882.> The discovery of this bacterium opened the doors for the
development of new and much improved treatment options.

The history of tuberculosis treatment started with the discovery of
streptomycin in 1944 by Selman A. Waksman at the University of California. This
represented the first case of a substance capable of reducing the bacterial load.
However, this drug was not without side effects and drug-resistant strains
emerged within several months.* Therefore, it was highly beneficial that many

new drugs became available over the next several years. These new drugs



Chapter I:  Introduction


I. 1. Background

Mycobacterium tuberculosis (MTB) has been a prevalent human condition throughout much of the world’s history.  This can be seen in the evidence of tuberculosis in the skeletal remains of Egyptian mummies as well as in Neolithic man, dating back almost 6000 years ago.1,2  Hippocrates identified tuberculosis to be one of the most widespread diseases of his times in 460 BC.  He even warned his fellow physicians against treating patients who displayed late stage symptoms of the disease, as their impending deaths would surely damage the attending physician’s reputation.3  Furthermore, the disease was also responsible for many deaths throughout the 18th and 19th centuries.  This has resulted in the origin of tuberculosis being blamed on just about every vice or unconventional behavior, including waltzing, until the discovery of the tuberculosis bacilli by Robert Koch in 1882.3  The discovery of this bacterium opened the doors for the development of new and much improved treatment options. 


The history of tuberculosis treatment started with the discovery of streptomycin in 1944 by Selman A. Waksman at the University of California.  This represented the first case of a substance capable of reducing the bacterial load.  However, this drug was not without side effects and drug-resistant strains emerged within several months.4  Therefore, it was highly beneficial that many new drugs became available over the next several years.  These new drugs included p-aminosalicylic acid (1949), isoniazid (1952), pyrazinamide (1954), cycloserine (1955), ethambutol (1962) and rifampicin (1963).5-10  However, the emergence of multidrug-resistant (MDR) and extensively-drug resistant (XDR) strains combined with the long and costly treatment demonstrated the urgent need to develop novel chemotherapeutic agents for the treatment of this disease.11  


The current front-line drug isoniazid (INH), targets the synthesis of mycolic acids which are necessary components required in maintaining the integrity of the complex Mycobacterial cell wall.12  Despite the complexity in INH’s mechanism of action, there is good evidence that INH targets InhA, the enoyl reductase (ENR) in the fatty acid biosynthesis (FASII) pathway (Figure 1).12-15  However, INH does not directly target InhA; it first needs to be activated by the catalase-peroxidase enzyme KatG.  This activated form of isoniazid then reacts with NAD+ to form the INH-NAD+ adduct which is a slow, tight-binding competitive inhibitor of InhA (Scheme 1).17-20  Mutations in KatG account for much of the resistance to INH.21-23  Therefore, it would be desirable to design an inhibitor that can bypass this initial activation step and target InhA directly.  Such a compound may display promising activity against many of the drug-resistant strains of Mycobacterium tuberculosis.
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Scheme 1.  Formation of the INH-NAD(H) adduct.
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Figure 1.  The fatty acid biosynthesis (FASII) pathway in M. tuberculosis.  The FASII pathway in MTB is involved in elongating fatty acids from the FASI cycle.  The acyl carrier protein, AcpM, is used to carry the elongating fatty acid through the cycle.  AcpM is first condensed with malonyl CoA via FabD, the malonyl CoA:AcpM acyltransferase.  The pathway is then initiated another condensation reaction involving the long chain acyl-CoA provided from the FASI pathway with the malonyl-AcpM via FabH, a β-ketoacyl-AcpM synthase III, thereby liberating CO2.  Next, the β-ketoacyl-AcpM is reduced by MabA (FabG), a NADPH-dependent 3-ketoacyl-AcpM reductase to the corresponding 3-hydroxy AcpM.  This is dehydrated to give the 2-enoyl-AcpM product.  The final step involved InhA (FabI), the enoyl-AcpM reductase which reduces the alkene to yield the saturated fatty acid.  Successive cycles of elongation are initiated by the condensation of another malonyl-AcpM by either of the β-ketoacyl-AcpM synthases, KasA or KasB with the growing acyl-AcpM product formed from InhA.  For each round of this cycle, two carbons are added resulting in a C50-60 fatty acid chain.  For a more detailed description of the FASII pathway and its potential as a target for novel chemotherapeutics, refer to Payne et al. and references therein.16


In addition to the evidence that the INH-NAD+ adduct targets InhA, there is additional data that supports the notion that the enoyl reductase, InhA (FabI) and other enzymes within the FASII pathway are attractive targets.  For example, there are several known InhA/FabI inhibitors including pyrazole derivatives, indole-5-amides, diazoborines and triclosan which have activity against M. tuberculosis and/or other organisms including Escherichia coli, Staphylococcus aureus, and Francisella tularensis (Figure 2).24-29  In addition, other enzymes within the FASII cycle have been shown to be validated drug targets by inhibitors such as thiolactomycin and cerulenin (Figure 2).30-35  
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Figure 2. Structures of several inhibitors of the FASII pathway.


Furthermore, the fact that the FASII enzymes in MTB differ considerably from the mammalian FASI pathway which incorporates most of the enzymatic activity into one or two polypeptides, indicates that fatty acid synthesis is an attractive pathway to target.36,37 

I. 2. Discovery Process



In order to initiate a design program aimed at developing new inhibitors for a particular enzyme, there are three major approaches that are currently in use.  The first incorporates the use of high-throughput screens (HTS), which takes advantage of large screening libraries in order to identify a lead compound.  These libraries can range from a few hundred compounds to over 1,000,000.38-40  This method can also be used in silico in order to generate the lead compound.41-43  The second route which is a growing in popularity as a method for developing new drug candidates, employs the design of transition-state analogues.44-46  This relies on the idea that a given enzyme has evolved to bind to the transition state of a reaction with the most affinity and therefore the creation of inhibitors that mimic this transient structure should bind tightly within the active site.45  The third approach is to look into an analogous system and identify the corresponding homologous enzyme where an inhibitor is already known and determine if it can be used as a lead pharmacophore.47-49  The route that our laboratory took was the latter, with the identification of the lead compound, triclosan (TCN, Figure 2, Table 1).  


Triclosan is a common antibacterial found in many consumer products ranging from hand soap to toothpaste.  Originally, TCN was thought to display a non-specific mode of action.  However, recent work has shown that triclosan inhibits FabI, the enoyl reductase in the FASII pathway.51-54  Specifically it has been shown that, triclosan is a slow, tight-binding uncompetitive inhibitor of the 

Table 1.  Summary of structure-activity data for triclosan and several analogues toward FabI.  Refer to Sivaraman et al. for a complete analysis.50

		Compound

		                Structure

		Ki (pM)a



		TCN
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		3.8 ± 0.2



		1
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		0.63 ± 0.03



		2
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a Ki’ is the inhibition constant for uncompetitive inhibition of E. coli

  FabI.  


E.coli FabI with a Ki of 7 pM.50,55  However, Triclosan is a relatively poor inhibitor of InhA with a Ki of 0.2 µM and does not display slow-onset inhibition.56  Therefore, detailed kinetic and crystallographic as well as structure-activity relationship studies were initially performed on the E. coli FabI in order to determine the necessary functionality on the molecule.  The results of these studies are reported in Sivaraman et al. and summarized in Figure 3 and Table 1.50,57  The outcome of these experiments shows the considerable importance of the 5’-chlorine on the A-ring as well as the relative insignificance of the B-ring chlorines.  These data coupled with a crystal structure of TCN bound to FabI, show the significance of the phenol and bridging oxygen because they are involved in a hydrogen-bonding network with a conserved tyrosine residue as well as the NAD+ cofactor (Figure 3).57  
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Figure 3. Crystal structure of triclosan in complex with FabI showing the important hydrogen bonding network between triclosan, the conserved Tyr156 and the NAD+ cofactor. 


I. 3. Design of Alkyl Diaryl Ethers


In order to design inhibitors for InhA, analyses of both substrate specificity and structural data were performed.  It is known that InhA has a larger substrate-binding loop than FabI and therefore may tolerate larger substituents.58 Moreover, a crystal structure of triclosan bound to InhA was obtained.59  This crystal structure overlaid with the crystal structure of a hexadecanoyl-N-acetylcysteamine (C16-NAC) substrate bound to InhA show the 5’-chlorine is directed into the same hydrophobic pocket in which the alkyl chain of the fatty acid is normally bound (Figure 4).58,59  Consequently, in order to mimic the way the substrate binds within the active site and to take advantage of the larger substrate binding pocket, inhibitors were synthesized with alkyl chains of varying lengths at the 5-position on the A-ring as shown in Scheme 2 and the results of which are summarized in Table 1.59 

[image: image8.png]





Figure 4.  Overlay of the crystal structure of triclosan bound to InhA and the structure of the C16-N-acetylcysteamine substrate bound.  In the C16-NAC/InhA complex, the loop is ordered whereas in the TCN bound structure the loop is disordered.  

I. 4. Results and Discussion



It is demonstrated in Table 2 that increasing the length of the alkyl chain has beneficial effects on inhibitor binding.  Specifically, the ethyl diaryl ether, 2PP  has an IC50 of 2000 nM whereas increasing the alkyl chain by two carbons to the
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Scheme 2. Synthesis of alkyl diaryl ethers 2PP-14PP.  


butyl, decreases the IC50 value 25-fold.  A further increase of the alkyl chain to 8 carbons decreases the IC50 value another 16-fold and results in a Ki of 1.1 ± 0.2 for 8PP.  However, when the alkyl chain is increased further to 14 carbons, there is a negative effect on inhibition with 14PP showing a Ki’ of 30.3 ± 4.7.59  

More importantly, the MIC99 values in Table 2 show that there is activity against several strains of MTB with varying sensitivities to INH.  It can be seen that these MIC99 values are a significant improvement to those displayed by TCN and are approaching the values that the current front-line drug isoniazid exhibits.  In addition, the H37Rv pMH29:inhA strain of MTB contains an InhA overexpression vector and therefore, the increased MIC99 value that is observed is consistent with the inhibitors mainly targeting InhA within the cell and not other enzymes within the cell.59  This is also demonstrated by the good correlation between the Ki and MIC data.    


Fortunately, crystal structures of both the 5PP and 8PP inhibitors bound to InhA were obtained by our collaborators in the University of Würzburg.   It can be seen that these inhibitors bind in a similar manner to triclosan, retaining the hydrogen-bonding network and placing the alkyl chain into the desired hydrophobic, substrate-binding pocket (Figure 5a and b).59

		Table 2.  Alkyl diaryl ether, triclosan and isoniazid enzyme inhibition and MIC99 data.



		

		

		

		MIC99 µg/mL (µM)d



		

		

		

		

		H37​Rv

		

		



		 Compounda

		IC50 (nM)b

		Ki’ (nM)c

		H37​Rv

		pMH29:inhae

		TN587

		NHN382



		TCN

		1000 ± 100

		220 ± 20

		12.5 ± 0

		33.3 ± 12.9

		

		



		

		

		

		(43.1 ± 0)

		(115 ± 45)

		

		



		2PP

		2000 ± 700 

		

		3.8 ± 0

		

		

		



		

		

		

		(17.5 ± 0)

		

		

		



		4PP

		80 ± 15

		

		2.6 ± 0.8

		

		

		



		

		

		

		(10.8 ± 3.3)

		

		

		



		5PP

		17 ± 5

		11.8 ± 4.5

		1.0 ± 0

		

		

		



		

		

		

		(3.5 ± 0)

		

		

		



		6PP

		11 ± 1

		9.4 ± 0.5

		2.1 ± 0.9

		18.8 ± 6.8

		2.0 ± 1.0

		3.1 ± 0



		

		

		

		(7.8 ± 3.3)

		(69 ± 25)

		(7.4 ± 3.7)

		(11.5 ± 0)



		8PP

		5.0 ± 0.3

		1.1 ± 0.2

		1.9 ± 0.5

		22.9 ± 5.1

		2.0 ± 1.0

		2.6 ± 0.9



		

		

		

		(6.4 ± 1.7)

		(77 ± 17)

		(6.7 ± 3.4)

		(8.7 ± 3.0)



		14PP

		150 ± 24

		30.3 ± 4.7

		175

		

		

		



		

		

		

		(460)

		

		

		



		INH

		

		0.75 ± 0.08f

		0.05 ± 0

		

		2.4 ± 1.3

		1.6 ± 0



		

		

		

		(0.37 ± 0)

		

		(17.5 ± 9.5)

		(11.7 ± 0)





a2PP, 4PP, 5PP, 6PP, 8PP and 14PP represent the diaryl ethers containing ethyl, butyl, pentyl, hexyl, octyl, and tetradecyl substituents at the 5 position.  bIC50 measurements determined via varying inhibitor concentration at fixed substrate concentration.  cKi’ is the inhibition constant for uncompetitive inhibition of InhA.  dMIC99 is the concentration of inhibitor need to result in complete inhibition of MTB cell growth.  H37Rv is a drug-sensitive strain of MTB, whereas TN587 and NHN382 are clinical strains of MTB with various sensitivities toward INH.  Data on additional strains can be found in Sullivan et al.59  eH37Rv pMH29:inhA is a strain of MTB containing an overexpression vector for InhA.  fKi’ for the INH-NAD adduct can be found in Rawat et al.20

An important point to note from these crystal structures and from the kinetic data, is that these inhibitors do not display the slow-onset inhibition that is seen with the INH-NAD+ adduct or with triclosan bound to FabI.20,55,56  This is evident in the crystal structures by the absence of electron density in the active site loop region


[image: image10]

Figure 5. Structures of InhA in complexes with (a) 5PP, (b) 8PP and (c) INH.  The loop termini are shown in red for the 5PP and 8PP structures.  The INH crystal structure displays the ordered active site loop in red.  


whereas these residues are seen in the INH crystal structure (Figure 5c).26,60  Importantly, the structural data provide an important foundation that will aid in the generation of new inhibitors via simple crystal structure analysis and computational methods such as molecular modeling and docking experiments.  It is hoped that these methods will lead to an improvement in inhibition as well as invoke active site loop ordering.  


The MIC99 values of both the 6PP and 8PP inhibitors were in the acceptable range for testing in a rapid animal model of MTB infection using IFN-γ gene disrupted (GKO) mice.  These compounds were shown to have a maximum tolerated dose (MTD) of > 500 mg/kg with no adverse side effects observed after 7 days following a single dose of 100, 300, or 500 mg/kg.  However, the concentration of these inhibitors in the serum was determined to be ~20 µg/mL at 30 minutes after dosing corresponding to a low to medium bioavailability.  Consistent with this low value, both 6PP and 8PP were unable to reduce the bacterial load within the lungs and spleen.61  Therefore, the problem of low bioavailability needs to be addressed in this series. 

Chapter II:  Improving ‘Drug-like’ Properties


II. 1. Bioavailability, Lipinski parameters and PSA Background

Bioavailability of a compound is a major hurdle in the development of new drugs and is often a parameter that disqualifies an inhibitor from further trials regardless of how effective it is in vitro.  The bioavailability of a drug is described as the fraction of the administered dose that reaches the systemic circulation i.e. bioavailability is a reason for the difference between the dose and exposure.62-65  Therefore, by definition an intravenous route of administration results in 100% bioavailability.  However, there are many reasons that a drug should have oral bioavailability due to a practical stand point for ease of administration.63,64  Many factors influence the oral bioavailability of a drug including solubility and first-pass metabolism in addition to other factors resulting in compound elimination.63,65  Furthermore, there are several simple molecular descriptors that have been correlated with oral bioavailability with one assessment outlined by Lipinski et al.66   



Christopher Lipinski at Pfizer Global Research and Development set out to determine factors that influence the ‘drug-likeness’ of a compound in order to understand which parameters are important in the drug discovery process.  Through statistical analysis there were four descriptors that were determined to be common features in orally administered drugs.  They showed that an orally bioavailable drug has:


1. Not more than 5 hydrogen bond donors.


2. Not more than 10 hydrogen bond acceptors.


3. A molecular weight less than 500 g/mol.


4. A ClogP under 5.


Due to the common denominator of 5 throughout the rules, they gave it the name ‘the rule of five’ and termed it a predictor of poor absorption and permeation if a compound did not fall within these parameters.66  These compounds fail only one of the rules with both 6PP and 8PP outside the desired ClogP value of less than 5.  Respectively, they have ClogPs of 6.47 and 7.53 (Table 3).  


Another descriptor that is commonly used in determining whether a compound will have good oral bioavailability is its polar surface area (PSA).63,67-70  PSA is the sum of the van der Waals surface area from oxygen or nitrogen atoms within a compound as well as the hydrogen atoms attached to them.71  Therefore, it is obviously directly correlated with a molecules hydrogen bonding ability.  A study performed by GlaxoSmithKline indicates that a PSA less than 140 Å2 will have a high possibility of good oral bioavailability.62  Therefore, in an effort to increase the ‘drug-like’ properties of our compounds, a series of compounds were synthesized in an effort to decrease ClogP while retaining PSA values below the 140 Å2 maximum value.70

II. 2. Strategies

In order to accomplish the goal of decreasing the ClogP values for these compounds, two classes of molecules were synthesized with alterations to the diaryl ether B-ring.  In one series of compounds the B-ring was replaced with bioisosteric heterocycles which incorporate nitrogen atoms within the ring in an effort to cause minimal steric perturbation to the overall structure of the molecule (Scheme 3).  The second series of compounds contains nitro, amino, amide and piperazine functionalities at the ortho, meta and para positions on the B-ring (Scheme 4 and 5).  This series was synthesized in an effort not only to increase aqueous solubility but also to systematically explore the chemical space around the ring in order to identify positions which could be substituted without diminishing biological activity.  A portion of this work can be found in Bioorganic and Medicinal Chemistry Letters with kinetic data performed by Nina Liu and MIC data performed by Susan Knudson at Colorado State University.  

II. 3. Chemistry


The synthesis of the heterocyclic diaryl ether compounds was initiated either by nucleophilic aromatic substitution or Buchwald-Hartwig cross coupling of the appropriate nitrogen heterocycle with 4-bromo or chloro-2-methoxy phenol producing 10-15 (Scheme 3).72,73  This was followed by palladium-catalyzed Negishi coupling of the diaryl ethers with hexyl zinc chloride to give 16-21.  Boron tribromide cleavage of the methyl ether was subsequently used to generate the respective phenols, 22-27.74  Structural characterization of all compounds was performed using 1H NMR and ESI/MS.  


The syntheses of the nitro, amino and amide-substituted compounds were performed using the series of reactions shown in Scheme 4.  Nucleophilic aromatic substitution reactions with fluoro nitrobenzene were first used to 
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Scheme 3. Synthesis of bioisosteric heterocylic hexyl diaryl ethers 22-27.


generate compounds 28-30.73  This was followed by Negishi coupling giving 31-33 with boron tribromide cleavage of the methyl ether resulting in phenols 34-36 or zinc-mediated reduction resulting in the anilines 37-39.74-76 Cleavage of the methyl ether gave 40-42 whereas acylation of the anilines with acyl chlorides afforded compounds 43-51.74,77  Boron tribromide cleavage furnished the final compounds 52-60.74 


The piperazine derivatives were synthesized in a similar fashion starting with nucleophilic aromatic substitution with the 2 or 4-fluorobenzaldehyde to give 61 and 62 (Scheme 5).73  Subsequently, reductive amination with methyl piperazine and sodium triacetoxyborohydride produced 63 and 64,78 whereas Negishi coupling followed by boron tribromide cleavage gave final compounds 67 and 68.74,76 
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Scheme 4. Synthesis of nitro, amino and amide B-ring substituted hexyl diaryl ethers, 34-36, 40-42 and 52-60.  


II. 4. Results and Discussion


The in vitro activities of the final products were evaluated using enzyme inhibition and whole cell antibacterial assays as described (Tables 3 and 4).13,36,59  In general, addition of a bulky substituent at either the ortho, meta or para position of the B ring of 6PP or its substitution by most nitrogen heterocycles resulted in significant reduction in enzyme inhibition and antibacterial activity (Table 4).  However, the smaller aniline substituent was tolerated at the ortho 
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Scheme 5. Synthesis of N-methyl piperazine substituted hexyl diaryl ethers, 67     and  68.  


and para positions as well as the nitro group at the meta position (Table 4).  The three most active compounds, 23, 24 and 40, all have MIC90 values of 3.13 µg/mL, which is comparable to 6PP, and have ClogP values of 4.97 and 5.24, respectively, compared to 6.47 for the parent compound (Tables 3 and 4).  In addition it is also worth noting that the pyrazine derivative, 25 has a ClogP value that is more than a 2.5 units lower than 6PP and only shows only a 3-fold increase in MIC90 compared to the parent (Table 3).  In general the MIC values paralleled the IC50 values for enzyme inhibition.  Thus ortho and para amino substituents (40 and 42) were well tolerated in addition to the meta nitro substituent (35).  In these three cases the IC50 values obtained using 100 nM InhA approached 50% of the enzyme concentration, indicating that these 

compounds are tight-binding enzyme inhibitors.  Additional IC50 values were determined using 10 and 50 nM InhA in the enzyme assays.  Subsequent linear regression of the IC50 values as a function of enzyme concentration yielded estimates for Kiapp of 21 ( 3 nM (35), 16 ( 12 nM (40) and 40 ( 3 nM (42).  Thus, introduction of meta NO2 (35) or ortho NH2 (40) substituents into the B ring of the parent compound 6PP has only a minor effect on affinity of the inhibitor for the enzyme.  In addition, all compounds retained PSA values that were below the maximum value of 140 Å2.


		Table 3.  6PP and heterocyclic B-ring enzyme inhibition, MIC90, logP and PSA  data.  
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aIC50 measurements determined via varying inhibitor concentration at a fixed substrate concentration of 100nM. bMIC99 is the concentration of inhibitor need to result in complete inhibition of MTB cell growth.  H37Rv is a drug-sensitive strain of MTB. cClogP and tPSA values determined using ChemDraw version 11.0. dlogP values determined via HPLC methods as described in the experimental by James Childs and Charles Peloquin. eIC50 determined at enzyme concentration of 1nM as described in Sullivan et al.59  fCompound was not soluble under assay conditions.  

		Table 4.  6PP and B-ring substituted enzyme inhibition, MIC90, logP and tPSA data.
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aIC50 measurements determined via varying inhibitor concentration at a fixed substrate concentration of 100nM. bMIC99 is the concentration of inhibitor need to result in complete inhibition of MTB cell growth.  H37Rv is a drug-sensitive strain of MTB. cClogP and tPSA values determined using ChemDraw version 11.0. dlogP values determined via HPLC methods as described in the experimental by James Childs and Charles Peloquin. eCompound was not soluble under assay conditions.  

II. 5. Conclusions


In conclusion, several compounds were synthesized which incorporated either bioisosteric heterocycles in place of the B-ring or substitutions at the ortho, meta or para positions of the B-ring.  In general, most of the compounds accomplished the goal of decreasing ClogP values with several compounds showing promising in vitro activity.  For example, compounds 35 and 40 showed comparable Kiapp to the parent compound 6PP, whereas 23, 24 and 40 displayed similar MIC values.  Therefore, it has been shown that InhA can tolerate smaller substituents at all positions on the B-ring as well as meta and para pyridines as replacements of the B-ring while retaining activity, decreasing ClogP values and retaining PSA values within acceptable ranges.  

III. Slow, Tight-binding Inhibition

III. 1. Background

Enzyme inhibition can be a complex issue due to the numerous ways in which small molecule inhibition can occur.  For example, one can observe competitive, uncompetitive or noncompetitive inhibition which can be broken down further to reversible, irreversible and slow-onset.79  Currently all of our inhibitors display a classical uncompetitive tight-binding mode of inhibition (Scheme 6a).59  However, it is desirable to obtain slow-onset inhibition since  this can lead to improved in vivo characteristics (Scheme 6b).20,80-82 



[image: image28.emf]E


E-NADH


E+P


E-NAD


+


E-NAD


+


-I


K


NADH


NAD


+


NADH


S


k


p


K


NAD


+


I


K


i


E-NAD


+


E-NAD


+


-I*


I


K


i


E-NAD


+


-I


K


i


*


K


2


a


b




Scheme 6. Mechanism of inhibition of a) current alkyl diaryl ether inhibitors 2PP-14PP.  b) of a slow-onset inhibitor such as compound 71.  Note: Ki is identical to K1 in this scenario.  In addition, Ki* represents both the fast and slow binding steps.  

An excellent paper by Copeland et al. proposes that a more important factor for in vivo drug potency is the residence time of the drug on its target and not necessarily its apparent affinity towards that target.  Specifically, one can imagine that an increased time of interaction between an inhibitor and its target will lead to a longer effect of drug action as the enzyme is effectively inactivated for a significant period of time.  Furthermore, when describing an in vivo case, the concentration of inhibitor does not remain constant and therefore, typical in vitro measurements of the inhibition constant (Ki) are not accurate descriptors of how efficacious an inhibitor will be in an in vivo environment.  This is because traditional measurements of Ki are only representative of the first step in the slow-binding inhibition mechanism (Scheme 6b).  A more important considerations would be the association rate constant (kon) and more importantly, the dissociation rate constant (koff).  The koff value is a directly related to the residence time of the inhibitor on its target and therefore, Ki* is a more accurate descriptor of this.80  Moreover, there are many examples of current or previously marketed drugs that display this slow-onset inhibition as revealed in Table 5.20,83-87 

III. 2. The ability of enoyl reductases to display slow-onset inhibition.


In addition to the examples shown in Table 5, there is direct evidence that InhA is capable of displaying slow-onset inhibition if the proper compound is found that will allow for it.20  Specifically, as described in the introduction, the 

		Table 5. Examples of current or previously marketed drugs with slow-onset inhibition



		Marketed Name

		Inhibitor

		Enzyme

		Dissociative t1/2



		Proloprim

		Trimethoprim

		E. coli dihydrofolate reductase

		8 minutes83



		Capoten

		Captopril

		Angiotension converting enzyme

		30 minutes84



		Isoniazid

		INH-NAD+

		MTB enoyl reductase

		41 minutes20



		Tamiflu

		Oseltamivir

		Viral neuroaminidase

		47 minutes85



		Atacand

		Candesartan

		Human angiotension II type 1 receptor

		1-3 hours86



		Vioxx

		Rofecoxib

		COX2

		9 hours87





E. coli FabI is inhibited by TCN via slow, tight-binding inhibition.50,55  Crystal structure analysis of this interaction shows that there is a substrate binding loop that effectively traps TCN within the active site.57  More importantly, ordering of this loop occurs both with a C16 fatty acid substrate as well as with the current front-line drug INH (Figure 5).58,60  However, as previously mentioned, all of the alkyl diaryl ethers do not display this ordering of the active site loop and potentially as a direct result, these compounds do not exhibit slow-onset inhibition. 


III. 2. 1. Francisella tularensis Activity.


Interestingly, all of the unsubstituted alkyl diaryl ethers that are shown in Table 2 are potent slow, tight-binding inhibitors of the ENR within the FASII pathway from another bacterium, Francisella tularensis with residence times upwards of 90 minutes.  More importantly, these compounds display excellent in vivo efficacy in a mouse model of F. tularensis infection.61  Therefore, it can be hypothesized that for a compound to show efficacy in a MTB model of infection, it must produce this active site loop ordering and optimistically as a result of this, obtain long residence times comparable to INH bound to InhA and those seen with the alkyl diaryl ethers in the F. tularensis cases.

III. 3. Designing Slow-Onset Inhibiters   


Although the concept of slow-onset inhibition might be easy to understand, the ability to engineer this property into a molecular interaction is not surprisingly more difficult.  However, since other examples are documented in similar systems, these are a good starting point for analysis.  For example, when comparing the structure of the E. coli FabI bound to TCN where loop ordering is present, with the MTB InhA bound to 5PP, which does not contain loop ordering, it is evident that TCN’s B-ring is almost completely orthogonal with respect to the A-ring whereas this is not the case with 5PP (Figure 6a).57,59  This may be a result of the ortho chlorine residue preferring this orientation pointing down towards the NAD+.  Furthermore, another consideration is the rotation around the B-ring ether bond.  This ‘floppiness’ of the ring may result in steric impedance to active site loop ordering and may possess an increased entropic penalty of binding compared to TCN.  The ​ortho chlorine residue on TCN may also play a role in decreasing this rotation.  Therefore, in an effort to mimic these effects in conjunction with the knowledge that small substituents are tolerated at the ortho position on the B-ring (as shown in the previous chapter table 4), compound 71 was synthesized (scheme 7).  


III. 4. Chemistry


Compound 71 was synthesized in a manner similar to that used for the previous compounds (scheme 7).  4-Chloro-2-methoxyphenol was coupled to iodotoluene under copper-catalyzed Buchwald-Hartwig condition resulting in a reasonable 70% yield, with the lower yield attributed to the increase in steric bulk at the iodine.72  Next, palladium-catalyzed Negishi coupling of the diaryl ether with hexyl zinc chloride installed the alkyl chain at the 5 position giving compound 70 in 72% yield.76  Finally, boron tribromide cleavage of the methyl protecting group yielded compound 71 in 90% yield.74 
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Scheme 7. Synthesis of the methyl substituted hexyl diaryl ether, 71.


III. 5. Results and Discussion 


Now, having installed the ortho substituent that is similar in size to the ortho chlorine on TCN, the next step was to determine whether it displayed the desired slow-onset inhibition.  Initially, with no preincubation, the Ki was found to be 560 pM (Table 6).  Therefore, this was already a marked improvement over the parent compound 6PP.  When a progress curve analysis was performed it was seen that the curve deviated from the standard linear progression thereby demonstrating that inhibition increases over time, consistent with slow-onset inhibition.  In order to confirm this, 71 was preincubated with the enzyme for 5 hours which allowed a Ki* of 5.4 ± 3.1 pM to be measured (Table 6).  It was also shown that compound 71 was found to have a dissociative half life of 39 minutes which is comparable to the half life that INH displays (Table 6).20  Therefore, these experiments confirmed that there was indeed a slow step that is consistent with the slow-binding mechanism (Scheme 6b).  


In addition to the kinetic experiments confirming the slow onset type of inhibition consistent with active site loop ordering, a crystal structure was obtained (by Sylvia Luchner at University of Würzurg).  Figure 7a and b shows that unlike with prior alkyl diaryl ether inhibitors which displayed no electron density in this region, 71 displays a clear alpha helix at this locale.59  Moreover, 71 possesses the desired orthogonal orientation that was seen when TCN is bound to FabI (Figure 6b).57  Therefore, the predicted and much to be desired goal of active site loop ordering was achieved.  Additional information can be obtained from this structure as it can be seen that there are further conformational changes within the enzyme.  For example, at the backside of the enzyme there is a shift in the helix adjacent to the substrate binding loop that reveals a solvent exposed region at the alkyl chain of the inhibitor (Figure 7c and d).59  This opening may be valuable in the design of further generations of inhibitors that display active site loop ordering.  

		Table 6.  6PP, 71 and INH’s Ki, Ki*, MIC99, ClogP and dissociative t1/2 data.  
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Table 6 contains the MIC99 inhibition data for compound 71.  It can be seen that the MIC99 value decreases 4-fold with respect to 6PP with a value of 0.5 µg/mL (1.75 µM) against the H37Rv strain of MTB.  However, this inhibitor is still 10-fold higher than the MIC99 that is displayed by the current front-line drug INH.  Furthermore, the ClogP of this inhibitor has increased to 6.97 from 6.47 for 6PP thus opposite to the desired values discussed in the previous chapter (Table 6).61   The improved MIC99 value and more importantly the obtaining of the long residence time within InhA led to compound 71 to be tested in a mouse model of MTB infection.  IFN-γ GKO mice were infected with MTB and 71 was administered via IP and oral dosing.  Despite having all the necessary components for effective in vivo activity, this compound displayed no reduction in colony forming units (CFUs).
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Figure 6. Overlay of crystal structures of a) triclosan bound to FabI and 5PP bound to InhA.  b) 5PP bound to InhA and compound 71 bound to InhA.  Note the similarties in orientation of 71 to that of TCN.  


  Further analysis shows that there is a rapid clearance of the compound from the serum consistent with a metabolic event.  Preliminary results reveal that direct glucoronidation of the phenol may be the prevalent route of clearance of this inhibitor and that this process is more prevalent than that with 6PP.  Lastly, the mode of metabolism of 71 compared with 6PP needs to be addressed in order to determine how the Cmax and t1/2 can be increased. 61 


III. 6. Conclusion


In conclusion, a slow, tight-binding inhibitor of the InhA has been synthesized using structure-activity relationship data and crystal structure analysis.  It possesses excellent inhibitory properties with a Ki* of only 5.4 pM which is more than a 1500-fold improvement above the parent compound 6PP.  In addition, 71 has an MIC99 that is a 4-fold improvement over 6PP.  Despite these excellent inhibitory properties, 71 performed poorly in an in vivo environment.  Therefore, future efforts will be performed to increase the metabolic stability while retaining its inhibitory properties.  



[image: image34]

Figure 7. Crystal structures of a) compound 71 bound to InhA with the ordered loop shown in red. b) Overlay of 71 with 5PP, note the presence of the loop in the 71 structure. c) A rear view of the 71 structure showing the solvent accessible aperture that is formed upon loop ordering. d) A rear view of the 5PP crystal structure showing the absence of the solvent accessible hole.  


Chapter IV:  Experimental

IV. 1. General procedures for compound synthesis

Method A. The aryl halide (7.35 mmol), phenol (14.7 mmol), Cs2CO3 (32.3 mmol), (CuOTf)2•PhH (0.735 mmol, 5.0 mol % Cu), ethyl acetate (0.125 mmol, 5.0 mol %), 1-naphthoic acid (32.3 mmol), molecular sieves 4 Å (1.8 g) and toluene (15 mL) were added to a oven-dried 50 mL two-necked round-bottomed flask sealed with a septum which was purged with nitrogen, and heated to 110 °C under nitrogen until completion as determined by TLC.  Upon cooling to RT, dichloromethane was added and the organic phase was obtained by filtration.  This solution was washed with 5% NaOH.  The aqueous layer was then extracted with dichloromethane and the combined organic layers were washed with brine, dried over MgSO4 and concentrated under vacuum to give the crude product.  The product was then purified by flash chromatography on silica gel (ethyl acetate/hexane). 

Method B. The aryl halide (50 mmol), 4-bromo-2-methoxyphenol (50 mmol), K2CO3 (50 mmol) and dimethylacetamide were added to a round-bottomed flask and refluxed for 3h.  The resulting mixture was extracted with diethyl ether and washed with 5% KOH and brine.  The organic layer was dried over MgSO4 and concentrated under vacuum to give the crude product.  The product was then purified via crystallization from MeOH or by flash chromatography on silica gel (ethyl acetate/hexane).   


Method C. ZnCl2 (0.5 M solution in tetrahydrofuran; 9.0 mL, 4.52 mmol) was added by syringe to a round-bottomed flask sealed with a rubber septum and purged with nitrogen.  The appropriate alkyl magnesium chloride (1.0 M solution in THF; 4.0 mL, 4.26 mmol) was then added dropwise by syringe, and the resulting solution was stirred at room temperature for 20 min.  N-methylpyrrolidinone (4.7 mL) was then added to the flask by syringe, followed by 21.7 mg (0.0426 mmol) of Pd(P(t-Bu)3)2 and 500 mg (2.13 mmol) of 4-chloro or bromo-2-methoxy-1-phenoxybenzene after 5 min.  The flask was then fitted with a reflux condenser and refluxed for 3-48 h at 130 °C.  After cooling gradually to RT, 20 mL of a 1.0 M aqueous HCl solution was added to the flask.  The resulting mixture was extracted with diethyl ether, the ether extract was washed with water, and the organic layer was dried over anhydrous MgSO4 and concentrated under vacuum to give the crude product.  The product was purified by flash chromatography on silica gel (ethyl acetate/hexane). 


Method D.  The appropriate nitro compound (2.43 mmol) was added to a solution of EtOH (27 mL) and concentrated HCl (3.8 mL) in a round-bottomed flask.  The solution was cooled to 0 (C, and zinc dust (55 mmol) was added in portions over 15 min.  The reaction mixture was stirred at RT overnight and the resulting solution was filtered to remove the zinc and reduced in vacuo.  Diethyl ether was added and the solution was washed with water and brine, dried with MgSO4 and concentrated under vacuum to give the crude product. The product was purified via flash chromatography (ethyl acetate/hexane).  


Method E. The appropriate aniline (1.67 mmol) and triethylamine (2.1 mmol) were added to anhydrous dichloromethane (7 mL) in a nitrogen-flushed round-bottomed flask.  The acid chloride (2.1 mmol) was then added dropwise as a solution in anhydrous dichloromethane (1mL) over 25 minutes.  After stirring at RT for 3h, the resulting solution was washed successively with 5% HCl, sat. NaHCO3 and brine.  The organic layer was dried over MgSO4 and reduced under vacuum to give crude product which was then purified by flash chromatography on silica gel (ethyl acetate/hexane). 


Method F.  The benzaldehyde (3.25 mmol) and 1-methyl piperazine (3.25 mmol) were dissolved in dichloroethane (11.5 mL) in a nitrogen-flushed round bottom flask.  After 5 minutes, sodium triacetoxyborohydride (4.56 mmol) was added and the solution was stirred at RT for 3h.  The reaction was quenched with sat. NaHCO3, and extracted with diethyl ether.  The organic layer was washed with 5% KOH and brine, dried with MgSO4 and reduced under vacuum to give the crude product.  The product was then purified by flash chromatography (methanol/dichloromethane/ triethylamine).  


Method G. A solution of boron tribromide in dichloromethane (4 mmol, 1 M solution) was added to a solution of the 4-substituted-2-methoxy-1-phenoxy-benzene (1.0 mmol) in 5 mL of anhydrous dichloromethane at - 78 °C under nitrogen.  The reaction mixture was stirred at -78 °C for 1.5 h and then at RT for 3 h.  At which point, TLC analysis showed that the reaction had reached completion, the reaction was quenched with methanol at -78 °C and concentrated to give an oil.  A suspension of this oil in dichloromethane was washed with 10 % aqueous sodium bicarbonate solution and the organic layer was separated, washed sequentially with water then brine and dried over MgSO4.  The organic layer was filtered, concentrated under vacuum to give the crude product which was then purified by flash chromatography on silica gel (ethyl acetate/hexane).

IV. 2. Compound Characterization

2-(4-bromo-2-methoxyphenoxy)pyridine (10):  Method B was used to convert 4-bromo-2-methoxy phenol and 2-fluoropyridine to the title product.  Purification by flash chromatography (10% EtOAc/Hex) yielded 53% colorless crystals.  1H NMR (300 MHz, CDCl3): δ 3.73 (s, 3H), 6.92-6.98 (m, 2H), 7.01 (dd, J = 1.5, 6.0 Hz, 1H), 7.09-7.12 (m, 2H), 7.63-7.69 (m, 1H), 8.11-8.13 (m, 1H).


3-(4-chloro-2-methoxyphenoxy)pyridine (11):  Method A was used to convert 4-chloro-2-methoxyphenol and 3-iodopyridine to the title product.  Purification by flash chromatography (40% EtOAc/Hex) yielded 43% amber oil.  1H NMR (300 MHz, CDCl3): δ 3.76 (s, 3H), 6.90-6.97 (m, 3H), 7.13-7.20 (m, 2H), 8.26-8.29 (m, 2H); ESI-MS: 236.0 (M+1).


4-(4-bromo-2-methoxyphenoxy)pyridine (12):  Method B was used to convert 4-bromo-2-methoxyphenol and 4-bromopyridine to the title product.  Purification by flash chromatography (15% EtOAc/Hex) yielded 50% amber oil.  Compound not characterized.

2-(4-bromo-2-methoxyphenoxy)pyrazine (13):  Method B was used to convert 4-bromo-2-methoxyphenol and chloropyrazine to the title product.  Yield = 97% white powder with no purification needed.  1H NMR (300 MHz, CDCl3): δ 3.73 (s, 3H), 7.01-7.04 (m, 1H), 7.13 (sextet, J = 2.1 Hz, 2H), 8.03 (q, J = 1.5 Hz, 1H), 8.23 (d, J = 2.4 Hz, 1H), 8.44 (d, J = 1.5 Hz, 1H). 


2-(4-bromo-2-methoxyphenoxy)pyrimidine (14):  Method B was used to convert 4-bromo-2-methoxyphenol and chloropyrimidine to the title product.  Yield = 55% white powder with no purification needed.  1H NMR (300 MHz, CDCl3): δ 3.71 (s, 3H), 6.98-7.13 (m, 4H), 8.51 (d, J = 4.8 Hz).  


2-(4-bromo-2-methoxyphenoxy)-4,6-dimethoxypyrimidine (15):  Method B was used to convert 4-bromo-2-methoxyphenol and 4,6-dimethoxychloropyrimidine to the title product.  Purification by flash chromatography (5% EtOAc/Hex) yielded 42% amber oil.  1H NMR (300 MHz, CDCl3): δ 3.74 (s, 3H), 3.78 (s, 3H), 3.80 (s, 3H), 6.67 (d, J = 8.7 Hz, 1H), 6.91 (d, J = 2.7 Hz, 1H), 6.96 (dd, J = 2.1, 6.3 Hz, 1H), 6.99-7.04 (m, 1H). 


2-(4-hexyl-2-methoxyphenoxy)pyridine (16):  Method C was used to convert 2-(4-bromo-2-methoxyphenoxy)pyridine to the title product.  Purification by flash chromatography (10% EtOAc/Hex) yielded 95% colorless oil.  1H NMR (300 MHz, CDCl3): δ 0.83-0.89 (m, 3H), 1.26-1.36 (m, 6H), 2.58 (t, J = 7.5 Hz, 2H), 3.71 (s, 3H), 6.75-6.90 (m, 4H), 6.99 (d, J = 8.1 Hz, 1H), 7.55-7.61 (m, 1H), 8.10 (dd, J = 1.5, 7.5 Hz, 1H).


3-(4-hexyl-2-methoxyphenoxy)pyridine (17):  Method C was used to convert 3-(4-chloro-2-methoxyphenoxy)pyridine to the title compound.  Purification by flash chromatography (15% EtOAc/Hex) yielded 50% light yellow oil.  1H NMR (300 MHz, CDCl3): δ 0.86-0.90 (m, 3H), 1.29-1.37 (m, 6H), 1.56-1.67 (m, 2H), 2.60 (t, J = 7.5 Hz, 2H), 3.77 (s, 3H), 6.74 (dd, J = 1.8, 6.3 Hz, 1H), 6.81 (d, J = 1.8 Hz, 1H), 6.92 (d, J = 7.8 Hz, 1H), 7.13-7.16 (m, 2H), 8.25 (q, J = 1.8 Hz, 1H), 8.31 (d, 2.1 Hz, 1H); ESI-MS: 286.1 (M+1).


4-(4-hexyl-2-methoxyphenoxy)pyridine (18):  Method C was used to convert 4-(4-chloro-2-methoxyphenoxy)pyridine to the title product.  Purification by flash chromatography (20% EtOAc/Hex) yielded 89% clear oil.  1H NMR (300 MHz, CDCl3): δ 0.87-0.91 (m, 3H), 1.31-1.36 (m, 6H), 1.59-1.68 (m, 2H), 2.61 (t, J = 7.8 Hz, 2H), 3.75 (s, 3H), 6.74-6.83 (m, 4H), 6.97 (d, J = 8.1 Hz, 1H), 8.40 (dd, J = 1.5, 3.0 Hz, 2H); ESI-MS: 286.2 (M+1).


2-(4-bromo-2-methoxyphenoxy)pyrazine (19):  Method C was used to convert 2-(4-bromo-2-methoxyphenoxy)pyrazine to the title product.  Purification by flash chromatography (10% EtOAc/Hex) yielded 77% clear oil.  1H NMR (300 MHz, CDCl3): δ 0.87-0.92 (m, 3H), 1.25-1.35 (m, 6H), 1.60-1.69 (m, 2H), 2.62 (t, J = 8.4 Hz, 2H), 3.73 (s, 3H), 6.79-6.83 (m, 2H), 7.05 (d, J = 7.8 Hz, 1H), 8.05 (q, J = 1.5 Hz, 1H), 8.20 (d, J = 2.7 Hz, 1H), 8.40 (d, J = 1.2 Hz, 1H).  


2-(4-hexyl-2-methoxyphenoxy)pyrimidine (20):  Method C was used to convert 2-(4-bromo-2-methoxyphenoxy)pyrimidine to the title product.  Purification by flash chromatography (10% EtOAc/Hex) yielded 86% clear oil.   1H NMR (300 MHz, CDCl3): δ 0.86-0.91 (m, 3H), 1.24-1.34 (m, 6H), 1.59-1.68 (m, 2H), 2.60 (t, J = 8.1 Hz, 2H), 3.71 (s, 3H), 6.78-6.81 (m, 2H), 6.96 (t, J = 5.1 Hz, 1H), 7.07 (dd, J = 2.4, 7.8 Hz, 1H), 8.50 (d, J = 4.8 Hz, 2H). 


2-(4-hexyl-2-methoxyphenoxy)-4,6-dimethoxypyrimidine (21):  Method C was used to convert 2-(4-bromo-2-methoxyphenoxy)-4,6-dimethoxypyrimidine to the title product.  Purification by flash chromatography (5% EtOAc/Hex) yielded 73% light yellow oil.  ESI-MS: 347.1 (M+1).


5-hexyl-2-(pyridin-2-yloxy)phenol (22):  Method G was used to convert 2-(4-hexyl-2-methoxyphenoxy)pyridine to the title product.  Purification by flash chromatography (5% EtOAc/Hex) yielded 76% clear oil.  1H NMR (300 MHz, CDCl3): δ 0.87-0.92 (m, 3H), 1.26-1.39 (m, 6H), 1.52-1.66 (m, 2H), 2.50-2.59 (m, 2H), 6.71 (dd, J = 2.1, 7.2 Hz, 1H), 6.92-7.03 (m, 4H), 7.65-7.72 (m, 1H), 8.11 (d, J = 4.2 Hz, 1H), 8.20 (bs, 1H); ESI-MS: 272.1 (M+1). 


5-hexyl-2-(pyridin-3-yloxy)phenol (23):  Method G was used to convert 3-(4-hexyl-2-methoxyphenoxy)pyridine to the title product.  Purification by flash chromatography (25% EtOAc/Hex) yielded 80% light amber oil.  1H NMR (300 MHz, CDCl3): δ 0.86-0.90 (m, 3H), 1.24-1.38 (m, 6H), 1.54-1.66 (m, 2H), 2.50-2.60 (m, 2H), 6.65-6.76 (m, 1H), 6.86-6.74 (m, 1H), 7.00 (s, 1H), 7.48-7.62 (m, 2H), 8.22-8.48 (m, 3H); ESI-MS: 272.1 (M+1).

5-hexyl-2-(pyridin-4-yloxy)phenol (24):  Method G was used to convert 4-(4-hexyl-2-methoxyphenoxy)pyridine to the title product.  Purification by flash chromatography (20% EtOAc/Hex) yielded 97% clear oil.  1H NMR (300 MHz, CDCl3): δ 0.86-0.88 (m, 3H), 1.22-1.30 (m, 6H), 1.54-1.60 (m, 2), 2.49-2.57 (m, 2H), 6.67-6.93 (m, 5H), 8.22-8.24 (m, 2H); ESI-MS: 272.1 (M+1). 

5-hexyl-2-(pyrazin-2-yloxy)phenol (25):  Method G was used to convert 2-(4-hexyl-2-methoxyphenoxy)pyrazine to the title product.  Purification by flash chromatography (15% EtOAc/Hex) yielded 89% white solid.  1H NMR (300 MHz, CD3OD): δ 0.87-0.92 (m, 3H), 1.29-1.33 (m, 6H), 1.52-1.64 (m, 2H), 2.49-2.57 (m, 2H), 6.72 (ddd, J = 1.8, 6.3, 20.7 Hz, 1H), 6.83-6.97 (m, 2H), 8.07-8.08 (m, 1H), 8.19 (q, J = 1.5 Hz, 1H), 8.31 (d, J = 0.9 Hz, 1H); ESI-MS: 272.9 (M+1).


5-hexyl-2-(pyrimidin-2-yloxy)phenol (26):  Method G was used to convert 2-(4-hexyl-2-methoxyphenoxy)pyrimidine to the title product.  Purification by flash chromatography (30% EtOAc/Hex) yielded 73% white solid.  1H NMR (300 MHz, CDCl3): δ 0.84-0.91 (m, 3H), 1.26-1.35 (m, 6H), 1.56-1.63 (m, 2H), 2.52-2.60 (m, 2H), 6.82 (ddd, J = 2.1, 6.3, 46.5 Hz, 1H), 6.97-7.08 (m, 3H), 7.45 (d, J = 30.6 Hz, 1H), 8.49 (dd, J​ = 1.2, 3.6 Hz, 2H); ESI-MS: 273.4 (M+1). 


2-(4,6-dimethoxypyrimidin-2-yloxy)-5-hexylphenol (27):  Method G was used to convert 2-(4-hexyl-2-methoxyphenoxy)-4,6-dimethoxypyrimidine to the title product.  Purification by flash chromatography (10% EtOAc/Hex) yielded 82% light yellow oil.  1H NMR (300 MHz, CDCl3): δ 0.85-0.91 (m, 3H), 1.27-1.36 (m, 6H), 1.56-1.64 (m, 2H), 2.52-2.59 (m, 2H), 3.86 (s, 6H), 5.80-5.81 (m, 1H), 6.36 (d, J = 27.9 Hz, 1H), 6.69-7.11 (m, 3H); ESI-MS: 330.0 (M+1).  

4-bromo-2-methoxy-1-(2-nitrophenoxy)benzene (28):  Method B was used to convert 4-bromo-2-methoxyphenol and 2-fluoronitrobenzene to the title product.  Recrystallization from methanol yielded 98% light yellow needles.   1H NMR (300 MHz, CDCl3): δ 3.77 (s, 3H), 6.82 (dd, J = 1.2, 7.5 Hz, 1H), 6.94 (d, J = 8.4 Hz, 1H), 7.07-7.16 (m, 3H), 7.41-7.47 (m, 1H), 7.95 (dd, J = 1.5, 6.6 Hz, 1H); ESI-MS: 323.8 (M+1).


4-bromo-2-methoxy-1-(3-nitrophenoxy)benzene (29):  Method B was used to convert 4-bromo-2-methoxy phenol and 3-fluoronitrobenzende to the title product.  Purification by flash chromatography (5% EtOAc/Hex) yielded 65% yellow powder.  1H NMR (300 MHz, CDCl3): δ 3.79 (s, 3H), 6.97 (d, J = 8.4 Hz, 1H), 7.14 (ddd, J = 2.4, 6.0 Hz, 2H), 7.22-7.26 (m, 1H), 7.45 (t, J = 8.1 Hz, 1H), 7.66 (t, J = 2.4 Hz, 1H), 7.88-7.92 (m, 1H); ESI-MS: 323.7 (M+1).


4-bromo-2-methoxy-1-(3-nitrophenoxy)benzene (30):  Method B was used to convert 4-bromo-2-methoxy phenol and 4-fluoronitrobenzene to the title product.  Recrystallization from methanol yielded 92% light yellow needles.  1H NMR (300 MHz, CDCl3): δ 3.78 (s, 3H), 6.93 (m, 2H), 6.99 (d, J = 8.1 Hz, 1H), 7.13-7.17 (m, 2H), 8.16-8.19 (m,  2H); ESI-MS: 323.8 (M+1).


4-bromo-2-methoxy-1-(2-nitrophenoxy)benzene (31):  Method C was used to convert 4-bromo-2-methoxy-1-(2-nitrophenoxy)benzene to the title product.  Purification by flash chromatography (5% EtOAc/Hex) yielded 98% yellow crystals.  1H NMR (300 MHz, CDCl3): δ 0.72-0.78 (m, 3H), 1.12-1.23 (m, 6H), 1.43-1.52 (m, 2H), 2.47 (t, J = 7.5 Hz, 2H), 3.61 (s, 3H), 6.62-6.69 (m, 3H), 6.84 (d, J =8.1 Hz,  1H), 6.93 (m, 1H), 7.23-7.29 (m, 1H), 7.78 (dd, J = 1.8, 6.6, 1H); ESI-MS: 330.2 (M+1).


4-hexyl-2-methoxy-1-(3-nitrophenoxy)benzene (32):  Method C was used to convert 4-bromo-2-methoxy-1-(3-nitrophenoxy)benzene to the title product. Purification by flash chromatography (5% EtOAc/Hex) yielded 95% light yellow oil.  1H NMR (300 MHz, CDCl3): δ 0.903 (m, 3H), 1.34 (m, 6H), 1.65 (m, 3H), 2.63 (t, J = 7.5 Hz, 2H), 3.78 (s, 3H), 6.78-6.85 (m, 2H), 6.98 (d, J = 7.8 Hz, 1H), 7.22-7.26 (m, 1H), 7.42 (t, J = 8.4 Hz, 1H), 7.66 (t, J = 2.1 Hz, 1H), 7.86 (m, 1H); ESI-MS: 330.0 (M+1).


4-hexyl-2-methoxy-1-(4-nitrophenoxy)benzene (33):  Method C was used to convert 4-bromo-2-methoxy-1-(4-nitrophenoxy)benzene to the title product.  Purification by flash chromatography (5% EtOAc/Hex) yielded 90% light yellow oil.  1H NMR (300 MHz, CDCl3): δ 0.879-0.923 (m, 3H), 1.13-1.21 (m, 6H), 1.30-1.35 (m, 2H), 2.63 (t, J = 7.8 Hz, 2H), 3.77 (s, 3H), 6.79-6.86 (m, 2H), 6.86-6.87 (m, 2H), 6.99 (d, J = 8.1 Hz, 1H), 8.06-8.09 (m, 2H); ESI-MS: 330.0 (M+1).

5-hexyl-2-(2-nitrophenoxy)phenol (34):  Method G was used to convert 4-hexyl-2-methoxy-1-(2-nitrophenoxy)benzene to the title product.  Purification by flash chromatography (5% EtOAc/Hex) yielded 81% light yellow oil.  1H NMR (300 MHz, CDCl3): δ 0.87-0.91 (m, 3H), 1.26-1.32 (m, 6H), 1.55-1.64 (m, 2H), 2.57 (t, J = 8.1 Hz, 2H), 6.18 (s, 1H), 6.71 (dd, J = 2.1, 6.0 Hz, 1H), 6.90 (d, J = 2.1 Hz, 1H), 6.96 (d, J = 8.1 Hz, 1H), 7.08 (dd, J = 1.5, 6.9 Hz, 1H), 7.15-7.20 (m, 1H), 7.46-7.51 (m, 1H), 7.90 (dd, J = 1.8, 6.3 Hz, 1H); ESI-MS: 316.0 (M+1).  


5-hexyl-2-(3-nitrophenoxy)phenol (35):  Method G was used to convert 4-hexyl-2-methoxy-1-(3-nitrophenoxy)benzene to the title product.  Purification by flash chromatography (5% EtOAc/Hex) yielded 88% light yellow oil.  1H NMR (300 MHz, CDCl3): δ 0.87-0.92 (m, 3H), 1.28-1.38 (m, 6H), 1.57-1.65 (m, 2H), 2.58 (t, J = 7.8 Hz, 2H), 5.42 (bs, 1H), 6.72 (dd, J = 1.8, 6.3 Hz, 1H), 6.86 (d, J = 8.1 Hz, 1H), 6.90 (d, J = 2.1 Hz, 1H), 7.30-7.33 (m, 1H), 7.47 (t, J = 8.4 Hz, 1H), 7.80 (t, J = 2.1 Hz, 1H), 7.92 (tt, J = 0.9, 5.1 Hz, 1H); ESI-MS: 316.1 (M+1).

5-hexyl-2-(4-nitrophenoxy)phenol (36):  Method G was used to convert 4-hexyl-2-methoxy-1-(3-nitrophenoxy)benzene to the title product.  Purification by flash chromatography (5% EtOAc/Hex) yielded 92% light yellow oil.  1H NMR (300 MHz, CDCl3): δ 0.87-0.92 (m, 3H), 1.25-1.38 (m, 6H), 1.57-1.65 (m, 2H), 2.56 (t, J = 8.1 Hz, 2H), 5.32 (s, 1H), 6.75 (d, J = 10.2 Hz, 1H), 6.88-6.91 (m, 2H), 7.02-7.06 (m, 2H), 8.17-8.21 (m, 2H); ESI-MS: 316.3 (M+1).  

2-(4-hexyl-2-methoxyphenoxy)aniline (37):  Method D was used to convert 4-hexyl-2-methoxy-1-(2-nitrophenoxy)benzene to the title product.  Purification by flash chromatography (5% EtOAc/Hex) yielded 92% amber oil.  1H NMR (300 MHz, CDCl3): δ 0.91-0.96 (m, 3H), 1.32-1.42 9 (m, 6H), 1.51-1.52 (m, 2H), 2.62 (t, J = 8.1 Hz, 2H), 3.87 (s, 3H), 3.9 (bs, 2H), 6.64-6.73 (m, 2H), 6.57-6.84 (m, 4H), 6.90-6.95 (m, 1H).


3-(4-hexyl-2-methoxyphenoxy)aniline (38):  Method D was used to convert 4-hexyl-2-methoxy-1-(3-nitrophenoxy)benzene to the title product.  Purification by flash chromatography (5% EtOAc/Hex) yielded 98% yellow oil.  1H NMR (300 MHz, CDCl3): δ 0.90-0.94 (m, 3H), 1.29-1.40 (m, 6H), 1.59-1.69 (m, 2H), 2.62 (t, J = 9.0 Hz, 2H), 3.64 (bs, 2H), 3.82 (s, 3H), 6.26 (t, J = 2.1 Hz, 1H), 6.31-6.36 (m, 2H), 6.74 (dd, J = 2.1, 6.0 Hz, 1H), 6.82 (d, J = 1.8 Hz, 1H), 6.91 (d, J = 8.1 Hz, 1H), 7.04 (t, J = 8.4 Hz, 1H); ESI-MS: 300.0 (M+1).  


4-(4-hexyl-2-methoxyphenoxy)aniline (39):  Method D was used to convert 4-hexyl-2-methoxy-1-(4-nitrophenoxy)benzene to the title product.  Purification by flash chromatography (5% EtOAc/Hex) yielded 81% reddish oil.  1H NMR (300 MHz, CDCl3): δ 0.89-0.93 (m, 3H), 1.30-1.39 (m, 6H), 1.57-1.66 (m, 2H), 2.58 (t, J = 6.0 Hz, 2H), 3.30 (bs, 2H), 3.86 (s, 3H), 6.61-6.64 (m, 2H), 6.67 (dd, J = 2.1, 6.3 Hz, 1H), 6.76 (d, J = 7.8 Hz, 1H), 6.79-6.84 (m, 4H); ESI-MS: 300.0 (M+1).

2-(2-aminophenoxy)-5-hexylphenol (40):  Method G was used to convert 2-(4-hexyl-2-methoxyphenoxy)aniline to the title compound.  Purification by flash chromatography (10% EtOAc/Hex) yielded 70% light brown solid.  1H NMR (300 MHz, CDCl3): δ 0.87-0.91 (m, 3H), 1.28-1.34 (m, 6H), 1.53-1.63 (m, 2H), 2.54 (t, J = 7.8 Hz, 2H), 3.90 (bs, 2H), 6.63 (dd, J = 2.1, 6.0 Hz, 1H), 6.71 (td, J = 1.2, 6.9 Hz, 1H), 6.78-6.83 (m, 3H), 6.86 (d, J = 2.1 Hz, 1H), 6.95 (td, J = 1.8, 6.0 Hz, 1H), ESI-MS: 286.1 (M+1).


2-(3-aminophenoxy)-5-hexylphenol (41):  Method G was used to convert 3-(4-hexyl-2-methoxyphenoxy)aniline to the title compound.  Purification by flash chromatography (10% EtOAc/Hex) yielded 75% light brown solid.  1H NMR (300 MHz, CDCl3): δ 0.87-0.92 (m, 3H), 1.26-1.39 (m, 6H), 1.55-1.65 (m, 2H), 2.55 (t, J = 8.1 Hz, 2H), 3.73 (bs, 2H), 6.36-6.38 (m, 1H), 6.40 (dt, J = 2.4, 3.0 Hz, 2H), 6.70 (dd, J = 1.8, 6.6 Hz, 1H), 6.82-6.86 (m, 2H), 7.05 (t, J = 8.1 Hz, 1H). ESI-MS: 286.2 (M+1).

2-(4-aminophenoxy)-5-hexylphenol (42):  Method G was used to convert 4-(4-hexyl-2-methoxyphenoxy)aniline to the title compound.  Purification by flash chromatography (10% EtOAc/Hex) yielded 77% light brown solid.  1H NMR (300 MHz, CDCl3): δ 0.86-0.91 (m, 3H), 1.24-1.36 (m, 6H), 1.63-1.63 (m, 2H), 2.53 (t, J = 7.8 Hz, 2H), 6.58 (dd, J = 1.8, 6.3 Hz, 1H), 6.64-6.69 (m, 3H), 6.83-6.87 (m, 3H); ESI-MS: 286.1 (M+1).

N-(2-(4-hexyl-2-methoxyphenoxy)phenyl)acetamide (43):  Method E was used to convert 2-(4-hexyl-2-methoxyphenoxy)aniline to the title product.  Purification by flash chromatography (5% EtOAc/Hex) yielded 85% white powder.  1H NMR (300 MHz, CDCl3): δ 0.88-0.96 (m, 3H), 1.26-1.38 (m, 6H), 1.59-1.68 (m, 2H), 2.18 (s, 3H), 2.60 (t, J = 8.1 Hz, 2H), 3.81 (s, 3H), 6.71-6.76 (m, 2H), 6.81 (d, J = 1.8 Hz, 1H), 6.91-7.06 (m, 4H), 8.04 (bs, 1H), 7.41 (d, J = 8.1 Hz, 1H).  


N-(3-(4-hexyl-2-methoxyphenoxy)phenyl)acetamide (44):  Method E was used to convert 3-(4-hexyl-2-methoxyphenoxy)aniline to the title product.  No purification was necessary.  Yielded 98% white powder.  1H NMR (300 MHz, CDCl3): δ 0.87-0.92 (m, 3H), 1.40-1.48 (m, 6H), 1.57-1.67 (m, 2H), 2.08 (s, 3H), 2.59 (t, J = 6.3 Hz, 2H), 3.79 (s, 3H), 6.62-6.65 (m, 1H), 6.72 (dd, J = 2.1, 6.3), 6.80 (d, J = 1.8, 1H), 6.89 (d, J = 7.8 Hz, 1H), 7.06-7.08 (m, 1H), 7.14-7.23 (m, 2H), 7.55 (bs, 1H); ESI-MS: 342.0 (M+1).


N-(4-(4-hexyl-2-methoxyphenoxy)phenyl)acetamide (45):  Method E was used to convert 4-(4-hexyl-2-methoxyphenoxy)aniline to the title product.  Purification by flash chromatography (5% EtOAc/Hex) yielded 89% white powder.    1H NMR (300 MHz, CDCl3): δ 0.87-0.93 (m, 3H), 1.30-1.35 (m, 6H), 1.56-1.67 (m, 2H), 2.10 (s, 3H), 2.58 (t, J = 7.8 Hz, 2H), 3.80 (s, 3H), 6.70 (dd, J = 2.1, 5.7 Hz, 1H), 6.79-6.88 (m, 4H), 7.36-7.40 (m, 2H), 7.85 (bs, 1H). 


Methyl-2-(2-(4-hexyl-2-methoxyphenoxy)phenylamino)-2-oxoacetate (46): Method E was used to convert 3-(4-hexyl-2-methoxyphenoxy)aniline to the title product.  No purification was necessary.  Yielded 92% light yellow solid.  ESI-MS: 386.5 (M+1).

Methyl-2-(3-(4-hexyl-2-methoxyphenoxy)phenylamino)-2-oxoacetate (47):  Method E was used to convert 3-(4-hexyl-2-methoxyphenoxy)aniline to the title product.  No purification was necessary.  Yielded 96% light yellow crystals.  1H NMR (300 MHz, CDCl3): δ 0.87-0.92 (m, 3H), 1.30-1.37 (m, 6H), 1.58-1.69 (m, 2H), 2.61 (t, J = 7.5 Hz, 2H), 3.78 (s, 3H), 6.72-6.78 (m, 2H), 6.80 (d, J = 11.4 Hz, 1H), 6.89-7.07 (m, 2H), 7.16-7.38 (m, 2H), 8.78 (bs, 1H). 


Methyl-2-(4-(4-hexyl-2-methoxyphenoxy)phenylamino)-2-oxoacetate (48):  Method E was used to convert 4-(4-hexyl-2-methoxyphenoxy)aniline to the title product.  No purification was necessary.  Yielded 96% light brown solid.  1H NMR (300 MHz, CDCl3): δ 0.87-0.92 (m, 3H), 1.30-1.40 (m, 6H), 1.59-1.69 (m, 2H), 2.60 (t, J = 8.1 Hz, 2H), 3.79 (s, 3H), 6.72-6.82 (m, 2H), 6.88-6.96 (m, 3H), 7.14-7.17 (m, 1H), 7.53-7.56 (m, 1H), 8.79 (bs, 1H).  


N-(2-(4-hexyl-2-methoxyphenoxy)phenyl)isoxazole-5-carboxamide (49):  Method E was used to convert 2-(4-hexyl-2-methoxyphenoxy)aniline to the title product.  Purification by flash chromatography (10% EtOAc/Hex) yielded 76% colorless oil.  1H NMR (300 MHz, CDCl3): δ 0.85-0.89 (m, 3H), 1.24-1.36 (m, 6H), 1.58-1.66 (m, 2H), 2.58 (t, J = 8.1 Hz, 2H), 3.78 (s, 3H), 6.72-6.81 (m, 3H), 6.96-7.05 (m, 4H), 8.33 (d, J = 1.8 Hz, 1H), 8.45 (dd, J = 1.8, 6.0 Hz, 1H), 9.21 (bs, 1H).


N-(3-(4-hexyl-2-methoxyphenoxy)phenyl)isoxazole-5-carboxamide (50):  Method E was used to convert 3-(4-hexyl-2-methoxyphenoxy)aniline to the title product.  Purification by flash chromatography (25% EtOAc/Hex) yielded 90% white solid.  1H NMR (300 MHz, CDCl3): δ 0.88-0.92 (m, 3H), 1.28-1.34 (m, 6H), 1.59-1.68 (m, 2H), 2.61 (t, J = 7.8 Hz, 2H), 3.81 (s, 3H), 6.75-6.78 (m, 2H), 6.83 (d, J = 1.8 Hz, 1H), 6.84 (d, J = 8.1 Hz, 1H), 7.00 (dd, J = 0.3, 1.5, 1H), 7.18 (t, J = 2.1 Hz, 1H), 7.25-7.38 (m, 2H), 8.24 (bs, 1H), 8.35 (dd, J = 0.6, 1.5 Hz, 1H).


N-(4-(4-hexyl-2-methoxyphenoxy)phenyl)isoxazole-5-carboxamide (51):  Method E was used to convert 4-(4-hexyl-2-methoxyphenoxy)aniline to the title product.  Recrystallization from methanol yielded 75% colorless crystals.  1H NMR (300 MHz, CDCl3): δ 0.87-0.92 (m, 3H), 1.28-1.34 (m, 6H), 1.60-1.66 (m, 2H), 2.61 (t, J = 8.4 Hz, 2H), 3.82 (s, 3H), 6.74 (dd, J = 2.4, 6.0 Hz, 1H), 6.82 (d, J = 1.8 Hz, 1H), 6.90 (d, J = 8.1 Hz, 1H), 6.93-6.97 (m, 2H), 7.01 (d, J = 1.8 Hz, 1H), 8.19 (bs, 1H), 8.38 (d, J = 1.8 Hz, 1H).

N-(2-(4-hexyl-2-hydroxyphenoxy)phenyl)acetamide (52):  Method G was used to convert N-(2-(4-hexyl-2-methoxyphenoxy)phenyl)acetamide to the title product.  Purification by flash chromatography (10% EtOAc/Hex) yielded 78% white powder.  1H NMR (300 MHz, CDCl3): δ 0.87-0.92 (m, 3H), 1.29-1.34 (m. 6H), 1.57-1.63 (m, 2H), 2.02 (s, 3H), 2.57 (t, J = 7.8 Hz, 2H), 6.66-6.73 (m, 2H), 6.86-6.90 (m, 2H), 6.99-7.04 (m, 2H), 7.67 (bs, 2H), 7.95-7.83 (m, 1H); ESI-MS: 328.0 (M+1).


N-(3-(4-hexyl-2-hydroxyphenoxy)phenyl)acetamide (53): Compound not soluble in a variety of solvents therefore not characterized.


N-(4-(4-hexyl-2-hydroxyphenoxy)phenyl)acetamide (54):  Method G was used to convert N-(4-(4-hexyl-2-methoxyphenoxy)phenyl)acetamide to the title product.  Purification by flash chromatography (12% EtOAc/Hex) yielded 84% white powder.    1H NMR (300 MHz, CDCl3): δ 0.85-0.91 (m, 3H), 1.26-1.36 (m, 6H), 1.54-1.64 (m, 2H), 2.14 (s, 3H), 2.54 (t, J = 8.1 Hz, 2H), 5.56 (bs, 1h), 6.63 (dd, J = 1.8, 6.3 Hz, 1H), 6.75 (d, J = 8.4 Hz, 1H), 6.86 (d, J = 2.1 Hz, 1H), 6.89-6.94 (m, 2H), 7.37-7.42 (m, 2H), 7.48 (bs, 1H); ESI-MS: 328.0 (M+1).

2-(2-(4-hexyl-2-hydroxyphenoxy)phenylamino)-2-oxoacetic acid (55):  Method G was used to convert Methyl-2-(2-(4-hexyl-2-methoxyphenoxy)

phenylamino)-2-oxoacetate to the title product.  Recrystallization from EtOAc/Hex yielded 70% white crystals.  1H NMR (300 MHz, Acetone-d6): δ 0.94-0.99 (m, 3H), 1.36-1.45 (m, 6H), 1.65-1.73 (m, 2H), 2.65 (t, J = 6.0 Hz, 2H), 6.76-6.84 (m, 2H), 6.97 (d, J = 2.1 Hz, 1H), 7.07-7.21 (m, 3H), 8.22-8.27 (m, 1H), 8.56 (bs, 1H), 9.98 (bs, 1H); ESI-MS: 358.0 (M+1).


2-(3-(4-hexyl-2-hydroxyphenoxy)phenylamino)-2-oxoacetic acid (56):  Method G was used to convert Methyl-2-(3-(4-hexyl-2-methoxyphenoxy)

phenylamino)-2-oxoacetate to the title product.  Recrystallization from EtOAc/Hex yielded 65% off-white crystals.  1H NMR (300 MHz, DMSO-d​6): δ 0.82-0.89 (m, 3H), 1.22-1.34 (m, 6H), 1.49-1.51 (m, 2H), 1.47-2.51 (m, 2H), 6.65-6.64 (m, 2H), 6.76 (s, 1H), 6.85 (d, J = 8.1 Hz, 1H), 7.22 (t, J = 8.1 Hz, 1H), 7.39 (t, J = 10.5 Hz, 2H), 9.34 (s, 1H), 10.66 (s, 1H); ESI-MS: 358.1 (M+1).


2-(4-(4-hexyl-2-hydroxyphenoxy)phenylamino)-2-oxoacetic acid (57):  Method G was used to convert Methyl-2-(4-(4-hexyl-2-methoxyphenoxy)

phenylamino)-2-oxoacetate to the title product.  Recrystallization from EtOAc/Hex yielded 85% white crystals.  1H NMR (300 MHz, Acetone-d6): δ 0.98-0.91 (m, 3H), 1.30-1.35 (m, 6H), 1.56-1.66 (m, 2H), 2.56 (t, J = 9.1 Hz, 2H), 6.70 (dd, J = 2.1, 6.3 Hz, 1H), 6.86-6.93 (m, 4H), 7.78 (dd, J = 1.2, 7.8 Hz, 2H), 8.14 (bs, 1H), 9.96 (bs, 1H); ESI-MS: 358.1 (M+1). 


N-(2-(4-hexyl-2-hydroxyphenoxy)phenyl)isoxazole-5-carboxamide (58):  Method G was used to convert N-(2-(4-hexyl-2-methoxyphenoxy)phenyl)

isoxazole-5-carboxamide to the title product.  Recrystallization from methanol yielded 92% white crystals.  1H NMR (300 MHz, CDCl3): δ 0.87-0.92 (m, 3H), 1.28-1.37 (m, 6H), 1.59-1.63 m , 2H), 2.56 (t, J = 7.8 Hz, 2H), 6.71 (dd, J = 1.8, 6.3 Hz, 1H), 6.76 (d, J = 7.8 Hz, 1H), 6.81-6.92 (m, 3H), 7.00-7.1 (m, 3H), 7.97 (dd, J = 1.8, 6.3 Hz, 1H), 8.35 (s, 1H), 8.75 (bs, 1H); ESI-MS: 381.1 (M+1).


N-(3-(4-hexyl-2-hydroxyphenoxy)phenyl)isoxazole-5-carboxamide (59):  Method G was used to convert N-(3-(4-hexyl-2-methoxyphenoxy)phenyl)

isoxazole-5-carboxamide to the title product.  Purification by flash chromatography (10% EtOAc/Hex) yielded 95% colorless crystals.  1H NMR (300 MHz, CDCl3): δ 0.87-0.91 (m, 3H), 1.26-1.36 (m, 6H), 1.58-1.62 (m, 2H), 2.56 (t, J = 7.5 Hz, 2H), 5.12 (bs, 1H), 6.68 (dd, J = 1.8, 6.3 Hz, 1H), 6.79-6.82 (m, 1H), 6.84-6.89 (m, 2H), 7.01 (d, J = 1.8 Hz, 1H), 7.27-7.32 (m, 1H), 7.35-7.38 (m, 2H), 8.32 (bs, 1H), 8.35 (d, J = 1.8 Hz, 1H); ESI-MS: 381.1 (M+1).


N-(4-(4-hexyl-2-hydroxyphenoxy)phenyl)isoxazole-5-carboxamide (60):  Method G was used to convert N-(4-(4-hexyl-2-methoxyphenoxy)phenyl)

isoxazole-5-carboxamide.  Purification by flash chromatography (25% EtOAc/Hex) yielded 93% white solid.  1H NMR (300 MHz, CDCl3): δ 0.87-0.91 (m, 3H), 1.25-1.39 (m, 6H), 1.55-1.63 (m, 2H), 2.56 (t, J = 7.8 Hz, 2H), 5.50 (s, 1H), 6.67 (dd, J = 2.4, 6.0 Hz, 1H), 6.80 (d, J = 8.1 Hz, 1H), 6.88 (d, J = 2.1 Hz, 1H), 7.02-7.05 (m, 3H), 7.58-7.62 (m, 2H), 8.22 (bs, 1H), 8.39 (d, J = 1.2 Hz, 1H); ESI-MS: 381.1 (M+1).


2-(4-bromo-2-methoxyphenoxy)benzaldehyde (61):  Method B was used to convert 4-bromo-2-methoxyphenol and 2-fluorobenzaldehyde to give the title product.  Purification by flash chromatography (5% EtOAc/Hex) yielded 95% colorless crystals.  1H NMR (300 MHz, CDCl3): δ 3.76 (s, 3H), 6.68 (dd, J = 0.9, 7.5 Hz, 1H), 6.92 (d, J = 8.7 Hz, 1H), 7.06-7.13 (m, 3H), 7.40-7.46 (m, 1H), 7.88 (dd, J = 1.8, 5.7 Hz, 1H), 10.57 (s, 1H).


4-(4-bromo-2-methoxyphenoxy)benzaldehyde (62):  Method B was used to convert 4-bromo-2-methoxyphenol and 4-fluorobenzaldehyde to give the title product.  Purification by flash chromatography (5% EtOAc/Hex) yielded 97% colorless crystals.    1H NMR (300 MHz, CDCl3): δ 3.88 (s, 3H), 7.04-7.09 (m, 3H), 7.23 (dd, J = 2.1, 6.3 Hz, 1H), 7.26 (d, J = 1.8 Hz, 1H), 7.90-7.94 (m, 2H), 10.01 (s, 1H).


1-(2-(4-bromo-2-methoxyphenoxy)benzyl)-4-methylpiperazine (63):  Method F was used to convert 2-(4-bromo-2-methoxyphenoxy)benzaldehyde to the title product.  No Purification was necessary.  Yielded 86% light brown solid.  1H NMR (300 MHz, CDCl3): δ 2.24 (s, 3H), 2.38 (bs, 4H), 2.50 (bs, 4H), 3.58 (s, 2H), 3.81 (s, 2H), 6.62 (d, J = 8.7 Hz, 1H), 6.73 (dd, J = 1.5, 6.6 Hz, 1H), 6.95 (dd, J = 2.1, 6.3 Hz, 1H), 7.03-7.08 (m, 2H), 7.14 (td, J = 1.8, 6.0 Hz, 1H), 7.44 (dd, J = 1.5, 5.7 Hz, 1H); ESI-MS: 391.0 (M+1).


1-(4-(4-bromo-2-methoxyphenoxy)benzyl)-4-methylpiperazine (64):  Method F was used to convert 4-(4-bromo-2-methoxyphenoxy)benzaldehyde to the title product.  No Purification was necessary.  Yielded 98% off-white crystals.  1H NMR (300 MHz, CDCl3): δ 2.24 (s, 3H), 2.41 (bs, 8H), 3.42 (s, 2H), 3.78 (s, 3H), 6.77 (d, J = 8.7 Hz, 1H), 6.81-6.85 (m, 2H), 6.98 (dd, J = 2.4, 6.3 Hz, 1H), 7.06 (d, J = 2.4 Hz, 1H), 7.17-7.21 (m, 2H); ESI-MS: 391.0 (M+1).


1-(2-(4-hexyl-2-methoxyphenoxy)benzyl)-4-methylpiperazine (65):   Method C was used to convert 1-(2-(4-bromo-2-methoxyphenoxy)benzyl)-4-methylpiperazine to the title product.  No purification necessary  50% light brown oil.  Compound was not characterized.


1-(4-(4-hexyl-2-methoxyphenoxy)benzyl)-4-methylpiperazine (66):  Method C was used to convert 1-(4-(4-bromo-2-methoxyphenoxy)benzyl)-4-methylpiperazine to the title product.  No purification necessary  Yielded 65% light brown oil.  1H NMR (300 MHz, CDCl3): δ 0.81-0.86 (m, 3H), 1.23-1.30 (m, 6H), 1.51-1.62 (m, 2H), 2.20 (s, 3H), 2.38 (bs, 8H), 2.53 (t, J = 6.3 Hz, 2H), 3.88 (s, 3H), 3.72 (s, 3H), 6.64 (dd, J = 2.1, 6.0 Hz, 1H), 6.74 (d, J = 1.8 Hz, 1H), 6.80 (m, 3H), 7.14 (m, 2H).


5-hexyl-2-(2-((4-methylpiperazin-1-yl)methyl)phenoxy)phenol (67):  Method G was used to convert 1-(2-(4-hexyl-2-methoxyphenoxy)benzyl)-4-methylpiperazine to the title product.  Recrystallized from EtOAc/Hex to yield 72% white crystals.  1H NMR (300 MHz, CDCl3): δ 0.86-0.91 (m, 3H), 1.26-1.31 (m, 6H), 1.55-1.62 (m, 2H), 2.54 (t, J = 7.8 Hz, 2H), 2.70-2.78 (m, 2H), 3.07 (d, J = 13.2 Hz, 2H), 3.19 (s, 3H), 3.46 (d, J = 13.5 Hz, 2H), 3.82 (s, 2H), 4.15-4.24 (m, 2H), 6.68 (dd, J = 1.8, 6.3 Hz, 1H), 6.77 (d, J = 1.8 Hz, 1H), 6.98 (q, J = 8.1 Hz, 2H), 7.20 (m, 3H), 9.45 (bs, 1H); ESI-MS: 383.3 (M+1).


5-hexyl-2-(4-((4-methylpiperazin-1-yl)methyl)phenoxy)phenol (68):  Method G was used to convert 1-(4-(4-hexyl-2-methoxyphenoxy)benzyl)-4-methylpiperazine to the title product.  Recrystallization from EtOAc/Hex yielded 84% white crystals.  1H NMR (300 MHz, DMSO-d6): δ 0.83-0.87 (m, 3H), 1.25-1.28 (m, 6H), 1.48-1.58 (m, 2H), 2.46-2.48 (m, 2H), 2.51-2.62 (m, 2H), 2.75-2.86 (m, 2H), 3.02 (s, 3H), 3.35-3.38 (m, 2H), 3.48-3.52 (m, 2H), 3.65-3.76 (m, 2H), 6.61 (dd, J = 1.8, 6.0 Hz, 1H), 6.76-6.85 (m, 5H), 7.20-7.23 (m, 2H), 9.34 (s, 1H); ESI-MS: 383.2 (M+1).  


4-chloro-2-methoxy-1-(o-tolyloxy)benzene (69):  Method A was used to convert 4-chloro-2-methoxyphenol and iodotoluene to the title product.  Purification by flash chromatography (5% EtOAc/Hex) yielded 70% colorless oil.  1H NMR (300 MHz, CDCl3): δ 2.31 (s, 3H), 3.88 (s, 3H), 6.69 (d, J = 8.7 Hz, 1H), 6.78 (dd, J = 1.2, 6.9 Hz, 1H), 6.86 (dd, J = 2.4 Hz, 6.3, 1H), 6.99 (d, J = 2.4 Hz, 1H), 7.02-7.07 (m, 1H), 7.11-7.18 (m, 1H), 7.24-7.27 (m, 1H); ESI-MS: 249.1 (M+1)  

4-hexyl-2-methoxy-1-(o-tolyloxy)benzene (70):  Method C was used to convert 4-chloro-2-methoxy-1-(o-tolyloxy)benzene to the title product.  Purification by flash chromatography (5% EtOAc/Hex) yielded 72% slightly yellow oil.  1H NMR (300 MHz, CDCl3):  δ 0.94-0.97 (m, 3H), 1.36-1.39 (m, 6H), 1.63-1.72 (m, 2H), 2.38 (s, 3H), 2.54 (t, J = 6.0 Hz, 2H), 3.89 (s, 3H), 6.71-6.80 (m, 3H), 6.86 (d, J = 1.5 Hz, 1H), 6.92-7.04 (m, 1H), 7.10-7.16 (m, 1H), 7.24-2.27 (m, 1H); ESI-MS: 299.2 (M+1).
  


5-hexyl-2-(o-tolyloxy)phenol (71):  Method G was used to convert 4-hexyl-2-methoxy-1-(o-tolyloxy)benzene to the title product.  Purification by flash chromatography (5% EtOAc/Hex) yielded 90% light yellow oil.  1H NMR (400 MHz, CDCl3):  δ 0.89 (t, J = 6.4 Hz, 3H), 1.28-1.35 (m, 6H), 1.54-1.61 (m, 2H), 2.29 (s, 3H), 2.54 (t, J = 6.0 Hz, 2H), 5.53 (s, 1H), 6.60 (s, 2H), 6.84-6.87 (m, 2H), 7.07 (t, J = 6.4 Hz, 1H), 7.12-7.16 (m, 1H), 7.24 (s, 1H); ESI-MS: 285.3 (M+1).


IV. 3. Kinetic Experiments – performed by Nina Liu and Hua Xu at Stony Brook University

Kinetic assays using trans-2-dodecenoyl-Coenzyme A (DD-CoA) and wild-type InhA were performed as described previously.22  Reactions were initiated by addition of substrate to solutions containing InhA, inhibitor, and NADH in 30 mM PIPES and 150 mM NaCl, pH 6.8 buffer.  IC50 values were determined by varying the concentration of inhibitor in reactions containing 250 μM NADH, 100 nM InhA and 25 μM DD-CoA.  The experimental data were analyzed using eq 1, where I is the inhibitor concentration and y is percent activity, using a slope factor (s) of 1.0.


y = 100%/[1 + (I/IC50)s] (1).  


Data fitting was performed using Grafit 4.0 (Erithacus Software Ltd.).

IV. 4. Antibacterial Activity – Performed by Melissa Boyne and Susan Knudson at Colorado State University

MIC90 data were acquired essentially as described previously using the microplate dilution assay.


31, 32 ADDIN EN.CITE   Briefly, bacterial cells were grown to early-mid log phase in Middlebrook 7H9 liquid medium containing 10% OADC enrichment and 0.05% Tween-80.  Fifty µL of bacteria were added to the test wells and compounds were added to a final volume of 100 µL per well in 2 fold serial dilutions.  Each drug dilution series was performed in triplicate.  Plates were incubated at 37°C for 5-7 days and each well was evaluated for growth or no growth.  The MIC was the lowest drug concentration that inhibited visible bacterial growth in all replicates.  Where alamarBlue® was used as the growth indicator, then the MIC was the lowest drug concentration that maintained a blue color in all replicates.  A blue color in the alamarBlue® Assay indicates no bacterial growth and a red color in the assay is indicative of cell growth (BioSource International, Inc).

IV. 5. LogP Determination – Performed by James Childs and Charles Peloquin at the National Jewish Medical and Research Center.

The log P value is defined as the partitioning coefficient of a compound in a water iso-octane mixture.  In order to estimate log P, an HPLC method was used to establish a standard curve using a series of compounds with known log P values.  Compounds were chromatographed on a Phenomenex Bondclone 10 ( C18 150 x 3.9 mm column using 0.05 M ammonium acetate pH 7.4 as buffer A and acetonitrile as buffer B.  The initial solvent conditions were 95%A and 5% B, and after injecting the compounds a linear gradient was applied in which the amount of A was varied from 95% to 10% over 11 min.  The flow rate was 1 mL/min and compounds were detected at 280 nm. 


The standards used were as follows (log P values are given in parentheses).  Benzo(g,h,i)perylene (6.50), benzo(k)fluoranthene (5.8), nelfinavir (5.53), efavirenz (4.69), imipramine (4.42), quinoline (2.30), ethionamide (1.52), benzamide (0.64), pyrazinamide (-0.53), isoniazid (-0.80).  The retention time versus the published log P values were plotted to create a calibration curve and the HPLC retention times of the unknowns were then compared to the calibration curve to obtain an approximate log P of the unknown compounds.  .
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included p-aminosalicylic acid (1949), isoniazid (1952), pyrazinamide (1954),
cycloserine (1955), ethambutol (1962) and rifampicin (1963).>"° However, the
emergence of multidrug-resistant (MDR) and extensively-drug resistant (XDR)
strains combined with the long and costly treatment demonstrated the urgent
need to develop novel chemotherapeutic agents for the treatment of this
disease."

The current front-line drug isoniazid (INH), targets the synthesis of mycolic
acids which are necessary components required in maintaining the integrity of
the complex Mycobacterial cell wall.'? Despite the complexity in INH’s
mechanism of action, there is good evidence that INH targets InhA, the enoyl
reductase (ENR) in the fatty acid biosynthesis (FASII) pathway (Figure 1).'*"°
However, INH does not directly target InhA; it first needs to be activated by the
catalase-peroxidase enzyme KatG. This activated form of isoniazid then reacts
with NAD® to form the INH-NAD® adduct which is a slow, tight-binding

1720 Mutations in KatG account for

competitive inhibitor of InhA (Scheme 1).
much of the resistance to INH.2"?* Therefore, it would be desirable to design an
inhibitor that can bypass this initial activation step and target InhA directly. Such

a compound may display promising activity against many of the drug-resistant

strains of Mycobacterium tuberculosis.

O~__NH

o) ? 2
| X H’NHz KatG | X
N~ NAD* N~ x~_N

Scheme 1. Formation of the INH-NAD(H) adduct.
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Figure 1. The fatty acid biosynthesis (FASII) pathway in M. tuberculosis.
The FASII pathway in MTB is involved in elongating fatty acids
from the FASI cycle. The acyl carrier protein, AcpM, is used to
carry the elongating fatty acid through the cycle. AcpM is first
condensed with malonyl CoA via FabD, the malonyl CoA:AcpM
acyltransferase. The pathway is then initiated another
condensation reaction involving the long chain acyl-CoA
provided from the FASI pathway with the malonyl-AcpM via
FabH, a B-ketoacyl-AcpM synthase llI, thereby liberating COs,.
Next, the B-ketoacyl-AcpM is reduced by MabA (FabG), a
NADPH-dependent  3-ketoacyl-AcpM  reductase to the
corresponding 3-hydroxy AcpM. This is dehydrated to give the
2-enoyl-AcpM product. The final step involved InhA (Fabl), the
enoyl-AcpM reductase which reduces the alkene to yield the
saturated fatty acid. Successive cycles of elongation are
initiated by the condensation of another malonyl-AcpM by either
of the B-ketoacyl-AcpM synthases, KasA or KasB with the
growing acyl-AcpM product formed from InhA. For each round
of this cycle, two carbons are added resulting in a C50-60 fatty
acid chain. For a more detailed description of the FASII
pathway and its potential as a target for novel
chemotherapeutics, refer to Payne et al. and references
therein.®

In addition to the evidence that the INH-NAD™ adduct targets InhA, there is
additional data that supports the notion that the enoyl reductase, InhA (Fabl) and

other enzymes within the FASII pathway are attractive targets. For example,



there are several known InhA/Fabl inhibitors including pyrazole derivatives,
indole-5-amides, diazoborines and triclosan which have activity against M.
tuberculosis and/or other organisms including Escherichia coli, Staphylococcus

24-29

aureus, and Francisella tularensis (Figure 2). In addition, other enzymes

within the FASII cycle have been shown to be validated drug targets by inhibitors

such as thiolactomycin and cerulenin (Figure 2).93°

0
N NO, =N N=
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Figure 2. Structures of several inhibitors of the FASII pathway.

Furthermore, the fact that the FASII enzymes in MTB differ considerably from the
mammalian FASI pathway which incorporates most of the enzymatic activity into
one or two polypeptides, indicates that fatty acid synthesis is an attractive

pathway to target.®*3’



l. 2. Discovery Process

In order to initiate a design program aimed at developing new inhibitors for
a particular enzyme, there are three major approaches that are currently in use.
The first incorporates the use of high-throughput screens (HTS), which takes
advantage of large screening libraries in order to identify a lead compound.
These libraries can range from a few hundred compounds to over 1,000,000.%%4°
This method can also be used in silico in order to generate the lead compound.*"
*3 The second route which is a growing in popularity as a method for developing
new drug candidates, employs the design of transition-state analogues.***® This
relies on the idea that a given enzyme has evolved to bind to the transition state
of a reaction with the most affinity and therefore the creation of inhibitors that
mimic this transient structure should bind tightly within the active site.*> The third
approach is to look into an analogous system and identify the corresponding
homologous enzyme where an inhibitor is already known and determine if it can
be used as a lead pharmacophore.*”*° The route that our laboratory took was
the latter, with the identification of the lead compound, triclosan (TCN, Figure 2,
Table 1).

Triclosan is a common antibacterial found in many consumer products
ranging from hand soap to toothpaste. Originally, TCN was thought to display a
non-specific mode of action. However, recent work has shown that triclosan
inhibits Fabl, the enoyl reductase in the FASII pathway.’’** Specifically it has

been shown that, triclosan is a slow, tight-binding uncompetitive inhibitor of the



Table 1. Summary of structure-activity data for triclosan and several analogues
toward Fabl. Refer to Sivaraman et al. for a complete analysis.*
Compound Structure Ki (pM)?

OH Cl
TCN O 3.8+0.2
Cl Cl
OH
1 /@/O\Q 0.63 +0.03
Cl
OH
2 @O\Q 5x 10°

4K; is the inhibition constant for uncompetitive inhibition of E. coli
Fabl.

E.coli Fabl with a K; of 7 pM.>**®> However, Triclosan is a relatively poor inhibitor
of InhA with a K, of 0.2 pM and does not display slow-onset inhibition.>®
Therefore, detailed kinetic and crystallographic as well as structure-activity
relationship studies were initially performed on the E. coli Fabl in order to
determine the necessary functionality on the molecule. The results of these
studies are reported in Sivaraman et al. and summarized in Figure 3 and Table
1.5%%7 The outcome of these experiments shows the considerable importance of
the 5’-chlorine on the A-ring as well as the relative insignificance of the B-ring
chlorines. These data coupled with a crystal structure of TCN bound to Fabl,
show the significance of the phenol and bridging oxygen because they are
involved in a hydrogen-bonding network with a conserved tyrosine residue as

well as the NAD* cofactor (Figure 3).°’



Figure 3. Crystal structure of triclosan in complex with Fabl showing the
important hydrogen bonding network between triclosan, the
conserved Tyr156 and the NAD" cofactor.

l. 3. Design of Alkyl Diaryl Ethers

In order to design inhibitors for InhA, analyses of both substrate specificity
and structural data were performed. It is known that InhA has a larger substrate-
binding loop than Fabl and therefore may tolerate larger substituents.’® Moreover,
a crystal structure of triclosan bound to InhA was obtained.”® This crystal
structure overlaid with the crystal structure of a hexadecanoyl-N-
acetylcysteamine (C16-NAC) substrate bound to InhA show the 5’-chlorine is
directed into the same hydrophobic pocket in which the alkyl chain of the fatty
acid is normally bound (Figure 4).°®*° Consequently, in order to mimic the way
the substrate binds within the active site and to take advantage of the larger

substrate binding pocket, inhibitors were synthesized with alkyl chains of varying



lengths at the 5-position on the A-ring as shown in Scheme 2 and the results of

which are summarized in Table 1.%°

Figure 4. Overlay of the crystal structure of triclosan bound to InhA and the
structure of the C16-N-acetylcysteamine substrate bound. In the
C16-NAC/InhA complex, the loop is ordered whereas in the TCN
bound structure the loop is disordered.

|. 4. Results and Discussion

It is demonstrated in Table 2 that increasing the length of the alkyl chain
has beneficial effects on inhibitor binding. Specifically, the ethyl diaryl ether, 2PP

has an 1Csp of 2000 nM whereas increasing the alkyl chain by two carbons to the



OMe OMe
OH | (CUOTf)zOPhH O RZnCl
) \© Cs,COj3, EtOAC \© THF/NMP
cl [ArCO,H], toluene cl s Pd(P(t-Bu)s).

65-88% 72-92%
OMe OH
© BBrs, CH,Cl, © n=1,35713
- 2PP, 4PP, 5PP
-78°C -r.t. 6PP, 8PP, 14PP
n 4-9 85-97% n

Scheme 2. Synthesis of alkyl diaryl ethers 2PP-14PP.

butyl, decreases the 1Cso value 25-fold. A further increase of the alkyl chain to 8
carbons decreases the 1Cs value another 16-fold and results in a Kj of 1.1 £ 0.2
for 8PP. However, when the alkyl chain is increased further to 14 carbons, there
is a negative effect on inhibition with 14PP showing a K; of 30.3 + 4.7.%°

More importantly, the MICgg values in Table 2 show that there is activity
against several strains of MTB with varying sensitivities to INH. It can be seen
that these MICgg values are a significant improvement to those displayed by TCN
and are approaching the values that the current front-line drug isoniazid exhibits.
In addition, the H37gr, pMH29:inhA strain of MTB contains an InhA
overexpression vector and therefore, the increased MICgg value that is observed
is consistent with the inhibitors mainly targeting InhA within the cell and not other
enzymes within the cell.®® This is also demonstrated by the good correlation
between the Kj and MIC data.

Fortunately, crystal structures of both the 5PP and 8PP inhibitors bound to
InhA were obtained by our collaborators in the University of Warzburg. It can be

seen that these inhibitors bind in a similar manner to triclosan, retaining the



hydrogen-bonding network and placing the alkyl chain into the desired

hydrophobic, substrate-binding pocket (Figure 5a and b).>®

Table 2. Alkyl diaryl ether, triclosan and isoniazid enzyme inhibition and MICygg
data.

MICgo pg/mL (uM)*

H37gy
Compound?®  ICso (nM)° Ki (nm)° H37gy pMH29:inha®  TN587 NHN382

125+0  33.3%129
1000 + 1 220 £ 2
TCN 000 100 0£20  437:0) (115 +45)

2PP 2000 + 700 (137'_85%_,00)

4pp 80 £ 15 (1266.811053)

5PP 175 11.8+4.5 (;:gig)

6PP Mt1 94105 (31; . gﬁg) 1(2985265? (3391 : ;3% <131'.151100>
e sosos oz (9305 Zorsi a0wre 2eos
14PP 150 £24  30.3+4.7 (128)

INH 0.75+ 0.08' (8@? i 8) (12ff15i¢1§_35) (111'.67100)

%2PP, 4PP, 5PP, 6PP, 8PP and 14PP represent the diaryl ethers containing ethyl, butyl, pentyl,
hexyl, octyl, and tetradecyl substituents at the 5 position. ®ICso measurements determined via
varying inhibitor concentration at fixed substrate concentration. °K; is the inhibition constant for
uncompetitive inhibition of InhA. dMIng is the concentration of inhibitor need to result in complete
inhibition of MTB cell growth. H37g, is a drug-sensitive strain of MTB, whereas TN587 and
NHN382 are clinical strains of MTB with various sensitivities toward INH. Data on additional
strains can be found in Sullivan et al.®® °H37g, pMH29:inhA is a strain of MTB containing an
overexpression vector for InhA. 'K; for the INH-NAD adduct can be found in Rawat et al.?

An important point to note from these crystal structures and from the kinetic data,

is that these inhibitors do not display the slow-onset inhibition that is seen with

10



the INH-NAD* adduct or with triclosan bound to Fabl.?%%>% This is evident in the

crystal structures by the absence of electron density in the active site loop region

Figure 5. Structures of InhA in complexes with (a) 5PP, (b) 8PP and (c) INH.
The loop termini are shown in red for the 5PP and 8PP structures. The
INH crystal structure displays the ordered active site loop in red.

whereas these residues are seen in the INH crystal structure (Figure 5c).2%

Importantly, the structural data provide an important foundation that will aid in the
generation of new inhibitors via simple crystal structure analysis and
computational methods such as molecular modeling and docking experiments. It
is hoped that these methods will lead to an improvement in inhibition as well as
invoke active site loop ordering.

The MICyy values of both the 6PP and 8PP inhibitors were in the
acceptable range for testing in a rapid animal model of MTB infection using IFN-y
gene disrupted (GKO) mice. These compounds were shown to have a maximum
tolerated dose (MTD) of > 500 mg/kg with no adverse side effects observed after
7 days following a single dose of 100, 300, or 500 mg/kg. However, the

concentration of these inhibitors in the serum was determined to be ~20 pg/mL at

11



30 minutes after dosing corresponding to a low to medium bioavailability.
Consistent with this low value, both 6PP and 8PP were unable to reduce the
bacterial load within the lungs and spleen.’’ Therefore, the problem of low

bioavailability needs to be addressed in this series.
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Chapter II: Improving ‘Drug-like’ Properties

Il. 1. Bioavailability, Lipinski parameters and PSA Background

Bioavailability of a compound is a major hurdle in the development of new
drugs and is often a parameter that disqualifies an inhibitor from further trials
regardless of how effective it is in vitro. The bioavailability of a drug is described
as the fraction of the administered dose that reaches the systemic circulation i.e.
bioavailability is a reason for the difference between the dose and exposure.®®°
Therefore, by definition an intravenous route of administration results in 100%
bioavailability. However, there are many reasons that a drug should have oral
bioavailability due to a practical stand point for ease of administration.®*** Many
factors influence the oral bioavailability of a drug including solubility and first-pass
metabolism in addition to other factors resulting in compound elimination.®®®°
Furthermore, there are several simple molecular descriptors that have been
correlated with oral bioavailability with one assessment outlined by Lipinski et
al.®®

Christopher Lipinski at Pfizer Global Research and Development set out to
determine factors that influence the ‘drug-likeness’ of a compound in order to
understand which parameters are important in the drug discovery process.
Through statistical analysis there were four descriptors that were determined to

be common features in orally administered drugs. They showed that an orally

bioavailable drug has:
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1. Not more than 5 hydrogen bond donors.

2. Not more than 10 hydrogen bond acceptors.

3. A molecular weight less than 500 g/mol.

4. A ClogP under 5.
Due to the common denominator of 5 throughout the rules, they gave it the name
‘the rule of five’ and termed it a predictor of poor absorption and permeation if a
compound did not fall within these parameters.®® These compounds fail only one
of the rules with both 6PP and 8PP outside the desired ClogP value of less than
5. Respectively, they have ClogPs of 6.47 and 7.53 (Table 3).

Another descriptor that is commonly used in determining whether a
compound will have good oral bioavailability is its polar surface area (PSA).6>¢7-"°
PSA is the sum of the van der Waals surface area from oxygen or nitrogen atoms
within a compound as well as the hydrogen atoms attached to them.”" Therefore,
it is obviously directly correlated with a molecules hydrogen bonding ability. A
study performed by GlaxoSmithKline indicates that a PSA less than 140 A? will
have a high possibility of good oral bioavailability.62 Therefore, in an effort to
increase the ‘drug-like’ properties of our compounds, a series of compounds
were synthesized in an effort to decrease ClogP while retaining PSA values

below the 140 A? maximum value.”®
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Il. 2. Strategies

In order to accomplish the goal of decreasing the ClogP values for these
compounds, two classes of molecules were synthesized with alterations to the
diaryl ether B-ring. In one series of compounds the B-ring was replaced with
bioisosteric heterocycles which incorporate nitrogen atoms within the ring in an
effort to cause minimal steric perturbation to the overall structure of the molecule
(Scheme 3). The second series of compounds contains nitro, amino, amide and
piperazine functionalities at the ortho, meta and para positions on the B-ring
(Scheme 4 and 5). This series was synthesized in an effort not only to increase
aqueous solubility but also to systematically explore the chemical space around
the ring in order to identify positions which could be substituted without
diminishing biological activity. A portion of this work can be found in Bioorganic
and Medicinal Chemistry Letters with kinetic data performed by Nina Liu and MIC

data performed by Susan Knudson at Colorado State University.

ll. 3. Chemistry

The synthesis of the heterocyclic diaryl ether compounds was initiated
either by nucleophilic aromatic substitution or Buchwald-Hartwig cross coupling
of the appropriate nitrogen heterocycle with 4-bromo or chloro-2-methoxy phenol
producing 10-15 (Scheme 3).”2"® This was followed by palladium-catalyzed

Negishi coupling of the diaryl ethers with hexyl zinc chloride to give 16-21. Boron
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tribromide cleavage of the methyl ether was subsequently used to generate the
respective phenols, 22-27.”* Structural characterization of all compounds was
performed using 'H NMR and ESI/MS.

The syntheses of the nitro, amino and amide-substituted compounds were
performed using the series of reactions shown in Scheme 4. Nucleophilic

aromatic substitution reactions with fluoro nitrobenzene were first used to

(CuOTf),ePhH
Cs,CO3, EtOAC, Hexyl ZnCl
OH F N [ArCO2H], toluene T(Ia-lxlg//NICIP
% CO DMA U Pd(P(t-Bu)s),
C 10-15
42-97% °0-95%
X =Cl, Br
BBF3, CH2C|2
-78°C - r.t.
16-21 73-97% 22-27
Br Cl Cl Me
SR e Gl Sl g
OMe 27

Scheme 3. Synthesis of bioisosteric heterocylic hexyl diaryl ethers 22-27.

generate compounds 28-30.”® This was followed by Negishi coupling giving 31-
33 with boron tribromide cleavage of the methyl ether resulting in phenols 34-36
or zinc-mediated reduction resulting in the anilines 37-39.”47® Cleavage of the
methyl ether gave 40-42 whereas acylation of the anilines with acyl chlorides

74,77
1./

afforded compounds 43-51. Boron tribromide cleavage furnished the final

compounds 52-60.7
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The piperazine derivatives were synthesized in a similar fashion starting
with nucleophilic aromatic substitution with the 2 or 4-fluorobenzaldehyde to give
61 and 62 (Scheme 5).”° Subsequently, reductive amination with methyl
piperazine and sodium triacetoxyborohydride produced 63 and 64, whereas

Negishi coupling followed by boron tribromide cleavage gave final compounds 67

and 68.7476
OH F Hexyl ZnCl
S NO _ KCOs _THFINMP__
2" DMAc PA(P(EBU));
65-98% 28-30 90-98%
OMe
© | A NO BBI’3 CH20|2
- —NO
= 2 -78°C - r.t. 2
5 31-33 81-92% 5 34-36
Zn, HCI| o,
EioH | 81-98%
OMe
o BBI’3 CH2C|2
NH,
-78°C -r.t.
5 37-39 70-77% 5 40-42
Acid Chloride
Et;N, CH,Cl, | 76-98%
OMe o
0
BBr3, CH,CI
\E>LN)k e — \@ R R= Methyl
H -78 C-rt COOH
5 43-51 65-95% 5 52-60 Isoxazole

Scheme 4. Synthesis of nitro, amino and amide B-ring substituted hexyl diaryl
ethers, 34-36, 40-42 and 52-60.
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Il. 4. Results and Discussion

The in vitro activities of the final products were evaluated using enzyme
inhibition and whole cell antibacterial assays as described (Tables 3 and
4)."338%9 |n general, addition of a bulky substituent at either the ortho, meta or
para position of the B ring of 6PP or its substitution by most nitrogen
heterocycles resulted in significant reduction in enzyme inhibition and

antibacterial activity (Table 4). However, the smaller aniline substituent was

tolerated at the ortho

OMe
/©/OH+ F\© //O K,COs /©/ \O O HN\)
\
Br = H DMAc NaBH OAC)3

95-97% 61,62
86 98%
/ /
Hexyl ZnCl
_THFINMP___ BBrs CH:Cl,
F’d(F’(t Bu)s)2 T 78°C-rt
63,64 50-65% 65,66 72-84%
N
OH
\M/©/O [} (N:)
5 67,68
Scheme 5. Synthesis of N-methyl piperazine substituted hexyl diaryl ethers, 67
and 68.

and para positions as well as the nitro group at the meta position (Table 4). The
three most active compounds, 23, 24 and 40, all have MICgyy values of 3.13

Mg/mL, which is comparable to 6PP, and have ClogP values of 4.97 and 5.24,
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respectively, compared to 6.47 for the parent compound (Tables 3 and 4). In
addition it is also worth noting that the pyrazine derivative, 25 has a ClogP value
that is more than a 2.5 units lower than 6PP and only shows only a 3-fold
increase in MICgo compared to the parent (Table 3). In general the MIC values
paralleled the 1Csy values for enzyme inhibition. Thus ortho and para amino
substituents (40 and 42) were well tolerated in addition to the meta nitro
substituent (35). In these three cases the ICsy values obtained using 100 nM
InhA approached 50% of the enzyme concentration, indicating that these

compounds are tight-binding enzyme inhibitors. Additional 1Csy values were
determined using 10 and 50 nM InhA in the enzyme assays. Subsequent linear
regression of the ICsy values as a function of enzyme concentration yielded
estimates for K of 21 + 3 nM (35), 16 + 12 nM (40) and 40 + 3 nM (42). Thus,
introduction of meta NO; (35) or ortho NH; (40) substituents into the B ring of the
parent compound 6PP has only a minor effect on affinity of the inhibitor for the
enzyme. In addition, all compounds retained PSA values that were below the

maximum value of 140 AZ.
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Table 3. 6PP and heterocyclic B-ring enzyme inhibition, MICg, logP and PSA

data.
MICg pg/mL
(uM) ClogP*
Compound Structure ICso ("M)? H37r," (logP)? PSA®
OH
O 21+0.9 6.47
6PP 11+1° 29.46
(7.8 +3.3) (5.76)
5
OH
O Ny 50 4.97
22 | 11510 + 1160 41.82
P (184) (5.06)
5
OH
o) 3.13
23 | =N 236 + 31 4.97 41.82
_ (11.5)
5
OH
O 3.13 4.97
24 | 160.6 + 15.8 41.82
N (11.5) (4.93)
5
OH
O Ny 6.25 4.01
25 | 653 + 56 54.18
_ (22.9) (4.46)
s N
OH
O Ny 100 £ 0 4.01
26 | 8200 + 980 54.18
N (367 + 0) (4.76)
5
OH
O._N_OMe
27 NI \g/ N.S.f N.S. 5.50 72.64
5
OMe

®ICso measurements determined via varying inhibitor concentration at a fixed substrate concentration of 100nM. ®MICqgs is
the concentration of inhibitor need to result in complete inhibition of MTB cell growth. H37g, is a drug-sensitive strain of
MTB. °ClogP and tPSA values determined using ChemDraw version 11.0. CIIogP values determined via HPLC methods as
described in the experimental b}/ James Childs and Charles Peloquin. °ICs, determined at enzyme concentration of 1nM
as described in Sullivan et al.*® ‘Compound was not soluble under assay conditions.
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Table 4. 6PP and B-ring substituted enzyme inhibition, MICqg, logP and tPSA data.

OH
o)
| Ro, m, p
MICgg pg/mL ClogP®
Compound Structure ICs0 (NM)? H37° (logP)" tPSA®
34 0 182.4+20 12.50 6.21 81.27
(5.50)
35 §—No2 m 48 + 6 12.50 6.21 81.27
6.21
+ +
36 p 90 + 10 25.0+0 (5:64) 81.27
5.24
40 0 61.9+45 3.13 (5.27) 55.48
41 §—N|—|2 m 1090 + 90 100+ 0 5.24 55.48
5.24
+
42 P 55+ 6 12.50 (4.03) 55.48
52 o 1550 + 460 > 200 4.90 58.56
o (5.28)
53 ;’\N)K m N.S.° N.S.° 4.90 58.56
H
54 p 1310170 50.0 + 0 4.90 58.56
55 o 2630+ 200 100.0 4.24 95.86
o)
56 e{N)H(OH m 579 + 36 133.3+57.7 424 95.86
H o
57 P 1930 + 90 > 200 4.24 95.86
5.76
+ >
58 o o  3220+550 200 (5.60) 80.15
59 ‘:‘:\N O‘N m 1220 + 60 > 200 5.76 80.15
NN, * (5.22) '
5.76
+ >
60 p 130 + 34 200 (5.15) 80.15
67 o 1325+ 256 100 6.66 35.94
(\N/
LN
68 p 306 + 46 100 6.66 35.94

%ICso measurements determined via varying inhibitor concentration at a fixed substrate concentration of 100nM. "MICgg is
the concentration of inhibitor need to result in complete inhibition of MTB cell growth. H37g, is a drug-sensitive strain of
MTB. °ClogP and tPSA values determined using ChemDraw version 11.0. “logP values determined via HPLC methods as
described in the experimental by James Childs and Charles Peloquin. “Compound was not soluble under assay conditions.
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[I. 5. Conclusions

In conclusion, several compounds were synthesized which incorporated
either bioisosteric heterocycles in place of the B-ring or substitutions at the ortho,
meta or para positions of the B-ring. In general, most of the compounds
accomplished the goal of decreasing ClogP values with several compounds
showing promising in vitro activity. For example, compounds 35 and 40 showed
comparable K to the parent compound 6PP, whereas 23, 24 and 40 displayed
similar MIC values. Therefore, it has been shown that InhA can tolerate smaller
substituents at all positions on the B-ring as well as meta and para pyridines as
replacements of the B-ring while retaining activity, decreasing ClogP values and

retaining PSA values within acceptable ranges.
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lll. Slow, Tight-binding Inhibition

lll. 1. Background

Enzyme inhibition can be a complex issue due to the numerous ways in
which small molecule inhibition can occur. For example, one can observe

competitive, uncompetitive or noncompetitive inhibition which can be broken

t.79

down further to reversible, irreversible and slow-onse Currently all of our

inhibitors display a classical uncompetitive tight-binding mode of inhibition
(Scheme 6a).>® However, it is desirable to obtain slow-onset inhibition since this

can lead to improved in vivo characteristics (Scheme 6b).2%8%-%2

k
a E-NADH ; E+P
Knapn || NADH
NAD* |
E E-NAD* E-NAD*-|
Knapt Ki

b E-NAD* <— E-NAD"-| E-NAD*-I*
. 2
e
K

Scheme 6. Mechanism of inhibition of a) current alkyl diaryl ether inhibitors 2PP-
14PP. b) of a slow-onset inhibitor such as compound 71. Note: Ki is
identical to Ky in this scenario. In addition, K; represents both the
fast and slow binding steps.
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An excellent paper by Copeland et al. proposes that a more important
factor for in vivo drug potency is the residence time of the drug on its target and
not necessarily its apparent affinity towards that target. Specifically, one can
imagine that an increased time of interaction between an inhibitor and its target
will lead to a longer effect of drug action as the enzyme is effectively inactivated
for a significant period of time. Furthermore, when describing an in vivo case,
the concentration of inhibitor does not remain constant and therefore, typical in
vitro measurements of the inhibition constant (K;) are not accurate descriptors of
how efficacious an inhibitor will be in an in vivo environment. This is because
traditional measurements of K; are only representative of the first step in the
slow-binding inhibition mechanism (Scheme 6b). A more important
considerations would be the association rate constant (kon) and more importantly,
the dissociation rate constant (ko). The ko value is a directly related to the
residence time of the inhibitor on its target and therefore, K; is a more accurate
descriptor of this.® Moreover, there are many examples of current or previously

marketed drugs that display this slow-onset inhibition as revealed in Table 5.2%%%

87

lll. 2. The ability of enoyl reductases to display slow-onset inhibition.
In addition to the examples shown in Table 5, there is direct evidence that

InhA is capable of displaying slow-onset inhibition if the proper compound is

found that will allow for it.%° Specifically, as described in the introduction, the
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Table 5. Examples of current or previously marketed drugs with slow-onset

inhibition
Marketed Name Inhibitor Enzyme Dissociative ty,
Proloprim Trimethoprim E. coli dihydrofolate 8 minutes®®
reductase
Capoten Captopril Angiotension converting 30 minutes®
enzyme
Isoniazid INH-NAD* MTB enoyl reductase 41 minutes®
Tamiflu Oseltamivir Viral neuroaminidase 47 minutes®
Atacand Candesartan Human angiotension Il type 1-3 hours®
1 receptor
Vioxx Rofecoxib COX2 9 hours®’

E. coli Fabl is inhibited by TCN via slow, tight-binding inhibition.’>*° Crystal
structure analysis of this interaction shows that there is a substrate binding loop
that effectively traps TCN within the active site.’” More importantly, ordering of
this loop occurs both with a C16 fatty acid substrate as well as with the current
front-line drug INH (Figure 5).°*%° However, as previously mentioned, all of the
alkyl diaryl ethers do not display this ordering of the active site loop and
potentially as a direct result, these compounds do not exhibit slow-onset

inhibition.

lll. 2. 1. Francisella tularensis Activity.

Interestingly, all of the unsubstituted alkyl diaryl ethers that are shown in

Table 2 are potent slow, tight-binding inhibitors of the ENR within the FASII
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pathway from another bacterium, Francisella tularensis with residence times
upwards of 90 minutes. More importantly, these compounds display excellent in

' Therefore, it can be

vivo efficacy in a mouse model of F. tularensis infection.®
hypothesized that for a compound to show efficacy in a MTB model of infection, it
must produce this active site loop ordering and optimistically as a result of this,

obtain long residence times comparable to INH bound to InhA and those seen

with the alkyl diaryl ethers in the F. tularensis cases.

lll. 3. Designing Slow-Onset Inhibiters

Although the concept of slow-onset inhibition might be easy to understand,
the ability to engineer this property into a molecular interaction is not surprisingly
more difficult. However, since other examples are documented in similar
systems, these are a good starting point for analysis. For example, when
comparing the structure of the E. coli Fabl bound to TCN where loop ordering is
present, with the MTB InhA bound to 5PP, which does not contain loop ordering,
it is evident that TCN'’s B-ring is almost completely orthogonal with respect to the
A-ring whereas this is not the case with 5PP (Figure 6a).°"*° This may be a
result of the ortho chlorine residue preferring this orientation pointing down
towards the NAD". Furthermore, another consideration is the rotation around the
B-ring ether bond. This ‘floppiness’ of the ring may result in steric impedance to
active site loop ordering and may possess an increased entropic penalty of

binding compared to TCN. The ortho chlorine residue on TCN may also play a
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role in decreasing this rotation. Therefore, in an effort to mimic these effects in
conjunction with the knowledge that small substituents are tolerated at the ortho
position on the B-ring (as shown in the previous chapter table 4), compound 71

was synthesized (scheme 7).

lll. 4. Chemistry

Compound 71 was synthesized in a manner similar to that used for the
previous compounds (scheme 7). 4-Chloro-2-methoxyphenol was coupled to
iodotoluene under copper-catalyzed Buchwald-Hartwig condition resulting in a
reasonable 70% vyield, with the lower yield attributed to the increase in steric bulk
at the iodine.”” Next, palladium-catalyzed Negishi coupling of the diaryl ether
with hexyl zinc chloride installed the alkyl chain at the 5 position giving compound
70 in 72% vyield.”® Finally, boron tribromide cleavage of the methyl protecting

group yielded compound 71 in 90% yield.”

OMe OMe
OH (CuOTf)ePhH e) RZnCl
+ Cs,CO3, EtOAC THF/NMP
cl [ArCO2H], toluene Pd(P(t-Bu)s)2

70% Cl 69 72%
OMe OH
0] 0]
BBF3, CH20|2
-78°C -r.t.
5 70 90% 5 71

Scheme 7. Synthesis of the methyl substituted hexyl diaryl ether, 71.
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[1l. 5. Results and Discussion

Now, having installed the ortho substituent that is similar in size to the
ortho chlorine on TCN, the next step was to determine whether it displayed the
desired slow-onset inhibition. Initially, with no preincubation, the K; was found to
be 560 pM (Table 6). Therefore, this was already a marked improvement over
the parent compound 6PP. When a progress curve analysis was performed it
was seen that the curve deviated from the standard linear progression thereby
demonstrating that inhibition increases over time, consistent with slow-onset
inhibition. In order to confirm this, 71 was preincubated with the enzyme for 5
hours which allowed a K of 5.4 + 3.1 pM to be measured (Table 6). It was also
shown that compound 71 was found to have a dissociative half life of 39 minutes
which is comparable to the half life that INH displays (Table 6).2° Therefore,
these experiments confirmed that there was indeed a slow step that is consistent
with the slow-binding mechanism (Scheme 6b).

In addition to the kinetic experiments confirming the slow onset type of
inhibition consistent with active site loop ordering, a crystal structure was
obtained (by Sylvia Luchner at University of Wurzurg). Figure 7a and b shows
that unlike with prior alkyl diaryl ether inhibitors which displayed no electron
density in this region, 71 displays a clear alpha helix at this locale.”® Moreover,
71 possesses the desired orthogonal orientation that was seen when TCN is
bound to Fabl (Figure 6b).>” Therefore, the predicted and much to be desired

goal of active site loop ordering was achieved. Additional information can be
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obtained from this structure as it can be seen that there are further
conformational changes within the enzyme. For example, at the backside of the
enzyme there is a shift in the helix adjacent to the substrate binding loop that
reveals a solvent exposed region at the alkyl chain of the inhibitor (Figure 7c and
d).>® This opening may be valuable in the design of further generations of

inhibitors that display active site loop ordering.

Table 6. 6PP, 71 and INH’s K;, Ki', MICgg, ClogP and dissociative t, data.

MICqyq
. pg/mL (uM)
Compound Structure K; (nM)? K" (nM)° H37r,° ClogP?  ty), (min)®

0
6PP 94+05 N/A 2109 47 NA
(7.8+33)
OH
71 © 0.560 0.0054 + 0-5 6.97 39
’ 0.0031 (1.75) '

f . 0.05%0
INH Xy ONH 16+11"  0.75+0.08 -0.67 41
| . (0.37 £ 0)

Table 6 contains the MICgg inhibition data for compound 71. It can be
seen that the MICg value decreases 4-fold with respect to 6PP with a value of
0.5 yg/mL (1.75 uM) against the H37g, strain of MTB. However, this inhibitor is
still 10-fold higher than the MICgqg that is displayed by the current front-line drug
INH. Furthermore, the ClogP of this inhibitor has increased to 6.97 from 6.47 for
6PP thus opposite to the desired values discussed in the previous chapter (Table

6).°" The improved MICgg value and more importantly the obtaining of the long
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residence time within InhA led to compound 71 to be tested in a mouse model of
MTB infection. IFN-y GKO mice were infected with MTB and 71 was
administered via IP and oral dosing. Despite having all the necessary
components for effective in vivo activity, this compound displayed no reduction in

colony forming units (CFUSs).

Figure 6. Overlay of crystal structures of a) triclosan bound to Fabl and 5PP
bound to InhA. b) 5PP bound to InhA and compound 71 bound to InhA.
Note the similarties in orientation of 71 to that of TCN.

Further analysis shows that there is a rapid clearance of the compound
from the serum consistent with a metabolic event. Preliminary results reveal that
direct glucoronidation of the phenol may be the prevalent route of clearance of

this inhibitor and that this process is more prevalent than that with 6PP. Lastly,

30



the mode of metabolism of 71 compared with 6PP needs to be addressed in

order to determine how the C,ax and ty> can be increased. 61

[1l. 6. Conclusion

In conclusion, a slow, tight-binding inhibitor of the InhA has been
synthesized using structure-activity relationship data and crystal structure
analysis. It possesses excellent inhibitory properties with a K; of only 5.4 pM
which is more than a 1500-fold improvement above the parent compound 6PP.
In addition, 71 has an MICgy that is a 4-fold improvement over 6PP. Despite
these excellent inhibitory properties, 71 performed poorly in an in vivo
environment.  Therefore, future efforts will be performed to increase the

metabolic stability while retaining its inhibitory properties.
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Figure 7. Crystal structures of a) compound 71 bound to InhA with the ordered
loop shown in red. b) Overlay of 71 with 5PP, note the presence of the
loop in the 71 structure. c) A rear view of the 71 structure showing the
solvent accessible aperture that is formed upon loop ordering. d) A
rear view of the 5PP crystal structure showing the absence of the
solvent accessible hole.
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Chapter IV: Experimental

IV. 1. General procedures for compound synthesis

Method A. The aryl halide (7.35 mmol), phenol (14.7 mmol), Cs,CO3 (32.3
mmol), (CuOTf)*PhH (0.735 mmol, 5.0 mol % Cu), ethyl acetate (0.125 mmol,
5.0 mol %), 1-naphthoic acid (32.3 mmol), molecular sieves 4 A (1.8 g) and
toluene (15 mL) were added to a oven-dried 50 mL two-necked round-bottomed
flask sealed with a septum which was purged with nitrogen, and heated to 110 °C
under nitrogen until completion as determined by TLC. Upon cooling to RT,
dichloromethane was added and the organic phase was obtained by filtration.
This solution was washed with 5% NaOH. The aqueous layer was then
extracted with dichloromethane and the combined organic layers were washed
with brine, dried over MgSO,4 and concentrated under vacuum to give the crude
product. The product was then purified by flash chromatography on silica gel

(ethyl acetate/hexane).

Method B. The aryl halide (50 mmol), 4-bromo-2-methoxyphenol (50 mmol),
K2COs3 (50 mmol) and dimethylacetamide were added to a round-bottomed flask
and refluxed for 3h. The resulting mixture was extracted with diethyl ether and
washed with 5% KOH and brine. The organic layer was dried over MgSO,4 and
concentrated under vacuum to give the crude product. The product was then
purified via crystallization from MeOH or by flash chromatography on silica gel

(ethyl acetate/hexane).
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Method C. ZnCl; (0.5 M solution in tetrahydrofuran; 9.0 mL, 4.52 mmol) was
added by syringe to a round-bottomed flask sealed with a rubber septum and
purged with nitrogen. The appropriate alkyl magnesium chloride (1.0 M solution
in THF; 4.0 mL, 4.26 mmol) was then added dropwise by syringe, and the
resulting solution was stirred at room temperature for 20 min. N-
methylpyrrolidinone (4.7 mL) was then added to the flask by syringe, followed by
21.7 mg (0.0426 mmol) of Pd(P(t-Bu)s), and 500 mg (2.13 mmol) of 4-chloro or
bromo-2-methoxy-1-phenoxybenzene after 5 min. The flask was then fitted with
a reflux condenser and refluxed for 3-48 h at 130 °C. After cooling gradually to
RT, 20 mL of a 1.0 M aqueous HCI solution was added to the flask. The
resulting mixture was extracted with diethyl ether, the ether extract was washed
with water, and the organic layer was dried over anhydrous MgSO, and
concentrated under vacuum to give the crude product. The product was purified

by flash chromatography on silica gel (ethyl acetate/hexane).

Method D. The appropriate nitro compound (2.43 mmol) was added to a
solution of EtOH (27 mL) and concentrated HCI (3.8 mL) in a round-bottomed
flask. The solution was cooled to 0 °C, and zinc dust (55 mmol) was added in
portions over 15 min. The reaction mixture was stirred at RT overnight and the
resulting solution was filtered to remove the zinc and reduced in vacuo. Diethyl

ether was added and the solution was washed with water and brine, dried with
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MgSO4 and concentrated under vacuum to give the crude product. The product

was purified via flash chromatography (ethyl acetate/hexane).

Method E. The appropriate aniline (1.67 mmol) and triethylamine (2.1 mmol)
were added to anhydrous dichloromethane (7 mL) in a nitrogen-flushed round-
bottomed flask. The acid chloride (2.1 mmol) was then added dropwise as a
solution in anhydrous dichloromethane (1mL) over 25 minutes. After stirring at
RT for 3h, the resulting solution was washed successively with 5% HCI, sat.
NaHCO3 and brine. The organic layer was dried over MgSO,4 and reduced under
vacuum to give crude product which was then purified by flash chromatography

on silica gel (ethyl acetate/hexane).

Method F. The benzaldehyde (3.25 mmol) and 1-methyl piperazine (3.25 mmol)
were dissolved in dichloroethane (11.5 mL) in a nitrogen-flushed round bottom
flask. After 5 minutes, sodium triacetoxyborohydride (4.56 mmol) was added and
the solution was stirred at RT for 3h. The reaction was quenched with sat.
NaHCOg;, and extracted with diethyl ether. The organic layer was washed with
5% KOH and brine, dried with MgSO,4 and reduced under vacuum to give the
crude product. The product was then purified by flash chromatography

(methanol/dichloromethane/ triethylamine).

Method G. A solution of boron tribromide in dichloromethane (4 mmol, 1 M

solution) was added to a solution of the 4-substituted-2-methoxy-1-phenoxy-
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benzene (1.0 mmol) in 5 mL of anhydrous dichloromethane at - 78 °C under
nitrogen. The reaction mixture was stirred at -78 °C for 1.5 h and then at RT for
3 h. At which point, TLC analysis showed that the reaction had reached
completion, the reaction was quenched with methanol at -78 °C and
concentrated to give an oil. A suspension of this oil in dichloromethane was
washed with 10 % aqueous sodium bicarbonate solution and the organic layer
was separated, washed sequentially with water then brine and dried over MgSOa,.
The organic layer was filtered, concentrated under vacuum to give the crude
product which was then purified by flash chromatography on silica gel (ethyl

acetate/hexane).

IV. 2. Compound Characterization

2-(4-bromo-2-methoxyphenoxy)pyridine (10): Method B was used to convert
4-bromo-2-methoxy phenol and 2-fluoropyridine to the title product. Purification
by flash chromatography (10% EtOAc/Hex) yielded 53% colorless crystals. 'H
NMR (300 MHz, CDCls3): & 3.73 (s, 3H), 6.92-6.98 (m, 2H), 7.01 (dd, J = 1.5, 6.0

Hz, 1H), 7.09-7.12 (m, 2H), 7.63-7.69 (m, 1H), 8.11-8.13 (m, 1H).
3-(4-chloro-2-methoxyphenoxy)pyridine (11): Method A was used to convert

4-chloro-2-methoxyphenol and 3-iodopyridine to the title product. Purification by

flash chromatography (40% EtOAc/Hex) yielded 43% amber oil. 'H NMR (300
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MHz, CDCls): & 3.76 (s, 3H), 6.90-6.97 (m, 3H), 7.13-7.20 (m, 2H), 8.26-8.29 (m,

2H); ESI-MS: 236.0 (M+1).

4-(4-bromo-2-methoxyphenoxy)pyridine (12): Method B was used to convert
4-bromo-2-methoxyphenol and 4-bromopyridine to the title product. Purification
by flash chromatography (15% EtOAc/Hex) yielded 50% amber oil. Compound

not characterized.

2-(4-bromo-2-methoxyphenoxy)pyrazine (13): Method B was used to convert
4-bromo-2-methoxyphenol and chloropyrazine to the title product. Yield = 97%
white powder with no purification needed. 'H NMR (300 MHz, CDCls): & 3.73 (s,
3H), 7.01-7.04 (m, 1H), 7.13 (sextet, J = 2.1 Hz, 2H), 8.03 (q, J = 1.5 Hz, 1H),

8.23 (d, J = 2.4 Hz, 1H), 8.44 (d, J = 1.5 Hz, 1H).

2-(4-bromo-2-methoxyphenoxy)pyrimidine (14): Method B was used to
convert 4-bromo-2-methoxyphenol and chloropyrimidine to the title product.
Yield = 55% white powder with no purification needed. 'H NMR (300 MHz,

CDCl3): 8 3.71 (s, 3H), 6.98-7.13 (m, 4H), 8.51 (d, J = 4.8 Hz).

2-(4-bromo-2-methoxyphenoxy)-4,6-dimethoxypyrimidine (15): Method B
was used to convert 4-bromo-2-methoxyphenol and 4,6-
dimethoxychloropyrimidine to the title product. Purification by flash

chromatography (5% EtOAc/Hex) yielded 42% amber oil. 'H NMR (300 MHz,
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CDCls): 5 3.74 (s, 3H), 3.78 (s, 3H), 3.80 (s, 3H), 6.67 (d, J = 8.7 Hz, 1H), 6.91 (d,

J=2.7 Hz, 1H), 6.96 (dd, J = 2.1, 6.3 Hz, 1H), 6.99-7.04 (m, 1H).

2-(4-hexyl-2-methoxyphenoxy)pyridine (16): Method C was used to convert 2-
(4-bromo-2-methoxyphenoxy)pyridine to the title product. Purification by flash
chromatography (10% EtOAc/Hex) yielded 95% colorless oil. 'H NMR (300 MHz,
CDCl3): 6 0.83-0.89 (m, 3H), 1.26-1.36 (m, 6H), 2.58 (t, J = 7.5 Hz, 2H), 3.71 (s,
3H), 6.75-6.90 (m, 4H), 6.99 (d, J = 8.1 Hz, 1H), 7.55-7.61 (m, 1H), 8.10 (dd, J =

1.5, 7.5 Hz, 1H).

3-(4-hexyl-2-methoxyphenoxy)pyridine (17): Method C was used to convert 3-
(4-chloro-2-methoxyphenoxy)pyridine to the title compound. Purification by flash
chromatography (15% EtOAc/Hex) yielded 50% light yellow oil. 'H NMR (300
MHz, CDCl3): 6 0.86-0.90 (m, 3H), 1.29-1.37 (m, 6H), 1.56-1.67 (m, 2H), 2.60 (t,
J=7.5Hz, 2H), 3.77 (s, 3H), 6.74 (dd, J = 1.8, 6.3 Hz, 1H), 6.81 (d, J = 1.8 Hz,
1H), 6.92 (d, J = 7.8 Hz, 1H), 7.13-7.16 (m, 2H), 8.25 (q, J = 1.8 Hz, 1H), 8.31 (d,

2.1 Hz, 1H); ESI-MS: 286.1 (M+1).

4-(4-hexyl-2-methoxyphenoxy)pyridine (18): Method C was used to convert 4-
(4-chloro-2-methoxyphenoxy)pyridine to the title product. Purification by flash
chromatography (20% EtOAc/Hex) yielded 89% clear oil. 'H NMR (300 MHz,

CDCl3): & 0.87-0.91 (m, 3H), 1.31-1.36 (m, 6H), 1.59-1.68 (m, 2H), 2.61 (t, J =
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7.8 Hz, 2H), 3.75 (s, 3H), 6.74-6.83 (m, 4H), 6.97 (d, J = 8.1 Hz, 1H), 8.40 (dd, J

= 1.5, 3.0 Hz, 2H); ESI-MS: 286.2 (M+1).

2-(4-bromo-2-methoxyphenoxy)pyrazine (19): Method C was used to convert
2-(4-bromo-2-methoxyphenoxy)pyrazine to the title product. Purification by flash
chromatography (10% EtOAc/Hex) yielded 77% clear oil. 'H NMR (300 MHz,
CDCl3): 8 0.87-0.92 (m, 3H), 1.25-1.35 (m, 6H), 1.60-1.69 (m, 2H), 2.62 (t, J =
8.4 Hz, 2H), 3.73 (s, 3H), 6.79-6.83 (m, 2H), 7.05 (d, J = 7.8 Hz, 1H), 8.05 (q, J =

1.5 Hz, 1H), 8.20 (d, J = 2.7 Hz, 1H), 8.40 (d, J = 1.2 Hz, 1H).

2-(4-hexyl-2-methoxyphenoxy)pyrimidine (20): Method C was used to convert
2-(4-bromo-2-methoxyphenoxy)pyrimidine to the title product. Purification by
flash chromatography (10% EtOAc/Hex) yielded 86% clear oil. 'H NMR (300
MHz, CDCls3): 6 0.86-0.91 (m, 3H), 1.24-1.34 (m, 6H), 1.59-1.68 (m, 2H), 2.60 (t,
J =8.1 Hz, 2H), 3.71 (s, 3H), 6.78-6.81 (m, 2H), 6.96 (t, J = 5.1 Hz, 1H), 7.07 (dd,

J=24,7.8Hz 1H), 8.50 (d, J = 4.8 Hz, 2H).

2-(4-hexyl-2-methoxyphenoxy)-4,6-dimethoxypyrimidine (21): Method C was
used to convert 2-(4-bromo-2-methoxyphenoxy)-4,6-dimethoxypyrimidine to the
title product. Purification by flash chromatography (5% EtOAc/Hex) yielded 73%

light yellow oil. ESI-MS: 347.1 (M+1).
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5-hexyl-2-(pyridin-2-yloxy)phenol (22): Method G was used to convert 2-(4-
hexyl-2-methoxyphenoxy)pyridine to the title product. Purification by flash
chromatography (5% EtOAc/Hex) yielded 76% clear oil. 'H NMR (300 MHz,
CDCl3): 6 0.87-0.92 (m, 3H), 1.26-1.39 (m, 6H), 1.52-1.66 (m, 2H), 2.50-2.59 (m,
2H), 6.71 (dd, J = 2.1, 7.2 Hz, 1H), 6.92-7.03 (m, 4H), 7.65-7.72 (m, 1H), 8.11 (d,

J =42 Hz, 1H), 8.20 (bs, 1H); ESI-MS: 272.1 (M+1).

5-hexyl-2-(pyridin-3-yloxy)phenol (23): Method G was used to convert 3-(4-
hexyl-2-methoxyphenoxy)pyridine to the title product. Purification by flash
chromatography (25% EtOAc/Hex) yielded 80% light amber oil. 'H NMR (300
MHz, CDCls3): & 0.86-0.90 (m, 3H), 1.24-1.38 (m, 6H), 1.54-1.66 (m, 2H), 2.50-
2.60 (m, 2H), 6.65-6.76 (m, 1H), 6.86-6.74 (m, 1H), 7.00 (s, 1H), 7.48-7.62 (m,

2H), 8.22-8.48 (m, 3H); ESI-MS: 272.1 (M+1).

5-hexyl-2-(pyridin-4-yloxy)phenol (24): Method G was used to convert 4-(4-
hexyl-2-methoxyphenoxy)pyridine to the title product. Purification by flash
chromatography (20% EtOAc/Hex) yielded 97% clear oil. 'H NMR (300 MHz,
CDCl3): 8 0.86-0.88 (m, 3H), 1.22-1.30 (m, 6H), 1.54-1.60 (m, 2), 2.49-2.57 (m,

2H), 6.67-6.93 (m, 5H), 8.22-8.24 (m, 2H); ESI-MS: 272.1 (M+1).
5-hexyl-2-(pyrazin-2-yloxy)phenol (25): Method G was used to convert 2-(4-

hexyl-2-methoxyphenoxy)pyrazine to the title product. Purification by flash

chromatography (15% EtOAc/Hex) yielded 89% white solid. 'H NMR (300 MHz,
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CD30D): 8 0.87-0.92 (m, 3H), 1.29-1.33 (m, 6H), 1.52-1.64 (m, 2H), 2.49-2.57 (m,
2H), 6.72 (ddd, J = 1.8, 6.3, 20.7 Hz, 1H), 6.83-6.97 (m, 2H), 8.07-8.08 (m, 1H),

8.19 (g, J = 1.5 Hz, 1H), 8.31 (d, J = 0.9 Hz, 1H); ESI-MS: 272.9 (M+1).

5-hexyl-2-(pyrimidin-2-yloxy)phenol (26): Method G was used to convert 2-(4-
hexyl-2-methoxyphenoxy)pyrimidine to the title product. Purification by flash
chromatography (30% EtOAc/Hex) yielded 73% white solid. "H NMR (300 MHz,
CDCIl3): 6 0.84-0.91 (m, 3H), 1.26-1.35 (m, 6H), 1.56-1.63 (m, 2H), 2.52-2.60 (m,
2H), 6.82 (ddd, J = 2.1, 6.3, 46.5 Hz, 1H), 6.97-7.08 (m, 3H), 7.45 (d, J = 30.6 Hz,

1H), 8.49 (dd, J = 1.2, 3.6 Hz, 2H); ESI-MS: 273.4 (M+1).

2-(4,6-dimethoxypyrimidin-2-yloxy)-5-hexylphenol (27): Method G was used
to convert 2-(4-hexyl-2-methoxyphenoxy)-4,6-dimethoxypyrimidine to the title
product. Purification by flash chromatography (10% EtOAc/Hex) yielded 82%
light yellow oil. 'H NMR (300 MHz, CDCls): 5 0.85-0.91 (m, 3H), 1.27-1.36 (m,
6H), 1.56-1.64 (m, 2H), 2.52-2.59 (m, 2H), 3.86 (s, 6H), 5.80-5.81 (m, 1H), 6.36

(d, 3 =27.9 Hz, 1H), 6.69-7.11 (m, 3H); ESI-MS: 330.0 (M+1).

4-bromo-2-methoxy-1-(2-nitrophenoxy)benzene (28): Method B was used to
convert 4-bromo-2-methoxyphenol and 2-fluoronitrobenzene to the title product.
Recrystallization from methanol yielded 98% light yellow needles. 'H NMR (300

MHz, CDCl3): & 3.77 (s, 3H), 6.82 (dd, J = 1.2, 7.5 Hz, 1H), 6.94 (d, J = 8.4 Hz,
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1H), 7.07-7.16 (m, 3H), 7.41-7.47 (m, 1H), 7.95 (dd, J = 1.5, 6.6 Hz, 1H); ESI-

MS: 323.8 (M+1).

4-bromo-2-methoxy-1-(3-nitrophenoxy)benzene (29): Method B was used to
convert 4-bromo-2-methoxy phenol and 3-fluoronitrobenzende to the title product.
Purification by flash chromatography (5% EtOAc/Hex) vyielded 65% yellow
powder. 'H NMR (300 MHz, CDCls): & 3.79 (s, 3H), 6.97 (d, J = 8.4 Hz, 1H),
7.14 (ddd, J = 2.4, 6.0 Hz, 2H), 7.22-7.26 (m, 1H), 7.45 (t, J = 8.1 Hz, 1H), 7.66 (t,

J = 2.4 Hz, 1H), 7.88-7.92 (m, 1H); ESI-MS: 323.7 (M+1).

4-bromo-2-methoxy-1-(3-nitrophenoxy)benzene (30): Method B was used to
convert 4-bromo-2-methoxy phenol and 4-fluoronitrobenzene to the title product.
Recrystallization from methanol yielded 92% light yellow needles. 'H NMR (300
MHz, CDCl3): & 3.78 (s, 3H), 6.93 (m, 2H), 6.99 (d, J = 8.1 Hz, 1H), 7.13-7.17 (m,

2H), 8.16-8.19 (m, 2H); ESI-MS: 323.8 (M+1).

4-bromo-2-methoxy-1-(2-nitrophenoxy)benzene (31): Method C was used to
convert 4-bromo-2-methoxy-1-(2-nitrophenoxy)benzene to the title product.
Purification by flash chromatography (5% EtOAc/Hex) vyielded 98% yellow
crystals. 'H NMR (300 MHz, CDCls): 5 0.72-0.78 (m, 3H), 1.12-1.23 (m, 6H),
1.43-1.52 (m, 2H), 2.47 (t, J = 7.5 Hz, 2H), 3.61 (s, 3H), 6.62-6.69 (m, 3H), 6.84
(d, 3 =8.1 Hz, 1H), 6.93 (m, 1H), 7.23-7.29 (m, 1H), 7.78 (dd, J = 1.8, 6.6, 1H);

ESI-MS: 330.2 (M+1).
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4-hexyl-2-methoxy-1-(3-nitrophenoxy)benzene (32): Method C was used to
convert 4-bromo-2-methoxy-1-(3-nitrophenoxy)benzene to the title product.
Purification by flash chromatography (5% EtOAc/Hex) yielded 95% light yellow oil.
'H NMR (300 MHz, CDCl3): & 0.903 (m, 3H), 1.34 (m, 6H), 1.65 (m, 3H), 2.63 (t,
J =7.5 Hz, 2H), 3.78 (s, 3H), 6.78-6.85 (m, 2H), 6.98 (d, J = 7.8 Hz, 1H), 7.22-
7.26 (m, 1H), 7.42 (t, J = 8.4 Hz, 1H), 7.66 (t, J = 2.1 Hz, 1H), 7.86 (m, 1H); ESI-

MS: 330.0 (M+1).

4-hexyl-2-methoxy-1-(4-nitrophenoxy)benzene (33): Method C was used to
convert 4-bromo-2-methoxy-1-(4-nitrophenoxy)benzene to the title product.
Purification by flash chromatography (5% EtOAc/Hex) yielded 90% light yellow
oil. '"H NMR (300 MHz, CDCls): 5 0.879-0.923 (m, 3H), 1.13-1.21 (m, 6H), 1.30-
1.35 (m, 2H), 2.63 (t, J = 7.8 Hz, 2H), 3.77 (s, 3H), 6.79-6.86 (m, 2H), 6.86-6.87

(m, 2H), 6.99 (d, J = 8.1 Hz, 1H), 8.06-8.09 (m, 2H); ESI-MS: 330.0 (M+1).

5-hexyl-2-(2-nitrophenoxy)phenol (34): Method G was used to convert 4-
hexyl-2-methoxy-1-(2-nitrophenoxy)benzene to the title product. Purification by
flash chromatography (5% EtOAc/Hex) yielded 81% light yellow oil. 'H NMR
(300 MHz, CDCl3): d 0.87-0.91 (m, 3H), 1.26-1.32 (m, 6H), 1.55-1.64 (m, 2H),
2.57 (t, J = 8.1 Hz, 2H), 6.18 (s, 1H), 6.71 (dd, J = 2.1, 6.0 Hz, 1H), 6.90 (d, J =
2.1 Hz, 1H), 6.96 (d, J = 8.1 Hz, 1H), 7.08 (dd, J = 1.5, 6.9 Hz, 1H), 7.15-7.20 (m,

1H), 7.46-7.51 (m, 1H), 7.90 (dd, J = 1.8, 6.3 Hz, 1H); ESI-MS: 316.0 (M+1).
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5-hexyl-2-(3-nitrophenoxy)phenol (35): Method G was used to convert 4-
hexyl-2-methoxy-1-(3-nitrophenoxy)benzene to the title product. Purification by
flash chromatography (5% EtOAc/Hex) yielded 88% light yellow oil. 'H NMR
(300 MHz, CDCl3): 6 0.87-0.92 (m, 3H), 1.28-1.38 (m, 6H), 1.57-1.65 (m, 2H),
2.58 (t, J = 7.8 Hz, 2H), 5.42 (bs, 1H), 6.72 (dd, J = 1.8, 6.3 Hz, 1H), 6.86 (d, J =
8.1 Hz, 1H), 6.90 (d, J = 2.1 Hz, 1H), 7.30-7.33 (m, 1H), 7.47 (t, J = 8.4 Hz, 1H),

7.80 (t, J=2.1 Hz, 1H), 7.92 (tt, 3 = 0.9, 5.1 Hz, 1H); ESI-MS: 316.1 (M+1).

5-hexyl-2-(4-nitrophenoxy)phenol (36): Method G was used to convert 4-
hexyl-2-methoxy-1-(3-nitrophenoxy)benzene to the title product. Purification by
flash chromatography (5% EtOAc/Hex) yielded 92% light yellow oil. 'H NMR
(300 MHz, CDCl3): 6 0.87-0.92 (m, 3H), 1.25-1.38 (m, 6H), 1.57-1.65 (m, 2H),
2.56 (t, J = 8.1 Hz, 2H), 5.32 (s, 1H), 6.75 (d, J = 10.2 Hz, 1H), 6.88-6.91 (m, 2H),

7.02-7.06 (m, 2H), 8.17-8.21 (m, 2H); ESI-MS: 316.3 (M+1).

2-(4-hexyl-2-methoxyphenoxy)aniline (37): Method D was used to convert 4-
hexyl-2-methoxy-1-(2-nitrophenoxy)benzene to the title product. Purification by
flash chromatography (5% EtOAc/Hex) yielded 92% amber oil. 'H NMR (300
MHz, CDCI3): 6 0.91-0.96 (m, 3H), 1.32-1.42 9 (m, 6H), 1.51-1.52 (m, 2H), 2.62 (t,
J = 8.1 Hz, 2H), 3.87 (s, 3H), 3.9 (bs, 2H), 6.64-6.73 (m, 2H), 6.57-6.84 (m, 4H),

6.90-6.95 (m, 1H).
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3-(4-hexyl-2-methoxyphenoxy)aniline (38): Method D was used to convert 4-
hexyl-2-methoxy-1-(3-nitrophenoxy)benzene to the title product. Purification by
flash chromatography (5% EtOAc/Hex) yielded 98% vyellow oil. 'H NMR (300
MHz, CDCl3): 8 0.90-0.94 (m, 3H), 1.29-1.40 (m, 6H), 1.59-1.69 (m, 2H), 2.62 (t,
J =9.0 Hz, 2H), 3.64 (bs, 2H), 3.82 (s, 3H), 6.26 (t, J = 2.1 Hz, 1H), 6.31-6.36 (m,
2H), 6.74 (dd, J = 2.1, 6.0 Hz, 1H), 6.82 (d, J = 1.8 Hz, 1H), 6.91 (d, J = 8.1 Hz,

1H), 7.04 (t, J = 8.4 Hz, 1H); ESI-MS: 300.0 (M+1).

4-(4-hexyl-2-methoxyphenoxy)aniline (39): Method D was used to convert 4-
hexyl-2-methoxy-1-(4-nitrophenoxy)benzene to the title product. Purification by
flash chromatography (5% EtOAc/Hex) yielded 81% reddish oil. 'H NMR (300
MHz, CDCls3): 6 0.89-0.93 (m, 3H), 1.30-1.39 (m, 6H), 1.57-1.66 (m, 2H), 2.58 (t,
J = 6.0 Hz, 2H), 3.30 (bs, 2H), 3.86 (s, 3H), 6.61-6.64 (m, 2H), 6.67 (dd, J = 2.1,

6.3 Hz, 1H), 6.76 (d, J = 7.8 Hz, 1H), 6.79-6.84 (m, 4H); ESI-MS: 300.0 (M+1).

2-(2-aminophenoxy)-5-hexylphenol (40): Method G was used to convert 2-(4-
hexyl-2-methoxyphenoxy)aniline to the titte compound. Purification by flash
chromatography (10% EtOAc/Hex) yielded 70% light brown solid. "H NMR (300
MHz, CDCl3): 6 0.87-0.91 (m, 3H), 1.28-1.34 (m, 6H), 1.53-1.63 (m, 2H), 2.54 (t,
J =7.8 Hz, 2H), 3.90 (bs, 2H), 6.63 (dd, J = 2.1, 6.0 Hz, 1H), 6.71 (td, J=1.2,6.9
Hz, 1H), 6.78-6.83 (m, 3H), 6.86 (d, J = 2.1 Hz, 1H), 6.95 (td, J = 1.8, 6.0 Hz, 1H),

ESI-MS: 286.1 (M+1).
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2-(3-aminophenoxy)-5-hexylphenol (41): Method G was used to convert 3-(4-
hexyl-2-methoxyphenoxy)aniline to the title compound. Purification by flash
chromatography (10% EtOAc/Hex) yielded 75% light brown solid. 'H NMR (300
MHz, CDCl3): 6 0.87-0.92 (m, 3H), 1.26-1.39 (m, 6H), 1.55-1.65 (m, 2H), 2.55 (t,
J = 8.1 Hz, 2H), 3.73 (bs, 2H), 6.36-6.38 (m, 1H), 6.40 (dt, J = 2.4, 3.0 Hz, 2H),
6.70 (dd, J = 1.8, 6.6 Hz, 1H), 6.82-6.86 (m, 2H), 7.05 (t, J = 8.1 Hz, 1H). ESI-

MS: 286.2 (M+1).

2-(4-aminophenoxy)-5-hexylphenol (42): Method G was used to convert 4-(4-
hexyl-2-methoxyphenoxy)aniline to the title compound. Purification by flash
chromatography (10% EtOAc/Hex) yielded 77% light brown solid. 'H NMR (300
MHz, CDCls3): 6 0.86-0.91 (m, 3H), 1.24-1.36 (m, 6H), 1.63-1.63 (m, 2H), 2.53 (t,
J =7.8 Hz, 2H), 6.58 (dd, J = 1.8, 6.3 Hz, 1H), 6.64-6.69 (m, 3H), 6.83-6.87 (m,

3H); ESI-MS: 286.1 (M+1).

N-(2-(4-hexyl-2-methoxyphenoxy)phenyl)acetamide (43): Method E was used
to convert 2-(4-hexyl-2-methoxyphenoxy)aniline to the title product. Purification
by flash chromatography (5% EtOAc/Hex) yielded 85% white powder. 'H NMR
(300 MHz, CDCIl3): d 0.88-0.96 (m, 3H), 1.26-1.38 (m, 6H), 1.59-1.68 (m, 2H),
2.18 (s, 3H), 2.60 (t, J = 8.1 Hz, 2H), 3.81 (s, 3H), 6.71-6.76 (m, 2H), 6.81 (d, J =

1.8 Hz, 1H), 6.91-7.06 (m, 4H), 8.04 (bs, 1H), 7.41 (d, J = 8.1 Hz, 1H).
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N-(3-(4-hexyl-2-methoxyphenoxy)phenyl)acetamide (44): Method E was used
to convert 3-(4-hexyl-2-methoxyphenoxy)aniline to the title product. No
purification was necessary. Yielded 98% white powder. 'H NMR (300 MHz,
CDCIl3): 6 0.87-0.92 (m, 3H), 1.40-1.48 (m, 6H), 1.57-1.67 (m, 2H), 2.08 (s, 3H),
2.59 (t, J = 6.3 Hz, 2H), 3.79 (s, 3H), 6.62-6.65 (m, 1H), 6.72 (dd, J = 2.1, 6.3),
6.80 (d, J = 1.8, 1H), 6.89 (d, J = 7.8 Hz, 1H), 7.06-7.08 (m, 1H), 7.14-7.23 (m,

2H), 7.55 (bs, 1H); ESI-MS: 342.0 (M+1).

N-(4-(4-hexyl-2-methoxyphenoxy)phenyl)acetamide (45): Method E was used
to convert 4-(4-hexyl-2-methoxyphenoxy)aniline to the title product. Purification
by flash chromatography (5% EtOAc/Hex) yielded 89% white powder. 'H NMR
(300 MHz, CDCl3): 6 0.87-0.93 (m, 3H), 1.30-1.35 (m, 6H), 1.56-1.67 (m, 2H),
2.10 (s, 3H), 2.58 (t, J = 7.8 Hz, 2H), 3.80 (s, 3H), 6.70 (dd, J = 2.1, 5.7 Hz, 1H),

6.79-6.88 (m, 4H), 7.36-7.40 (m, 2H), 7.85 (bs, 1H).

Methyl-2-(2-(4-hexyl-2-methoxyphenoxy)phenylamino)-2-oxoacetate (46):
Method E was used to convert 3-(4-hexyl-2-methoxyphenoxy)aniline to the title
product. No purification was necessary. Yielded 92% light yellow solid. ESI-MS:

386.5 (M+1).
Methyl-2-(3-(4-hexyl-2-methoxyphenoxy)phenylamino)-2-oxoacetate 47):

Method E was used to convert 3-(4-hexyl-2-methoxyphenoxy)aniline to the title

product. No purification was necessary. Yielded 96% light yellow crystals. 'H
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NMR (300 MHz, CDCly): & 0.87-0.92 (m, 3H), 1.30-1.37 (m, 6H), 1.58-1.69 (m,
2H), 2.61 (t, J = 7.5 Hz, 2H), 3.78 (s, 3H), 6.72-6.78 (m, 2H), 6.80 (d, J = 11.4 Hz,

1H), 6.89-7.07 (m, 2H), 7.16-7.38 (m, 2H), 8.78 (bs, 1H).

Methyl-2-(4-(4-hexyl-2-methoxyphenoxy)phenylamino)-2-oxoacetate (48):
Method E was used to convert 4-(4-hexyl-2-methoxyphenoxy)aniline to the title
product. No purification was necessary. Yielded 96% light brown solid. "H NMR
(300 MHz, CDCl3): 6 0.87-0.92 (m, 3H), 1.30-1.40 (m, 6H), 1.59-1.69 (m, 2H),
2.60 (t, J = 8.1 Hz, 2H), 3.79 (s, 3H), 6.72-6.82 (m, 2H), 6.88-6.96 (m, 3H), 7.14-

7.17 (m, 1H), 7.53-7.56 (m, 1H), 8.79 (bs, 1H).

N-(2-(4-hexyl-2-methoxyphenoxy)phenyl)isoxazole-5-carboxamide (49):
Method E was used to convert 2-(4-hexyl-2-methoxyphenoxy)aniline to the title
product. Purification by flash chromatography (10% EtOAc/Hex) yielded 76%
colorless oil. "H NMR (300 MHz, CDCl5): & 0.85-0.89 (m, 3H), 1.24-1.36 (m, 6H),
1.58-1.66 (m, 2H), 2.58 (t, J = 8.1 Hz, 2H), 3.78 (s, 3H), 6.72-6.81 (m, 3H), 6.96-
7.05 (m, 4H), 8.33 (d, J = 1.8 Hz, 1H), 8.45 (dd, J = 1.8, 6.0 Hz, 1H), 9.21 (bs,

1H).

N-(3-(4-hexyl-2-methoxyphenoxy)phenyl)isoxazole-5-carboxamide (50):
Method E was used to convert 3-(4-hexyl-2-methoxyphenoxy)aniline to the title
product. Purification by flash chromatography (25% EtOAc/Hex) yielded 90%

white solid. "H NMR (300 MHz, CDCls): 5 0.88-0.92 (m, 3H), 1.28-1.34 (m, 6H),
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1.59-1.68 (m, 2H), 2.61 (t, J = 7.8 Hz, 2H), 3.81 (s, 3H), 6.75-6.78 (m, 2H), 6.83
(d, J = 1.8 Hz, 1H), 6.84 (d, J = 8.1 Hz, 1H), 7.00 (dd, J = 0.3, 1.5, 1H), 7.18 (t, J

= 2.1 Hz, 1H), 7.25-7.38 (m, 2H), 8.24 (bs, 1H), 8.35 (dd, J = 0.6, 1.5 Hz, 1H).

N-(4-(4-hexyl-2-methoxyphenoxy)phenyl)isoxazole-5-carboxamide (52):
Method E was used to convert 4-(4-hexyl-2-methoxyphenoxy)aniline to the title
product. Recrystallization from methanol yielded 75% colorless crystals. 'H
NMR (300 MHz, CDCls;): & 0.87-0.92 (m, 3H), 1.28-1.34 (m, 6H), 1.60-1.66 (m,
2H), 2.61 (t, J = 8.4 Hz, 2H), 3.82 (s, 3H), 6.74 (dd, J = 2.4, 6.0 Hz, 1H), 6.82 (d,
J=1.8 Hz, 1H), 6.90 (d, J = 8.1 Hz, 1H), 6.93-6.97 (m, 2H), 7.01 (d, J = 1.8 Hz,

1H), 8.19 (bs, 1H), 8.38 (d, J = 1.8 Hz, 1H).

N-(2-(4-hexyl-2-hydroxyphenoxy)phenyl)acetamide (52): Method G was used
to convert N-(2-(4-hexyl-2-methoxyphenoxy)phenyl)acetamide to the title product.
Purification by flash chromatography (10% EtOAc/Hex) vyielded 78% white
powder. 'H NMR (300 MHz, CDCls): & 0.87-0.92 (m, 3H), 1.29-1.34 (m. 6H),
1.57-1.63 (m, 2H), 2.02 (s, 3H), 2.57 (t, J = 7.8 Hz, 2H), 6.66-6.73 (m, 2H), 6.86-
6.90 (m, 2H), 6.99-7.04 (m, 2H), 7.67 (bs, 2H), 7.95-7.83 (m, 1H); ESI-MS: 328.0

(M+1).

N-(3-(4-hexyl-2-hydroxyphenoxy)phenyl)acetamide (53): Compound not

soluble in a variety of solvents therefore not characterized.

49



N-(4-(4-hexyl-2-hydroxyphenoxy)phenyl)acetamide (54): Method G was used
to convert N-(4-(4-hexyl-2-methoxyphenoxy)phenyl)acetamide to the title product.
Purification by flash chromatography (12% EtOAc/Hex) vyielded 84% white
powder. 'H NMR (300 MHz, CDCl3): & 0.85-0.91 (m, 3H), 1.26-1.36 (m, 6H),
1.54-1.64 (m, 2H), 2.14 (s, 3H), 2.54 (t, J = 8.1 Hz, 2H), 5.56 (bs, 1h), 6.63 (dd, J
=1.8, 6.3 Hz, 1H), 6.75 (d, J = 8.4 Hz, 1H), 6.86 (d, J = 2.1 Hz, 1H), 6.89-6.94 (m,

2H), 7.37-7.42 (m, 2H), 7.48 (bs, 1H); ESI-MS: 328.0 (M+1).

2-(2-(4-hexyl-2-hydroxyphenoxy)phenylamino)-2-oxoacetic acid (55):
Method G was used to convert Methyl-2-(2-(4-hexyl-2-methoxyphenoxy)

phenylamino)-2-oxoacetate to the title product. Recrystallization from EtOAc/Hex
yielded 70% white crystals. 'H NMR (300 MHz, Acetone-ds): & 0.94-0.99 (m, 3H),
1.36-1.45 (m, 6H), 1.65-1.73 (m, 2H), 2.65 (t, J = 6.0 Hz, 2H), 6.76-6.84 (m, 2H),
6.97 (d, J = 2.1 Hz, 1H), 7.07-7.21 (m, 3H), 8.22-8.27 (m, 1H), 8.56 (bs, 1H), 9.98

(bs, 1H); ESI-MS: 358.0 (M+1).

2-(3-(4-hexyl-2-hydroxyphenoxy)phenylamino)-2-oxoacetic acid (56):
Method G was used to convert Methyl-2-(3-(4-hexyl-2-methoxyphenoxy)

phenylamino)-2-oxoacetate to the title product. Recrystallization from EtOAc/Hex
yielded 65% off-white crystals. 'H NMR (300 MHz, DMSO-dg): 5 0.82-0.89 (m,
3H), 1.22-1.34 (m, 6H), 1.49-1.51 (m, 2H), 1.47-2.51 (m, 2H), 6.65-6.64 (m, 2H),
6.76 (s, 1H), 6.85 (d, J = 8.1 Hz, 1H), 7.22 (t, J = 8.1 Hz, 1H), 7.39 (t, J = 10.5 Hz,

2H), 9.34 (s, 1H), 10.66 (s, 1H); ESI-MS: 358.1 (M+1).
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2-(4-(4-hexyl-2-hydroxyphenoxy)phenylamino)-2-oxoacetic acid (57):
Method G was used to convert Methyl-2-(4-(4-hexyl-2-methoxyphenoxy)

phenylamino)-2-oxoacetate to the title product. Recrystallization from EtOAc/Hex
yielded 85% white crystals. 'H NMR (300 MHz, Acetone-ds):  0.98-0.91 (m, 3H),
1.30-1.35 (m, 6H), 1.56-1.66 (m, 2H), 2.56 (t, J = 9.1 Hz, 2H), 6.70 (dd, J = 2.1,
6.3 Hz, 1H), 6.86-6.93 (m, 4H), 7.78 (dd, J = 1.2, 7.8 Hz, 2H), 8.14 (bs, 1H), 9.96

(bs, 1H); ESI-MS: 358.1 (M+1).

N-(2-(4-hexyl-2-hydroxyphenoxy)phenyl)isoxazole-5-carboxamide (58):
Method G was used to convert N-(2-(4-hexyl-2-methoxyphenoxy)phenyl)

isoxazole-5-carboxamide to the title product. Recrystallization from methanol
yielded 92% white crystals. 'H NMR (300 MHz, CDCls): & 0.87-0.92 (m, 3H),
1.28-1.37 (m, 6H), 1.59-1.63 m , 2H), 2.56 (t, J = 7.8 Hz, 2H), 6.71 (dd, J = 1.8,
6.3 Hz, 1H), 6.76 (d, J = 7.8 Hz, 1H), 6.81-6.92 (m, 3H), 7.00-7.1 (m, 3H), 7.97

(dd, J = 1.8, 6.3 Hz, 1H), 8.35 (s, 1H), 8.75 (bs, 1H); ESI-MS: 381.1 (M+1).

N-(3-(4-hexyl-2-hydroxyphenoxy)phenyl)isoxazole-5-carboxamide (59):
Method G was used to convert N-(3-(4-hexyl-2-methoxyphenoxy)phenyl)

isoxazole-5-carboxamide to the title product. Purification by flash
chromatography (10% EtOAc/Hex) yielded 95% colorless crystals. 'H NMR (300
MHz, CDCl3): 6 0.87-0.91 (m, 3H), 1.26-1.36 (m, 6H), 1.58-1.62 (m, 2H), 2.56 (t,

J=7.5Hz, 2H), 5.12 (bs, 1H), 6.68 (dd, J = 1.8, 6.3 Hz, 1H), 6.79-6.82 (m, 1H),
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6.84-6.89 (m, 2H), 7.01 (d, J = 1.8 Hz, 1H), 7.27-7.32 (m, 1H), 7.35-7.38 (m, 2H),

8.32 (bs, 1H), 8.35 (d, J = 1.8 Hz, 1H); ESI-MS: 381.1 (M+1).

N-(4-(4-hexyl-2-hydroxyphenoxy)phenyl)isoxazole-5-carboxamide (60):
Method G was used to convert N-(4-(4-hexyl-2-methoxyphenoxy)phenyl)

isoxazole-5-carboxamide. Purification by flash chromatography (25%
EtOAc/Hex) yielded 93% white solid. "H NMR (300 MHz, CDCls): & 0.87-0.91 (m,
3H), 1.25-1.39 (m, 6H), 1.55-1.63 (m, 2H), 2.56 (t, J = 7.8 Hz, 2H), 5.50 (s, 1H),
6.67 (dd, J = 2.4, 6.0 Hz, 1H), 6.80 (d, J = 8.1 Hz, 1H), 6.88 (d, J = 2.1 Hz, 1H),
7.02-7.05 (m, 3H), 7.58-7.62 (m, 2H), 8.22 (bs, 1H), 8.39 (d, J = 1.2 Hz, 1H); ESI-

MS: 381.1 (M+1).

2-(4-bromo-2-methoxyphenoxy)benzaldehyde (61): Method B was used to
convert 4-bromo-2-methoxyphenol and 2-fluorobenzaldehyde to give the title
product. Purification by flash chromatography (5% EtOAc/Hex) yielded 95%
colorless crystals. 'H NMR (300 MHz, CDCls): 8 3.76 (s, 3H), 6.68 (dd, J = 0.9,
7.5 Hz, 1H), 6.92 (d, J = 8.7 Hz, 1H), 7.06-7.13 (m, 3H), 7.40-7.46 (m, 1H), 7.88

(dd, J = 1.8, 5.7 Hz, 1H), 10.57 (s, 1H).

4-(4-bromo-2-methoxyphenoxy)benzaldehyde (62): Method B was used to
convert 4-bromo-2-methoxyphenol and 4-fluorobenzaldehyde to give the title
product. Purification by flash chromatography (5% EtOAc/Hex) yielded 97%

colorless crystals. "H NMR (300 MHz, CDCls): 5 3.88 (s, 3H), 7.04-7.09 (m, 3H),
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7.23 (dd, J = 2.1, 6.3 Hz, 1H), 7.26 (d, J = 1.8 Hz, 1H), 7.90-7.94 (m, 2H), 10.01

(s, 1H).

1-(2-(4-bromo-2-methoxyphenoxy)benzyl)-4-methylpiperazine (63): Method
F was used to convert 2-(4-bromo-2-methoxyphenoxy)benzaldehyde to the title
product. No Purification was necessary. Yielded 86% light brown solid. "H NMR
(300 MHz, CDCl3): 8 2.24 (s, 3H), 2.38 (bs, 4H), 2.50 (bs, 4H), 3.58 (s, 2H), 3.81
(s, 2H), 6.62 (d, J = 8.7 Hz, 1H), 6.73 (dd, J = 1.5, 6.6 Hz, 1H), 6.95 (dd, J = 2.1,
6.3 Hz, 1H), 7.03-7.08 (m, 2H), 7.14 (td, J = 1.8, 6.0 Hz, 1H), 7.44 (dd, J = 1.5,

5.7 Hz, 1H); ESI-MS: 391.0 (M+1).

1-(4-(4-bromo-2-methoxyphenoxy)benzyl)-4-methylpiperazine (64): Method
F was used to convert 4-(4-bromo-2-methoxyphenoxy)benzaldehyde to the title
product. No Purification was necessary. Yielded 98% off-white crystals. 'H
NMR (300 MHz, CDCls): 8 2.24 (s, 3H), 2.41 (bs, 8H), 3.42 (s, 2H), 3.78 (s, 3H),
6.77 (d, J = 8.7 Hz, 1H), 6.81-6.85 (m, 2H), 6.98 (dd, J = 2.4, 6.3 Hz, 1H), 7.06 (d,

J = 2.4 Hz, 1H), 7.17-7.21 (m, 2H); ESI-MS: 391.0 (M+1).

1-(2-(4-hexyl-2-methoxyphenoxy)benzyl)-4-methylpiperazine (65): Method
C was wused to convert 1-(2-(4-bromo-2-methoxyphenoxy)benzyl)-4-
methylpiperazine to the title product. No purification necessary 50% light brown

oil. Compound was not characterized.

53



1-(4-(4-hexyl-2-methoxyphenoxy)benzyl)-4-methylpiperazine (66): Method C
was used to convert 1-(4-(4-bromo-2-methoxyphenoxy)benzyl)-4-
methylpiperazine to the title product. No purification necessary Yielded 65%
light brown oil. 'H NMR (300 MHz, CDCls): 5 0.81-0.86 (m, 3H), 1.23-1.30 (m,
6H), 1.51-1.62 (m, 2H), 2.20 (s, 3H), 2.38 (bs, 8H), 2.53 (t, J = 6.3 Hz, 2H), 3.88
(s, 3H), 3.72 (s, 3H), 6.64 (dd, J = 2.1, 6.0 Hz, 1H), 6.74 (d, J = 1.8 Hz, 1H), 6.80

(m, 3H), 7.14 (m, 2H).

5-hexyl-2-(2-((4-methylpiperazin-1-yl)methyl)phenoxy)phenol (67): Method
G was used to convert 1-(2-(4-hexyl-2-methoxyphenoxy)benzyl)-4-
methylpiperazine to the title product. Recrystallized from EtOAc/Hex to vyield
72% white crystals. 'H NMR (300 MHz, CDCls): & 0.86-0.91 (m, 3H), 1.26-1.31
(m, 6H), 1.55-1.62 (m, 2H), 2.54 (t, J = 7.8 Hz, 2H), 2.70-2.78 (m, 2H), 3.07 (d, J
=13.2 Hz, 2H), 3.19 (s, 3H), 3.46 (d, J = 13.5 Hz, 2H), 3.82 (s, 2H), 4.15-4.24 (m,
2H), 6.68 (dd, J = 1.8, 6.3 Hz, 1H), 6.77 (d, J = 1.8 Hz, 1H), 6.98 (q, J = 8.1 Hz,

2H), 7.20 (m, 3H), 9.45 (bs, 1H); ESI-MS: 383.3 (M+1).

5-hexyl-2-(4-((4-methylpiperazin-1-yl)methyl)phenoxy)phenol (68): Method
G was used to convert 1-(4-(4-hexyl-2-methoxyphenoxy)benzyl)-4-
methylpiperazine to the title product. Recrystallization from EtOAc/Hex yielded
84% white crystals. 'H NMR (300 MHz, DMSO-ds): & 0.83-0.87 (m, 3H), 1.25-
1.28 (m, 6H), 1.48-1.58 (m, 2H), 2.46-2.48 (m, 2H), 2.51-2.62 (m, 2H), 2.75-2.86

(m, 2H), 3.02 (s, 3H), 3.35-3.38 (m, 2H), 3.48-3.52 (m, 2H), 3.65-3.76 (m, 2H),
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6.61 (dd, J = 1.8, 6.0 Hz, 1H), 6.76-6.85 (m, 5H), 7.20-7.23 (m, 2H), 9.34 (s, 1H);

ESI-MS: 383.2 (M+1).

4-chloro-2-methoxy-1-(o-tolyloxy)benzene (69): Method A was used to
convert 4-chloro-2-methoxyphenol and iodotoluene to the title product.
Purification by flash chromatography (5% EtOAc/Hex) yielded 70% colorless oil.
'H NMR (300 MHz, CDCl3): & 2.31 (s, 3H), 3.88 (s, 3H), 6.69 (d, J = 8.7 Hz, 1H),
6.78 (dd, J =1.2, 6.9 Hz, 1H), 6.86 (dd, J = 2.4 Hz, 6.3, 1H), 6.99 (d, J = 2.4 Hz,
1H), 7.02-7.07 (m, 1H), 7.11-7.18 (m, 1H), 7.24-7.27 (m, 1H); ESI-MS: 249.1

(M+1)

4-hexyl-2-methoxy-1-(o-tolyloxy)benzene (70): Method C was used to convert
4-chloro-2-methoxy-1-(o-tolyloxy)benzene to the title product. Purification by
flash chromatography (5% EtOAc/Hex) yielded 72% slightly yellow oil. 'H NMR
(300 MHz, CDCl3z): & 0.94-0.97 (m, 3H), 1.36-1.39 (m, 6H), 1.63-1.72 (m, 2H),
2.38 (s, 3H), 2.54 (t, J = 6.0 Hz, 2H), 3.89 (s, 3H), 6.71-6.80 (m, 3H), 6.86 (d, J =
1.5 Hz, 1H), 6.92-7.04 (m, 1H), 7.10-7.16 (m, 1H), 7.24-2.27 (m, 1H); ESI-MS:

299.2 (M+1).

5-hexyl-2-(o-tolyloxy)phenol (71): Method G was used to convert 4-hexyl-2-
methoxy-1-(o-tolyloxy)benzene to the title product.  Purification by flash
chromatography (5% EtOAc/Hex) yielded 90% light yellow oil. 'H NMR (400

MHz, CDClz): & 0.89 (t, J = 6.4 Hz, 3H), 1.28-1.35 (m, 6H), 1.54-1.61 (m, 2H),
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2.29 (s, 3H), 2.54 (t, J = 6.0 Hz, 2H), 5.53 (s, 1H), 6.60 (s, 2H), 6.84-6.87 (m, 2H),

7.07 (t, J = 6.4 Hz, 1H), 7.12-7.16 (m, 1H), 7.24 (s, 1H); ESI-MS: 285.3 (M+1).

IV. 3. Kinetic Experiments — performed by Nina Liu and Hua Xu at Stony Brook

University

Kinetic assays using trans-2-dodecenoyl-Coenzyme A (DD-CoA) and wild-type
InhA were performed as described previously.?> Reactions were initiated by
addition of substrate to solutions containing InhA, inhibitor, and NADH in 30 mM
PIPES and 150 mM NaCl, pH 6.8 buffer. 1Csy values were determined by varying
the concentration of inhibitor in reactions containing 250 yM NADH, 100 nM InhA
and 25 pM DD-CoA. The experimental data were analyzed using eq 1, where | is

the inhibitor concentration and y is percent activity, using a slope factor (s) of 1.0.

y = 100%/[1 + (I/ICs0)°] (1).

Data fitting was performed using Grafit 4.0 (Erithacus Software Ltd.).

IV. 4. Antibacterial Activity — Performed by Melissa Boyne and Susan Knudson

at Colorado State University

MICyo data were acquired essentially as described previously using the

microplate dilution assay.®" *? Briefly, bacterial cells were grown to early-mid log
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phase in Middlebrook 7H9 liquid medium containing 10% OADC enrichment and
0.05% Tween-80. Fifty yL of bacteria were added to the test wells and
compounds were added to a final volume of 100 uyL per well in 2 fold serial
dilutions. Each drug dilution series was performed in triplicate. Plates were
incubated at 37°C for 5-7 days and each well was evaluated for growth or no
growth. The MIC was the lowest drug concentration that inhibited visible
bacterial growth in all replicates. Where alamarBlue® was used as the growth
indicator, then the MIC was the lowest drug concentration that maintained a blue
color in all replicates. A blue color in the alamarBlue® Assay indicates no
bacterial growth and a red color in the assay is indicative of cell growth

(BioSource International, Inc).

IV. 5. LogP Determination — Performed by James Childs and Charles Peloquin

at the National Jewish Medical and Research Center.

The log P value is defined as the partitioning coefficient of a compound in a water
iso-octane mixture. In order to estimate log P, an HPLC method was used to
establish a standard curve using a series of compounds with known log P values.
Compounds were chromatographed on a Phenomenex Bondclone 10 u C18 150
x 3.9 mm column using 0.05 M ammonium acetate pH 7.4 as buffer A and
acetonitrile as buffer B. The initial solvent conditions were 95%A and 5% B, and

after injecting the compounds a linear gradient was applied in which the amount
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of A was varied from 95% to 10% over 11 min. The flow rate was 1 mL/min and

compounds were detected at 280 nm.

The standards used were as follows (log P values are given in parentheses).
Benzo(g,h,i)perylene (6.50), benzo(k)fluoranthene (5.8), nelfinavir (5.53),
efavirenz (4.69), imipramine (4.42), quinoline (2.30), ethionamide (1.52),
benzamide (0.64), pyrazinamide (-0.53), isoniazid (-0.80). The retention time
versus the published log P values were plotted to create a calibration curve and
the HPLC retention times of the unknowns were then compared to the calibration

curve to obtain an approximate log P of the unknown compounds. .
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	Ki (pM)a
	TCN
	3.8 ± 0.2
	1
	0.63 ± 0.03
	2
	5 x 108
	a Ki’ is the inhibition constant for uncompetitive inhibitio
	FabI.
	E.coli FabI with a Ki of 7 pM.50,55  However, Triclosan is a
	Figure 3. Crystal structure of triclosan in complex with Fab
	I. 3. Design of Alkyl Diaryl Ethers
	In order to design inhibitors for InhA, analyses of both sub
	Figure 4.  Overlay of the crystal structure of triclosan bou
	I. 4. Results and Discussion
	It is demonstrated in Table 2 that increasing the length of 
	Scheme 2. Synthesis of alkyl diaryl ethers 2PP-14PP.
	butyl, decreases the IC50 value 25-fold.  A further increase
	More importantly, the MIC99 values in Table 2 show that ther
	Fortunately, crystal structures of both the 5PP and 8PP inhi
	Table 2.  Alkyl diaryl ether, triclosan and isoniazid enzyme
	MIC99 µg/mL (µM)d
	H37Rv
	Compounda
	IC50 (nM)b
	Ki’ (nM)c
	H37Rv
	pMH29:inhae
	TN587
	NHN382
	TCN
	1000 ± 100
	220 ± 20
	12.5 ± 0
	33.3 ± 12.9
	(43.1 ± 0)
	(115 ± 45)
	2PP
	2000 ± 700
	3.8 ± 0
	(17.5 ± 0)
	4PP
	80 ± 15
	2.6 ± 0.8
	(10.8 ± 3.3)
	5PP
	17 ± 5
	11.8 ± 4.5
	1.0 ± 0
	(3.5 ± 0)
	6PP
	11 ± 1
	9.4 ± 0.5
	2.1 ± 0.9
	18.8 ± 6.8
	2.0 ± 1.0
	3.1 ± 0
	(7.8 ± 3.3)
	(69 ± 25)
	(7.4 ± 3.7)
	(11.5 ± 0)
	8PP
	5.0 ± 0.3
	1.1 ± 0.2
	1.9 ± 0.5
	22.9 ± 5.1
	2.0 ± 1.0
	2.6 ± 0.9
	(6.4 ± 1.7)
	(77 ± 17)
	(6.7 ± 3.4)
	(8.7 ± 3.0)
	14PP
	150 ± 24
	30.3 ± 4.7
	175
	(460)
	INH
	0.75 ± 0.08f
	0.05 ± 0
	2.4 ± 1.3
	1.6 ± 0
	(0.37 ± 0)
	(17.5 ± 9.5)
	(11.7 ± 0)
	a2PP, 4PP, 5PP, 6PP, 8PP and 14PP represent the diaryl ether
	An important point to note from these crystal structures and
	Figure 5. Structures of InhA in complexes with (a) 5PP, (b) 
	whereas these residues are seen in the INH crystal structure
	The MIC99 values of both the 6PP and 8PP inhibitors were in 
	Chapter II:  Improving ‘Drug-like’ Properties
	II. 1. Bioavailability, Lipinski parameters and PSA Backgrou
	Bioavailability of a compound is a major hurdle in the devel
	Christopher Lipinski at Pfizer Global Research and Developme
	Not more than 5 hydrogen bond donors.
	Not more than 10 hydrogen bond acceptors.
	A molecular weight less than 500 g/mol.
	A ClogP under 5.
	Due to the common denominator of 5 throughout the rules, the
	Another descriptor that is commonly used in determining whet
	II. 2. Strategies
	In order to accomplish the goal of decreasing the ClogP valu
	II. 3. Chemistry
	The synthesis of the heterocyclic diaryl ether compounds was
	The syntheses of the nitro, amino and amide-substituted comp
	Scheme 3. Synthesis of bioisosteric heterocylic hexyl diaryl
	generate compounds 28-30.73  This was followed by Negishi co
	The piperazine derivatives were synthesized in a similar fas
	Scheme 4. Synthesis of nitro, amino and amide B-ring substit
	II. 4. Results and Discussion
	The in vitro activities of the final products were evaluated
	Scheme 5. Synthesis of N-methyl piperazine substituted hexyl
	and para positions as well as the nitro group at the meta po
	compounds are tight-binding enzyme inhibitors.  Additional IC50 values were determined using 10 and 50 nM InhA in the enzyme assays.  Subsequent linear regression of the IC50 value
	Table 3.  6PP and heterocyclic B-ring enzyme inhibition, MIC
	MIC90 µg/mL (µM)
	ClogPc
	Compound
	Structure
	IC50 (nM)a
	H37Rvb
	(logP)d
	PSAc
	6PP
	11 ± 1e
	29.46
	2.1 ± 0.9
	6.47
	(7.8 ± 3.3)
	(5.76)
	22
	11510 ± 1160
	41.82
	50
	4.97
	(184)
	(5.06)
	23
	236 ± 31
	4.97
	41.82
	3.13
	(11.5)
	24
	160.6 ± 15.8
	41.82
	3.13
	4.97
	(11.5)
	(4.93)
	25
	653 ± 56
	54.18
	6.25
	4.01
	(22.9)
	(4.46)
	26
	8200 ± 980
	54.18
	100 ± 0
	4.01
	(367 ± 0)
	(4.76)
	27
	N.S.f
	N.S.f
	5.50
	72.64
	aIC50 measurements determined via varying inhibitor concentr
	Table 4.  6PP and B-ring substituted enzyme inhibition, MIC9
	MIC90 µg/mL
	ClogPc
	Compound
	Structure
	IC50 (nM)a
	H37Rvb
	(logP)d
	tPSAc
	34
	o
	182.4 ± 20
	12.50
	6.21
	81.27
	(5.50)
	35
	m
	48 ± 6
	12.50
	6.21
	81.27
	36
	p
	90 ± 10
	25.0 ± 0
	6.21
	81.27
	(5.64)
	40
	o
	61.9 ± 4.5
	3.13
	5.24
	55.48
	(5.27)
	41
	m
	1090 ± 90
	100 ± 0
	5.24
	55.48
	42
	p
	55 ± 6
	12.50
	5.24
	55.48
	(4.93)
	52
	o
	1550 ± 460
	> 200
	4.90
	58.56
	(5.28)
	53
	m
	N.S.e
	N.S.e
	4.90
	58.56
	54
	p
	1310 ± 170
	50.0 ± 0
	4.90
	58.56
	55
	o
	2630 ± 200
	100.0
	4.24
	95.86
	56
	m
	579 ± 36
	133.3 ± 57.7
	4.24
	95.86
	57
	p
	1930 ± 90
	> 200
	4.24
	95.86
	58
	o
	3220 ± 550
	> 200
	5.76
	80.15
	(5.60)
	59
	m
	1220 ± 60
	> 200
	5.76
	80.15
	(5.22)
	60
	p
	130 ± 34
	> 200
	5.76
	80.15
	(5.15)
	67
	o
	1325 ± 256
	100
	6.66
	35.94
	68
	p
	306 ± 46
	100
	6.66
	35.94
	aIC50 measurements determined via varying inhibitor concentr
	II. 5. Conclusions
	In conclusion, several compounds were synthesized which inco
	III. Slow, Tight-binding Inhibition
	III. 1. Background
	Enzyme inhibition can be a complex issue due to the numerous
	Scheme 6. Mechanism of inhibition of a) current alkyl diaryl ether inhibitors 2PP-14PP.  b) of a slow-onset inhibitor such as compound 71.  Note: Ki is identical to K1 in this scen
	An excellent paper by Copeland et al. proposes that a more i
	III. 2. The ability of enoyl reductases to display slow-onse
	In addition to the examples shown in Table 5, there is direc
	Table 5. Examples of current or previously marketed drugs wi
	Marketed Name
	Inhibitor
	Enzyme
	Dissociative t1/2
	Proloprim
	Trimethoprim
	E. coli dihydrofolate reductase
	8 minutes83
	Capoten
	Captopril
	Angiotension converting enzyme
	30 minutes84
	Isoniazid
	INH-NAD+
	MTB enoyl reductase
	41 minutes20
	Tamiflu
	Oseltamivir
	Viral neuroaminidase
	47 minutes85
	Atacand
	Candesartan
	Human angiotension II type 1 receptor
	1-3 hours86
	Vioxx
	Rofecoxib
	COX2
	9 hours87
	E. coli FabI is inhibited by TCN via slow, tight-binding inh
	III. 2. 1. Francisella tularensis Activity.
	Interestingly, all of the unsubstituted alkyl diaryl ethers 
	III. 3. Designing Slow-Onset Inhibiters
	Although the concept of slow-onset inhibition might be easy 
	III. 4. Chemistry
	Compound 71 was synthesized in a manner similar to that used
	Scheme 7. Synthesis of the methyl substituted hexyl diaryl e
	III. 5. Results and Discussion
	Now, having installed the ortho substituent that is similar 
	In addition to the kinetic experiments confirming the slow o
	Table 6.  6PP, 71 and INH’s Ki, Ki*, MIC99, ClogP and dissoc
	MIC99 µg/mL (µM)
	Compound
	Structure
	Ki (nM)a
	Ki* (nM)b
	H37Rvc
	ClogPd
	t1/2 (min)e
	6PP
	9.4 ± 0.5
	N/A
	6.47
	N/A
	2.1 ± 0.9
	(7.8 ± 3.3)
	71
	0.560
	0.0054 ± 0.0031
	6.97
	39
	0.5
	(1.75)
	INH
	16 ± 11f
	0.75 ± 0.08f
	-0.67
	41
	0.05 ± 0
	(0.37 ± 0)
	Table 6 contains the MIC99 inhibition data for compound 71. 
	Figure 6. Overlay of crystal structures of a) triclosan bound to FabI and 5PP bound to InhA.  b) 5PP bound to InhA and compound 71 bound to InhA.  Note the similarties in orientati
	Further analysis shows that there is a rapid clearance of th
	III. 6. Conclusion
	In conclusion, a slow, tight-binding inhibitor of the InhA h
	Figure 7. Crystal structures of a) compound 71 bound to InhA with the ordered loop shown in red. b) Overlay of 71 with 5PP, note the presence of the loop in the 71 structure. c) A
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